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Abstract

Engineered Peptide Platforms: Design, Synthesis and Application

Wonmin Choi

Peptides consists of a series of amino acids connected via an amide type of covalent
chemical bond. A diverse field of applications such as biosensors,? catalysis,* and biomedicine®
include the oligomeric forms of peptides due to their genuine features comparing to other
biomacromolecules. Particularly, peptides in the field of biomedical application have garnered
much interest due to their biocompatibility, high selectivity, and potency.

Different platforms and technologies have been adopted to improve efficacy or expand the
versatility of peptides. Peptide hydrogels, for example, have a three-dimensional fibrillar network
structure employing self-assembly of peptides. Due to their low toxicity and biodegradability,
peptide hydrogels have been widely used in different biomedical application such as drug
delivery,” protein separation,® biosensors,® tissue engineering,*® and wound healing.! The protein-
like polymer (PLP) is another class of peptide employing platform where peptides are densely
arranged onto a hydrophobic polymer backbone, giving a globular structure similar to natural
proteins. PLPs show unique properties compared to other peptide based therapeutics such as
increased cellular uptake or enhanced enzyme resistance, thus opening a new opportunity for
therapeutic peptide delivery.

This thesis explores the diverse peptide platforms from biological signal responsive peptide

materials to the PLP as a novel technology for peptide drug delivery. In Chapter 1, a brief



introduction of different engineered peptide platforms will be discussed. In Chapter 2 and 3, the
pH-responsive charge conversion peptide pro-gelators and light-activatable enzyme responsive
nanoparticles are described, respectively, as advanced design of stimuli-responsive peptide
materials. In Chapter 4, the backbone effect of PLPs to enzyme resistance is discussed. Enzyme
resistance of PLPs with different backbone structures is further demonstrated by both experimental
results and computational simulations. A new synthetic route for PLPs is introduced in Chapter 5.
PLP synthesis with photo-induced electron/energy transfer-reversible addition-fragmentation
chain transfer polymerization (PET-RAFT) provides mild and environmentally friendly
polymerization methods. Finally, therapeutic application of PLPs to treat Huntington’s Disease
(HD) and neovascular age-related macular degeneration (nAMD) will be discussed in Chapter 6

and 7.
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Chapter 1. Introduction to Engineered Peptide Platforms : From
Stimuli-Responsive Nanomaterials to Protein-Like Polymers

1.1 Introduction

Peptides are one of nature’s most important biomolecules. They consist of a series of amino
acids which arrange into secondary or tertiary structures that give certain aspects of biological
function. There are many classes of bioactive peptides in the nature, such as antimicrobial peptides,
vasoactive intestinal peptides, immune/inflammatory peptides, endocrine peptides, brain peptides,
etc. These peptides play important roles in the human body because they serve as biological
messengers, carrying information from one tissue through the blood to another.

Diverse applications of peptides in a variety of fields have been possible due to the
discovery of solid phase peptide synthesis (SPPS).*? The ability of SPPS to synthesize peptide with
high purity and multi-gram scalability has revolutionized peptide research and expanded the scope
of applications such as biosensor, catalysis, and medicine. However, there is still a need for novel
design of peptide containing materials due to the chemical and physical instability, tendency for
aggregation, low membrane permeability, short half-life and fast elimination of the natural
peptide.r® Sophisticated and elaborate peptide systems have been developed and applied to
different applications. In this chapter, different types of peptide platforms with de novo design

strategies and their biomedical applications will be explored.
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1.2 Stimuli-responsive peptide nanomaterials

1.2.1 pH-Responsive Self-Assembling Peptide

Peptides display distinguished properties such as stimuli-responsiveness, modularity and
multi-functionality. These properties of peptides can be amplified by nanostructure assembly or
functionalization. Self-assembling peptides (SAP) is one of the examples of well-ordered peptide
nanostructures where peptides undergo spontaneous assembling into ordered nanostructures
(Figure 1.1). Broad applications such as drug delivery,’* molecular electronics,®® regenerative

medicine,*® or tissue engineering® utilize SAP as a platform.

m Disk-like micelle
0 Worm-like micelle

B-sheet

Spherical micelle
Peptide
¥ Moleeniar self-assembled ﬁ

interactions
structures Lamellar sheets

a-helix

JU?

Other structures- e.g random coil

Vesicle

Nanotube

Fibrils

Figure 1.1 Process of self-assembling peptides into different well-ordered nanostructures.
Peptides assemble into secondary structure (e.g. pB-sheet, a-helix, random coil) via molecular
interactions and further construct the large scale nanostructures. Copyright 2017 The Royal
Society of Chemistry.’
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Although SAPs have been widely used in biomedical applications due to their chemical
diversity, biocompatibility and biodegradability, there are several challenges that have yet to be
solved such as low injectability and disease-targeting.

A simple strategy using the reversible charge-conversional properties of maleic acid
derivatives is described to solve these challenges. Under acidic conditions, the maleic acid
derivatives exhibit amide bond hydrolysis, converting the negative charges into positive charges.
Using these properties, we developed pH-responsive peptide pro-gelators. These pro-gelators
possess good injectability due to the negative charges of maleic acid derivatives. Under the acidic
conditions, such as tissue acidosis mediated injury, including myocardial ischemia, rheumatoid
arthritis, and articular damages, we anticipate the acid-induced mask hydrolysis renewing the
zwitterionic nature of the peptides with concomitant and rapid self-assembly via B-sheet formation

into rehealable hydrogels. More details will be discussed in the Chapter 2.

1.2.2 Enzyme & Light Dual Responsive Nanoparticle

Amphiphilic nanoparticles gained much interest in the biomedical field due to their
enhanced permeability and retention (EPR) effect related to relatively small diameters ranging
from 6 to 200nm, enabling systemic transport.*® However, the EPR effect is a passive mechanism
of accumulation limited to diseases that undergo rapid angiogenesis in their pathology. Active
targeting of nanoparticles can be achieved by introducing either endogenous (pH, redox gradient,
enzyme) or exogenous (temperature, light, magnetic field, ultrasound) stimuli-responsive moiety
in the nanoparticles.® 2° Among different stimuli, enzymatic signal or enzyme-catalyzed reactions

are highly efficient due to the selectivity to specific enzyme substrates under mild conditions.?*
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Also, enzymes are involved in numerous biological signal and metabolic pathways which makes
them attractive target stimuli.??> Peptides are the substrate or target of these enzyme-catalyzed
reactions called proteolysis, the breakdown of peptides or proteins into smaller peptides or amino
acids. Using enzyme mediated proteolysis, our lab has pioneered a polymeric nanoparticle delivery
system that responds to enzymes such as matrix metalloproteinase (MMPSs), which are
overexpressed in the tumor microenvironment (TME) of many cancer types and other
inflammatory disease including myocardial infarction.?3 24

Even if the nanoparticles are able to target and accumulate in the TME, and therefore
reduce off-target side effects and maximize drug concentration, poor drug loading capacity and
inefficient nanoparticle penetration into the tumor can limit their therapeutic efficacy. This work
attempts to tackle those drawbacks of current nanoparticles for drug delivery systems by

incorporating light cleavable drug monomers into the enzyme-responsive nanoparticles.

1.2.3 Protein-like Polymers : New class of peptide platform

At the most basic level, the poor activity of many peptide drug candidates results from both
rapid renal filtration and fast proteolytic degradation upon administration. These effects translate
into short in vivo half-lives and limited effect. Although frequent administration and higher
dosages offer the opportunity to restore therapeutic activity, these routes result in more invasive
and persistent treatments, raising costs from both the manufacturing standpoint and the need for
extensive in clinic patient care. There are several approaches that have been developed to
overcome these weaknesses, such as incorporation of unnatural amino acids,?® peptide lipidation,?®

peptide cyclization,?” the formation of lactam bridges® and stapling.?® In addition, peptide-
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polymers and more frequently protein-polymer conjugates have become a major class of materials.
Most famously, these have been developed for the clinic in the form of PEGylated proteins,® with
continued advancement in the age of functional group, and mild living polymerization chemistry.3!
In each case, the materials are arranged as end-on polymer protein conjugates, with one or more
polymer chains linked to a single protein.

Within the general field of peptide-polymer bioconjugates, brush peptide-polymers have
attracted attention, with recent contributions employing dual polymerization strategies (Figure
1.2).32:33 In this work, Wooley and coworkers reported a synthetic polymer brush architecture via
graft-through polymerization of polypeptide monomers (Figure 1.2 A). Cheng and coworkers
prepared polypeptides via NCA ROP in a graft-from approach from a backbone accessed via
ROMP (Figure 1.2 B). In this manner, brush polymers of polypeptides are accessed but without

control over the amino acid sequence.

A

[Cheng, 2017]

Figure 1.2 Recent examples of peptide polymers employing dual polymerization strategies. (A)
Graft-through polymerization reactions utilizing polypeptide monomers prepared via NCA ROP.
(B) A graft-from strategy towards polypeptide brushes. (C) AFM data of polymers shown in (B),
reveal rigid rod-like structures morphologically reminiscent of the proteoglycan structures (e.g.
aggregan), on freshly cleaved mica. Copyright 2020 Wiley-VCH GmBH.3*
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While the versatility of post-polymerization modification methods has enabled the design
of sequence defined peptide-brush polymers for several biological applications,3-° functional
group-tolerant polymerization techniques have been exploited to directly polymerize peptide
monomers bypassing synthetic and purification steps and yielding the most efficient, defect-free
and densely arrayed brushes possible. We propose this as a new class of “polypeptide” where a
therapeutic peptide is linked to a hydrophobic core (synthetic polymer), hence displaying active
amino acids for recognition and function in a controlled, precise manner. Peptide monomers are
polymerized into chains of high density that protect the peptide from degradation and prolong
circulation without compromising bioactivity. This platform involves the direct (graft-through)
polymerization of peptide-containing monomers via living polymerization methods, notably Ring
Opening Metathesis Polymerization (ROMP). We define this type of peptide brush polymer
platform as Protein-like Polymer (PLP). In the following chapters, we will discuss the mechanistic
properties and new synthetic route of PLPs. In addition, we will explore the potential aspect of
PLPs as a novel peptide therapeutics, especially, for the treatment of Huntington’s Disease and

neovascular age-related macular degeneration (NnAMD).
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Chapter 2. pH-Responsive Charge-Conversion Progelator Peptides

This chapter is adapted from the following publication:
Carlini, A.S., Choi, W., McCallum, N. C., Gianneschi, N.C. pH-Responsive Charge-Conversion

Progelator Peptides, Advanced Functional Materials, 2021, 2007733.
2.1 Introduction

Reversible charge-conversion of proteins and polymers with maleamic acid derivatives has
been used to study protein denaturation and folding pathways,*-*3 for structural disassembly of
polymer films or colloidal structures,** %° for cellular penetration,*6-*® and for drug release.*%-!
These moieties exhibit acid-triggered amide bond hydrolysis. Furthermore, the pH sensitivity can
be tuned for faster responsiveness through increasing bulkiness with aliphatic substitutions onto
the alkene backbone.5? 53 Current strategies with self-assembled hydrogels utilize acidic tissue
microenvironments for responsive network degradation and subsequent drug release.>*¢ To our
knowledge, this strategy has not been applied to induce macromolecular hydrogel assembly, and
thus targeted gelation, from a soluble precursor.

We sought to use charge-conversion chemistry as a facile method for converting inert small
molecules into structurally dynamic biomaterial scaffolds at sites of tissue acidosis due to injury
(e.g. myocardial ischemia, rheumatoid arthritis, articular cartilage damage, and epidermal
wounds).5’%8 Our design provides a strategy amenable to minimally invasive delivery and stimuli-

responsive assembly at sites of inflammation for targeted tissue engineering.
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During myocardial ischemia, the local pH drops below physiological conditions (~pH 6.0-
6.4),% % which is caused by a gradual buildup of lactic acid (pKa 3.86) and drop in plasma
bicarbonate. Similar drops in pH have been observed in synovial fluid at sites of arthritis or
cartilage damage (pH 6.5),%%-62 chronic metabolic acidosis due to liver failure (pH 7.1),% and acute
(pH 6.5) and chronic (pH 5.4) epidermal wounds.®* These forms of tissue acidosis can exacerbate
inflammation, leading to further tissue damage.%” % Injectable hydrogels seeded with cells/growth
factors or as acellular scaffolds have been used for the repair of cardiac tissue after myocardial
infarction (M1),%5 67 articular cartilage damage,® © burn and epidermal wounds,”®72 and treatment
of arthritic flares from wear and tear.”® 7 Introduction of these viscoelastic scaffolds provides
lubrication or acts to supplement degraded extracellular matrix (ECM), which provides structural
support, a niche for cellular anchoring, and biochemical communications.”’” Additionally, drug-
loaded hydrogels provide a porous network for controlled delivery of encapsulated anti-
inflammatories, growth factors, and/or cell therapies.’ 7

Unfortunately, these injuries usually have irregular or gradated boundaries, making
localized hydrogel delivery difficult. Furthermore, a balance between material spreading and
solidification kinetics is a persistent challenge.®° Excess spreading can cause material diffusion
away from target tissue, and rapid gelation can preclude noninvasive delivery strategies or prevent
appropriate tissue coverage. The advent of structurally dynamic materials has presented a useful
strategy for controlled assembly in response to endogenous stimuli (e.g. pH, temperature, redox
chemistry, metal chelation, enzymes, and mechanical stress).81-86

As a proof of concept, we modify the well-known KLD-12 self-assembling peptide (SAP).

This peptide has already demonstrated utility as a degradable, nonimmunogenic, and nontoxic
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hydrogel for tissue engineering.8°1 However, practical application in the body following
traumatic injury is limited by its high viscosity, precluding the use of minimally invasive catheter
delivery®®. Furthermore, lack of stimuli-responsiveness forces this material to assemble at the
immediate site of application. We demonstrate that temporary charge-conversion of the self-
assembling peptide KLD-12, from zwitterionic (Z=0) to polyanionic (Z=-6) is sufficient to yield
soluble and low viscosity progelators. These materials are amenable to minimally invasive catheter
delivery, unlike the KLD peptide. Furthermore, they exhibit pH-tunable gelation at physiologically

relevant levels during injury-related tissue acidosis.

2.2 Results and Discussion

2.2.1 Synthesis of Charge-Conversion Progelators

For clinical translation, synthetic simplicity and reproducibility are attractive features for
the design of biomaterials in biomedical applications.®? Also, negatively- as opposed to positively-
charged biomaterials, generally possess lower cytotoxicity and resist cellular internalization.%: %4
Tunable sensitivity of simple nonsubstituted, and mono- and dialkyl- substituted maleamic acids
to mildly acidic pH’s has been reported through comprehensive NMR studies in the literature.5% 3
As such, we modified KLD-12 (referred to as KLD control) through the addition of either maleic
anhydride, citraconic anhydride, or dimethylmaleic anhydride to yield mal-KLD, cit-KLD, or dma-

KLD, respectively (Figure 2.1). The resulting polyanionic peptides persisted as soluble solutions

at high concentrations (10 mM) and physiologically relevant conditions (1x DPBS, pH 7.4).
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Peptides were lyophilized for storage and rapidly dissolved upon resuspension. Peptide solutions

were stable up to 14 days at pH 8-9 at room temperature.
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Figure 2.1 Facile synthesis of peptide progelators. The zwitterionic KLD self-assembling peptide
is modified with maleic anhydride, citraconic anhydride, or dimethylmaleic anhydride to generate
the polyanionic progelators mal-KLD, cit-KLD, and dma-KLD, respectively. Inset images of
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progelators at 10 mM show nonviscous solutions. Acid-treatment regenerates the starting hydrogel
material upon release of maleic acid derivatives. Copyright 2021 Wiley-VCH GmBH.3

2.2.2 Characterization of Progelators with Tunable pH-Sensitivity

Synthesized progelators and KLD control peptide were quantitatively pure by liquid
chromatography mass spectrometry (LCMS) and characterized for pH-responsive deprotection
(Figure 2.2). 'H NMR spectra of each progelator in D20 buffered to pH 7.4 reveals the presence
of protons unique to the maleamic acid amides on each progelator, which are absent in the KLD
control peptide (Figure 2.2 C). Magnified views of these spectra at pH 7.4 are shown as the bottom
traces in Figure 2.2 C, in which changes in the maleamic acid olefin or methyl protons are
monitored over time. Upon addition of acidic buffer, a significant upfield shift of olefin protons is
observed at 8 min for mal-KLD and cit-KLD, which agrees with anhydride spectra at variable pH
values. We note that at pH 3.0, mal-KLD experiences reduced solubility, whereby the starting
material olefin protons disappear from this spectrum. This is not observed at higher pH values with
cit-KLD and dma-KLD.

Continued amide bond cleavage was monitored in real time up to 720 min for mal-KLD,
cit-KLD, and dma-KLD at pH 3.0, 5.5, and 6.5, respectively. Release of capping moieties is
denoted by increasing signal for protons c, f, and i. The product olefin protons for mal-KLD and
cit-KLD are less deshielded by the absence of the amide pseudo-double bond character.

Importantly, each cleavage buffers was chosen to match the relative product diacid pKa,

and thus their peptide activation pH’s.>® This is most notable for the cleavage of dma-KLD which
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yields two populations (1.84 and 1.90 ppm) resulting from variable protonation states of the
carboxylate. Additionally, protons peaks for d in cit-KLD and g/h in dma-KLD split into two
closely spaced populations (d” and h’/g’) upon incubation in acidic solution (red traces). NMR
provides a useful analysis of the deprotection reactions, however, pH effects on the chemical shifts

and overlapping signals from the progelators and resulting cleavage products hamper quantitative

analysis.
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Figure 2.2 Characterization of progelators by LCMS and pH-responsive deprotection by NMR.
(A-C) Liquid chromatography mass spectrometry (LCMS) of mal-KLD, cit-KLD, and dma-KLD.
(A) LC spectra show progelator peak (t ~4.5 min) as monitored at 214 nm and (B) corresponding
mass spectral patterns with species identities. Spectra show m/z values corresponding to the
progelators. (C) Synthetic scheme and 1H NMR spectra of pH-induced deprotection reported as
signal intensity vs time at 8, 30, 60, 120, 480, and 720 min. Control spectra of starting progelator
at pH 7.4 after 720 min is provided at the bottom in black. Peptides were prepared at 2.5 mg/mL
(pH 7.4) or 5 mg/mL (pH 3.0, 5.5, 6.5). Proton identities with apostrophes represent the same peak
under acidic conditions. Copyright 2021 Wiley-VCH GmBH.3
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2.2.3 Deprotection of Soluble Progelators Initiates Self-assembly

The synthesis of disperse and fully soluble biomaterials is key for reducing delivery
invasiveness. We used circular dichroism (CD) and transmission electron microscopy (TEM) to
evaluate secondary structures formed by our peptides in solution before and after pH-responsive
charge-conversion (Figure 2.3 and 2.4). All three progelators adopt random coil configurations, as
seen by a peak minimum at ~202-205 nm (Figure 2.3). The most hydrophobic progelator, dma-
KLD, also absorbed at higher wavelengths indicative of weak intra-strand assembly (Figure 2.3
D). Progelators were treated at pH 3.0 for 24 hr, followed by neutralization to pH 7.4 to recapitulate
B-sheet assembly (minimum ~215-218nm) observed with the KLD-12 control peptide (minimum
222 nm). Strong absorbance of maleamic acids in our progelators below 200 nm, leads to near-
saturation of the voltage detector. Dialysis of the deprotected solutions to remove maleic acid
hydrolysis products yielded nearly identical voltage spectra to that of the KLD control.

Morphology of dilute progelators and pH-induced SAPs was observed with stained dry
state TEM (Figure 2.4). Both mal-KLD and cit-KLD progelators exhibited no distinct structures
(Figure 2.4 A and B), and dma-KLD showed low contrast staining of disordered structures (Figure
2.4 C), which is likely the result of transient oligomers bound by weak hydrophobic interactions,
in agreement with CD results. pH-Induced deprotection of progelators yields elongated fibrillar

networks identical to those of the KLD control peptide (Figure 2.4 D).
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Figure 2.3 Circular dichroism (CD) and transmission electron microscopy (TEM) analysis of self-
assembly. (A) Schematic of polyanionic charge-conversion peptides that persist as random coils.
Acid-induced lysine (+) deprotection induces self-assembly via ionic crosslinking (depicted) and
hydrophobic interactions into 3-sheets. (B-D) Circular dichroism of (B) mal-KLD, (C) cit-KLD,
and (D) dma-KLD before and after acid treatment. KLD control peptide is shown for comparison.
Progelators incubated at pH 3.0 for 24 hr, then dialyzed into 50 mM phosphate buffer (pH 7.4) for
measurement at 400 UM peptide. Copyright 2021 Wiley-VCH GmBH.2
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KLD control O unmasked progelator

Figure 2.4 Dry state, stained TEM micrographs of progelators and acid-treated SAPs. (A) mal-
KLD, (B) cit-KLD, and (C) dma-KLD progelators with inset chemical structures of maleamic
acids before (top) and after (bottom) acid treatment. (D) KLD control with inset chemical structure
of deprotected lysine amine. TEM samples (100 uM) were treated at pH 3.0 for 12 hr, then
neutralized to pH 7.4 prior to imaging. Copyright 2021 Wiley-VCH GmBH.?
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2.2.4 Bulk Scale Deprotection Induces Significant Viscoelastic Changes

The KLD-12 peptide is a viscoelastic, physical hydrogel with rehealable properties.®> We
therefore, conducted tests to determine whether complete deprotection of our progelators could
recapitulate native gelling behavior. Peptides were incubated at pH 7.4, 6.8, 5.5, and 3.0 for up to
24 hr, then neutralized for rheological measurements (Figure 2.5). Bulk samples show solid
hydrogels, similar to the KLD control following acid-treatment (Figure 2.5 A). Incomplete
deprotection or potential trapping of the maleic and citraconic acid products is suspected to cause
the residual absorbance in the visible spectrum. Resulting solutions for all acid-treated progelators
reveal viscoelastic hydrogels with storage moduli (G’) greater than (G”’) (Figure 2.5 B). Strain
sweeps confirm that measurements are appropriately measured within the linear viscoelastic region
(LVR). Acid-triggered hydrogelation induces frequency independent viscoelastic properties,
indicating that self-assembled gels resist flowing over long periods of time. This is a useful
property for biomaterial implants.

The sensitivity of each progelator under concentrated conditions, mimicking that of an
injected dose, was tested at pH 7.4, 6.8, 5.5, and 3.0 for 24 hr (Figure 2.5 C). Additionally, each
progelator was treated for 1 and 12 hr at corresponding acidities tested in Figure 2.2 C, where
significant changes to responsiveness for each maleamic acid have been reported.>” >3 One notable
difference, is that pH 6.8 instead of 6.5 was used to test increasingly mild conditions for dma-KLD
sensitivity. An increase in storage moduli, G’, is observed with increasing acidity and longer
treatment times. Furthermore, the stiffest hydrogels were formed by dma-KLD, which possesses

the most labile maleamic acid in this study. Indeed, viscoelastic properties for the dma-KLD treated
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Figure 2.5 Bulk rheological properties of pH-activated hydrogels. (A) Image of untreated (-)
progelator solutions, acid-treated (+) hydrogels, and KLD control. (B) Frequency sweeps of
viscoelastic moduli, G* and G”’, of KLD control and hydrogels formulated from progelators
treated at pH 3.0 for 24 hr. Angular frequency 100-0.25 rad/s, 0.5% strain, n=3 repeats. (C)
Storage moduli, G’, of peptides treated at pH 7.4, 6.8, 5.5, or 3.0 for 1, 12, or 24 hr. Angular
frequency 2.5 rad/s, 0.5% strain. (n=3). Values are mean = SEM. (D) Representative step-strain
oscillations of dma-KLD treated with pH 3.0 for 24 hr demonstrate healing capacity. Angular
frequency 2.5 rad/s. Measurements conducted with destructive strain at 100% for 3 min, and then
regeneration at 0.5% strain for 15 min (n=3 cycles). All measurements performed on peptide
samples that were neutralized and suspended in 1x DPBS (pH 7.4) at 10 mM. Copyright 2021
Wiley-VCH GmBH.?

at pH 3.0 for 24 hr resulted in viscoelastic moduli on par with the KLD control, indicative of
complete maleamic acid deprotection. ESI of treated dma-KLD gels reveal partial and complete

deprotection products. Thus, the dma-KLD responded well at physiologically relevant conditions
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observed in mild tissue inflammation. We note that bulk scale cleavage is likely slowed, due to
decreased solvent diffusion as macromolecular self-assembly occurs. We also suspect that in vitro
gelation kinetics may differ from that in vivo,%” as local pH gradients exist in inflamed tissues.
Regardless, these experiments confirm gelation sensitivity can be tuned with simple modification
of the charge-conversion moiety.

Finally, the capacity for hydrogel healing following excess strain was demonstrated
through step-strain oscillations (Figure 2.5 D) in which destructive strain (100 %) was applied to
disrupt the hydrogels, resulting in liquid-like solutions with G’<G”. This excess strain was
removed, and rapid hydrogel regeneration was observed (crossover G’=G”’ occurs within seconds)

over several cycles.

2.2.5 Low Viscosity Progelators are Amenable to Catheter Injection

Needle-based injections require that materials are shear-thinning. Catheter based injections
further require that the material have low enough viscosity to flow through the catheter during
delivery, a process which can take up to 1 hr in a clinical setting.®-*® Many physical hydrogels are
shear-thinning and rehealable, but aging time can vary from different relaxation and
interpenetration properties between fractured domains.”” Alternatively, excess viscosity from
reassembly in the catheter can stop material delivery, altogether. A material that gels after delivery
can bypass these issues.

As our peptide progelators in 1x DPBS are free-flowing solutions, we tested their utility
for catheter-based injection (Figure 2.6). Complex viscosity of the peptides was measured as a

function of shear rate (Figure 2.6 A and B). Progelators were over two orders of magnitude lower
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in viscosity than the KLD-12 control gelator, as well as shear-thinning. Acid-induced gelation
triggered an increase in viscosity. Furthermore, no temperature dependent changes in viscoelastic
properties were observed when samples were slowly heated from 21-37 °C, representative of the
temperature variations generally experienced by biomaterials during catheter delivery. We
reasoned that our progelators would be amenable to catheter-based injections.

Progelators in this study demonstrated no resistance to delivery by hand or catheter failure
when pumped at clinically relevant rates (0.6 mL/min) (Figure 2.6 C and D), whereas excess
viscosity from the KLD-12 control peptide at 10 mM in 1x DPBS caused catheter failure in vitro.
Thus, we have successfully designed an acid-activatable material for simple formulation and
noninvasive delivery. Finally, given the wider inner diameter of clinical over-the-wire infusion
catheters (e.g. EmergeTM PTCA, 0.36 mm), we reason that our low viscosity materials are

amenable to both transendocardial injection and intracoronary infusion cardiac catheter delivery.
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Figure 2.6 Progelators persist as low viscosity solutions for catheter injection. (A-B) Viscosity of
(A) progelator solutions and (B) acid-treated hydrogels. (C) Progelators solutions flow smoothly
through the catheter at 0.6 mL/min. (D) Catheter injection setup with loaded syringe pumping
progelators through a catheter submerged in a 37 °C water bath. Peptides 10 mM in 1x DPBS (pH
7.4). Copyright 2021 Wiley-VCH GmBH.?

2.2.6 Progelators Are Hemocompatibility In Blood Components.

Lack of hemocompatibility can be a limiting factor for injectable biomaterials, which must
demonstrate inert activity within the blood during direct (intravenous injection and catheter
infusion) or indirect (subcutaneous and intramuscular injection leakage) contact with the
bloodstream.”® % Potential blood interactions may cause thrombosis, induce hemolysis, or alter

coagulation kinetics. We incubated our charge-conversion peptides at increasing dosages in whole
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human blood components (Figure 2.7). For reference, generous estimates for clinically relevant
doses from transendocardial catheter injection and intracoronary infusion are 1;830 and 1:500,
respectively. The hemolytic properties of our progelators and the KLD control in isolated red blood
cells (RBCs) were assessed for acute toxicity (Figure 2.7 A). Doses up to 1:10 for all peptides
revealed <5% hemolysis, which is below the limit for consideration as a nonhemolytic
biomaterial.'%

Activated clotting times (ACT) were used as a general method that encompasses intrinsic
and common coagulation pathways to assess thrombogenicity during delivery (Figure 2.7 B). This

assay is the preferred test in catheterization labs and cardiac theratres. !

Anticoagulative properties
were observed at 1:100 and 1:10 blood doses for mal-KLD and cit-KLD, and to a much lesser
extent at 1:10 with dma-KLD. The KLD control peptide exhibited no significant alteration to
normal clotting times over that of the vehicle standard at all doses. In contrast, collagen showed a
thrombogenic effect, and chelation of calcium prevented clotting altogether.

Finally, plasma recalcification profiles in platelet poor plasma (PPP) were used to study the
intrinsic pathway of clotting, which can reveal adverse blood-biomaterial interactions (Figure 2.7
C and D). Collagen, which activates platelet aggregation, showed no early onset of coagulation in
the presence of platelet-poor media (Figure 2.7 C). Glass coverslips, which have negatively
charged and hydrophilic surfaces, were used as a positive control of contact activation, whereby
coagulation onset time was reduced. As a negative control, PPP without Ca?" showed no onset of
coagulation. Both mal-KLLD and cit-KLD exhibited earlier onset times and marked decrease in

extents of coagulation (Figure 2.7 D). Furthermore, cit-KLD caused a faster rate of coagulation

than that of the other peptides. However, dma-KLD and KLD control peptides exhibited minimal
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deviation from vehicle standard coagulation profiles, with no significant difference between each

other at all doses.
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Figure 2.7 Hemocompatibility of peptide progelators. (A) Percent hemolysis of human red blood
cells (RBCs) after incubation with different concentrations of peptide for 1 hr. Inset line defines
the threshold for hemolytic response (> 5%). (n=6) (B) Activated clotting times of whole human
blood in the presence of different peptide concentrations. (n=5) (C) Plasma recalcification profiles
in platelet poor plasma (PPP) for vehicle standard, and collagen, glass coverslip, and no calcium
controls. (n=6) (D) Measurements of coagulation maximal extent, rate, and onset time from plasma
recalcification profiles as a function of peptide concentrations. (n=6) All peptide dilutions in
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biological fluid at 37 °C are provided in figures at increasing peptide in blood concentration from
1:10,000, 1:5000, 1:1000, 1:500, 1:100, and 1:10 volume ratios, given an injection concentration
of 10 mM stock solution in 1x DPBS. ns (p > 0.05), * (p <0.05), ** (p <0.01), *** (p <0.001),
and **** (p <(.0001). Values are mean = SEM. Copyright 2021 Wiley-VCH GmBH.?

2.2.7 Cell Viability of Progelators and Deprotection Products

Once the peptide has reached its intended acidic tissue target, deprotected KLD-12 peptide
can self-assemble as a local tissue scaffold. This peptide is known to be biocompatible, but the
new chemistries presented in this chapter are not. We performed MTT cell viability assays by
incubating progelators (mal-KLD, cit-KLD, and dma-KLD) and deprotected caps (maleic,
citraconic, and dimethylmaleic acid) with L-929 cells (mouse, subcutaneous connective tissue) to
understand their cytotoxicity (Figure 2.8 A and B). No statistical significance was observed
between peptides and the vehicle (1x DPBS) up to 1000 uM after 24 hr incubation (Figure 2.8 A).
Similarly, deprotected caps studied at stoichiometrically matched concentrations, showed the same

result (Figure 2.8 B). In contrast, 10% DMSO exhibited ~19% viability.

2.2.8 Self-Assembly Induced Drug Encapsulation of Model Drug

We reason that acid-induced deprotection and simultaneous self-assembly imbues our
progelators with the capacity for activatable drug encapsulation. Thioflavin T (ThT) was chosen
as a model drug for its fluorogenic capacity to quantitatively detect fiber formation and its stability
to acidic pH.!9%1%5 Serial addition of ThT to KLD control peptide shows a monotonic increase in

normalized fluorescence up to 50 uM. Furthermore, serial dilution of KLD in a fixed concentration
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of ThT (50 uM) revealed a critical aggregation concentration (CAC) at pH 5.5, 6.8, and 7.4 of 80.0
(£ 3.1) uM peptide. Incubation for 10 min of progelators (500 uM) above their CAC in buffers at
associated activation pH values in Figure 2.5 C reveal fluorogenic turn-on as ThT (50 uM) is
incorporated into the growing networks (Figure 2.8 C). Finally, coincubation of the
solvatochromatic dye, Congo Red, with progelator provides a visual demonstration of small
molecule sequestration. We envision that self-assembly induced encapsulation of therapeutics can

provide a facile strategy for localizing treatment through simple co-delivery.



43

mm mal-KLD
= cit-KLD
== dma-KLD
mm KLD control

N ol

0,
9 ~
H g

% Viability

) mal anhydride
@ cit anhydride
mm dma anhydride

Cs
—=— mal-KLD
& ~ Git-KLD
w44 —— dma-KLD
@
Qo
§
8 31
4
(-]
- |
i 2-
E
o
Z 1-

pH 7.4 pH 6.8 pH 5.5 pH 3.0

Figure 2.8 Cell viability of progelator components and drug encapsulation. (A) Cell viability of
mal-KLD, cit-KLD, dma-KLD, and KLD control incubated at 0, 7.8 15.6, 31.2, 62.5, 125, 250,
500, and 1000 uM peptide in 1x DPBS (pH 7.4). (n=3) (B) Cell viability of mal anhydride, cit
anhydride, and dma anhydride incubated at 0, 23.4, 46.8, 93.6, 187.5, 375, 750, 1500, and 3000
pM in 1x DPBS (pH 7.4) (n=3). (C) Encapsulation of model drug into fiber network. Normalized
fluorescence (F/Fo) of ThT (50 uM) and progelator (500 uM) after incubation at pH 7.4 6.8, 5.5,
and 3.0 for 10 min. (n=4). Values are mean = SEM. Inset chemical structure of ThT. Copyright
2021 Wiley-VCH GmBH.?



44

2.3 Conclusion

There is a need for synthetically simple tissue engineering scaffolds that can be delivered
non-invasively to injury sites. In many extreme cases, inflammation is not localized (e.g. arthritis,
myocardial ischemia, traumatic injury), so single injections of a preformed hydrogel to the site of
interest may not be practical. Our design strategy enables a stimuli-responsive solution that flows
freely until activated by inflammation-associated extracellular acidosis.

We present a simplistic approach to reversible modification of a self-assembling peptide
using a one-step synthesis with quantitative yields. The pH-sensitivity of these progelators is
readily tuned with substituted maleamic acid moieties, enabling assembly at physiologically
relevant tissue acidities (pH ~ranging from 5.4-7.1). Thus, our platform utilizes unique advantages
of both soluble small molecules (injectability and tissue perfusion) and macromolecular hydrogels
(stationary support, prolonged retention, and drug encapsulation).

We reason that our materials have the capacity to spread unhindered until activated by the
acidic extracellular microenvironment of inflamed tissue. This structurally dynamic behavior is
especially useful in wound-healing applications where the in vivo architectures are tortuous, and
in some instances require navigation through narrow pathways prior to self-assembly as a
stationary hydrogel. A distinct advantage that many soft injectable hydrogels have is the capacity
to repeatedly heal after strain-induced network disassembly. We showed that our acid-treated
progelators were able to recapitulate this important property as well as increased spreading

resistance during solidification.
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Both mal-KLD and cit-KLD progelators exhibit significant anticoagulative properties,
whereas dma-KLD dosing was nearly indistinguishable from that of hemocompatible KLD control
peptide. The extent of coagulation for dma-KLD was only altered at the highest dose (1:10
peptide:blood), which indicates that local high concentrations of peptide have a minor
anticoagulative effect on the intrinsic coagulation (contact-based) pathway. It is important to note
that the two highest blood doses (1:10 and 1:100) are higher than would theoretically be present
in the blood after 1 min of circulation, and assumes all material entered into the bloodstream and
not the intended tissue. We therefore reason that maleamic acid modified peptides induce no
relevant impact on hemocompatibility. Finally, a general trend presented itself as improved
hemocompatibility with increasing progelator hydrophobicity in all clotting and coagulation
assays. Additionally, no cytotoxicity was observed with RBCs or L-929 cells.

Finally, we provide a simple strategy for targeted drug accumulation without the need for
complex synthetic modifications, as activation of peptide self-assembly was shown to trap a model
drug in the hydrogel network. Ultimately, co-injection of progelators with any number of
therapeutics (e.g. small drugs, growth factors, cell therapies) could allow for targeted accumulation
and localized drug release from a stationary scaffold. This work provides a glimpse into the future

of tissue engineering with simple chemistries that exhibit complex behavior.
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2.4 Experimental Details

2.4.1 KLD Control Peptide Synthesis

KLD control peptide was synthesized by standard Fmoc SPPS in an AAPPTec Focus XC
peptide synthesizer on rink amide MBHA resin. HBTU (N,N,N’,N’-tetramethyl-O-(1H-
benzotriazol-1-yl) uronium hexafluorophosphate) was used as the general coupling agent. Each
coupling step involved incubation of Fmoc-protected amino acid (3 eq), HBTU (98 mol%, 2.94
eq), and DIPEA (6 eq) in DMF (15 mL) for 2 hr. The N-terminal amine was masked with an acetyl
group by incubating acetic anhydride (30 eq) and DIPEA (30 eq) in DMF (10 mL) for 15 min.
Peptide cleavage and deprotection was performed in 95:2.5:2.5 (%v/v) trifluoroacetic acid (TFA),
triisopropyl silane (TIPS), and H20O, respectively, for 2 hr. TFA was removed from the filtrate via
rotary evaporation and the remaining residue was precipitated with cold, anhydrous diethyl ether

(3x) and sonication to yield a white solid product.

2.4.2 KLD Control Peptide Purification

KLD control peptide was prepared for purification in 5:20:75 acetic acid/water (0.1%
TFA)/ acetonitrile (0.1% TFA) via initial dissolution in acetic acid with sonication, followed by
addition of acetonitrile then water (final concentration 10 mg/mL). The peptide was purified on a
Jupiter Proteo90A Phenomenex column (2050 x 25.0 mm) on an Armen Glider CPC preparatory
phase HPLC to yield 95% purity. KLD control peptide was purified using an acidic mobile phase

consisting of H20 with 0.1% TFA (Buffer A) and acetonitrile with 0.1% TFA (Buffer B). Gradient:
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20-40% over 43 min at 214 nm. KLD control peptide was dialyzed into basic H20 (pH 8-9) prior

to lyophilization.

2.4.3 Progelator Peptide Synthesis

Charge-conversion peptide progelators, mal-KLD, cit-KLD, and dma-KLD were
synthesized in a one-pot step. To a solution of pure KLD control peptide in DMF (40 mg/mL) was
added maleic, citraconic, or dimethylmaleic anhydride (30 eq), and dimethylaminopyridine
(DMAP) (30 eq). The reaction was stirred 48 hr to yield a black (mal-KLD) or brown (cit-KLD)
solution or white precipitate (dma-KLD). mal-KLD and cit-KLD were precipitated with anhydrous
diethyl ether (2x) to yield brown and pale-yellow powders, respectively. The dma- KLD reactions
were decanted and washed with anhydrous diethyl ether (2x) to yield a white powder. We suspect
that observed coloration with mal-KLD and cit-KLD is caused by intramolecular charge transfer
complexes between the maleamic acid amide protons with carboxylic acids on the peptide, which
increases the molar absorptivity and lowers the absorbance energy barrier. Increased steric
hinderance with pendant methyl groups likely limits this interaction leading to decreased sample
coloration. Dry peptides were dissolved into basic H20 (pH 10) and dialyzed into H20 at pH 8
with 1 kDa cut-off dialysis tubes for 24 hr prior to lyophilization. This procedure yields
quantitatively pure peptide and requires no additional purification steps. Peptides were lyophilized

for prolonged storage. All stock solutions of progelator peptides were freshly prepared by
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reconstitution of lyophilized powder into 1x DPBS (pH 7.4) and sterilized through a 0.2 pm PES

filter.

2.4.4 Peptide Purity and Mass Spectrometric Characterization

General mass spectra were analyzed on a Bruker AmaZon SL quadrupole ion trap mass
analyzer configured with an electrospray ionization (ESI) source. Peptide purity was analyzed via
LCMS on a Bruker AmaZon X, which couples an Agilent 1200 Series LC system with a
quadrupole ion trap mass analyzer configured with an electrospray ionization (ESI) source. The
mal-KLD, cit-KLD, and dma-KLD progelator peptides were run on a Thermo ScientificTM
HyPURITYTM C18 HPLC column (3um particle size), using a slightly basic mobile phase
consisting of 0.05% (v/v) NH4OH in H20, pH 8 (Buffer A) and acetonitrile (Buffer B). Gradient:

0-30% over 10 min at 214 nm.

2.4.5 NMR of Cleavage Kinetics at pH 3.0, 5.5, 6.5and 7.4

'H NMR control spectra under neutral conditions (pH 7.4) were collected on a Bruker Neo
600 MHz system. Each spectrum was collected as the sum of 16 scans at 298 K. H NMR spectra
for Kinetic assays under acidic conditions (pH 3.0-6.5) were collected on a 400 MHz Bruker
Avance 11l HD Nanobay system equipped with SampleXpress autosampler. Each spectrum was
collected as the sum of 256 scans at 298 K. Buffer stock solutions were prepared as 1M solutions
of ds-phosphoric acid (pH 3.0), ds-acetate (pH 5.5), or d-phosphate (pH 6.5 and pH 7.4) in

deuterium oxide (D20) with LiCl (2M) as a chaotropic salt to limit hydrogen bonding of peptides.
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Peptides in acidic buffer were pre-dissolved in D20 with 0.1% NaOD, then diluted 5-fold with
buffer stock to generate peptide (5 mg/mL) in either neutral buffer (200 mM buffer, 100 mM LiCl,
H,0/D,0 cosolvent) or acidic cleavage buffer (200 mM buffer, 400 mM LiCl, D,0) solutions.
Water suppression was applied for H,O/D,0O cosolvent conditions. For time course analyses,
spectra were recorded at 8, 30, 60, 120, 480, and 720 min after incubation of buffering agent.

Spectra were referenced against HOD & 4.790 ppm.

2.4.6 Circular Dichroism (CD) of Peptides

Progelator peptides were incubated for 24 hr at pH 3.0 to unmask lysine residues and
dialyzed into H20 at pH 7 to neutralize and remove excess salt, buffer, and maleic acids. Peptides
were lyophilized and re-dissolved at 400 uM in 50 mM phosphate buffer (pH 7.4). Secondary
structure of peptide progelators before and after acid treatment were measured on a JASCO 815
Circular Dichroism Spectropolarimeter using the following settings: temperature = 21T,
pathlength = 2mm, scanning speed = 50 nm/min, response time = 2 s, bandwidth = 1 nm,
accumulations = 3, and scan range=260-190 nm. Spectra are presented as an average of all

accumulations.

2.4.7 Transmission electron microscopy (TEM)

Formvar/Carbon-coated 400 mesh Cu grids (Ted Pella, Inc.) were glow discharged for 90
s and spotted with 5 puL peptide sample (100 uM) and set for 5 min. Grids were rinsed with distilled
H20 (5 drops), stained with 1% (w/w) uranyl acetate (3 drops), and wicked dry with filter paper.

TEM images were acquired on a FEI Tecnai G2 Sphera TEM or Joel ARM200CF Aberration-
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Corrected TEM at 200 kV. Acid-treated samples were prepared by incubated at pH 3.0 for 12 hr

followed by neutralization.

2.4.8 Rheology of Bulk Peptide Solutions at Various Extents of Unmasking

KLD control hydrogel was suspended at 10 mM in 1x DPBS (pH 7.4). Peptide progelators
were dissolved at 13.9 mM peptide in H20 at pH 8.0 and diluted with 5x stock solutions of glycine
buffer (1M, pH 3.0), acetate buffer (1M, pH 5.5), or phosphate buffer (1M, pH 6.8 and 7.4) to
initiate cleavage (peptide concentration 11.1 mM and buffer concentration 200 mM). Solutions
were vortexed for 20 sec, then incubated at 37 °C for 1, 12, or 24 hr. Resulting gels were
neutralized with concentrated NaOH and diluted with 10x DPBS to a final concentration of 10
mM for rheological measurements.

All peptide samples were prepared at 10 mM peptide. Viscous and viscoelastic properties
were assessed using a stress-controlled rheometer (Anton Paar MCR 302) equipped with a 25 mm
diameter parallel plate geometry (PP25). Unless otherwise stated all measurements were taken at
an angular frequency of 2.5 rad/s, strain of 0.5%, and temperature of 37 °C. Measurements were
performed with a gap height of 1000 um. To prevent water evaporation, mineral oil was wrapped
around the edge of the geometry at the air-sample interface. For viscoelastic measurements the
apparatus was used in oscillatory mode. To ensure that measurements were made within the linear
viscoelastic regime (LVR), strain sweeps were performed between 0.05-50 % strain at 2.5 rad/s.
The dynamic moduli of the hydrogels were measured as a function of angular frequency in the
range of 0.25-100 rad/s at a strain of 0.5% (n=3 accumulations). Continuous step-strain

oscillations were used to monitor hydrogel healing through disruption (3 min, 100% strain) and



o1

recovery (15 min, 0.5% strain) cycles (n=3). Temperature sweeps were measured by increasing
the apparatus temperatures from 21- 40 °C at a ramp rate of 0.5 °C/min. For viscosity
measurements the apparatus was used in steady state flow mode. The viscosity of samples was

measured as a function of shear rate in the range 0.1-10 s—1 (5% tolerance).

2.4.9 In Vitro Catheter Injections of Progelators

In vitro injection of peptide progelators through the 27 G inner Nitinol tubing of a MyoStar
catheter was performed, as previously described. Peptide solutions (0.6 mL) were prepared at 10
mM in 1x DPBS (pH 7.4) and loaded into a 1 mL Luer Lock syringe attached to a syringe pump
set to a flow rate of 0.6 mL/min. Catheters were inspected for potential clogging during and after

injection.

2.4.10 Blood Dilutions for Hemocompatibility

Peptide-in-blood dilutions were performed at volume ratios of 1:10000, 1:5000, 1:1000,
1:500, 1:100, and 1:10. These doses indicate peptide dilution in blood given a 10 mM injected
dose. Assuming an average cardiac output of 5 L/min at 5 L of blood total, the maximal dosing
from a high volume transendocardial catheter injection (6 mL) or intracoronary infusion (10 m)
after 1 min of circulation would be 1:830 and 1:500, respectively. This generous estimate assumes
that all injected material leaks into the bloodstream and none reaches its intended target tissue.
Furthermore, injection via catheter is generally performed over a period of many minutes, which

enables further dilution in the blood during delivery.
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2.4.11 Activated Clotting Time (ACT) Assay with Whole Human Blood

A Hemochron 801 instrument calibrated with an electronic system verification (ESV)
device was used to measure activated clotting time (ACT) of whole human blood. Activated
clotting times (ACT) were determined using recalcified, citrated whole human blood to minimize
variability in starting time points for clotting in all assays. To each Hemochron P214 tube with
glass beads was added 4 pLL CaCl2 (1.1 M) and 36 uL peptide stock or additive (12.2x final blood
concentration). Samples were mixed thoroughly for 30 s to soak the glass beads and incubated for
30 s at 37 °C. Citrated whole human blood (400 pL) was then added (t=0 s), mixed by hand for 10
s, and added to the instrument. Time points at which the magnet was displaced by clot formation
were recorded by the instrument. Type | soluble collagen (0.095 mg/mL) was used as a positive
control to decrease clotting time. Vehicle (1x DPBS) served as a standard for blood without
additive. Samples without calcium, serving as the negative control, exceeded instrument maximum
time range (>1500 sec). Each experiment was performed n=5 times with averages and standard

error of the mean (SEM) plotted.

2.4.12 Hemolysis of Red Blood Cells (RBCs)

Acute toxicity of peptide progelators was measured with an RBC hemolysis assay specific
to biomacromolecular drug analysis. RBCs were isolated by centrifugation of 40mL citrated whole
human blood at 500 x rcf for 10 min, followed by gentle aspiration of plasma and refilling with
150 mM NaCl solution. After gentle mixing through tube inversion, these steps were repeated 3 X

(using 1x DPBS instead of NaCl solution for the last two repeats). To a 49 mL of 1x DPBS (pH
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7.4) was added 1 mL of isolated RBCs for a 1:50 dilution. RBCs were lightly agitated prior to use
to prevent settling. Briefly, 190 uL of dilute RBCs and 10 pL of peptide stock or additive (20x
final concentration) were mixed and added to a clear, flat- bottomed 96-well plate, covered, and
incubated at 37 °C for 1 hr. 1% Triton X-100 was used to lyse RBCs as a positive control and
untreated vehicle (1x DPBS) was used as a negative control. For each sample, n=6 repeats were
prepared. Following incubation, plates were centrifuged at 500 rcf to pellet intact RBCs using a
centrifuge equipped with a microplate rotor. Supernatant (100 pL) was transferred to a new 96-
well plate, taking care not to disturb the pellet. Absorbance of the supernatant was measured via
plate reader at 540 nm (height 7.5 mm, 100 flashes) to detect released hemoglobin from RBC lysis.
To calculate % hemolysis, absorbances were corrected for background absorbance from untreated
vehicle and then normalized to 1% Triton X-100 treated RBCs to represent 100%

hemolysis. %Hemolysis was calculated according to the following equation:

(Absexperiemental) — (AbSnegative control) 100
(Abspositive control)— (AbSpegative control)

%Hemolysis =

, Where Absexperiemental IS the average well absorbance pertaining to RBCs with additive, AbSnegative
control 1S the average well absorbance for RBCs incubated with vehicle (1x DPBS), and AbSpositive
control 1S the average well absorbance for RBCs containing 1% Triton X-100. Averages (n=6) and

standard error of the mean (SEM) are plotted.

2.4.13 Plasma Recalcification Profiles

The intrinsic coagulation pathway was assessed using a plasma recalcification assay.

Platelet poor plasma (PPP) was isolated from citrated whole human blood through centrifugation
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at 2000 rcf for 10 min and collection of the upper 2/3 layer of PPP. The collected plasma was spun
again at 2000 rcf for 10 min and the upper 3/4 layer. Briefly, 100 uL of PPP, 50 uL of peptide
stock or additive (4x final concentration), and 50 puL of CaClz (50 mM) were added to a clear, flat-
bottomed 96-well plate, covered, and loaded into a plate reader incubated at 37 °C for kinetics
measurements. Collagen (0.095 mg/mL) which interacts with platelets to decrease coagulation
time, was used to confirm proper preparation of PPP to study platelet-independent effects of our
peptide. Glass coverslips were used as positive controls for altered coagulation kinetics. Samples
without calcium, where no coagulation was observed, served as negative controls. Untreated
vehicle (1x DPBS) samples were used as a standard to compare peptide dosing impacts. For each
sample, n=6 repeats were conducted. Coagulation profiles were obtained by measuring well
absorbance at 540 nm (height 7.0 mm, 100 flashes) at 30 sec intervals for 60 min. Onset to clotting
was detected as a sharp increase in sample turbidity. Measurements were all baseline corrected to
account for variable turbidity from peptides at different concentrations. The onset of coagulation
is indicated by a steep rise in the absorbance vs time curve. A plateau in absorbance was reached

within a few minutes and maintained over time, indicating a fully formed, stable clot.

2.4.14 Cell Viability of Progelators and Acid-Induced Cleavage Products

The KLD control, progelators, and authentic maleamic acid cleavage products were tested
for cytotoxicity in L-929 cells (ATCC). Cells were maintained in EMEM media (ATCC)
supplemented with 10% (v/v) horse serum (ATCC), penicillin (100 units/mL) and streptomycin
(100 pg/mL) (Mirus Bio), at 37 °C in 5% CO2. Cells were seeded at a density of 4,000 cells per

well in clear-bottom, black, 96-well plates for 48 hours prior to incubation. All KLD materials
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were stored as lyophilized powder and resuspended immediately prior to use. Stock solutions of
peptides (30 mM) and maleic anhydrides (90 mM) were prepared in H20 at pH 8.0. Samples were
diluted 1:30 into media to create working solutions at 3 mM with respect to maleamic acid moieties.
Working solutions were incubated with L-929 cellsat 1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128
dilutions in media for 24 hr. 10% DMSO was used as a positive control for cytotoxicity. The
material was removed after 24 hours, and 100 pL of an 80/20 (v/v) mixture of complete growth
media to CellTiter-Blue® reagent (Promega) was added to each well and incubated for 1 hour at
37 °C. The fluorescence was measured via plate reader at 590 nm (height 9.5 mm, 75 flashes) and
all treatment values were expressed as a percentage of the vehicle (1x DPBS) treated control.
Experiments contained 6 replicate wells for each condition and the experiment was performed n=3

times on three separate passages with averages and standard error of the mean (SEM) plotted.

2.4.15 Stimuli-Induced Drug Encapsulation with Thioflavin T (ThT) and Congo Red

Thioflavin T and Congo Red were used as fluorogenic and solvatochromatic dyes,
respectively, to simulate small molecule drug encapsulation into activated progelator networks.
For all experiments, buffers were prepared at pH 3.0 (200 mM glycine-HCI buffer), pH 5.5 (200
mM acetate buffer), pH 6.8 (200 mM phosphate buffer), and pH 7.4 (200 mM phosphate buffer).
Fluorescence measurements of ThT were conducted in black, thin-wall 96- well clear-bottom
plates with total sample volumes of 100 uL. Spectra were collected at 37 C with step size of 0.2
nm, 100 flashes, height of 3 mm from bottom, with n=3 accumulations per well. Values were
reported as units of F/Fo, where fluorescence signal from ThT + peptide is normalized to

fluorescence of ThT only. Absorbance measurements for CR were conducted in clear, 96 well
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plates with total sample volumes of 300 pL. Absorbance spectra of CR + peptide solutions were
all baseline-corrected to absorbance of the peptide in buffer or buffer only solutions, respectively.
Excitation (400-475 nm, AEm = 495 nm) and emission (445-700 nm, AEx = 425 nm) spectra were
collected following incubation of ThT (10 uM) with KLD control peptide (1000 uM) at each pH
overnight at 37 °C. Values reported as an average of n=3 repeats, in relative fluorescence units
(rfu).

Critical aggregation concentrations (CAC) for KLD control were determined by incubating
ThT (50 uM) with KLD control peptide (5, 10, 20, 40, 80, 160, 320, or 640 uM) at each pH
overnight at 37 °C. Data was reported as normalized fluorescence (F/Fo) with fitted data shown as
semi-log lines of normalized fluorescence (F/Fo) with respect to KLD control peptide
concentration. The CAC was determined as the intersection of both fits at each pH. Values reported
as an average of n=3 repeats.

ThT concentration-dependent signal was determined by incubating variable concentrations
of ThT (0 — 100 uM) with KLD control peptide (500 uM) at each pH overnight at 37 °C.
Normalized emission spectra (445-700 nm, AEx = 425 nm) were reported as an average of n=3
repeats.

Progelator activation-induced encapsulation of ThT was evaluated by incubation of mal-KLD, cit-
KLD, or dma-KLD (500 uM) with ThT (50 uM) at each pH for 10 min at 37 °C, followed by
neutralization to pH 7.4. Fluorescence values reported as an average of n=4 repeats. Absorbance
spectra of Congo Red were collected following incubation of CR (50 uM) with cit-KLD progelator
(500 uM) or KLD control peptide (500 uM) for 1 hr at 37 °C at pH 7.4 or 5.5. Values reported as

an average of n=3 repeats.
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2.4.16 Statistical Analysis

All statistical results are expressed as mean = standard error (SEM) and all analyses were
conducted in Prism. RM one-way ANOVA with multiple comparisons of the mean in each group
with that of the vehicle standard was used for analysis of red blood cell (RBC) hemolysis, activated
clotting times (ACT), and cell viability. No correction for multiple comparisons (Fisher’s LSD test)
was performed. Statistics for plasma recalcification profiles were calculated using a “Sigmoidal,
4PL, X is log(concentration)” interpolation function with no handling of outliers and reported with
95% confidence intervals (CI). The Top, HillSlope, and LoglC50 were used as values for
coagulation maximal extent, rate, and onset time. Regular two-way ANOVA with multiple
comparisons of the mean in each group with that of the standard was used. No correction for
multiple comparisons (Fisher’s LSD test) was performed. Statistical significance was defined as

follows: ns (p > 0.05), * (p <0.05), ** (p <0.01), *** (p <0.001), and **** (p < 0.0001).
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Chapter 3. UV Activable Drug Delivery System with Ultra-high Drug

Loading Capacity

This chapter is adapted from the following publication:
Choi, W.T, Battistella, C.", Gianneschi, N. C. High Efficiency Loading of Micellar Nanoparticles
with a Light Switch for Enzyme-induced Rapid Release of Cargo, Biomaterials Science, 2021, 9,

653-657. (“I denotes authors equally contributed.)

3.1 Introduction

Polymeric nanomedicines have the potential to enhance drug solubility and improve
selectivity therefore reducing off-target side effects.!* 17 Such formulations can be designed to
hide therapeutics in their core during circulation in the blood stream and deliver it to the desired
tissue in a selective and safe manner. Targeting and retention of nanoparticles in the tumor
microenvironment (TME) recently emerged as a potential route toward safer delivery of anticancer
drugs, immunotherapeutics or combinations.!%-112 However, although TME targeting can enhance
selectivity, upon accumulation, nanoparticles mainly remain confined at the edge of the tumor
mass, with bigger nanoparticles having lower probabilities to penetrate into the tumor, therefore
resulting in low uptake by cancer cells and low treatment efficacy.!!*-!'” Smaller nanoparticles
tends to be more mobile, but are still characterized by low diffusion rates and slow cellular
internalization processes as compared to small molecules. This, together with their fast clearance

from the TME, !¢ makes these formulations less active than the small-molecule counterparts.
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Responsive nanoparticles that selectively target the TME and subsequently release the
carried anticancer drugs in the TME are a very promising class of drug delivery systems to achieve

high safety profiles via selective targeting,'!”

while maintaining fast drug diffusion, deep tumor
penetration, high cellular uptake and therefore optimal treatment outcome. This goal can be
achieved by either physical encapsulation or covalent conjugation of the therapeutic of interest
into TME-responsive nanoparticles. While physical encapsulation leads to rapid drug release upon
particles disruption, this approach can also lead to premature release of therapeutics during storage
and blood circulation. Covalent conjugation has received increasing interest owing to the enhanced
stability of the formulations as well as the efficient incorporation of diverse drugs at high loadings
independently from their hydrophobicity or solvent/polymer affinity. Finally, the possibility to
introduce very simple and specific responsive moieties and the implementation of orthogonal
linkers offer the opportunity to release drug combinations at different rates and therefore can find
application in the most modern combination therapies.'!8 11

Our laboratory has pioneered a polymeric nanoparticle delivery system that responds to
MMPs, which are overexpressed in the TME of many type of cancer,'?° 12! to localize and retain
nanomaterials within diseased tissues.'?>12 These materials are prepared through the assembly of
amphiphilic di-block copolymers to generate spherical micellar nanoparticles. While the
therapeutic of interest can be covalently anchored to the hydrophobic block, the hydrophilic
portion of the polymer, forming the shell of the micelle, is comprised of MMPs-responsive

peptides (Figure 3.1). Enzymatic cleavage of the resulting spherical nanoparticles in the TME

results in a transition from small (20-40 nm) spherical nanoparticles to micrometer-scale scaffolds
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that are retained in the TME for many weeks, where they can slowly release the loaded
therapeutics.'?’

Recently, we demonstrated that this approach can be used to safely target
immunotherapeutics to the TME of a 4T1 breast cancer model and slowly release the
immunotherapeutic of interest.!?

However, in the case of anticancer drugs, fast release is generally preferred to maximize
intracellular drug concentration and therefore achieve efficacy comparable to that of the free drug.
Herein, we developed an MMP-responsive delivery system, in which the model drug ‘paclitaxel
(PTX)’ is conjugated to the polymer backbone via a light-sensitive linker (Figure 3.1). Such
polymers assemble into inactive micelles (IM) upon solvent switch. Prior use or upon
accumulation in the TME, an exogenous trigger such as UV irradiation'?”'?° allows PTX release
into the micelles hydrophobic pocket and therefore micelles activation. Upon accumulation in the
TME, MMPs overexpression can induce morphological switch of the active micelles (AM),
followed by burst release of the encapsulated PTX, which is free to diffuse within the tumor mass
and penetrate cancer cells efficiently (Figure 3.1). The ability of these nanoparticles to release the
drug of interest, while also forming micrometer scale aggregates that are retained in the TME 1is
particularly interesting for combination therapies, where an orthogonal linker can be used to slowly
release a second drug from the scaffold and slowly modulate the tumor microenvironment. In this
chapter, we describe the synthetic path and demonstrate successful on-demand PTX release upon
light activation and enzymatic digestion of active micelles. We investigate nanoparticles
morphological transition using multiple imaging techniques and determine PTX activity upon

exposure to both endogenous and exogenous triggers in model cancer cell lines.
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Figure 3.1 Scheme of light-activable micelle (LAM) for the effective delivery of paclitaxel
(PTX) in the tumor microenvironment (TME). Schematic representation of the enzyme-
responsive LAM nanoparticles. UV irradiation of inactive micelles (IM) causes PTX cleavage
and release into the hydrophobic pocket switching the micelles to active micelles (AM).
Cleavage of hydrophilic peptide outer shell by MMP enzymes overexpressed in the tumor
microenvironment results in a morphological switch and burst PTX release. Copyright 2020
The Royal Society of Chemistry.®
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3.2 Results and Discussion

3.2.1 Synthesis of Light-Activable Block Copolymers

Light-activable block co-polymers (LAP) were designed such that the hydrophobic drug
PTX is conjugated to the norbornene monomer via the UV-cleavable o-nitrobenzyl ester (ONB)
(Figure 3.2 in red).t?>132 The peptide sequence GPLGLAGGERDG was employed as the
hydrophilic moiety and as MMP recognition sequence.? Ring opening metathesis polymerization
(ROMP) was used to polymerize the monomers achieving precise control of the polymer chemistry
and subsequent enzymatic response (Figure 3.2). Lengths of the di-block was optimized to obtain
stable nanoparticle suspensions that could be stored for several months. An additional monomer
containing a NIR Cy5.5 fluorophore (Nor-Cy5.5) was also incorporated at the end of the

polymerization allowing imaging of the conformational switch by fluorescence microscopy.%®

3.2.2 Nanoparticle Formation and Enzyme Triggered Morphological Change

Upon polymerization, the resulting polymers were dissolved into DMF and water was
added slowly under ultrasonication over a period of a minute. The resulting solution was dialyzed
against PBS over two days. Both dynamic light scattering (DLS) and transmission electron
microscopy (TEM) (Figure 3.3) confirmed the formation of nano-sized inactive micelle by self-
assembly of the block copolymers in Figure 3.1 (Figure 3.3 A and D). Upon 30 min irradiation
(365 nm) to cleave PTX from the polymer backbone and release it within the hydrophobic core of
the micelles, the generated active micelles (AMs) maintained their spherical shape and comparable

size as determined by both DLS and TEM (Figure 3.3 B and E). While Ams maintained their
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structure and morphology after UV irradiation (365nm), a change in morphology occurred upon
AM treatment with proteolytic enzyme (Figure 3.3 C and F). For these studies, thermolysin was
used as a model enzyme as it cleaves in the same position as MMP-9, but is a more robost enzyme

for in vitro studies.126
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Figure 3.2 Synthesis of light-activable block copolymers (LAP). Ring-opening metathesis
polymerization (ROMP) of functionalized monomers lead to the incorporation of (i) (PTX) linked
to the polymer backbone via the UV-cleavable linker (red), (ii) MMP-responsive peptide (blue),
(iii) NIR fluorescent dye (green). Polymerizations were terminated via the addition of (iv) ethyl
vinyl ether. Copyright 2020 The Royal Society of Chemistry.>
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Figure 3.3 Enzyme-triggered size and morphology switch of LAMs. (A) Size of inactive micelles
(IMs), (B) size of active micelles (AMs) before and (C) after 18 h incubation with the model
enzyme thermolysin as determined by dynamic light scattering (DLS) measurements. Changes in
micelles morphology was investigated via both (D-F) dry state transmission electron microscopy
(TEM) imaging (scale bars 200 nm), as well as confocal fluorescence microscopy of Cy5.5 labeled
micelles in PBS (G) before and (H) after enzymatic cleavage. All settings were kept constant
between images. Scale bars 50 um and 10 um. Copyright 2020 The Royal Society of Chemistry.®
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3.2.3 Drug Releasement

RP-HPLC analysis (Figure 3.4) confirmed that UV irradiation is required to cleave
PTX from the polymer backbone and release it into the AM core. RP-HPLC traces of
irradiated AM show a very distinct PTX peak (Figure 3.4 B), also confirmed via ESI-MS
spectrometry (Figure 3.4 D). In addition, analysis of the filtrate solution upon centrifugal
filtration of AMs suggests that UV irradiation did not result in PTX leakage from the AM
(Figure 3.4 C).

Efficient micelle disruption and concomitant polymer reorganization upon
enzymatic cleavage of the peptide hydrophilic shell was further characterized by
fluorescence microscopy of Cy5.5 labeled micelles. Small spherical micelles initially
appeared as tiny punctate dots (Figure 3.3 G) and transitioned to microscale fluorescent
assemblies upon enzymatic digestion (Figure 3.3 H). This result was further confirmed by
the detection of the cleaved peptide fragment in the solution as demonstrated by HPLC and
ESI-MS studies. All together these results validate the successful light-induced cleavage of
PTX from the polymer backbone and its release and accumulation into the AM core. This
represents the first step of a drug delivery strategy where the efficient PTX trapping within
hydrophobic pockets is followed by enzyme-directed morphological transition and PTX

release.
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Figure 3.4 UV irradiation triggers PTX cleavage from the polymer backbone and results in
micelles activation. (A) RP-HPLC traces of IMs before and (B) after 30 min UV irradiation at 365
nm (AMs). (C) RP-HPLC traces of the filtrate deriving from AM centrifugal filtration. RP-HPLC
gradient: 10 to 80 % acetonitrile in 45 min. (D) ESI-MS spectra of the peak eluted at Rt 24.5 min
in the chromatogram reported in (C): PTX [M+H]* = 854.35. Copyright 2020 The Royal Society
of Chemistry.®
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3.2.4 In Vitro Assessment of Light-Activable Micelle in HT1080 cells

To demonstrate the efficacy of such delivery system, in vitro activity experiments were
performed to evaluate AM cytotoxicity in presence of the enzymatic trigger (Figure 3.5). Efficacy
was determined in vitro via cell viability assays performed using HT1080 fibrosarcoma cells,
which overexpress MMPs and are therefore widely used to evaluate the performance of MMP-
responsive drug delivery systems both at the in vitro as well as at the in vivo level 113 123 133,134
Ester micelles (EM), in which PTX is covalently conjugated to the hydrophobic portion of the
polymer backbone via a light stable ester bond were prepared as a control (Figure 3.5 A). Ester
bonds have been previously employed to release drugs in a slow and sustained manner.**® Both
control EM and LAM were administered to HT1080 cells either before (inactive micelles, IM) or
after light irradiation (active micelles, AM). MMPs released by HT1080 cells into the media was
expected to trigger morphological switch of such formulations with consequent PTX release in the
case of the light-irradiated AM. Given that MMPs expression within in vitro experiments is
generally lower than the in vivo microenvironments, a positive control in which AM were
enzymatically pre-treated was included as a comparison. PTX concentration ranges were selected
based on previous studies and polymer concentrations were adjusted based on PTX
functionalization.'®3 After 72 h, cell viability was determined via CTB assay. As expected, while
free PTX treatment resulted in a dramatic reduction of cell proliferation already at low nanomolar
concentrations, the control EM didn't show any effect on cell viability for all tested conditions and
concentrations, not even upon enzymatic pre-treatment. This result indicates that independently

from the formulation (nanoparticle vs microscale assembly), the very slow PTX release from
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polymer backbone limits its efficacy. On the contrary, UV irradiated AM resulted in lower cell
viability, which is comparable to that obtained for cells incubated with free PTX, especially for
higher tested concentrations. This effect was also confirmed by analysis of cells incubation with

AM that underwent enzymatic pre-treatment.
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Figure 3.5 LAMs cytotoxicity in HT1080 cell line is comparable to that of free PTX. (A) Structure
of the control ester di-block copolymer (EP) and B) DLS before (blue) and after (red) enzymatic
cleavage. (C) Live fluorescence imaging of the resulting Cy 5.5-labeled EMs in cell medium after
24 h incubation with HT-1080 cells. Micelle aggregates are indicated in red (Cy5.5) and the cell
nuclei are stained in blue (Hoechst). Scale bars 10 um. Transmitted light images as well as more
examples are reported in Supporting Information. (D) HT1080 cell viability upon treatment with
either EMsor free PTX. Cell viability was determined after 72 h via Cell Titer Blue (CTB) assay
and the reported curves are the result of independent triplicate experiments with each condition
performed in triplicate. The same results for LAMSs before and after UV or UV and enzymatic
degradation are reported in the bottom panel (E-H). Copyright 2020 The Royal Society of
Chemistry.®
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3.3 Conclusion

Although active TME targeting can minimize toxicity and side effects arising from
conventional cytotoxins treatments, once accumulated into the TME, efficient release of the
carried therapeutics is necessary to access deep tumor penetration and efficacy profiles comparable
to that of free drug. The ability to synthesize assemblies in which the drug is covalently bound to
the polymer backbone in an inactive form, but that undergoes rapid activation and drug release in
the TME upon both exogenous and endogenous stimuli is desirable.

In vitro analysis of light-activable and MMP-targeted micelles described in this work
demonstrated rapid response to both stimuli and efficient morphological transition in presence of
MMPs, which effectively impacted the proliferation of the HT1080 fibrosarcoma model cell line.
Such constructs can be activated on demand, have the potential to target the TME, can release
anticancer drugs quickly and efficiently, which in turn penetrates into the tumor cells and
potentially behave as the free small molecule counterparts, locally where cytotoxicity is needed,

without perturbing healthy tissues with minimal side effects.
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3.4 Experimental Details

3.4.1 Synthesis of (N-aminoethyl-o-nitrobenzyl)-5-norborene-exo-2,3-dicarboximide

(NorENB) conjugated paclitaxel (NorENB-PTX)

(N-4-nitrophenyl ester-4-(hydroxymethyl)-3-nitrobenzoic acid-aminoethyl)-5-norborene-exo-2,3-
dicarboximide (4).

(N-4-(hydroxymethyl)-3-nitrobenzoic acid-aminoethyl)-5-norborene-exo-2,3-
dicarboximide, 3, was prepared as previously reported.2 4-nitrophenyl chloroformate (125 mg,
0.62 mmol) was slowly added to a solution of 3 (200 mg, 0.52 mmol) in 50 mL THF/pyridine co-
solvent in a 100 mL round bottom flask at 0°C in an ice bath. After stirring for 10 minutes at 0 °C,
the reaction was stirred for 12 hr at room temperature. Reaction progress was monitored via TLC
(5:1 toleuene:diethyl ether, Rf = 0.6). Purification was achieved through extraction with water (1
x 30 mL), followed by 0.5 M HCI (3 x 10 mL), and finally saturated NaHCOs3 (3 x 10 mL). The
organic phase was dried over MgSOa4 and solvent was removed via rotary evaporation followed by
purifying with column chromatography (5:1, toleuene:diethyl ether) to give the desired product as
a yellow solid.

(N-Paclitaxel ester-4-(hydroxymethyl)-3-nitrobenzyl-aminoethyl)-5-norborene-exo-2,3-
dicarboximide (5, NorENB-PTX).

Paclitaxel (225 mg ,0.264 mmol) was added to a solution of 4 (120 mg, 0.22 mmol) and
N,N-diisopropylethylamine (46 ul ,0.264 mmol) in 50 mL dry DCM in a 100 mL round bottom
flask. The reaction was stirred overnight under N2. Reaction progress was monitored via TLC (1:1

hexane:ethyl acetate, Rr = 0.3). Purification was achieved through extraction with water (1 x 30
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mL), followed by 0.5 M HCI (3 x 10 mL), and finally saturated NaHCOs3 (3 x 10 mL). The organic
phase was dried over MgSO4 and solvent was removed via rotary evaporation followed by
purifying with column chromatography (1:1, hexane:ethyl acetate) to give the desired product as

a yellow solid. (Yield = 54%)

3.4.2 Synthesis of NorAha conjugated MMP-9 responsive peptide (NorAha-

GPLGLAGGERDG)

MMP-9 responsive peptide (GPLGLAGGERDG), was synthesized on rink amide resin
(loading 0.67 mmol/g) via standard Fmoc-based solid phase peptide synthesis. Fmoc deprotection
was performed by agitating resin in 20 % 4-methylpiperidine in DMF for 5 min, draining, and
repeating this procedure for another 15 min. Amino acid couplings were carried out for 45 min per
amino acid using N,N,N,N’,N’-Tetramethyl-O-(1H-benzotriazol-1-yl)uranium
hexafluorophosphate (HBTU) and N,N-diisopropylethylamine (DIPEA) (resin/amino
acid/HATU/DIPEA 1:3:3:6). Nor-Aha was incorporated at the peptide N-terminus on the resin.
Final peptides were cleaved from resin by treatment with trifluoracetic acid (TFA), triisopropyl
silane (TIPS), and water (TFA/TIPS/ H20 9.5% v/v : 2.5% v/v : 2.5% v/v) for 2 hr. Peptides were
then precipitated in cold ethyl ether and centrifuged, this procedure was repeated twice. The
precipitated peptide products were evaporated in vacuo to give a white crude solid. Peptides were
purified by RP-HPLC (20 % to 40 % buffer B over 50 min, retention time = 37 min). ESI MS
(mass calculated [M+H]+ =1357.31 m/z; mass observed [M+H]+ = 1356.86 m/z) and lyophilized

to afford a pure white solid.
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3.4.3 Block copolymer synthesis — Light activable polymers (LAPS)

To a stirred solution of NorENB-PTX (25 mg, 19.8 umol) in dry DMF (2.0 mL), 1.45 mg
(2.0 pmol) of catalyst ((IMesH2)(CsHsN)2(Cl)2Ru=CHPh) was added under N2 atmosphere. The
reaction was left to stir under nitrogen for 45 min, after which an aliquot (20 pL) was removed
and quenched with ethyl vinyl ether. After 15 min the quenched polymer was precipitated in
diethyl ether to give the homopolymer P-(NorENB-PTX)s as a white solid which was characterize
by SEC-MALS. To the remaining reaction solutions, 8.1 mg (6.0 pmol) of NorAha-
GPLGLAGGERDG monomer was added. The mixtures were left to stir under nitrogen for 75 min.
After this time, each reaction mixture was split into two portions, half was reacted with ethyl vinyl
ether (50 pL) and precipitated in diethyl ether to give the block copolymers P-(NorENB-PTX)e-
(NorAha-GPLGLAGGERDG): as off-white solid. The second solutions were reacted with Nor-
Cy5.5 (1.9 mg, 2.0 umol) for 2 hrs. After this time, ethyl vinyl ether (50 pL) was added to quench
the catalyst. After 15 min the solutions were precipitated by dropwise addition to cold anhydrous

ethyl ether to give the P-(NorENB-PTX)s-(NorAha-GPLGLAGGERDG)2-(Nor-Cy5.5)1.

3.4.4 Synthesis of (N-Cy5.5)-5-norborene-exo-2,3-dicarboximide (Nor-Cy5.5)

25 mg (0.030 mmol) Cy5.5, 11 mg (0.030 mmol) HATU and 62 pL (0.36 mmol) DIPEA
were dissolved in 2 mL anhydrous DMF under nitrogen. After 10 minutes, 32 mg (0.12 mmol) N-
(hexanediamine)-cis-5-norbornene-exo-2,3-dicarboximide were added and the reaction was stirred

overnight. The product was purified by RP-HPLC using a gradient from 40 to 70 % acetonitrile
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over 30 minutes (retention time = 30 min). ESI MS (mass calculated [M+H]* =1063.42 m/z; mass

observed [M+H]* = 1062.99 m/z) and lyophilized to afford a pure white solid.

3.4.5 Nanoparticle formulation (LAMS)

Nanoparticles were prepared by sonication method from DMF into DPBS. To this end, a
probe sonicator (Fisher scientific) was used at 500 W. 4.2 mg (0.453 pumol) of (NorENB-PTX)e-
(NorAha-GPLGLAGGERDG), and 3.5 mg (0.339 pmol) of (NorENB-PTX)s-(NorAha-
GPLGLAGGERDG)2-(Nor-Cy5.5)1, were dissolved in DMF (7.7 mL, 1 mg/mL). In the case of
fluorescent nanoparticles, 60 % (mol) block copolymer without dye and 40 % (mol) block
copolymer containing the Cy5.5 dye were dissolved together in DMF. DPBS (7.7 mL) was added
dropwise to the polymer solution under sonication over a period of a minute. The solution was left
stirring overnight and subsequently dialyzed against DPBS 1X using 3,500 molecular weight cut
off (MWCO) SnakeSkin dialysis tubing. The buffer was changed two times per day for 3 days.
The nanoparticles were concentrated using EMD Millipore Amiccon Ultra-15 centrifugal filters
(10K Nominal Molecular Weight Limit, NMWL) when necessary and filtered through 0.2 pm

EMD Millipore sterile filters prior in vitro cell experiments.

3.4.6 Enzymatic cleavage of LAMSs

LAMs (100 uM, with respect to total peptide) were treated with thermolysin (1 uM) in a
total volume of 100 pL for up to 24 hr in DPBS 1X. Experiments were performed at 40 °C and at
65 °C (optimal reaction temperature for thermolysin). Variation of the nanoparticles size was

determined by DLS measurements and the morphological shift was monitored via TEM imaging.
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LC-MS studies were performed to detect the cleaved peptide fragment (LAGGERDG) upon

enzymatic digestion of the responsive nanoparticles.

3.4.7 Synthesis of NorAha conjugated paclitaxel (NorAha-PTX)

To a solution of paclitaxel (100 mg, 117 umol) and Nor-Aha (38.8 mg, 140 umol) in 50
mL dry DMF in a 100 mL round bottom flask under N2, was added 4-(dimethylamino)pyridine
(1.43 mg, 11.7 pmol). After stirring for 5 minutes at 0°C in an ice bath, N,N'-
dicyclohexylcarbodiimide (26.5 mg, 128.7 umol) was dripped into the reaction mixture and
allowed to stir for 7 hours. Reaction progress was monitored via TLC (1:1 hexane:ethyl acetate,
Rf =0.3). The precipitated urea was removed via filtration, and the filter cake was washed with
DCM. The solvent was removed via rotary evaporation and the resulting crude product was
dissolved in 30 mL CHCls. Purification was achieved through extraction with water (1 x 30 mL),
followed by 0.5 M HCI (3 x 10 mL), and finally saturated NaHCO3 (3 x 10 mL). The organic phase
was dried over MgSO4 and solvent removed via rotary evaporation to afford the purified product

in 68 % yield solid.

3.4.8 Block copolymer synthesis — Ester Polymers (EPs)

To a stirred solution of NorAha-PTX (25 mg, 22.5 pumol) in dry DMF (2.25 mL), 1.64 mg
(2.3 pmol) of catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) was added under N2 atmosphere. The
reaction was left to stir under nitrogen for 30 min, after which an aliquot (20 uL) was removed
and quenched with ethyl vinyl ether. After 15 min the quenched polymer was precipitated in

diethyl ether to give the homopolymer P-(NorAha-PTX)s as a solid which was characterize by
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SEC-MALS. To the remaining reaction solutions, 9.2 mg (6.75 pmol) of NorAha-
GPLGLAGGERDG monomer was added. The mixtures were left to stir under nitrogen for 75 min.
After this time, each reaction mixture was split into two portions, half was reacted with ethyl vinyl
ether (50 puL) and precipitated in diethyl ether to give the block copolymers P-(NorAha-PTX)e-
(NorAha-GPLGLAGGERDG)4 as off-white solid. The second solutions were reacted with Nor-
Cy5.5 (2.2 mg, 2.3 umol) for 2 hrs. After this time, ethyl vinyl ether (50 pL) was added to quench
the catalyst. After 15 min the solutions were precipitated by dropwise addition to cold anhydrous

ethyl ether to give the P-(NorAha-PTX)s-(NorAha-GPLGLAGGERDG)4-(Nor-Cy5.5):.

3.4.9 Nanoparticle formulation (EM)

Nanoparticles were prepared by sonication method from DMF into DPBS. A probe
sonicator (Fisher scientific) was used at SOOW. In a model experiment, 3.1 mg (0.240 umol) of
(NorAha-PTX)e-(NorAha-GPLGLAGGERDG)s was dissolved in DMF (3.1 mL, 1 mg/mL).
DPBS (3.1 mL) was added dropwise to the polymer solution under sonication over a period of a
minute. The solution was left stirring overnight and subsequently dialyzed against DPBS 1X using
3,500 molecular weight cut off (MWCO) SnakeSkin dialysis tubing. The buffer was changed two
times per day for 3 days. The nanoparticles were concentrated using EMD Millipore Amiccon
Ultra-15 centrifugal filters (10K Nominal Molecular Weight Limit, NMWL) when necessary and

filtered through 0.2 um EMD Millipore sterile filters prior in vitro cell experiments.
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3.4.10 Light-induced PTX release of monomers and nanoparticles

Cleavage kinetics of monomers (NorAha-PTX and NorENB-PTX) : Monomer solutions (1
mM) were irradiated by UV light (365nm) for 1hr. Each data was collected at each time points
(Omin, 10min, 20min, 30min, 60min).

Drug release profile of nanoparticles (EM and LAM) : Nanoparticles solutions were
irradiated by UV light (365nm) for 2 hr. The data were collected at different time points. After the
irradiation, the solutions were analyzed by RP-HPLC and the resulting peak was compared to that
of free PTX (at 18.7 min). Drug release percentage was calculated based on the free drug

calibration curve and on the drug concentration in the micelle solutions.
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Chapter 4. Peptide Brush Polymer Backbone Governs Proteolytic
Stability of Peptides

4.1 Introduction

All living things in nature have evolved chemical digestion mechanisms that involve
enzyme-mediated hydrolysis of exogenous biomolecules for food and energy sources.**® Digestive
or hydrolytic enzymes are ubiquitous in human body, from intracellular organelle, such as
lysosome, to organs and tissues including digestive systems and blood plasma. Such enzymes play
critical roles in the regulation, growth, and defense of cells and tissues.’*” Despite the essential
biological functions of digestive enzymes, their in vivo ubiquity has posed a long-standing
challenge for the development of therapeutic biomolecules which suffer from rapid degradation
and very short half-lives upon systemic (intravenous or oral) delivery.38-140 This is particularly
true in the clinical translation of therapeutic peptides over the past century. Indeed, of potentially
millions of sequences possibly related to active fragments of proteins very few (<60) peptide-based
drugs are successfully used clinically, where a tremendous effort has been made to increase the
half-life of therapeutic peptides.t*! Multiple examples of proteolytically stable peptides relying on
chemical modification of the amino acid composition and sequence have been developed.4?-145 |n
these modification methods such as cyclization and N-methylation, peptides are rendered
unrecognizable by, or inaccessible to the protease active sites. Nevertheless, the therapeutic
efficacy of modified peptides is typically decreased in view of the change in chemical identity and

connectivity of amino acid sequence.**® It would be ideal to impart enhanced proteolytic stability
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into this important class of biomolecular therapeutics without otherwise compromising the

bioactivity.

By arranging multiple peptide strands on a nanoscale scaffold, proteolytic stability and
bioactivity of pendant peptides can be potentially strengthened simultaneously.'*® Peptide brush
polymers (PBPs) represent an emerging class of peptide therapeutics which adopt a three-
dimensional spatial arrangement of side-chain peptides along the polymer backbone. In
comparison with free peptides, the multivalent display of peptide strands in PBPs has demonstrated
enhanced ligand-receptor binding, cell penetration, and improved proteolytic stability.47. 148
Moreover, PBPs would hold promise to mitigate the issue of rapid renal clearance because of their
characteristic of high molecular weights.'*® In the quest for a generalizable approach to peptide
brush polymers, our laboratory has developed a class of peptide brush polymers with
polynorbornene backbone via functional group tolerant ring-opening metathesis polymerization
(ROMP). 47. 148 Every norbornene repeating unit of such PBPs consists of a side-chain peptide,
leading to the maximum graft density of peptides. Critically, PBPs with the polynorbornene
backbone were shown to resist proteolytic digestion while retaining bioactivity. Interesting
questions then arise as to the physiochemical and biological properties of PBPs with other polymer
backbones: (i) Could other polymer backbone analogues resemble polynorbornene and confer
proteolytic stability on pendant peptides? (ii) What are the conformations of PBPs with varying
polymer backbones? (iii) What structural parameters of polymer backbones can elicit the

proteolytic stability of side-chain peptides? Understanding the structure of PBPs can provide
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insights into their interactions with proteases, as well as the design of multivalent peptide-polymer
conjugates with tunable proteolytic stability and bioactivity.

Here, a library of peptide brush polymers with structurally different polymer backbones
that enables the mechanistic study of side-chain peptide stability are described. We demonstrate
that an increased hydrophobicity of the polymer backbone can lead to enhanced proteolytic
stability of side-chain peptides against relevant proteases. All-atom explicit solvent molecular
dynamics (MD) simulations reveal the micellar configurations of PBPs, and as the hydrophobicity
of polymer backbone increases, peptide cleavage sites are more embedded within the PBP"s three
dimensional structure. This results in less exposure of peptide cleavage sites to proteases, and
consequently weaker interactions between cleavage sites of peptides and the active sites of
protease evidenced by coarse-grained MD simulations. Finally, we evaluated the impact of
proteolytic stability on the bioactivity of PBPs by showing that the pro-apoptotic PBP with a more
hydrophobic backbone, upon pre-treatment with protease, preserved a significantly higher degree
of bioactivity than that of the PBP with a less hydrophobic backbone. Our findings illustrate the
structural effects of PBPs on their proteolytic stability, highlighting an exciting potential for

leveraging peptide brush polymers in the design of peptide therapeutics with tunable properties.

4.2 Results and Discussion

4.2.1 Proteolytic Resistance of Peptide Brush Polymers (PBPs) with Different Backbones

To explore the role of polymer backbones in the proteolytic stability of PBPs, we first

designed PBPs with four different polymer backbones and the same peptide sequence, that is,
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GPLGLAGGWGERDGS, which is a thermolysin substrate (Figure 4.1 A and B). A library of
peptide monomers was prepared by solid-phase peptide synthesis protocol, giving rise to peptide
acrylamide (PepAm), peptide methacrylamide (PepMAmM), peptide norbornylamide (PepNorAm),
and peptide norbornylimide (PepNorim). Electrospray ionization mass spectrometry (ESI-MS)
and reversed-phase high-performance liquid chromatography (RP-HPLC) verified the identity and
purity of the monomers. Moreover, the RP-HPLC elution time of monomers increases in the order
of PepAm, PepMAm, PepNorAm, and PepNorlm, suggesting an upward trend in their
hydrophobicity, which is in line with the all-atom explicit solvent MD simulations.

Next, state-of-the-art controlled polymerization techniques including ROMP and
photoinduced reversible addition-fragmentation transfer radical polymerization (photo-RAFT)
were harnessed to access well-defined PBPs. The excellent functional group tolerance of ROMP
and photo-RAFT enabled the access to poly(PepNorIim), poly(PepNorAm), poly(PepMAm), and
poly(PepAm) with the same degree of polymerization as well as narrow molecular weight
distribution. Nuclear magnetic resonance (NMR) analyses confirmed the full disappearance of
monomer signals in the final solution. Additionally, organic-phase gel permeation chromatography
(GPC) demonstrates that the molecular weights of all the PBPs are on par with their theoretical
values, supporting good control in ROMP and photo-RAFT polymerizations. To further unveil if
PBP chains aggregate in water, agueous-phase GPC was utilized to assess the molecular weights
of PBPs in phosphate-buffered saline (PBS) buffer (Figure 4.1 C). The obtained molecular weights
of PBPs agree well with their theoretical molecular weights, suggesting that PBPs are presented

as sing-chain state rather than aggregation in PBS buffer. Moreover, dynamic light scattering (DLS)



81

analysis further corroborate the non-aggregated PBPs by revealing the sub-10 nm hydrodynamic
diameters of all the PBPs.

Because the side-chain peptide sequence of PBPs is a thermolysin substrate, we next
examine the susceptibility of this peptide against thermolysin. ESI-MS analysis confirmed that
thermolysin can selectively cleave the amide bond between C-terminus of glycine (G) and N-
terminus of leucine (L), leading to the liberation of two fragments including GPLG and
LAGGWEGRDGS. Fast proteolysis kinetics of free peptides was depicted by HPLC analysis that
93% of original peptide signal diminished after 10 min. The proteolysis kinetics of PBPs was
further studied under the same conditions (Figure 4.1 D). Impressively, all the PBPs exhibit
enhanced proteolytic stability than free peptides (Figure 4.1 E). Poly(PepNorlmas) in particular
underwent slow digestion Kinetics, as confirmed by less than 2% cleavage of pendant peptides
after 50 min (Figure 4.1 E). In contrast, thermolysin-induced digestion of other PBPs was
significantly faster than poly(PepNorimas) and resulted in more than 70% peptide cleavage within
50 min. The catalytic efficiency (kca/Km) of thermolysin in digesting PBPs gradually decreased as
the hydrophobicity of polymer backbone increases (Figure 4.1 F and Table 4.1). These results
clearly demonstrate that the proteolytic stability against thermolysin drops from poly(PepNorlmis)

to the other PBPs investigated here, and then to the free peptide.
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Figure 4.1 Polymer backbones of peptide brush polymers determines proteolytic resistance of
side-chain peptides. (A) Chemical structures of a library of PBPs (DP = 15) consisting of different
molecular structures in their polymer backbones. (B) Chemical structure of the peptide (amino
acid sequence: GPLGLAGGWGERDGS) used in this study. This peptide is a thermolysin
substrate which can be selectively cleaved between glycine and leucine with the cleavage site
highlighted in orange. (C) GPC traces of PBPs using PBS buffer as the mobile phase. The
molecular weights of polymers in PBS buffer are similar to their theoretical values, indicating the
predominance of single polymer chains in PBS buffer (See supplementary Table 1 for detailed
molecular weight information). (D) Schematic illustration of proteolytic digestion of peptide brush
polymers in the presence of thermolysin using a representative polymer poly(PepNorAmas). (E)
Proteolysis kinetics of PBPs and free peptide revealed by HPLC (See supplementary Figs. 19-23
for raw HPLC data). The molar concentrations of peptide substrate and thermolysin are 200 uM
and 0.05 puM, respectively. Poly(PepNorImais) exhibits the highest proteolytic stability among all
the polymers. Data displayed as mean + standard deviation of three independent experiments. (F)
Catalytic efficiency (kca/Km) of thermolysin in proteolysis of PBPs derived from non-linear
Michaelis-Menton Kinetics (See Table 4.1 for details). Catalytic efficiency of poly(PepNorimis)
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is markedly lower than all other polymers, indicative of the slowest proteolysis of
poly(PepNorImas) against thermolysin.

Poly(PepAm,;) Poly(PepMAmM,;) Poly(PepNorAm,;) Poly(PepNorim,;)

K. (uM) 21 19 25 37

V.. (uMmin-) 8.6 6.9 7.6 0.031
K.; (min-) 173 139 152 0.62
koK., (UM 'min-) 8.3 75 5.9 0.017

Table 4.1 Summary of half maximum velocity concentration (Km), maximum proteolysis velocity
(Vmax), turnover number (kcat), and catalytic efficiency (kcat/Km) of thermolysin-sensitive peptide
brush polymers with different polymer backbones. The values of Km and Vmax were obtained using
non-linear, michaelis-menten fitting of Prism 7 software. ket = Vmax/[E]o, Where enzyme
concentration [E]o = 0.05 pM.

4.2.2 Computational Analysis

To gain insight into the mechanism of the varying proteolytic resistance of PBPs, we first
conducted all-atom explicit solvent MD simulations to investigate the morphology of PBPs and
the distribution of the PBP cleavage sites (glycine and leucine). The equilibrated PBPs exhibit
roughly globular micellar structure (Figure 4.2). The side-chain peptides are structureless as
evidenced by the predominance (> 94%) of the random coil secondary structure for all the PBPs
(Supplementary Table 4). Inspection of the PBP cleavage sites (orange beads in Figure 4.2)
indicates that the cleavage sites of poly(PepNorImis) are partially embedded in the interior of the
globular structure, whereas the cleavage sites of the other three PBPs are more dispersedly
distributed. Using a protein-sized probe with a radius of 3.14 nm,'*® the exposure of the PBP

cleavage sites described through the solvent-accessible surface area (SASA) was found to decrease
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Figure 4.2 Configurations of PBPs in an aqueous solution of 0.14M NaCl. The side-chain peptides
(GPLGLAGGWGERDGS) are structureless and illustrated with gray ribbons and the cleavage
sites (GL) with orange beads. The polymer backbones of (A) poly(PepAm15), (B)
poly(PepMAmM15), (C) poly(PepNorAm15), and (D) poly(PepNorlm15) are colored blue, red,
green, and purple, respectively. PBP hydrogen atoms, water, and salt ions are omitted for display.

following the order: poly(PepAmais) > poly(PepMAm1s) > poly(PepNorAmas) > poly(PepNorimas)
(Figure 4.3 A). This agrees with the increase in the PBP backbone hydrophobicity: poly(PepAmais)
< poly(PepMAmMis) < poly(PepNorAmis) < poly(PepNorlmis). These simulation results thus
support that an increase in polymer backbone hydrophobicity condenses the side-chain peptides of
PBP, leading to the less exposure of the peptide cleavage sites. Specifically, poly(PepNorimas)

displayed the strongest hydrophobicity, which drives the cleavage sites to be the least exposed to
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the surrounding environment. The least exposure of the poly(PepNorimais) cleavage sites is also
supported by their strongest aggregation, as evidenced by the strong primary correlation peak at
the distance of around 4.2 A on the radial distribution function between the cleavage sites (Figure
4.3 B).

To understand the proteolytic stability of the PBPs, we carried out MARTINI coarse-
grained explicit solvent MD simulations on PBP-thermolysin complexes in an aqueous solution
with 0.14 M NaCl for two PBPs of poly(PepNorim15) and poly(PepMAmM15). The obtained
interaction energies between PBPs and thermolysin conclude that the cleavage sites of
poly(PepNorIm15) negligibly interact with thermolysin active sites (-0.02 + 0.02 kJ/mol), whereas
much stronger interactions (-0.9 + 0.7 kJ/mol) exist between poly(PepMAmM15) cleavage sites and
thermolysin active site (Figure 4.3 C and D). This is in line with the experimental observations
that poly(PepNorIim15) displays a lower PBP-thermolysin affinity than poly(PepMAmM15) (Figure
4.1 E and F). The weaker interactions between poly(PepNorlm15) cleavage sites and thermolysin
active sites (the lower poly(PepNorim15)-thermolysin affinity) can be ascribed to the less
exposure of the poly(PepNorim15) cleavage sites (Figure 4.2). In each PBP-thermolysin system,
the simulation last 18 ps, the last 9 us of which was performed using the GoMartini 2.2 protein
model 15 to investigate a possible structural change in protein structure upon the binding of PBP
to thermolysin. Detailed calculations before and after the PBP-thermolysin binding event reveal
that the structures of both proteins and PBPs were highly preserved, as evidenced by the negligible
changes in root-mean-square deviation of the backbones of the whole protein and its active site
alone, as well as the molecular size (radius of gyration and end-to-end distance) of the PBP chains.

Therefore, the exposure of the PBP cleavage sites obtained by the all-atom simulations in the
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absence of protein (Figure 4.2 A) might be employed in ranking the interactions between PBP
cleavage sites and protein active sites (Figure 4.2 C), which are associated with the proteolytic
resistance of PBPs against proteases. The structure-property relationship is thus established that
an increase in PBP backbone hydrophobicity leads to a decreased exposure of the PBP cleavage
sites, which decreases their interactions with proteases, giving rise to the enhanced proteolytic

stability.
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Figure 4.3 Computational analysis of peptide brush polymers. (A) Solvent-accessible surface area
of PBP cleavage sites calculated using a protein-sized probe (B) Radial distribution function of
the last tail carbons of leucine (see the inset) on PBP cleavage sites. (C) Potential energy between
PBP cleavage sites and thermolysin active sites from the MARTINI coarse-grained simulations,
with one typical snapshot presented in (D), where the PBP cleavage sites are colored in orange
and the thermolysin Zn?* ion in green. Poly(PepNorIimis) cleavage sites display the less exposure
than that of poly(PepMAmas), leading to weaker interactions with thermolysin active sites.



88

4.2.3 Proteolytic Stability of PLPs Against Other Two Enzymes

To interrogate whether the established relationship between the polymer backbone and
proteolytic stability is general, we examined two more proteases: a-Chymotrypsin and pepsin,
which are digestive proteases and belong to the subsets of serine proteases and aspartyl proteases,
respectively. In light of the prevalence of a-chymotrypsin and pepsin in human digestive systems,
developing peptide delivery systems which are stable against these proteases would have promise
in the oral administration of therapeutic peptides. We designed a series of PBPs, the peptides on
which can be selectively cleaved by a-chymotrypsin (Figure 4.4 A), and pepsin (Figure 4.4 C),
respectively. Proteolysis kinetic study reveals that the stability of PBPs with poly(Norim)
backbone consistently outperform PBPs with other polymer backbones (Figure 4.4 B and D).
Moreover, the proteolytic stability of all the PBPs is noticeably higher than their corresponding
low-molecular-weight peptide monomers (Figure 4.4 B and D). These results are in good
agreement with our experimental observation in the case of thermolysin (Figure 4.1). Given that
the investigated peptide cleavage sites range from nonpolar (GL in Figure 4.1) to charged (RG in
Figure 4.4 A), and to modestly polar (MS in Figure 4.4 C) amino acids, this work verifies that our
theory of polymer backbone effect on PBP stability is general to a wide variety of peptide

substrates and proteases.
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Figure 4.4 Proteolytic stability of peptide brush polymers against a serine protease (o-
chymotrypsin) and an aspartyl protease (pepsin) (A) Chemical structures of peptide brush
polymers with different polymer backbones. A chymotrypsin substrate GALTPRGADSGSG is
pendent on the side-chains of peptide brush polymers. The cleavage site (RG) is highlighted in
orange. (C) Chymotrypsin-catalyzed proteolysis kinetics of peptide brush polymers and their
respective monomers. The molar concentrations of peptide substrate and chymotrypsin are 200
uM and 1 puM, respectively. Poly(NorIm-Pep2) demonstrated the highest proteolytic resistance in
comparison with other polymers and monomers. (C) Chemical structures of peptide brush
polymers featuring a pepsin substrate: HVLVMSATGERDGS. The cleavage site (MS) is
highlighted in orange. (D) Pepsin-triggered proteolysis kinetics of peptide brush polymers and
their respective monomers. The molar concentrations of peptide substrates and pepsin are 200 uM
and 0.2 uM, respectively. The proteolytic stability of poly(Norlm-Pep3) is higher other polymers
and monomers. Data displayed as mean + standard deviation of three independent experiments.
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4.2.4 Retention of PLP Bioactivity Upon the Pretreatment of Enzyme

High proteolytic resistance is a prerequisite for therapeutic peptides to retain their
bioactivity in a complex environment, such as blood serum and digestive systems, where proteases
are abundant. Since the proteolytic stability of poly(Norlm)-based PBPs is higher than other
analogues, we reasoned that the poly(Norlm)-based PBPs would exhibit preservation of their
bioactivity to a greater extent than other PBPs in a protease-containing environment . To examine
our hypothesis, we designed two proof-of-concept PBPs including poly(MAm-KLA) and
poly(NorIm-KLA), which consist of pro-apoptotic peptides (amino acid sequence:
KLAKLAKKLAKLAK, abbreviated as KLA) (Figure 4.5 A and B). KLA peptide is well-known
for promoting apoptosis in cancer cells via disruption of mitochondrial membrane (Figure 4.5 C).
Moreover, KLA peptide is typically fused with a cell penetration peptide such as TAT peptide

(sequence: YGRKKRRQRRR), giving rise to TAT-KLA, which can render KLA peptide
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Figure 4.5 Chemical structures of proapoptotic peptide brush polymers (A) Poly(MAmM-KLA)
(P1), (B) Poly(Norlm-KLA) (P2) and peptide analogues (C) KLA peptide and (D) TAT-KLA
peptide featuring a side-chain amino acid sequence: KLAKLAKKLAKLAK, which can induce
apoptosis in cancer cells.
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permeable to cell membranes. Therefore, we further prepared TAT-KLA as a positive control
(Figure 4.5 D) to compare its bioactivity, that is, pro-apoptotic efficacy, with poly(MAmM-KLA)
and poly(Norlm-KLA) (Figure 4.5).

To evaluate the apoptotic process of the cancer cells (HeLa cell line), we performed
annexin V/propidium iodide (PI) staining assay to quantify the percentage of apoptotic cells upon
the incubation with poly(MAmM-KLA), poly(Norim-KLA), TAT-KLA and KLA peptide and their
respective analogues, which were pretreated by a-chymotrypsin (Figure 4.6). Notably, both
poly(MAmM-KLA) and poly(NorIm-KLA) demonstrated a higher pro-apoptotic efficacy than that
of TAT-KLA, as evidenced by higher percentages of apoptotic cells in the cases of poly(MAm-

KLA) and poly(NorIm-KLA). The enhanced bioactivity of PBPs compared to free peptides is
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Figure 4.6 Percentage of apoptotic cells analyzed by an annexin V/propidium iodide (PI) staining
assay. HeLa cells were incubated with Poly(MAm-KLA) (P1), Poly(Norim-KLA) (P2), TAT-
KLA, KLA, DPBS and the respective chymotrypsin-pretreated materials at a concentration of 25
uM with respect to peptide for 24 hours.
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attributed to the multivalent effect of PBPs, which stems from their brush architecture. However,
the treatment of chymotrypsin pretreated poly(MAmM-KLA) and TAT-KLA led to a marked
decrease in their pro-apoptotic efficacy, suggesting a significant extent of proteolysis of these
KLA-containing materials (Figure 4.6). On the contrary, chymotrypsin-pretreated poly(Norlm-
KLA) demonstrated a much higher retention of bioactivity than poly(MAm-KLA) and TAT-KLA.

Additionally, the cytotoxicity of KLA-containing materials to cancer cells was evaluated (Figure
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Figure 4.7 Cell viability assay of HeLa cells incubated with original KLA-containing materials
and chymotrypsin-pretreated materials. (A) Poly(MAm-KLA) (P1), (B) Poly(Norim-KLA) (P2)
and peptide analogues (C) TAT-KLA and (D) KLA. The concentration of the x-axis was
calculated with respect to peptide. Data are presented as means £ SD (n = 3).
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4.7). The half maximal effective concentrations (EC50) of original poly(Norim-KLA) and
poly(MAmM-KLA) were found to be similar, whereas both are lower than that of TAT-KLA. Upon
the pretreatment with chymotrypsin, poly(Norlm-KLA) has preserved its EC50 value while the
EC50 values of poly(MAm-KLA) and TAT-KLA have dramatically increased, consistent with the
cell apoptosis assay in Figure 4.6.

To discern the mechanism of cell apoptosis, we performed the mitochondria function assay
using the turn on JC-1 probe to evaluate the mitochondrial membrane potential, which is a key
feature of mitochondrial health (Figure 4.8). The JC-1 probe is a green-fluorescent carbocyanine
that can form red-fluorescent JC-1 aggregates after accumulation in the healthy mitochondria with
a normal membrane potential. In light of this, we used confocal laser scanning microscopy to
compare the green and red fluorescence at the same excitation wavelength at 488 nm (Figure 4.8).
As expected, Hela cells incubated with original poly(NorIm-KLA) and poly(MAm-KLA) showed
weak red fluorescence, similar to cells treated with TAT-KLA, indicating that mitochondria
membrane was disrupted by the KLA-containing materials. Nevertheless, chymotrypsin-induced
digestion of poly(MAmM-KLA) and TAT-KLA resulted in significant loss of their pro-apoptotic
function, as proved by the appearance of red fluorescence, which is associated with healthy
mitochondria (Figure 4.8). The behavior of poly(Norim-KLA) was approximately unaltered after
the digestion, validating that poly(Norlm-KLA) exhibits a high proteolytic stability against
chymotrypsin. Altogether, this proof-of-concept in vitro study suggests the critical role of
hydrophobic polymer backbone, that is, poly(Norlm), in achieving a high proteolytic stability, as

well as retaining bioactivities of PBPs in protease-rich environments.
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Figure 4.8 Mitochondria function assay of HeL a cells using Live-cell confocal microscope and
JC-1 probe. The cells were incubated with Poly(MAm-KLA), Poly(Norim-KLA), and
respective chymotrypsin-pretreated analogues at a concentration of 25 uM with respect to
peptides for 48 hours. Prior to imaging, cells were stained with 2 uM of JC-probe (green,
monomer, Aexem = 488 NM/510-550 nm; red, J-aggregates, Aexem = 488 nm/585-649 nm) and
then Hoechst (blue, Aexem = 358 nm/ 461 nm). Scale bar, 20 um.
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4.3 Conclusion

In summary, we have unraveled the relationship between the polymer backbone and
proteolytic stability of pendant peptides in peptide brush polymers. While all the peptide brush
polymers, regardless of the polymer backbone, demonstrate higher stability in comparison to their
respective free peptides, the hydrophobicity variation in different polymer backbones leads to
distinguishable resistance performance of PBPs against proteases. An increase in polymer
backbone hydrophobicity bestows PBPs with elevated proteolytic resistance. Multiscale computer
simulations further corroborate the experimental observations by deciphering the conformations
of PBPs, which reveals a decrease in the exposure of peptide cleavage sites as polymer backbone
hydrophobicity increases, which consequently weakens the interactions between peptide cleavage
sites and protease active site. Furthermore, the impact of proteolytic stability on the biological
performance of PBPs is assessed, showing that the pro-apoptotic PBP with a more hydrophobic
poly(Norlm) backbone, upon exposure to protease, retained a much higher degree of bioactivity
than that of the PBP with a less hydrophobic poly(MAm) backbone. Given the substantial promise
of therapeutic peptides in biomedical applications, we envision that the mechanistic insights in this
study will shed light on the future development of proteolytically stable peptide delivery systems

with high retention of bioactivity.
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4.4 Experimental Details

4.4.1 Synthesis of Poly(PepMAmM) and Poly(PepAm) via Photo-RAFT Polymerization.

Homopolymers of PepMAmM and PepAm were achieved by photo-initiated reversible
addition-fragmentation transfer (photo-RAFT) polymerization. In a typical aqueous photo-RAFT
polymerization for making poly(PepMAmis) targeting a DP of 15, peptide methacrylamide
monomer (30 mg, 15 equiv.) were dissolved in 150 uL of DPBS buffer. Then, water-soluble RAFT
agent, 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (0.38 mg, 1.0 equiv.)
was added into the reaction mixture. Following that, 19 pL of the SPTP stock solution (0.3 equiv.,
6.0 mg in 1 mL of DPBS buffer) was added. The solution was degassed by N2 flow for 30 min and
then placed into the photo-reactor (Amax = 365 nm, 3.4 mW/cm2) for 12 h. Upon the
polymerization, the polymer solution was further purified via dialysis into deionized water. Finally,

the polymer product was obtained by lyophilization.

4.4.2 Synthesis of Poly(PepNorIm) and Poly(PepNorAm) via ROMP

Homopolymers of PepNorlm and PepNorAm were achieved by ring-opening metathesis
polymerization (ROMP) under nitrogen gas in a glove box. In a typical ROMP protocol for
preparing poly(PepNorIlm15), PepNorlm (20 mg, 15.0 equiv.) was dissolved in 300 pL of degassed
DMF (1 M LiCl). Next, 287 uL of the olefin metathesis initiator (IMesH2)(CsHsN)2(CIl)2Ru=CHPh
stock solution (1.0 equiv., 2 mg/mL in DMF) was quickly added into the monomer solution. The

solution was left to stir for 5 h until the full consumption of monomers. After the polymerization,
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the polymer solution was further purified via dialysis into deionized water. Finally, the polymer

product was obtained by lyophilization.

4.4.3 Evaluation of the Stability of Peptide Brush Polymers Against Thermolysin

For thermolysin-induced cleavage experiments, the molar concentration of thermolysin
was set to 0.1 uM. The concentration of side-chain peptides (GPLGLAGGWGERDGS) varied in
the range of 50-200 uM. Moreover, the temperature was set to 37 °C to match the body temperature.
In a typical experiment, poly(PepNorlmas) (1.65 mg, 1 pmol with respect to side-chain peptides)
was dissolved in 5 mL of DPBS solution, leading to the stock polymer solution with a peptide
concentration of 200 uM. Next, 3.5 uL of thermolysin stock solution (1.0 mg/mL) was added into
1 mL of the polymer solution which was subsequently stirred in a preheated oil bath at 37 °C. In
this case, the molar ratio of peptide substrate to thermolysin was 2000: 1. During the cleavage,
aliquots were taken for HPLC analysis at predetermined time points. Each degradation experiment

was repeated three times.

4.4.4 Evaluation of the Stability of Peptide Brush Polymers Against a-Chymotrypsin

For chymotrypsin-induced cleavage experiments, the molar concentrations of
chymotrypsin and peptide substrate (GALTPRGADSGSG) were set to 1.0 uM and 200 pM,
respectively. In addition, the temperature was set to 37 °C to match the body temperature. In a
typical experiment, poly(Norlm-Pep2) (1.40 mg, 1 umol with respect to pendant peptides) was
dissolved in 5 mL of DPBS solution, leading to the stock polymer solution with a peptide

concentration of 200 uM. Next, 25 puL of chymotrypsin stock solution (1.0 mg/mL) was added
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into 1 mL of the polymer solution which was subsequently stirred in a preheated oil bath at 37 °C.
In this case, the molar ratio of peptide substrate to thermolysin was 200: 1. During the cleavage,
aliquots were taken for HPLC analysis at predetermined time points. Each degradation experiment

was repeated three times.

4.4.5 Evaluation of the Stability of Peptide Brush Polymers Against Pepsin

For pepsin-triggered cleavage experiments, the molar ratio of pepsin to peptide substrate
(HVLVMSATGERDGS) was set to 1: 1000. The temperature was set to 37 °C to match the body
temperature. For example, poly(Norim-Pep3) (1.72 mg, 1.0 umol with respect to peptides) was
dissolved in 5 ml of HCI solution (pH = 2), leading to the stock polymer solution with a peptide
concentration of 200 uM. Then 7.2 uL of pepsin stock solution (1 mg/mL) was added into 1 mL
of the polymer solution which was subsequently stirred in a preheated oil bath at 37 °C. During
the cleavage, aliquots were taken for HPLC analysis at predetermined time points. Each

degradation experiment was repeated three times.

4.4.6 Cell Viability Assay

HeLa cells were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10 % fetal bovine serum (FBS), 1% penicillin—streptomycin. Cells were maintained at 37 °C
and 5% CO2 with a relative humidity of 95%. HeLa cells were plated in 96-well plates at a density
of 5000 per well and then left to attach for 24 h. Subsequently, the cells were treated with the
polymers of various concentrations for 72 h followed by washing 3 times with PBS buffer. Then

CellTiter-Blue® at 20% (v/v) in complete media was added to each well and incubated for 2 h to
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allow the live cells to convert resazurin to fluorescent resorufin. The fluorescent signal (Excitation
wavelength: 560 nm; Emission wavelength: 600 nm) was then analyzed by a plate reader. Three
replicates were performed for each independent sample. 10% DMSO was used as a positive control
and untreated cells in complete medium as a negative control. Viability is reported as a percentage

of untreated cells.

4.4.7 Cell Apoptosis Assay via Flow Cytometry Analysis

HeLa cells were seeded in 6 well plate (2 x 105 cells per well) for 24 h. Then, the cells
were treated with 25uM of KL A containing materials with respect to peptide. For the chymotrypsin
pretreated materials, the materials (1000 uM) were pretreated with a-chymotrypsin(1 uM) for 10
min and quenched at 65 °C for 10 min. After treatment for 24 h, the cells were washed and
resuspended to the binding buffer, followed by staining with FITC-annexin V/ propidium iodide

(P1) for 15 min. The stained cells in each well were analyzed by flow cytometry.

4.4.8 Mitochondria Membrane Potential of HeLa cells

HeLa cells were seeded in 4-well, glass bottom dishes (1 x 10* cells per well) for 24 h.
Then, the cells were treated with materials for 24 h. The cells were stained with 2 uM of JC-1
probe (green, monomer, Aexem =488 nm/510-550; red, JC-1 aggregate, Aexem = 488nm/585-650nm)
at 37 °C for 15 min, washed with PBS buffer to remove any membrane-bound, non-internalized
fluorophores, and returned to complete medium. Before the live-cell confocal microscopy

observation, 1 drop of Hoechst 33342 dye (blue, Aexem = 405 Nnm/420-480 nm) was added to stain
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the nuclei. Live-cell confocal microscopy was employed to observe the fluorescence of JC-1

monomer, JC-1 aggregate and Hoechst dye.

4.4.9 All-Atom Explicit Solvent Simulations on Peptide Brush Polymers in the Absence of

Protein

Classical all-atom explicit solvent molecular dynamics (MD) simulations were performed
to study the morphology of peptide brush polymers (PBPs) in aqueous solutions. The package
GROMACS (version 2016.3) 10 was used. The CHARMM 36m potential > was employed for
amino acids, Na™ and CI" ions. The CHARMM 36m potential was improved from the previous
version of CHARMM 36 to better describe disordered proteins, which is of strong relevance to the
present work, where most of the peptides favor disordered structures. The recommended
CHARMM TIP3P water model %2 was applied with the structures constrained via the SETTLE
algorithm. 53 The CHARMM General Force Field (CGenFF 4.0) 15+15 was employed for PBP
backbone atoms.

Four PBPs were investigated, including poly(PepNorlmis), poly(PepNorAmas),
poly(PepMAmss), and poly(PepAmais). For each simulation, one PBP chain was initially dissolved
in a water box with an edge length of 12 nm in each dimension. A salt concentration of [NaCl] =
0.14 M was employed to mimic the phosphate-buffered saline (PBS) buffer. Periodic annealing
simulations 17158 were performed for a duration of 200 ns to remove the impact of initial structures.
During the annealing process, the system temperature was increased from 298 K to 353 K within
1 ns, maintained at 353 K for a duration of 19 ns, and then cooled down to 298 K within 1 ns. The

system temperature was then maintained at 298 K for another 19 ns. Therefore, each annealing
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process lasted 40 ns, which was reported 5 times (200 ns in total). In the annealing simulations,
the other parameters were the same as those in the subsequent production simulations at 298 K.

In the production simulations, the periodic boundary conditions were employed in all the
dimensions. The neighbor searching was calculated up to 12 A using the Verlet particle-based
method and was updated every 20 time steps. The Lennard-Jones (LJ) 12-6 interactions were
switched off from 10 to 12 A via the potential-switch method in GROMACS. The short-range
Coulomb interactions were truncated at the cut-off distance of 12 A, and the long-range
interactions were calculated using the Smooth Particle Mesh Ewald (PME) algorithm. 159160 The
NPT ensemble (constant number of particles, pressure, and temperature) was employed. The
temperatures of PBP, ions, and water were separately coupled using the Nosé-Hover algorithm
(reference temperature 298 K, characteristic time 1 ps). The isotropic Parrinello-Rahman barostat
was employed with the reference pressure of 1 bar, the characteristic time 4 ps, and the
compressibility 4.5x10° bar!. All the covalent bonds were constrained, which supported an
integration time step of 2.5 fs. These parameters were recommended for the accurate reproduction
of the original CHARMM simulation on lipid membranes,'®! and have been verified in simulation
on proteins 1%2-165 and lipid membranes. 166

The short-range potential energy between PBP backbones, and between PBP backbones
and water molecules were calculated. The Coulomb and LJ interactions were calculated up to the
cut-off distance of 1.2 nm employed in the all-atom simulations. A positive Coulomb potential
energy and a larger ratio of E(LJ)/E(Coul.) together support the increase in the hydrophobicity of

the PBP backbone: poly(PepAmis) < poly(PepMAmis) < poly(PepNorAmis) < poly(PepNorimss).
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The solvent-accessible surface area (SASA) was calculated using the GROMACS program
gmx sasa. 67 A probe with a radius of 3.14 nm was employed to represent a protein-sized probe,
which was employed to calculate the SASA of PBP molecules in an early work. 148 A small water-

sized probe with a radius of 0.14 nm was also employed.

4.4.10 Development of MARTINI CG Force Field Parameters for PBP Backbones

The MARTINI CG force field has been extensively employed for proteins,68 169
polymers,t7% 171 lipids,'’? and others. 173 174 In the MARTINI potential, four heavy atoms are
generally coarse-grained into one bead (the four-to-one mapping rule). Four interaction types
(polar = P, intermediate polar = N, apolar = C, charged = Q) and some subtypes were employed
based on the hydrogen bonding capability or the degree of polarity. The MARTINI potential has
been proven to be capable of semi-quantitatively reproducing experimental and atomistic
simulation results at a longer time scale and larger length scale than atomistic simulations could
afford. 165, 175

The MARTINI force field parameters have been reported for amino acids,%® 1° put are
missing for the PBP backbones investigated here. We thus developed the MARTINI 2.2
parameters for the PBP backbones for poly(PepNorimis) and poly(PepMAmMis). The bond length
and angles were obtained from the corresponding all-atom structure. The force constant of 5000
kJ/mol/nm? was employed for the covalent bonds, and the force constants for the angles were
slightly adjusted to better reproduce the PBP structures (see below).

In the MARTINI simulations, each system included one PBP chain and 0.14 M NacCl

dissolved in a water box with an edge length of around 12 nm. The system compositions are the
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same as those in the all-atom simulations for side-by-side comparison. For all the MARTINI
simulations in this work, around 10% of water particle (W) was replaced with the antifreeze water
(WF) to prevent the freezing of the MARTINI water beads at room temperature. 172

In the production simulations, the recommended parameters ¢ for the MARTINI 2.2
potential were employed, which are summarized here. The short-range Coulomb interactions were
calculated up to 1.1 nm with the reaction field approach (relative permittivity of 15) for the long-
range electrostatic interactions. The LJ 12-6 potential interactions were truncated at 1.1 nm. The
NPT ensemble was applied. The temperatures of PBPs, water, and ions were separately coupled
at 298 K using the velocity rescaling method. The isotropic pressure coupling (reference pressure
1 bar, time constant 12.0 ps, compressibility 3x10-* bar?) was employed using the Parrinello-
Rahman algorithm. The leapfrog integration time step of 20 fs was employed. Each production
simulation lasted 0.5 ps. We calculated the radius of gyration for the whole PBP and the PBP
backbone particles, and the end-to-end distance for the PBP backbone. All these calculations
agreed well with the corresponding all-atom simulation results. This thus supports the employment

of the MARTINI simulations on PBP-thermolysin complexes below.

4.4.11 Comparison of The MARTINI EINeDyn2.2 and GoMartini2.2 Models on Thermolysin

For protein studies using the MARTINI potential, two models are generally employed to
preserve folded protein structures at the CG resolution: the EINeDyn (elastic network) model 177
and the GoMartini model. 1”8 The former could well preserve protein structure, while the latter is

required for protein activity study. To investigate if the PBP binding could deform the protein
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thermolysin, and affect protein activity, we are focusing on the GoMartini 2.2 model in the present
work.

In the MARTINI CG potential, the secondary structures of amino acids are pre-defined and
fixed throughout the simulations. Generally, an elastic network model (EINeDyn) is applied to
preserve protein structures, 1" where the neighboring noncovalent CG particles up to a cutoff
distance, e.g., 0.9 nm, are structurally constrained using a harmonic bond potential with the force
constant of 500 kJ/mol/nm?. The harmonic potential was not allowed to break by nature. The
elastic network model was initially designed to preserve protein structures but has limited
applications for protein activity studies due to the unbreakable feature of the harmonica potential.

In contrast, the GoMartini approach 18 was recently proposed to take into account the
flexibility of proteins, which are required for protein activity studies. In the GoMartini model, such
harmonic potential was replaced with the LJ 12-6 potential, which could break and reform,
enabling the change in protein conformation. Remarkably, it has been very recently demonstrated
that the GoMartini 3 model is capable of protein configuration change for several mutations of
copper, zinc, superoxide dismutase, a protein associated with neurodegenerative disorder
amyotrophic lateral sclerosis.'’

The crystal structure of protein thermolysin at the all-atom resolution (PDB ID 1KEI) was
first coarse-grained into the MARTINI CG resolution. For the EINeDyn2.2 model, the
recommended force constant of 500 kJ/mol/nm2 was employed along with the upper distance of
0.9 nm for neighboring noncovalent contacts. The elastic network model was also applied to the
Zn?* and Ca?* ions of thermolysin. The topology files for the GoMartini 2.2 model was generated

using the program go_martinize.py 18 and the epsilon value of 9.414 kJ/mol. 8 The program
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go_martinize.py was modified such that the neighboring contact map was built up to a cut-off
distance of 1.1 nm. 7% 18 The GoMartini model was also applied to the Zn?* and Ca?* ions of

thermolysin.

4.4.12 MARTINI CG Simulations on PBP-Thermolysin Complexes

Provided the force field developed for the PBP chains and the model in protein activity
study, the MARTINI CG simulations were subsequently carried out to study the binding behavior
of thermolysin and PBPs. In each of the systems, there existed one protein and 12 PBP chains,
which were dissolved in a water box with 0.14 M NaCl. The ratio of 1 thermolysin to 12 PBP
chains agreed with the experimental concentrations. Two PBPs, poly(PepNorimis) and
poly(PepMAmas), were investigated here.

The thermolysin protein was first put at the center of a cubic box with an edge length of 16
nm. 12 PBP chains were randomly inserted in the box, which was then filled with MARTINI water
molecules and 0.14 M NaCl. During the equilibration, the protein backbone particles were
restrained to their initial positions. A simulation of 2 ps was first performed with the integration
time step of 2 fs and position restraint force constant of 1000 kJ/mol/nm?, which was followed by
a simulation of 10 ps with the time step of 10 fs and the position restraint force constant of 200
kJ/mol/nm?, then by a simulation of 15 ps with the time step of 15 fs and the position restraint
force constant of 50 kJ/mol/nm?, and lastly by a simulation of 10 ps with the time step of 20 fs and
the position restraint force constant of 10 kJ/mol/nm?. Subsequently, the position restraints were
removed, and each simulation lasted 18 ps. The EINeDyn2.2 model was employed for thermolysin

for the first 9 us, which stabilized the binding of PBP chains and protein while preserving the
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protein structure. The GoMartini 2.2 model was then applied for the last 9 us, which was employed
to take into account possible protein configuration change upon PBP binding. The simulation
parameters were the same as those employed in developing the MARTINI parameters for the PBP
backbone particles. The convergence of the simulations was validated by the calculated potential
energies between protein and PBP peptides and between protein and PBP backbones.

Further calculations demonstrated that the PBP-thermolysin binding showed no noticeable
impacts on the thermolysin structure and the PBP structures. Therefore, the SASA obtained from
the all-atom simulations on PBPs in the absence of protein could be employed in predicting their

interactions with proteins.
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Chapter 5. Bioactive Peptide Brush Polymers via Photoinduced

Reversible-Deactivation Radical Polymerization

This chapter is adapted from the following publication:

Sun, H.%, Choi, W.T, Zang, N., Battistella, C., Thompson, M. P., Cao, W., Zhou, X., Forman, C.,
Gianneschi, N. C. Bioactive Peptide Brush Polymers via Photoinduced Reversible-Deactivation
Radical Polymerization, Angew. Chem. Int. Ed., 2019, 58, 17359-17364. (“I denotes authors

equally contributed.)

5.1 Introduction

The convergence of photochemistry and controlled polymerization techniques has led to
the development of new living polymerization systems, post-polymerization modifications, and
production of advanced materials.'®-18% In comparison with common triggers for polymerizations
such as heat and chemicals, light has shown unique advantages including mild reaction conditions,
non-invasiveness, and the ability to provide spatiotemporal control over the polymerizations.8¢-
189 The toolbox of photo-induced controlled polymerization techniques is expanding, giving rise
to photo-induced reversible deactivation radical polymerization (photo-RDRP), photo-induced
ring-opening  metathesis  polymerization  (photo-ROMP),'®  photo-controlled  cationic
polymerization,®-19 and photo-triggered ring opening polymerization (photo-ROP) of cyclic
esters or N-carboxyanhydride.'® Among these photo-induced polymerization methods, photo-
RDRP techniques have received the most interest due to their broad vinyl monomer scope and

relatively mild reaction conditions conducted at room temperature, in a metal-free systems, and
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with high tolerance to oxygen and water.% We reasoned that these mild conditions should provide
aroute for the incorporation of peptide-based vinyl monomers into bioactive, highly functionalized
polymers, and polymeric materials. The mild conditions would minimize side reactions and thus
retain the integrity of the biomolecules during polymerization and provide clean materials
following polymerization.t°

Photo-electron transfer reversible addition-fragmentation transfer polymerization (PET-
RAFT) represents a powerful tool in the arsenal of photo-RDRP approaches.*? This technique can
be performed under visible blue or green light in the presence of a biocompatible organo-
photocatalyst such as eosin Y. More generally, RAFT polymerization has proven tolerance
towards many functional groups pendent on monomers.'®” Therefore, we postulated that PET-
RAFT could serve as an ideal photo-RDRP approach to explore photo polymerization of peptide-
containing vinyl monomers.

The multi-valent display of peptides as side chains in brush polymers can lead to materials
with enhanced biological activities such as higher binding affinity and cell-penetration.98-200
Examples include peptide brush polymers prepared via ROMP and atom transfer radical
polymerization which involve the use of ruthenium and copper-based catalysts.?%! 202 The
possibility of residual heavy metals remaining after synthesis raises concerns in biomedical
applications. Herein we demonstrate a metal-free photo-RDRP approach to peptide brush
polymers (Figure 5.1). Two bioacitive peptide vinyl monomers featuring enzyme-responsive and
pro-apoptotic amino acid sequences were successfully copolymerized with dimethylacrylamide
(DMA) via PET-RAFT protocol in both organic and aqueous solutions. The incorporation of DMA

comonomer not only lessened the steric hindrance from peptide macromonomer, but also
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facillitated the preparation of peptide brush polymers with different grafting densities. Furthermore,
the robust nature of the PET-RAFT technique allowed access to various architectures including
brush and linear-brush diblock polymers consisting of enzyme-responsive peptide side chains.
Linear-brush diblock copolymers self-assembled into micelles, capable of further morphing into
worm-like structure upon treatment with thermolysin. By variation of the grafting density of pro-
apoptotic peptide, the cellular endocytosis efficiency and cytotoxicity of peptide brush polymers
can be controlled, revealing the crucial role of architecture (i.e., grafting density) in governing the
bioactivities of polypeptide brushes. These results highlight the potential of photo-RDRP for the
design of peptide brush polymer materials with well-defined structures and highly tunable

properties in biomedical applications.

5.2 Results and Discussion

5.2.1 Synthesis of Bioactive Peptide Monomers

Peptide monomers containing an acrylamide moiety, which serves as the polymerizable
group for radical polymerization were synthesized by addition of acrylic acid to an amino-hexanoic
spacer unit on the N-terminus of the peptide chain (Figure 5.1).

Two amino acid sequences were chosen to prepare two proof-of-concept systems. The first
is the sequence GLPGLAGG, a known substrate for various proteolytic enzymes including
thermolysin.*® The other is a sequence KLAKLAKKLAKLAK, which, when internalized, triggers
apoptosis of cancer cells by mitochondrial membrane disruption.?®> The chemical structure and

purity of the peptide monomers (PepAm and KLAAmM in Figure 5.1) were verified by high
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performance liquid chromatography (HPLC), *H NMR spectroscopy, and electrospray ionization

mass spectrometry (ESI-MS).
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Figure 5.1 Schematic of the synthesis of peptide brush polymers via photo-RDRP. Two
bioactive peptide vinyl monomers are designed and presented in this study, including
thermolysin-responsive amino acid sequence GPLGLAGG, and pro-apoptotic peptide
KLAKLAKKLAKLAK. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.!
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5.2.2 Photo-RDRP of PepAm and DMA in organic solvent

Due to the steric bulk of the peptide macromonomers, we reasoned that random copolymerization
with a spacer monomer would enhance overall monomer conversions as well as improve control
over the course of photo-RDRP. To examine this, the homopolymerization of PepAm in DMSO
was first conducted. According to the kinetics, no polymerization was observed after 18 hours,
suggesting that steric hindrance stemming from the peptide side chains significantly hampered the
photo-RDRP process. In view of this, a comonomer, dimethyl acrylamide (DMA) was employed
in the preparation of enzyme-responsive polypeptide brushes. DMA was chosen due to its similar
vinyl substructure (i.e., acrylamide) in comparison with the peptide monomer (Figure 5.2)

To understand the composition and distribution of PepAm and DMA in the polymers, 'H NMR
was used to study the rate of polymerization and conversion of the two monomers in photo-RDRP
under blue LED. According to *H NMR analysis (Figure 5.2 B), both the peptide monomer and
DMA comonomer had similar propagation rates, indicative of statistic distribution of peptide grafts
on the polymer backbone. Gel permeation chromatography (GPC) analysis demonstrated the
narrow molecular weight distribution of all polypeptide brushes with different grafting densities
(Figure 5.2 C). Moreover, theoretical molecular weights of all polymers are on par with those from
GPC results, suggesting good control over the photo polymerizations. While full monomer
conversions were not achieved, residual PepAm and DMA monomers were effectively removed
by dialysis of the crude polymer mixtures in water, as confirmed by its disappearance in the GPC
trace. Natural sun-light was also able to trigger the photo polymerization of PepAm, leading to

well-defined polypeptide brushes.
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Figure 5.2 Copolymerization of PepAm and DMA monomers in organic solvent. (A) Photo-
RDRP of PepAm and DMA in DMSO. (B) Kinetic plot of concentration versus time for PepAm
and DMA over the course of photo-RDRP. (C) GPC traces of enzyme-responsive peptide brush
polymers with different grafting densities. Copyright 2019 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.!

5.2.3 In Vitro Assessment of poly(PepAm-co-DMA) : Enzyme Responsive Shape-Shifting

Nanoparticles

To examine the bio-activity of polypeptide brushes, polymer poly(PepAm2i-co-DMAT1)
(P4) was treated with thermolysin, an enzyme that can selectively cleave the amide bond between

glycine (G) and leucine (L) (Figure 5.3). HPLC was employed to monitor the cleavage experiment,
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and showed that the polypeptide brushes were rapidly cleaved within 1 hour under the investigated
condition. The cleaved peptide fragment was analyzed by ESI-MS and shown to have the identical
mass to that of the genuine synthetic cleavage fragment LAGG. These results clearly indicate that
the side-chain peptides remain accessible and reactive towards enzyme cleavage following
polymerization.

To capitalize on this accessibility to substrate, amphiphilic block copolymers were
prepared by chain extension of poly(methyl methacrylate) or poly(n-butyl acrylate) based macro
chain transfer agents with PepAm and DMA. The resulting amphiphilic diblock copolymers
assembled into micelles in water. For example, PMMAugo-b-poly(PepAmzi-co-DMAe3) (P8) were
spherical micelles, 24 nm in diameter as characterized by transmission electron microscope (TEM),
in good agreement with the hydrodynamic diameter (28 nm) determined by dynamic light
scattering (DLS) (Figures 5.3 B and D).

The critical packing parameter (CPP) dictates the thermodynamic morphology of
amphiphilic block copolymers. In principle, a higher CPP (> 1/3) can lead to the formation of
higher order morphologies such as cylinders and bilayer vesicles.?%* Since polypeptide brush
polymer P4 showed rapid cleavage in the presence of thermolysin (vide supra), we suspected that
the micelles formed from polypeptide containing diblock polymers could respond to thermolysin,
resulting in truncation of the hydrophilic polypeptide corona and thus a reduction in interfacial
curvature (i.e., increment in CPP), leading to a change in morphology. Indeed, TEM and DLS
showed that the spherical micellar structure of P8 underwent metamorphosis into a worm-like
phase upon treatment with thermolysin (Figures 5.3 C and D). By contrast, no change in diameter

was observed for particles treated under the same cleavage conditions using deactivated
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thermolysin which had been pretreated with ethylenediaminetetraacetic acid (Figure 5.3 D). In

addition, similar morphological transformations were observed in other block copolymer micelles

including PMMAGgo-b-poly(PepAms-co-DMAs0) (P7) and PnBA2oo-b-poly(PepAmss-co-DMA123)

(P9), demonstrating the versatility of this approach to enzyme-responsive shape-shifting

nanoparticles.
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Figure 5.3 Enzyme responsiveness of poly(PepAm-co-DMA). (A) Schematic of thermolysin-
promoted cleavage of poly(PepAmazi-co-DMA71) (P4) (b) TEM micrograph of PMMAugo-b-
poly(PepAmz1-co-DMAGe3) based micelles (P8) before treatment with thermolysin. (C) TEM
micrograph of PMMAugo-b-poly(PepAmzi1-co-DMAe3s) based micelles (P8) after treatment with
thermolysin. (D) DLS traces of P8 based nano-objects before and after thermolysin-induced
cleavage. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.?
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5.2.4 Photo-RDRP of PepAm and KLAAM in aqueous solvent.

The ability to conduct polymerizations directly in water is of significant interest to the field
of biomedical polymer materials, as it not only avoids the use of toxic organic solvents but also
eliminates the time-consuming step of transferring the polymeric materials from the organic to
aqueous phase. To explore the feasibility of aqueous photo-RDRP of peptide monomers, we
examined the photo-RDRP of both enzyme-responsive peptide acrylamide (PepAm) and pro-
apoptotic KLA peptide acrylamide (KLAAmM) in water. Table 5.1 summarizes the polymerization
results for PepAm and DMA, indicating dramatically higher monomer conversions in water
compared to those obtained by photo-polymerizations in DMSO. We hypothesize that this is due
to the enhanced solubility of PepAm in aqueous solution. Polymers (P10-P12) were analyzed by
GPC and NMR and showed molecular weights that were in good agreement with theoretical values,

confirming that photo-RDRP of PepAm was unaffected under aqueous conditions.

Equiv. to CTA Conv. (%)
M theo M cec I5)
Entry PepAm DMA [M]o PepAm DMA (g/mol)  (g/mol)
P10 50 50 0.36 M 60% 64% 27685 26100 1.06
P11 50 100 0.54 M 87% 85% 44230 48700 1.01
P12 50 150 0.72M 92% 94% 51388 55400 1.04

Table 5.1 Aqueous photo-RDRP of PepAm and DMA. In each polymerization, 200ul of DIW was
used. [MJ/[CTAYIEY]/[PMDETA] = X/1/0.05/1. @The polymerizations were triggered by blue
LED.



116

For the KLAAmM monomer, which contains abundant amine groups, acetate buffer (pH 5)
was utilized to fully protonate the amine groups, reducing their nucleophilicity (pKa = 9) and thus
precluding undesired aminolysis of the chain transfer agents (Figure 5.4). By adjusting the feed
ratio of DMA to KLAAmM, polypeptide brushes with various grafting densities of KLA side chains
were prepared. Based on NMR analysis, monomer conversions were quantitative for all random
copolymerizations of DMA and KLAAmM. However, the homopolymerization of KLAAm only led
to a modest monomer conversion (40%) possibly due to the steric bulk of the KLA peptide
macromonomer. The narrow and symmetric GPC traces of KLA based polypeptide brushes
indicates good control over the aqueous photo-RDRP of KLAAm (Figure 5.4 B). Furthermore, the
secondary structure of KLA peptides and brush polymers were assessed by circular dichroism (CD)
spectroscopy, which showed a mixture of a-helix and random coil. More importantly, the spectra
of the KLA monomer and resulting polymers are identical, suggesting the polymerization process

does not alter the secondary structure of the peptide (Figure 5.4 C).



117

A
NC, S
Hom/\_)(s
o]
o={" (— Eosin Y, PMDETA ;Z
LN + © NH
450 nm, pH 5 buffer, RT
o) 0
HN HN
KLAKLAKKLAKLAK KLAKLAKKLAKLAK
KLAAm Poly(KLAAm-co-DMA)
B C

Poly(KLAAmM 5-co-DMA,5,)

?

F

Ellipticity

Poly(KLAAmM,5-co-DMA5)

= KLAAM

POIY(KLAAmﬂI) — poly(KLAAmzs-CO'DMAzs)

Poly(KLAAM,5-co-DMA,s) A . — KLA peptide

r T T T T T T T -10 T T T 1
10 12 14 16 18 20 22 24 200 220 240 260

Elution time (min) Wavelength (nm)

Figure 5.4 Polymerization of KLA monomers in aqueous solvent. (A) Aqueous photo-RDRP of
KLAAmM and DMA in acidic buffer (pH 5) (B) GPC traces of KLA based peptide brush polymers
with different grafting densities (P13-P16) (C) Circular dichroism spectra of KLA peptide,
KLAAmM, and poly(KLAAmMz2s-co-DMA7s). Copyright 2019 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.!
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5.2.5 In Vitro Assessment of poly(KLAAM) : Pro-Apoptosis of poly(KLAAmM)s with Different

Grafting Density

The KLA peptide sequence used in these studies is a known pro-apoptotic peptide which
is capable of inducing cell apoptosis via disruption of mitochondrial membranes.?% It is typically
fused with a cell-penetrating peptide because of its poor cell uptake. The KLA based brush
polymers, while lacking a cell-penetrating peptide moiety, possess a great number of cationic
charges which could enhance the affinity to the negatively charged cell membrane and
consequently promote delivery of the KLA based polymer brushes into cells. To elucidate the role
of KLA grafting densities in governing the cellular uptake and cytotoxicity of KLA brush polymers,
we conducted in vitro cell studies of different brush polymers (P13-P16) in HeLa cells (Figures
5.5-5.7). Flow cytometry assay was utilized to quantify the cell uptake efficiency of brush
polymers. All KLA peptide brush polymers show significantly more cellular uptake compared to
the free peptide. This observation is consistent with the multivalency effect of KLA peptides
stemming from polypeptide brushes, which enhanced the affinity and cell uptake of KLA
containing materials. In addition, cell internalization of densely grafted polypeptides including
poly(KLAAmMzs-co-DMA25) and poly(KLAAma1o) clearly outperformed those loosely grafted
polypeptide brushes such as poly(KLAAmMzs-co-DMA7s) (Figures 5.5). The cell uptake behaviors
of KLA peptide and polymer brushes were further studied by confocal laser scanning microscopy
(CLSM). Cells treated with rhodamine labeled KLA peptide showed no uptake even at a high
concentration (50 uM with respect to peptide). On the other hand, the cellular uptake of all the

KLA peptide brush polymers was clearly visible at the same peptide concentration, as evidenced
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by the increase in rhodamine fluorescence inside the Hela cells (Figures 5.6). Finally, cytotoxicity
assays demonstrated that KLA based polymer brushes had significantly higher cytotoxicity than
either the free KLA peptide or the KLAAmM monomer (Figure 5.7). Notably, the cytotoxicity of
polypeptide brushes was dependent on the grafting densities of KLA peptides. As the grafting
density of KLA peptide increased and the polymer brushes became more compact, the IC50 values
decreased. Those cytotoxicity results unequivocally corroborate cell uptake behavior of KLA

brush polymers bearing different grafting densities.
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Figure 5.5 Flow cytometry analysis of HeLa cells incubated with rhodamine labeled KLA
peptide and polymers. (A) rhodamine B-labeled KLA peptide, (B) poly(KLAAM_2s-co-DMA75),
(C) poly(KLAAMz2s-co-DMA:2s), and (D) poly(KLAAM1o) at a concentration of 0.25 uM with
respect to the dye. Chemical structures of each dye-labeled materials are shown adjacent to the
corresponding histogram. KLA based peptide brush polymers possessed markedly higher cell
uptake ability than that of KLA peptide. Copyright 2019 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.?
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Figure 5.6 Confocal laser scanning microscopy images of Hela cells treated with rhodamine-
labeled peptide based materials. From top to bottom: KLA peptide (A-C), poly(KLAAmMzs-co-
DMAZ7s) (D-F), poly(KLAAmM2s-co-DMA2s5) (G-I), and poly(KLAAMio) (J-L). Cell nuclei were
stained with DAPI. Cell membrane was stained with WGA 488. Scale bar: 20 um, inset scale bar
10 pm. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.!
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Figure 5.7 Cytotoxicity assay of KLA peptide, KLAAm, and a library of KLA based peptide brush
polymers with different grafting densities. KLA peptide and KLAAmM did not exhibit cytotoxicity
to Hela Cells even at a concentration of 100 uM. The IC 50 value of peptide brush polymers
decreased as the grafting density of peptide brush polymer increased, indicating a higher
cytotoxicity of KLA peptide brush polymers with a more compact brush architecture. Copyright
2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.!

5.3 Conclusion

In summary, we present several examples of photo-RDRP of peptide acrylamide
monomers. This is a robust synthetic approach to prepare bioactive polypeptide brushes under mild
conditions using visible light, in aqueous solution, and at room temperature. We envision that a
wide variety of other functional peptide monomers will be compatible with this technique.
Moreover, we demonstrated the important role that the architecture (i.e., grafting density) of
peptide brush polymers has on functions such as cell penetration and cytotoxicity to cancer cells.
Given the widespread interest in peptides as therapeutics and targeting moieties in biomedicine,
we envision these mild synthetic procedures will open the door to entirely new peptide brush

polymer materials.
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5.4 Experimental Details

5.4.1 Preparation of Peptide Monomers via Solid-Phase Peptide Synthesis (SPPS)

Peptides were synthesized on Rink resins (0.67 mmol/g) using standard FMOC SPPS
procedures on an AAPPTec Focus XC automated synthesizer. A typical SPPS procedure included
deprotection of the N-terminal Fmoc group with 20 % 4-methyl-piperidine in DMF (1 x 20 min,
followed by 1 x 5 min), and 30 min amide couplings (twice) using 3.0 equiv. of the Fmoc-protected
amino acid, 2.9 equiv. of HBTU and 6 equiv. of DIPEA. After that, peptide monomers were
prepared by amide coupling to Fmoc-6-aminohexanoic acid, followed by Fmoc deprotection and
final amidation with acrylic acid (3 equiv.) in the presence of HBTU (2.9 equiv.), and DIPEA (6

equiv.).

5.4.2 Photo-Polymerization in DMSO

In a typical organic phase photo-induced polymerization (P1), peptide (GPLGLAGG)
acrylamide monomer (30 mg, 50 equiv.) and DMA (3.7 mg, 50 equiv.) were dissolved in 150 pL
of DMSO. Then 10 pL (1.0 equiv.) of DDMAT stock solution (2.7 mg in 100 pL of DMSO) was
added into the reaction mixture. Following that, 10 puL (0.05 equiv.) of eosin Y disodium salt stock
solution (2.6 mg in 1 mL of DMSQO) and PMDETA (0.13 mg, 1.0 equiv.) were added. The solution
was degassed by N2 flow for 30 min and then placed into the photo-reactor (450 nm, 2.8 mW/cm?)
for 24 h. Upon the polymerization, the polymer product was purified by dialysis into DIW,

followed by lyophilization.
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5.4.3 Photo-Polymerization in Aqueous Solution

In a typical aqueous photo-induced polymerization (P14), KLA peptide
(KLAKLAKKLAKLAK) acrylamide monomer (30 mg, 25 equiv.) and DMA (1.8 mg, 25 equiv.)
were dissolved in 150 pL of acetate buffer (0.1 M, pH 5). Then 10 pL (1.0 equiv.) of water-soluble
RAFT agent stock solution (2.2 mg in 100 pL of acetate buffer) was added into the reaction
mixture. Following that, 10 pL (0.05 equiv.) of eosin Y disodium salt stock solution (2.5 mg in 1
mL of acetate buffer) and PMDETA (0.12 mg, 1.0 equiv.) were added. The solution was degassed
by N2z flow for 30 min and then placed into the photo-reactor (450 nm, 2.8 mW/cm?) for 24 h.
Upon the polymerization, the polymer product was purified by dialysis into DIW, followed by

lyophilization.

5.4.4 Preparation of Rhodamine-Labeled Polymers

In all the cases of preparing rhodamine-labeled polymers, one equiv. of rhodamine B to
RAFT agent was used, ensuring that average one dye was attached per polymer chain. In a typical
polymerization (rhodamine-labeled P14), KLA peptide (KLAKLAKKLAKLAK) acrylamide
monomer (30 mg, 25 equiv.), DMA (1.8 mg, 25 equiv.), and methacryloxyethyl thiocarbamoyl
rhodamine B (0.48 mg, 1.0 equiv.) were dissolved in 150 pL of acetate buffer (0.1 M, pH 5). Then
10 pL (1.0 equiv.) of water-soluble RAFT agent stock solution (2.2 mg in 100 uL of acetate buffer)
was added into the reaction mixture. Following that, 10 pL (0.05 equiv.) of eosin Y disodium salt
stock solution (2.5 mg in 1 mL of acetate buffer) and PMDETA (0.12 mg, 1.0 equiv.) were added.

The solution was degassed by N2 flow for 30 min and then placed into the photo-reactor (450 nm,
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2.8 mW/cm?) for 24 h. Upon the polymerization, the polymer product was purified by dialysis into

DIW, followed by lyophilization.

5.4.5 N-Acetylation of poly(KLAAmM-co-DMA)

In a typical procedure, poly(KLAAmM-co-DMA) (1.0 equiv. with respect to free amines)
was dissolved in DMF and then treated with 50 equiv. of acetic acid in the presence of 50 equiv.
of EDC*HCl and 5 equiv. of 4-DMAP. The reaction mixture was stirred for 12 hours, followed by

dialysis into DIW wand lyophilization.

5.4.6 Thermolysin-Induced Cleavage Experiments

For enzyme-triggered cleavage experiments, the molar ratio of thermolysin to peptide was
set to 1: 300. Moreover, the temperature was set to 55 °C to achieve the optimal activity of
thermolysin. For example, poly(PepAmzi-co-DMA24) (P4, 1 mg, 0.87 umol with respect to
peptides, 300 equiv.) was dissolved in 1 ml of DPBS solution. Then thermolysin (0.1 mg, 2.9 nmol,
1 equiv.) was added into the polymer solution which was stirred in a preheated oil bath at 55 °C.
In the case of control experiment which involved using deactivated thermolysin, EDTA (100 equiv.
to thermolysin) was utilized to capture the zinc and calcium ions, resulting in denaturing of

thermolysin.

5.4.7 Cell Culture

Hela cells were purchased from ATCC. Cells were cultured at 37 °C under 5% COz in

phenol-red containing Dulbecco’s Modified Eagle Medium (DMEM; Gibco Life Tech., cat.
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#11960-044) supplemented with 10% fetal bovine serum (Omega Scientific, cat. #11140-050),
sodium pyruvate (Gibco Life Tech., cat. #35050-061), L-glutamine (Gibco Life Tech., cat.
#35050-061), and the antibiotics penicillin/streptomycin (Corning Cellgro, cat. #30-002-C1). Cells

were grown in T75 culture flasks and subcultured at ~75-80% confluency.

5.4.8 Cell Viability Assay

The cytotoxicity of materials was assessed using the CellTilter-Blue assay. HelLa cells were
plated at a density of 5000 cells per well of a 96 well plate 18 hours prior to treatment. Materials
were dissolved in DPBS with desired concentration and added to the wells along with a 10%
DMSO positive control. Cells were incubated for 72 hours at 37 °C. Note that the concentration of
all the materials is respected to the peptide concentration to ensure that all peptides and polymers
are fairly compared with respect to their therapeutic components. The medium was removed and
80 uL of new medium without phenol red was added followed by adding 20 pL of CellTilter-Blue
reagent. The cells were incubated for 3 hours at 37 °C. The fluorescence was measured at 560 nm

excitation and 590 nm emission wavelength.

5.4.9 Confocal Laser Scanning Microscopy for Uptake in HelL a cells

HeLa cells were plated in a 4-chamber 35mm round glass-bottom dishes at a density of
50,000 per well. Cells were incubated for 24 hours in a 5% CO2 atmosphere at 37 °C. 500 pL of
of KLA peptide, Poly(KLAAM25-co-DMA7s5), Poly(KLAAM;2s-co-DMA2s), and Poly(KLAAM10)
(0.25 pM with respect to rhodamine for each material) in 10% FBS DMEM medium without

phenol red were incubated with the cells for 24 hours, respectively. After washing with DPBS to
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remove the residual peptides and polymers, 500 pL of Wheat Germ Agglutinin (5 pg/mL)
conjugated with Alexa Fluor 488 was added to each well, then fixed with a 4% paraformaldehyde
solution for 15 min at room temperature. The cells were washed with DPBS and stained by DAPI

for 20 min at room temperature.

5.4.10 Flow Cytometry for Uptake Ability in HeL a cells

For cellular uptake measurement, HelLa cells were plated in 12-well plates at a density of
1,000,000 per well and incubated for 24 hours in a 5% CO2 atmosphere at 37 °C. 500 pL of 0.25
MM (with respect to rhodamine) KLA peptide, poly(KLAAmM25-co-DMA7s), poly(KLAAM2s-co-
DMA:2s), and poly(KLAAmM10) in 10% FBS DMEM medium without phenol red were incubated
with the cells for 24 hours respectively. After triple washing with DPBS, 500 pL of 0.25% Trypsin-
EDTA was added to each well for 10 min at 37 °C. Cells were fixed with a 4% paraformaldehyde

solution for 15 min at room temperature.
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Chapter 6. Protein-like Polymers for the Therapeutic Application :
Neovascular Age-Related Macular Degeneration (nAMD)

6.1 Introduction

Neovascular age-related macular degeneration (NAMD) currently affects 11 million people
in the US with approximately 90% of vision loss attributed to choroidal neovascularization (CNV),
the key pathology of nAMD. CNV is characterized by the abnormal growth of blood vessels either
underneath the retinal pigment epithelium (RPE) or at the sub-retinal space on top of the RPE.
Vascular endothelial growth factors (VEGF) have been shown to be responsible for driving the
growth of new blood vessels during nAMD. Current medication involves injections of anti-
angiogenic VEGF antibodies into the vitreous cavity. Although this approach has found clinical
success, several challenges remain: i) monthly anti-VEGF medications are expensive with an
annual cost of $4.6 billion in the US, ii) only ~30% of patients treated with VEGF antagonists
show significant improvement in vision, and iii) global prevalence of nAMD is projected to double
in the next decade which will lead to greater number of patients with no improvement in visual
acuity despite monthly anti-VEGF treatment.

TSP1 is an extracellular matrix protein that interacts with cell surface receptors and
modulates several in vivo processes including angiogenesis. In immunohistochemical studies of
post-mortem eyes, TSP1 is expressed in the retinal pigment epithelium (RPE), bruch’s membrane
(BM), and choriocapillaris (CC), and its levels are reduced with age and further reduced in late
stages of AMD,?% shifting the balance toward a pro-angiogenic milieu. As the first endogenous

protein inhibitor of neovascularization to be discovered, TSP1 inhibits angiogenesis in a variety of
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different pathways: i) acting as a VEGF antagonist, ii) inducing cell apoptosis, and iii) modulation
of cell proliferation and migration.?%” Notably, TSP1 limits neovascularization in vascular
endothelial cells by inducing receptor-mediated apoptosis. CD36 is a membrane protein that
mediates the uptake of oxidized lipids and regulates the anti-angiogenic activity of TSP-1. CD36-
TSP1 interaction down-regulates the VEGF receptor-2 and antagonizes VEGF function.2%®
Amongst the multifunctional domains within TSP1, the type-1 repeats domains bind to CD36.
ABTB898 is a synthetic peptide which mimics the TSP1 type-1 repeat. Synthetic peptides, such as
ABT898, that mimic TSP-1 therapy, could inhibit angiogenesis. However, there are several
challenges that limit the clinical use of therapeutic peptides. Peptides are prone to proteolysis,
demonstrate rapid renal clearance, and are unable in many cases to cross cell membranes. To
address these challenges, we highlight below a new innovative peptide packaging and delivery
strategy to address challenges in nAMD therapies.

We propose a new methodology for protecting active peptides from proteolysis, while
vastly improving pharmacokinetics, bioavailability and maintaining strong bioactivity. The
approach packages peptides together as high-density brush polymers PLPs. These moieties have a
globular, peptide-based structure, assembled around a hydrophobic core. These are brush polymers,
with high density display of peptides for recognition and function. PLPs are generated by graft
through polymerization of peptide-modified monomers. Polymerization of peptide-based
monomers consisting of natural L-amino acids results in materials with peptides that resist
proteolysis entirely for hours and days, versus minutes in the case of their monomeric analogues
(i.e. ordinary, linear peptides). Computer modeling of PLPs shows that their globular nature serves

to protect the peptides from being accessible to proteolytic enzymes.'®® In addition, the peptides
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maintain their bioactivity, can be taken up by the cells and can function in the cytosol. This means
that while proteases regard them as poor substrates, they can still engage target proteins, both intra-
and extracellular. Given these observations, we hypothesize that polymerized peptides, while
protected from proteolysis, maintain their intended biological function and that this phenomenon
is a general feature of peptides arranges in this manner. If so, such an approach would provide a
general, accessible route to the development of proteolytically-resistant peptides capable of
performing functions inherent to the peptide, such as binding a receptor or ligand, initiating a
signaling pathway, penetrating a cell, or inducing a therapeutic effect. We envision that such a
strategy provides a feasible route for the preparation and delivery of peptides as therapeutics.
Herein, we will seek to deploy this innovative technology for treatment of NAMD. These drugs
will establish ABT898 as alternative therapeutic pathway for nAMD patients that our efforts in
this project aim to address the critical need of (i) long-acting therapies for the treatment of NnAMD,
and ii) new therapies for patients that show no improvement in visual acuity after anti-VEGF

medication.

6.2 Results and Discussion

6.2.1 Synthesis of ABT898 PLPs

We have synthesized four norbornene modified ABT898 (GVi(allo)SQIRP) sequences
with different linkers and additional arginine amino acids (Figure 6.1). Different linkers were
incorporated to compare the bioactivities of the cleavable (Ester PLP and Ester RR PLP) and non-

cleavable (Amide PLP and Amide RR PLP) PLPs. Cell penetrating peptides, e.g. TAT sequences,
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are short sequences that are rich in arginine residues and aid the cellular penetration of cargo via
endocytosis. Therefore, to enhance the cellular penetration capacity of the PLPs we modified the
C-terminus with arginine moieties (Ester RR PLP and Amide RR PLP). These norbornene
functionalized ABT898 peptide sequences were then subjected to standard ring opening metathesis

polymerization (ROMP) conditions to yield four different ABT898 PLPs.
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Figure 6.1 Chemical structure and synthesis of Protein-like Polymers (PLP) with different
ABT898 peptide monomers. Different linkers were incorporated; Amide (A) and Amide RR
(AR): Non-cleavable amide linker, Ester (E) and Ester RR (ER): cleavable ester linker.
Additional two arginines (blue) were incorporated in the original sequence to achieve
increased cell penetration. Degree of polymerization, m, is 15 to 20.

6.2.2 Bioactivity Assessment of PLPs : Ex Vivo Choroidal Sprouting Assay

To determine the anti-angiogenic properties of the ABT898 PLPs, we performed an ex vivo
choroidal sprouting assay. Briefly, eyes are enucleated, dissection is performed to remove the

cornea, iris, lens, retina, and vitreous. The peripheral RPE-choroid-sclera complex is plated in
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Matrigel, angiogenesis develops spontaneously over Day 4 — Day 7, and can be quantitated using
reverse phase brightfield microscopy (Figure 5.2 A). ABT898 peptide had no effect upon choroidal
angiogenesis (Figure 5.2 B). In addition, hydrolysable E and ER PLPs reduced angiogenesis only
by 24% and 33%, respectively. In contrast, non-hydrolysable A and AR PLPs significantly
decreased angiogenesis by 81% (A) and 91% (AR), respectively. This indicates that the non-
cleavable, arginine modified ABT898 PLP has improved bioactivity compared to the original
peptides. We believe this is because the peptide alone is degraded in the Matrigel milieu. In
addition, AR PLP was far more anti-angiogenic than scrambled PLP and commercial aflibercept
(Figure 5.2 D), indicating that the specific peptide sequence plays a crucial role in determining the

extent of anti-angiogenic function.
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Figure 6.2 Ex vivo choroidal sprouting assay. (A) Schematic illustration of the assay. (B) Time
dependent assay of the growth area measured after the treatment of PLPs and peptides. (C) Growth
area upon the treatment of PLP, scramble version of PLP (AR PLP(S)), peptide, and aflibercept at
day 4. (D) Raw data: Light microscopy images of choroidal tissue upon treatment with buffer only,
with parent peptide, scrambled PLP sequence, aflibercept, and the highly active ABT898 PLP with
the amide linkage and two arginine residues included (AR PLP). Scale bar: 1 mm.
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6.2.3 Enzyme Degradation Kinetics

An important feature of the PLP platform is that the globular structure of peptides arranged
on a polymeric scaffold impart high proteolytic resistance. We performed an enzyme resistance
assay to confirm that the PLP is resistant to proteolysis as compared to the peptide alone. Both
peptide and PLP stock solutions (200 uM) were treated with thermolysin enzyme (0.1 uM) and
their degradation profiles were monitored using high performance liquid chromatography (HPLC).
We observed rapid degradation of the peptide to yield a fragment peak over time. However, the
PLP peak does not change over time. We calculated the area under the peak at each time point to

construct the percent cleaved and plotted it against time for both peptide and PLP (Figure 6.3).
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Figure 6.3 Enzyme degradation kinetics of ABT898 peptide and AR PLP.
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6.2.4 Binding Interaction of PLPs to CD36 Protein

Quantifying the ligand-receptor binding interaction is an important step in the development
of these PLPs. Similar to surface plasmon resonance, bio-layer interferometry (BLI) is an optical
method used to measure the affinity of ligand-receptor binding. BLI has three key advantages over
existing techniques: i) samples can be easily recovered, ii) it uses less sample, and iii) it is high
throughput. We proceeded to study the interaction of CD36 receptor with ABT898 peptide, A PLP,
and AR PLP. Aqueous solutions of A PLP and AR PLP at various concentrations were assayed to
study their binding with the CD36 receptor (Figure 6.4 B and C). As a negative control, we
measured the binding of a ABT898 peptide. We recorded a dissociation constant in the10° M
range for AR PLP , 10®M range for A PLP and 10" M for the ABT898 peptide (Figure 6.4 D).
These data indicate that the PLPs have stronger affinity for CD36 receptor than ABT898 peptide,
demonstrating the multivalent effect of PLP system.
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Figure 6.4 Binding affinity of peptide and PLPs measured by bio-layer interferometry. Binding
kinetics of (A) ABT898 peptide, (B) A PLP and (C) AR PLP were measured using CD36
protein. (D) Dissociation constants, on-rates and off-rates from BLI were summarized in the
table.
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6.2.5 Fatty Acid Uptake assay

Fatty acid (FA) uptake is an important cellular function and play important roles in the
metabolic regulation. Especially, CD36 facilitates a major fraction of fatty acid uptake by key
tissues.2%® One of the mechanism of TSP1 protein as an anti-angiogenesis factor is to prevent the
nitric oxide signaling by inhibiting myristic acid uptake of CD36 transmembrane protein.?1
As a mechanistic study, we performed the fatty acid uptake assay (Figure 6.5). In this experiment,
we have prepared the fatty acid dye (C1-BODIPY-Ci2 fatty acid) to measure the intracellular
fluorescence via flow cytometry. Low intracellular fluorescence signal indicates more inhibition
of fatty acid uptake, while high intracellular fluorescence signal indicates less inhibition of fatty
acid uptake. We have measured the mean fluorescence with different concentration of peptide/PLP.
For both HT1080 and MCF7 cell lines, which overexpress the CD36 proteins, the AR PLP showed
less mean fluorescence than the ABT898 peptide (Figure 6.5 B and C). This represents higher
binding affinity of AR PLP than ABT898 peptide to the CD36 protein, which confirms previous

BLI experiment results.
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Figure 6.5 Fatty acid uptake assay. (A) Chemical structure of C1-BODIPY-Ci2 fatty acid (B)
Mean fluorescence measurement upon the co-treatment of C1-BODIPY-C12 fatty acid (1uM)
and ABT898 peptide or AR PLP with different concentration.
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6.3 Conclusion

In summary, we present the protein-like polymer (PLP) system for the treatment of
neovascular age-related macular degeneration (nAMD). ABT898 peptide is an anti-angiogenic
peptide that mimics the TSP-1 protein. Although, the daily intravitreal treatment of ABT898
peptide to the laser induced CNV mice model with TSP1-deficiency (TSP1 -/-) decrease
significantly the CNV area, there are still remaining obstacles that limit the translational
application as peptide drug, such as multiple injection and low cost-effectiveness mainly due to
the degradation and renal clearance of the peptides.

AR PLP, in which the ABT898 peptides with two additional arginines are linked to the
polymer backbone with amide bond, shows higher stability to the enzymes and higher binding
affinity to the CD36 target protein than the original peptide sequence. Also, AR PLP inhibits the
fatty acid uptake with higher extent than the peptide in the CD36 transmembrane protein
overexpressed cell lines. In the ex vivo choroidal sprouting assays, AR PLP exhibit great anti-
angiogenic efficacy compared to peptide and hydrolysable E and ER PLPs, demonstrating their
extensive stability in biomimetic hydrogel. In addition, more anti-angiogenesis was detected in the
case of AR PLP than the scramble version of AR PLP. This examines the specificity of ABT898
peptide sequence retained in the PLP platforms.

Overall, we demonstrate the PLP system as a potential peptide drug platform for the
treatment of NAMD disease. We are planning to perform the in vivo study with laser-CNV mice

model.
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6.4 Experimental Details

6.4.1 Polymerization of Library of ABT898 PLPs.

ABT898 PLPs were achieved by ring-opening metathesis polymerization (ROMP) under
nitrogen gas in a glove box. Norbornene conjugated peptide monomers (20 mg, 15.0 equiv.) were
dissolved in degassed DMF. Next, the olefin metathesis initiator
(IMesH2)(CsHsN)2(Cl)2Ru=CHPh stock solution (1.0 equiv., 20 mg/mL in DMF) was quickly
added into the monomer solution. The solution was left to stir for 5-6 h until the full consumption
of monomers. After the polymerization, the polymer solution was further purified via dialysis into

deionized water. Finally, the polymer product was obtained by lyophilization.

6.4.2 Ex Vivo Choroidal Sprouting Assay.

Animals were checked for responses and euthanized by cervical dislocation after injection
of Avertin. Eyes were enucleated and kept in ice-cold medium immediately before dissection.
After removing the cornea and the lens from the anterior of the eye, the central or peripheral
choroid-scleral complex was separated from the retina and cut into approximately 1 mm x1 mm
fragments. Choroid/sclera fragments were isolated with and without RPE removal by peeling RPE
away with forceps and placed in growth factor-reduced Matrigel TM (BD Biosciences, Cat. 354230)
seeded in 24 well plates. 30 mL of matrigel was used to coat the bottom of 24 well plates without
touching the edge of the well. The thickness of the matrigel was approximately 0.4 mm. After
seeding the choroid, plates were incubated in a 37°C cell culture incubator without medium for 10

minutes in order for the MatrigelTM to solidify. 500 mL of medium was then added to each well
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and incubated at 37°C with 5% CO: for 48 hr before any treatment. Medium was changed every
48 hr. Phase contrast photos of individual explants were taken daily using a ZEISS Axio

Oberver.Z1 microscope. The areas of sprouting were quantified with computer software ImageJ.?'*

6.4.3 Enzyme Degradation Assay

For the enzyme degradation assay, we chose thermolysin as a model enzyme. The molar
concentration of thermolysin was set to 0.1 pM. The concentration of side-chain peptides
(GVi(allo)SQIRP) was set to 200 uM with respect to peptide. Also, the temperature was set to
37 °C to match the body temperature. In a typical experiment, ABT898 peptide and AR PLP were
dissolved in 500ul of DPBS solution respectively. Next, 5 pL of thermolysin stock solution (10
uM) was added into the peptide/PLP solution which was subsequently stirred on the heating plate
at 37 °C. In this case, the molar ratio of peptide substrate to thermolysin was 2000: 1. During the
cleavage, aliquots were taken for HPLC analysis at predetermined time points. Each degradation

experiment was repeated three times.

6.4.4 Bio-Layer Interferometry (BLItz) Binding Assay

Binding affinity were measured by using BLItz instrument. The amine reactive sensor
(ARG2) was hydrated before the installation. After the sensor installation to the BLItz instrument,
the sensors were modified with fresh activation solution (40mM of 1-1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) solution and 20mM of N-
hydroxysulfosuccinimide(s-NHS) solution). CD36 proteins (50 ug/ml in sodium acetate buffer at

pH6.5) were immobilized on the sensor and passivated by 1M ethanolamine. ABT898 peptide, A
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PLP and AR PLP were dissolved in the Tris buffer (pH 8.4) with range of concentration (1uM,
500nM, 250nM, 100nM, 50nM). Using BLItz instrument, the dissociation constant (Kp), on-rate

(ka) and off-rate (ka) of each analyte were measured.

6.4.5 Fatty Acid Uptake Assay

Cell are seeded in 1e5 in a 24 well plate, with a working volume of 500 microliters.
Following 24 hours to allow for adherence, plating media was removed and replaced with 500 uL
reduced serum media (Gibco™ Opti-MEM™) and left to sit over 24-hours to allow for basal
conditions. For cells treated with peptide or PLP for 24 hours, the 500uL media contained the
therapeutic at its respective concentration. Following 24 hours, without removing media, cells
were treated with 500uL BODIPY-C12 fatty acid dye in 1% BSA (w/v) in DPBS, where the final
concentration of dye is 1uM. Cells were then left to incubate with the 1JuM BODPOY dye for 5
minutes. After 5 minutes of incubation, all contents of the wells were aspirated off, and cells were
washed 3x with ice cold 1% BSA (w/v) DPBS (-) solution to stop uptake and scavenge residual
fatty acid dye. After, cells were treated with 200 uL 0.25% tryspin solution for 5 minutes. After
detachment, trypsinization was stopped by adding 500uL DMEM to each well, and the contents
were transferred to Eppendorf tubes. The tubes were spun down at 0.2x 1000 gravity for 5 minutes,
and the media and trypsin were aspirated off. The cell pellet was resuspended in 200 uL of ice-

cold 10%FBS (v/v) DPBS (-) and transferred to a 96-well plate for FACS.
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Chapter 7. Protein-like Polymers for the Therapeutic Application:
Huntington’s Disease

7.1 Introduction

Huntington’s disease (HD) is an autosomal dominant, fatal neurodegenerative disease
affecting approximately 30,000 individuals in the United States with at least 150,000 other
Americans with a 50% risk of developing the disease.?'? The disease affects anywhere from 4 to
13 individuals per 100,000 in Western populations.?'3215 Disease epidemiologists tracking the
disease have noticed its prevalence increasing, and still no cure has been developed.?® HD is
characterized by motor dysfunction, involuntary movements, dystonia, cognitive decline,
intellectual impairment and emotional disturbances.?!2 215218 Symptoms are usually adult onset,
beginning between 30-50 years of age with the course of the disease lasting 15-20 years.?'% 219
HD is terminal upon diagnosis, as the expansion of the CAG codon within the mutant huntingtin
gene causes mitochondrial dysfunction.?? 213,215, 217-220 Mytant huntingtin protein (mtHtt) within
the mitochondria binds to valosin containing protein (\VVCP) erroneously, marking the mitochondria
for autophagy and resulting in neuronal cell death.?3-215 220 Neuronal loss is particularly
prominent in the striatum, where atrophy has significant impact on motor function and motor
planning, causing chorea or involuntary movement,212-215 217, 219,220 Although the HTT gene has
been identified and a genetic test is available to identify those individuals who carry the mutation
and will succumb to the disease, there is currently no therapy to slow or prevent disease
progression, only symptomatic treatments with limited impact.?!> 27 Recent developments of

therapeutics targeting the striatum via injection are invasive, have low efficacy, and are not
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sustainable.?® A clear and present barrier to treating HD remains to be solved, and this work
proposes to overcome that obstacle. If the engineered peptides have the anticipated inhibitory
effects in vivo, they will provide novel direction for therapeutic explorations and may ultimately
guide the development of long-awaited neuroprotective therapeutics for HD.

Pathogenesis of HD initiates in neuronal mitochondria when mtHtt binds to VCP, resulting
in mitochondrial autophagy as a mechanism of cell death.?13-215 220 Recently, a peptide known as
HV-3 has been shown in vivo to block VCP translocation to mtHtt in the mitochondria, rescuing
neurons from mitochondrial destruction. While this peptide is effective in animal models, poor
pharmacokinetics result in the need for continuous high dosing over long periods of time
significantly limiting the practical utility of HV-3 in the clinic.??° Of course, this kind of problem
plagues peptides generally. That is, many peptides have been explored as easily synthesized
biocompatible, target-specific therapeutic agents, but fail in translation.??1-2* A major factor is that
their inherently low molecular weight means peptides are readily renally cleared. Coupled with
this is that they further undergo rapid degradation by proteolytic enzymes in vivo (in cells, tissues,
body fluids). Therefore, high injected doses are needed to achieve therapeutic concentrations.?
225 \We offer the development and optimization of a new, therapeutic version of HV-3 that blocks
mutant Huntingtin (mtHtt) from binding VCP, thus ameliorating Huntington’s Disease
pathology.??°

Protein-Like Polymers (PLPs), globular, peptide-based structures, assembled around a
hydrophobic core (synthetic polymer), displaying active amino acids for recognition and function
in a controlled, precise manner. We propose this as a new class of “polypeptide” where peptides

form side chains of the main backbone of a polymer framework, in contrast to the classical,
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biological, linear polypeptide configuration. Peptide monomers are polymerized into
macromolecular chains of high density known as brush polymers that protect the peptide from
degradation and prolong circulation without compromising bioactivity.1%: 1% 226 \We envision that
this PLP platform will provide a general, accessible route to the development of proteolytically-
resistant peptides capable of performing the functions inherent to the peptide, such as inducing a

therapeutic effect.

7.2 Results and Discussion

7.2.1 Synthesis of HV3 PLPs

We have designed various candidates for HD therapeutics featuring peptides with the HV -
3 sequence and positive amino acids arginine or lysine to assist in cell penetration. Instead of the
original sequence of the HV-3 peptide (HVLVMCAT), we substituted cysteine to serine
(HVLVMSAT) due to the possibility of disulfide bond formation between the monomers. Four
different monomers were polymerized using ring opening metathesis polymerization (ROMP)
with a ruthenium initiator (Figure 7.1). Different numbers of positive amino acids (Figure 7.1, blue)
were introduced to each monomer to investigate the cell penetrating effect, thus replacing cell

penetrating peptide (TAT) of the original sequence for the HV3 peptide.



143

Chemical Structure :
Protein-like-Polymer(PLP)
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Figure 7.1 Structure of Protein-Like Polymer (PLP). HV3 peptide analogs with different number
of positive charged amino acids (blue) were polymerized into PLPs using ROMP polymerization
technique.
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7.2.2 Mortality Assessment of Mutant Striatal Cells

We conducted in vitro assays to examine the bioactivity of the PLPs. HD mouse striatal
HdhQ111 (mutant) cells were used to profile the cell viability upon treatment of PLPs (Figure 7.2).
The cell viability was over one hundred percent upon treatment of HV3 peptide and PLPs, which
indicates that both HV3 peptide and PLPs recue the serum-starved mutant cells. We have reasoned
that the HV3 peptide showed higher cell viability than PLPs due to the protective characteristics
of the highly dense peptide monomers in the polymer sidechains. P3 was excluded from further

tests as a candidate as it had the lowest success in increasing cell viability.
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Figure 7.2 Cell viability of different PLPs. HV3 peptide and PLPs were treated to the HD cells
once a day for 3 days. Concentration was 3uM with respect to peptide.
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7.2.3 Association of HV3 PLPs to the VCP Protein

To prove whether the PLPs engage the expected target (VCP) comparably to the original
monomeric peptide, HV-3, we conducted protein binding assays. Immunoprecipitation analysis
was used to confirm binding of PLP to VCP, blocking binding to mtHtt (Figure 7.3). This indicates
the PLPs are viable therapeutic agents in that they successfully block the VCP binding to mtHtt
that triggers neuronal mitophagy and ultimately cell death. HV3 peptide, P1 and P4 exhibit better
prevention of VCP association to the mtHtt than the vehicle, while P2 exhibits similar extent of
prevention as the vehicle. These results exclude the P2 for the mitochondrial fragmentation

assessment.
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Figure 7.3 Prevention of association of VCP to mtHtt. Association of VCP to mtHtt was quantified
by immunoprecipitation (IP) followed by western blot upon treatment of HV3 peptide and PLPs.
Each HV3 peptide and PLPs were treated with 3 uM of concentration.
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7.2.4 Assessment of Mitochondrial Fragmentation

Mitochondrial fragmentation is the decisive hallmark of mtHtt striatal cells. Preventing the
mitochondrial fragmentation is a pivotal process for the health of striatal cells. To demonstrate the
ability of PLP to prevent the mitochondrial fragmentation, the mitochondrial morphology was
assessed by confocal fluorescent imaging (Figure 7.4). Whilst fragmented mitochondria were
observed with vehicle treatment, less fragmented mitochondria were identified upon treatment of
HV3 peptide, P1 and P4, indicating they can rescue the mtHtt cells from cell death. Although both
P1 and P4 exhibited the prevention of mitochondrial fragmentation, we chose P1 for the rest of the

studies due to the higher core peptide drug sequence (HVLVMSAT) loading in the PLP platform.
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Figure 7.4 Mitochondrial fragmentation assay. (A) Mitochondrial morphology was determined
by staining cells with anti-Tom20 antibody (Green). (B) The percentage of cells with fragmented
mitochondria relative to the total number of cells was quantitated. At least 100 cells per group
were counted.
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7.2.5 Assessment of Cellular Uptake

Poor membrane permeability is a major drawbacks of peptide drug. Many peptide drugs
fail to be delivered to the intracellular targets. As our target of interest, VCP, associates to the
mtHtt bound to the membranes of mitochondria, it’s crucial to prove that P1 can be translocated
into the cell. First, we evaluated the cellular uptake by confocal microscopy. Both HV3 peptide
and P1 were labeled rhodamine dye. We could observe the distinct intracellular red signal upon
the treatment of dye labeled treatment groups (Figure 7.5 A). Next, we quantified the materials by
flow cytometry (Figure 7.5 B). P1 showed much better cellular uptake than HV3 peptide and

rhodamine dye, demonstrating the exceptional transmembrane permeability of PLP platform.
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Figure 7.5 Cellular Uptake Assays. (A) Live cell confocal microscopy in HD95 cells. HV3
peptide and P1 were treated to the HD cells at concentration of 3uM with respect to peptide.
Green is cell membrane, red is treatment compound, and blue is nucleus. (B) Quantification of
mean fluorescence output of flow cytometry cellular uptake in striatal HdhQ111 cells.
Treatments: HV3 peptide, P1, rhodamine dye, and vehicle.
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7.2.6 Assessment of Mitochondrial Localization

Since the mitochondria is the target of the system, we evaluated the mitochondrial
localization of P1 in striatal HIhQ11 cells (Figure 7.6). To visualize the localization of the HV3
peptide and P1 to the mitochondria, we labelled the HV3 peptide and P1 with rhodamine dye (red)
and mitochondria with Mito Tracker (green). Both HV3 peptide (positive control) and P1 exhibited
yellow signal (overlap of red and green channels) upon the treatment while the treatment of
rhodamine dye (negative control) didn’t show the yellow signal (Figure 7.6). This demonstrates

that the P1 can be localized to the target mitochondria.
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Figure 7.6 Mitochondrial localization in striatal HdhQ111 cells. HV3 peptide, P1, and rhodamine
were treated to the striatal HdhQ11 cells at concentration of 3uM with respect to peptide. Yellow
signal shows overlap of green and red channels, signifying localization of compound in the
mitochondria. Green is mitochondria, red is treatment compound, and blue is nucleus.



149

7.2.7 Binding Interaction of PLPs to VCP Protein

We proceeded to study the interaction of VCP receptor with HV3 peptide and P1. Aqueous
solutions of HV3 peptide and P1 at various concentrations were assayed to study their binding
with the VCP receptor (Figure 7.7). We recorded a dissociation constant in the 9.2 x 108 M range
for P1 and 1.4 x 10° M for the HV3 peptide. These data indicate that the PLPs have stronger

affinity for VCP protein than HV3 peptide, demonstrating the multivalent effect of PLP system.
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Figure 7.7 Binding affinity of peptide and PLPs measured by bio-layer interferometry. Binding
kinetics of (A) HV3 peptide and (B) P1 were measured using VCP protein. (C) Dissociation
constants, on-rates and off-rates from BLI were summarized in the table.
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7.2.8 In Vitro Assessment of Blood Brain Barrier Translocation

In order to further understand and predict how the PLP will behave in vivo for a
neurodegenerative target, we assessed its ability to permeate the blood brain barrier (Figure 7.8).
Using human brain microvascular endothelial cells (HBEC-5i), we mimicked the same endothelial
cells that form a protective layer around the brain’s blood vessels. We treated cells with
fluorescently dye labeled compounds, including P1, HV3 peptide, and controls. Percent
translocation of materials across cell covered membrane was quantified, with both peptide and P1

showing translocation across the membrane, confirming the potential therapeutic use in vivo.
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Figure 7.8 Invitro blood brain barrier translocation assay. (A) Experimental design of blood brain
barrier assay, where human HBEC-5i cells control translocation of materials across membrane.
(B) % Translocation of compounds treated to HBEC-5i cells using formula (fluorescence outer
well —fluorescence from cell media)/(fluorescence control — fluorescence media). + control : NaF,

- control : vehicle.
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7.2.9 Stability Assay

A key feature of the PLP platform centers on the proteolytic resistance the polymer
backbone offers the peptide.1® 22" Comprehensive enzyme degradation studies were conducted to
ascertain the extent to which proteolysis is abated by the peptides being protected in the polymer
form (Figure 3). In separate tests, pepsin and chymotrypsin were added to the PLPs across substrate
concentration ranges. Analytical HPLC was used to evaluate fragment species existence and to
determine percent cleavage as a function of time. Enzymes are chosen for their ability to fragment
the peptides at only one cleavage site. Pepsin is one of the main stomach digestion enzymes. It
cleaved HV3 peptide into two different fragments in 50 min (Figure 7.9 A). On the other hand, P1
was not cleaved into the fragment (SATRR) in the same period of time. This was confirmed by
overlapping the HPLC peak with the synthesized fragment (Figure 7.9 B). Interestingly, the
protection of P1 to the pepsin remained up to 450 min (Figure 7.9 C). Also, the stability of P1 was
confirmed by incubating materials in the serum. While HV3 peptide degraded fast in either 10%
FBS or 20% FBS condition, P1 didn’t show any degradation in the same condition.

To verify that the PLPs retain their bioactivities after the treatment of enzymes or serum, cell
viability was assessed (Figure 7.10). HV3 peptide and P1 were pretreated with trypsin, pronase
and 10% FBS prior to incubation with HD cells. A dramatic comparison emerges in which cells
treated with enzyme or serum digested HV3 peptide show decreased cell viability relative to those
treated with undigested peptide. In contrast, P1 displayed similar cell viability upon the incubation

after pretreatment with enzyme or serum.
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Figure 7.9 Enzyme degradation and serum stability assays. The degradation kinetics of both
HV3 peptide and P1 under the treatment of pepsin (pH2) was monitored by HPLC (A-C). (A)
HV3 peptide (solid line) was degraded into cleaved product (dashed line). (B) P1 (solid line)
was not degraded after the incubation in the pepsin enzyme for 50 minutes (dashed line).
Expected fragment peak didn’t overlap with dashed line, indicating that there is no degradation
of P1. (C) Percent cleavage kinetics of HV3 peptide and P1 upon the treatment of pepsin in pH2
buffer. (D) Percent cleavage kinetics of HV3 peptide and P1 upon the treatment of 10% and

25% FBS.
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Figure 7.10 Cell viability assay with enzymes or serum pretreated materials. (A) Cell viability
after pretreating HV3 with different enzymes and 10% FBS. (B) Cell viability after pretreating
P1 with different enzymes and 10% FBS. One-way ANOVA with multiple comparisons of
the mean in each group with that of enzyme-untreated materials was used for analysis of cell
viability. Statistical significance was defined as follows : N.S. (p > 0.05), * (p <0.05), ** (p
<0.01), *** (p <0.001), and **** (p <0.0001).

7.2.10 Pharmacokinetic Profiles and Biodistribution

Polymers are polydisperse, and thus a method other than traditional LC-MS of plasma must
be used to quantify its presence in blood and organs. With the gadolinium terminating agent tag
we designed, we could facilely track the PLP in blood and tissue using ICPMS to analyze Gd levels
in blood and tissue samples (Figure 7.11). The pharmacokinetics of the Gd tagged PLP follows
the two-compartment model: there is an initial 20 minutes half-life with a distribution phase,
followed by an extended 152 hour half-life of the elimination phase. The majority of the compound

injected ends up in the liver and kidney, primary sites for drug metabolism. This PLP is detectable
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3000x longer than the native peptide. Two-way ANOVA shows that there is no significance
between the concentrations in the brain, striatum, and cortex for all time points, suggesting an

average concentration of 0.6ug/g is the maintained concentration after 5 min.
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Figure 7.11 Pharmacokinetics and biodistribution of Gd-P1. CD36 mice, WT for HD R6/2 mice,
were dosed with 10mg/kg of Gd-P1 with respect to peptide (N=5 per group). Doses were
administered 1V via tail vein. Gd-P1 concentration was quantified by ICPMS and compared to
calibration curve. (A) Full pharmacokinetic profile of Gd-P1 with predicted two-compartment
model trend outlined overlayed with pharmacokinetic data. (B) Distribution phase of the
pharmacokinetic profile of Gd-P1 from 5 minutes to 2 hours. Elimination half life is 20 minutes.
(C) Elimination phase of the pharmacokinetic profile of Gd-P1 from 2 hours to 168 hours.
Distribution half-life is 152 hours. (D) Biodistribution of Gd-P1. ug of P1 per g of organ across
main timepoints, organized by organ.
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7.2.11 Behavioral Analysis and Neuropathology

Huntington’s phenotype R6/2 mice from Jackson laboratory have previously been used to assess
efficacy of HV3 peptide. The accepted phenotype is a decrease in motor coordination (rotarod), general
motility, and body weight as mice age from 5 to 13 weeks. R6/2 mice exhibited progressing deficits in
motor deficits in the rotarod test, suggesting decreasing motor coordination and learning ability (Figure
7.12 A). Treatment with P1 significantly increased body weight of R6/2 mice compared to HV3 peptide
and saline control (Figure 7.12 B). In a head-to-head comparison, R6/2 mice treated with HV3 peptide and
saline displayed less survival rate than P1(Figure 7.12 C).

The levels of dopamine signaling protein, DARPP-32, enriched in medium spiny neurons are
decreased in the striatum of HD patients and mouse models. Thus, DARPP-32 has been used as a marker
to assess neuronal degeneration in HD mouse models. Western blot analysis of striatal extracts revealed a
significant reduction of DARPP-32 protein levels in R6/2 mice. P1 treatment more significantly increased
DARPP-32 levels when examined by immunoblotting (Figure 7.12 D). Significantly higher ratio of
DARPP32 over actin for polymer vs both peptide and saline control indicate more DARPP32 is present in
brains of PLP samples (Figure 7.12 E). This suggests fewer striatal neurons have died, thus signaling

efficacy of PLP.
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Figure 7.12 Behavioral analysis and neuropathology. HD R6/2 mice and wild type litter mates
were dosed with 3 mg/kg/day (with respect to peptide) of P1, HV3 peptide and saline from 6-13
weeks of age. Continuous dose administered via subcutaneous alzet osmotic pump. Groups: HD:
P1, HV3 Peptide, Saline; WT: P1, Saline. (A) Rotarod performance of HD R6/2 was evaluated at
the indicated age (n=7-14 mice per group). (B) Body weight was recorded from the age of 5-12
weeks (n=7-14 mice per group). (C) Survival rate was evaluated from the age 8-12 weeks (n=7-
14 mice per group). (D) DARPP-32 protein levels were evaluated by WB of R6/2 mouse striatal
lysates with representative image and (E) histogram of quantification of DARPP-32 levels. Actin
was used as a loading control. n=4-8 mice/group.
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7.3 Conclusion

In summary, we present the protein-like polymer (PLP) system for the treatment of
Huntington’s Disease. While the HV3 peptide prevents the neuronal death of mutant mouse striatal
cells by impeding the VCP recruitment to the mtHTT, their clinical trial is limited due to their
instability in the biological environment. To address this drawback, we employed the HV3 peptide
into the densely packaged polymer (HV3 PLP). HV3 PLP showed good in vitro bioactivity with
similar extent of HV 3 peptide. Furthermore, we demonstrated an exceptional stability of HV3 PLP
compared to the peptide by in vitro stability assays and pharmacokinetic profiling. Especially,
HV3 PLP presented extended distribution half-life (ti2 = 20 min) and elimination half-life (tuz =
152 hr) than HV3 peptide (undetectable), proposing its prospect as a novel peptide drug platform

for the treatment of Huntington’s disease.

7.4 Experimental Details

7.4.1 Polymerization of Library of HV3 PLPs.

HV3 PLPs were achieved by ring-opening metathesis polymerization (ROMP) under
nitrogen gas in a glove box. Norbornene conjugated peptide monomers (20 mg, 15.0 equiv.) were
dissolved in degassed DMF with 1M LiCl. Next, the olefin metathesis initiator
(IMesH2)(CsHsN)2(Cl)2Ru=CHPh stock solution (1.0 equiv., 20 mg/mL in DMF) was quickly

added into the monomer solution. The solution was left to stir for 12 h until the full consumption
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of monomers. After the polymerization, the polymer solution was further purified via dialysis into

deionized water. Finally, the polymer product was obtained by lyophilization.

7.4.2 Cell viability

Mouse striatal HdhQ111 cells were plated at a density of 5000 cells per well of a 96 well
plate 18 hours prior to treatment. Cells were treated with HV3 peptide or PLPs at 3uM with respect
to peptide once a day for 3days. The medium was replaced every day. Cell viability was assessed
using the CellTilter-Blue assay. The medium was removed and 80 uL of new medium without
phenol red was added followed by adding 20 pL of CellTilter-Blue reagent. The cells were
incubated for 3 hours at 37 °C. The fluorescence was measured at 560 nm excitation and 590 nm

emission wavelength.

7.4.3 Confocal Laser Scanning Microscopy

Mouse striatal HdhQ111 cells were plated in a 4-chamber 35mm round glass-bottom dishes
at a density of 50,000 per well. Cells were incubated for 24 hours in a 5% CO2 atmosphere at 37
°C. HV3 peptide, HV3 PLPs, rhodamine dye, and vehicle control in 10% FBS DMEM medium
without phenol red were incubated with the cells for 24 hours, respectively. The cell nuclei (stained
with Hoechst) was accomplished using a 405 nm laser with a 15% laser power. The cell membrane
(stained with Wheat Germ Agglutinin, Alexa Fluor 488 Conjugate) was accomplished using a 488
nm laser with a 12% laser power. The mitochondria (stained with Mitotracker Green FM) was
accomplished using 490nm laser with a 12% laser power. Cell imaging for Rhodamine

fluorescence was accomplished using a 543 nm laser with an 8% laser power.
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7.4.4 Cellular Uptake Measurement

For cellular uptake measurement, mouse striatal HdhQ111 cells were plated in 12-well
plates at a density of 100,000 per well and incubated for 24 hours in a 5% CO2 atmosphere at 37
°C. HV3 peptide, HV3 PLPs, rhodamine dye and vehicle control in 10% FBS DMEM medium
without phenol red were incubated with the cells for 24 hours respectively. After triple washing
with DPBS, 100 pL of 0.25% Trypsin-EDTA was added to each well for 10 min at 37 °C. The cell
uptake study was analyzed through flow cytometry by using a BD FacsAria Ilu 4-Laser flow
cytometer (Becton Dickinson Inc., USA). Mean fluorescence intensity was prepared for

presentation using FlowJo v10.

7.4.5 VCP Protein Association Assay

HEK293 cells were cultured and plated one day before treatment. Cells were pre-treated
with HV3 peptide or PLPs at 3uM for 2h. Cells were then co-transfected with GFP-VCP and myc-
Q73 FL plasmids. Cells were treated with a second dose of peptide or PLPs 6 hours after
transfection, and a final third dose of peptide or PLPs treatment was administered 24 hours after
transfection. Cell total lysate was harvested 48 hours after transfection, and immunoprecipitation
analysis was performed to test the binding between mtHtt and VCP (IP myc—WB VCP). VCP
binding to mtHtt was highly prevented by both P1 and P4, while poor performance in binding

excludes P2 as a candidate.
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7.4.6 Bio-Layer Interferometry (BLItz) Binding Assay

Binding affinity were measured by using BLItz instrument. The anti-HIS sensor (HI1S2)
was hydrated before the installation. After the sensor installation to the BLItz instrument, histidine
tagged VVCP proteins (50 ug/ml in sodium acetate buffer at pH 6.5) were immobilized on the sensor.
HV3 peptide and P1 were dissolved in the Tris buffer (pH 8.4) with range of concentration. Using
BLItz instrument, the dissociation constant (Kp), on-rate (ka) and off-rate (kd) of each analyte were

measured.

7.4.7 Blood Brain Barrier Translocation Assay

For Blood Brain Barrier translocation assay, human brain microvascular endothelial cells
(HBEC-5i cells) were seeded onto microporous membrane well inserts and cultured for 8 days to
develop tight junctions. After 8 days, dye labeled compounds HV3 peptide, P1, positive control
NaF and vehicle are treated in media on apical side of well. After 24 hours, media collected from
basolateral side of wells, fluorescence read by plate reader, and % translocation calculated using
formula (fluorescence outer well — fluorescence from cell media)/(fluorescence control —

fluorescence media).

7.4.8 Enzyme Degradation Assay

For the enzyme degradation assay, we chose pepsin as a model enzyme. The molar
concentration of pepsin was set to 0.1 pM. The concentration of side-chain peptides

(HVLVMSATRR) was set to 200 uM with respect to peptide. Also, the temperature was set to
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37 °C to match the body temperature. In a typical experiment, HV3 peptide and P1 were dissolved
in 500ul of pH 2 buffer solution respectively. Next, 5 pL of pepsin stock solution (10 uM) was
added into the peptide/PLP solution which was subsequently stirred on the heating plate at 37 °C.
In this case, the molar ratio of peptide substrate to enzymes was 2000: 1. During the cleavage,
aliquots were taken for HPLC analysis at predetermined time points. Each degradation experiment

was repeated three times.

7.4.9 Pharmacokinetics

CD1 mice were purchased from Charles River laboratory and housed in Northwestern
University’s CCM core, handled by the DTC. All of the mice were maintained with a 12-h
light/dark cycle (on 06:00 hours, off 18:00 hours) and acclimated for 1 week. Mice were dosed via
IV with 10mg/kg with respect to peptide with a dose for a 30g mouse being 0.189mg of polymer
in 100uL of saline.

At timepoints of 5 minutes, 10 min, 20 min, 30 min, 40 min, 50 min, 1 hour, 2 hr, 4 hr, 8
hr, 24hr, 48 hr, 72 hr, 96 hr, and 168 hr, mice were anesthetized and exsanguinated. (N=5). Whole
blood was collected in pre-weighed falcon tubes. Livers, kidneys, striatum, cortex, and rest of the
brain tissue were collected in pre-weighed tubes. Tubes were weighed again, to determine total
mass of tissue collected in each tube.

To each tube of all samples except liver, 300 ul of conc nitric acid and 30% hydrogen
peroxide were added. Liver samples had 500ul of conc nitric acid and 30% hydrogen peroxide
added. All samples were digested in a 65°C water bath for 24 hours, until solutions were

transparent. Tubes were diluted to 5ml total volume (10ml for liver) with Millipore water, and
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weighed for a final time. After this point, any excess digested tissue that precipitated was removed
by centrifugation and saving the supernatant. Each sample was run on high resolution ICPMS,
which, after calibration with known Gd concentrations, resulted in exact Gd concentration in ppb
of each sample. Ppb of Gd directly related to the calibration curve of known Gd PLP concentrations
and was used to calculate the amount of PLP present in each sample.

Pharmacokinetics expert Dr. Michael Avram was consulted to perform statistical
pharmacokinetics analysis and assist in plotting two-compartment pharmacokinetic half-life

profile.
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