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ABSTRACT OF THE DISSERTATION

Design and delivery of nanoscale therapeutics for myocardial infarction

by
Holly Sullivan
Doctor of Philosophy in Bioengineering

University of California San Diego, 2022

Professor Karen L. Christman, Chair

Myocardial infarction (MI) affects nearly 800,000 people every year in the United States.
As it stands, treating patients during the acute phase of Ml is highly limited due to the fragility of
the infarcted heart. Thus, minimally invasive intravenous administration of targeted nanoscale
therapeutics has the potential to allow for more effective treatment of the heart during this acute

phase of MI, a therapeutic window in which more invasive procedures are not feasible. Using an
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ischemia-reperfusion injury model in rats, we assessed three different nanoscale platforms:
polynorbornene nanoparticles, a degradable copolymer nanoparticle, and a polynorbornene
protein-like polymer. All these systems leverage the enhanced permeability and retention effect
in the infarcted region of the heart and extravasates into the injured myocardium, undergoing a
morphological switch from the nano to the micron-scale when cleaved by endogenous MMPs in
the infarct. First, we demonstrated the aggregation and localization of matrix metalloproteinase
(MMP) responsive peptide-polymer amphiphile polynorbornene nanoparticles carrying a small
molecule MMP-inhibitor to the heart following acute myocardial infarction (Ml). In addition, we
showed that drug incorporation onto the nanoparticle backbone improved significantly improved
it's the maximum concentration at which it could be tolerated compared to free drug treatment in
vitro while also maintain the drug’s bioactivity. Next, we assess the degradable nanopatrticle for
cytocompatibility, infarct-localization, and biodistribution over time. We found that this material
successfully degrades over time while exhibiting distinct and beneficial biodistribution compared
to previous work. Lastly, we investigated the biodistribution and mechanism of accumulation using
a protein-like polymer. We observed strong colocalization of this material with necrotic
cardiomyocytes in the infarcted region and favorable biodistribution that preferentially biased
accumulation in the kidneys over other satellite organs. All these material approaches are highly
versatile and can be easily adapted to carry various therapeutic payloads, making them a potential

platform for targeted drug delivery to areas of inflammation.
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Chapter 1. Targeted nanoscale therapeutics for myocardial infarction

1.1 Introduction

Nanoscale therapeutics have promise for the administration of therapeutic small molecules
and biologics to the heart following myocardial infarction. Directed delivery to the infarcted
region of the heart using minimally invasive routes is critical to this promise. In this review, we
will discuss the advances and design considerations for nanoparticle therapeutics engineered

to target the infarcted heart.

In 2017, ischemic heart disease affected almost 126 million people globally and led to
the death of nearly 9 million people, making it the leading cause of mortality in the world?.
While ischemic heart disease represents various clinical conditions, one of its primary
manifestations is myocardial infarction (MI). Though techniques have been developed that
aid in revascularization and mitigation of further tissue damage after an Ml, these practices do
not promote cardiac repair. Biomaterial platforms and gene therapy have emerged as exciting
regenerative medicine methods for treating the heart post-MIl. The administration of
therapeutics to the heart can be achieved in various ways. Intramyocardial injection can be
performed by surgically opening the chest but can also be done via a transendocardial
injection catheter. This method is not a good option for administration to the heart during the
acute phase of Ml as the heart is more prone to arrhythmias and the wall is at higher risk of
rupture®®. Another option is intracoronary infusion, which is performed via catheterization.
While these catheter-based technigues are less invasive, intracoronary infusion allows for less

control of material dissemination and transendocardial injections are technically challenging’.

The current clinical standard of care for patients during the acute phase of Ml includes
angioplasty, stenting, and administration of pharmaceuticals®. While these methods are useful
in initiating reperfusion and reducing oxygen demand in the heart, they are not able to address

imbalances within the heart that arise due to ischemic damage. There is a need for therapies
1



that can be safely administered to patients while also delivering novel therapeutic payloads
that are capable of addressing physiological issues that are present on the cellular level.
Current bioengineering-based strategies in the form of cardiac patches or injectable
biomaterials® 1° have shown therapeutic efficacy but are more suited towards patients in the

sub-acute and chronic phases of Ml as they require surgical or transendocardial delivery.

Ideally, administration of therapeutics post-MI should be less invasive or non-invasive,
as accomplished through methods like intravenous (1V) injection or oral ingestion. However,
systemic administration of therapeutics often faces limitations in efficacy due to off-target
effects and short circulation times. To further complicate these issues, many of the
therapeutics are not water-soluble, limiting their physiological application in vivo!! 12, These
issues go beyond small molecules. Cardiovascular medicine has become increasingly
focused on the use of biologics (miRNAs, therapeutic transgenes, siRNAs, etc)*?5. These
payloads face their own and parallel issues with the aforementioned small molecule drugs—
limited efficacy with off-target effects and short circulation times. To overcome these
challenges, drugs and biologics can be packaged into various delivery platforms that have
been modified to accumulate at the site of interest, decreasing the necessary dose and

mitigating off-target effects.

Properly designed nanoparticles have been shown to improve the delivery of various
therapeutic payloads to the heart after MI. During the ischemic period, there is a decrease in
flow-related shear stress on luminal endothelial cells—resulting in abnormal endothelial-
dependent relaxation and enhanced permeability*®-1°. Nanoparticle delivery to the heart relies
on this permeability effect for extravasation into infarcted tissue, but retention must be
improved through the use of a specific targeting mechanism. In this review, we will discuss
the current state of the field and utility of nanoparticles as nanoscale therapeutics that can be

administered minimally invasively to treat Ml (Figure 1.1). Specifically, we will focus on the
2



design elements that are taken into consideration when developing these nanoscale

therapies.

Nanoparticles

Mate‘n}sa'tyy {gfng methods
i A
Composition [ Cardiac markers ] Immune Response
Liposomes, iron, Injured Protease
exosomes, cardiomyocytes, upregulation,
Polymers (PEG, PLGA, mitochondria, AT, adhesion molecules,
etc) receptor pH, ROS
L r

Figure 1. 1. Nanoscale therapeutics used for cardiac applications.
Nanoparticles of various compositions and serotypes can be modified for improved delivery to
the heart post-Ml.

1.2 Nanoparticles that target the infarcted region of the heart

Nanoparticle therapeutics have emerged as a novel way to revitalize therapeutics that have
limited in vivo application due to poor solubility or deleterious side effects. Incorporating
therapeutic payloads into a nanoparticle system has been shown to increase circulation time
and improve therapeutic retention in preclinical models?° 2!, While the preclinical research and
clinical trial landscape for nanoparticle therapeutics has been overwhelmingly ruled by cancer
applications??, the field is becoming more diverse. Nanomedicine for cardiovascular
applications is newer than in oncology but is seeing rapid development and growth?3. Since
2016, two nanopatrticle platforms have been approved by the FDA for imaging applications
post-MI?4 but there have not been any FDA approved nanoparticle platforms for treatment of
the infarcted heart. Nanomedicine was initially seen as a way to increase drug circulation time
and reduce systemic toxicity. However, as the field has advanced, materials have become

increasingly complex with more functionalization to aid in site-specific delivery. Though this

3



increased in design complexity has led to a slowdown in clinical progress?, it will allow for the
development of more effective nanoparticle platforms that can traffic through the body safely
and accumulate in the infarcted region for optimal efficacy. Here we will discuss nanoparticle
targeting methods into two main categories, designs that take advantage of the immune

response and those that are created to interact with cardiac-specific features (Table 1.1).

While nanoparticles have increased circulation time compared to freely administered
small molecules and biologics, they are still subject to off target accumulation, specifically in
satellite organs such as the kidneys and liver; organs designed to clear such materials, making
this task inherently difficult?>. Generally, their potential systemic effects remain a limiting factor
in the clinical translation of nanoparticles. However, with thoughtful material design, it is

possible to improve site-specific delivery as is seen in several cases we will highlight.

To design vehicles that target the heart, itis crucial to understand the underlying biology during
and following MI (Figure 1.2). The upregulation of certain enzymes and cytokines as well as
the influx of immune cells into the infarcted region of the heart represent unique biological
signatures that can be leveraged and utilized as markers for targeting. In addition, production
of reactive oxygen species (ROS) has been shown to have a significant role in the
pathogenesis of vascular damage!® and leukocyte chemotaxis?® to the area of injury.
Neutrophils are the first inflammatory cell to infiltrate into the infarct with macrophages of
various subsets following at a later stage?’. Matrix metalloproteinase (MMP) production is
upregulated in the heart within 10 minutes after occlusion?’. Out of the many types of MMPs,
MMP-2 and MMP-9 are specifically upregulated during the acute phase of MI and remain at
high levels of expression for months?. Accompanying this intense inflammatory response,
there is a decrease in the pH of the heart following Ml by at least a unit, from 7.4 to ~6.42".
These alterations in the heart microenvironment can serve as inspiration for targeted design

of therapeutics.



Neutrophil

©

P Selectin
Y

Figure 1. 2: The inflammatory response during the acute phase of MI. The inflammatory
response during the acute phase of MI.

Hallmarks of this response include recruitment of neutrophils to the infarct via adhesion
molecules P selectin and vascular cell adhesion protein 1 (VCAM-1). Additionally, matrix
metalloproteinases (MMP) 2 and 9 are upregulated and begin to degrade the collagen in the
heart. Apoptotic cardiomyocytes release inflammatory cytokines such as IL-6 that activate
inflammatory cascades in fibroblasts, immune cells, and vascular cells.
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1.2.1 Nanoparticles that target hallmarks of inflammation and wound healing

To determine features of the inflammatory response, we will specifically focus on physiological
abnormalities in heart that are a response to hypoxia, such as increased protease activity,
acidity, and vasculature damage. The most common way of imparting a targeting mechanism
to a nanoparticle is via surface functionalization. Scott et al. utilized this design method by
decorating the surface of immunoliposomes (180 + 35 nm) with antibodies that bind P-selectin.
P-selectin, a cell adhesion molecule, exhibits increased expression in the vasculature of the
infarcted region and has been used to localize the delivery of VEGF post-MI?°. Using a rat
model of MI, animals were injected with their treatment via the tail vein immediately after
induction of the ischemic injury. This targeted method resulted in a significant increase in
fractional shortening and improved systolic function compared to systemic free VEGF
treatment, demonstrating the efficacious advantages of utilizing targeted therapies. In addition
to functional improvement, a significant increase in number of vessels and number of perfused
vessels in the heart compared to an untreated control was noted after 4 weeks. However, the

vessels in the free VEGF group were not quantified.
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Figure 1. 3: Enzyme responsive nanoparticles accumulate in the infarcted region of the
heart.

(A) H&E images of hearts at various time points. (B) a-actinin (green) stained hearts following
IV nanoparticle injection shows accumulation and retention of rhodamine-labelled particles
(red) in infarcted areas (white boxed region) up to 28 days post-injection compared to a non-
responsive (NR) nanoparticle control (bottom row). (C) Magnified boxed region from column
B. Reproduced from ref. 31 with permission from WILEY - V C H VERLAGGMBH & CO.
KGAA., copyright 2015.

Another robust example of surface functionalization is through the incorporation of an
enzyme-responsive peptide sequence to the polymer backbone of the nanoparticle. Nguyen
et al. designed peptide-polymer amphiphiles composed of a hydrophobic polymer backbone
(polynorbornene) followed by the conjugation of a hydrophilic peptide sequence
(GPLGLAGGWGERDGS) that is recognized and cleaved by MMP-2 and MMP-9%. Once
cleaved, the hydrophobic core of the nanoparticle is exposed, causing aggregation from the

nano-scale (15-20 nm) to the micron-scale. This morphological switch enhances nanoparticle



retention in the infarct. Nanoparticles administered via IV injection one day post-MI in a rat
model showed selective aggregation of particles in the heart only when the MMP-cleavable
peptide is conjugated to the polymer backbone (Figure 1.3). This was validated through the
use of a non-responsive control peptide sequence that did not lead to nanoparticle aggregation
after exposure to MMPs. While methods such as these for targeting areas of inflammation do
lead to MI targeting, they are still subject to off-target accumulation due to the fact that they

are not cardiac-specific and there can be other areas of active inflammation in the body.

Targeting the owBs integrin, which is upregulated in endothelial cells during
angiogenesis®, is another technique that has been used to target the heart. The cyclic peptide
sequence arginyl-glycyl-aspartic acid (RGD) was used to improve cell anchoring, specifically
in cardiac applications. Dong et al. designed solid lipid nanoparticles (SLN)3? covered in a
layer of polyethylene glycol (PEG), a surface modification known to improve the circulation
time®, and modified the surface of the particle with the RGD peptide sequence to enable
improved cell-surface binding (110.5 nm). The small molecule puerarin (PUE), a reactive
oxygen species scavenger®* 5, was encapsulated within the core of the nanoparticle.
Following induction of MI via ligation of the left descending coronary artery in rats, the
therapeutic efficacy and biodistribution of the RGD/PEG-PUE-SLN was compared to IV
administration of saline, free drug, drug encapsulated in plain SLN, and drug encapsulated in
PEGylated SLN administered immediately after injury. The RGD/PEG-PUE-SLN treated
animals demonstrated increased nanoparticle accumulation in the heart compared to satellite
organs and significantly decreased infarct size compared to all other treatment groups. More
recently, RGD has also been used to successfully deliver miR-133 to the heart using
polyethylene glycol-polylactic acid nanopatrticles. It was shown to increase miR-133 levels in
the infarcted area and improve heart function®¢, demonstrating the versatility and function of

RGD in targeting the heart acutely post-MI. However, RGD can also be used to target other



regions in the body where there is active wound healing or angiogenesis and is therefore not

only cardiac-specific®’-°.

Stem cell membranes have been used as another method for targeting the infarcted
heart®. Yao et al. designed mesoporous silica nanoparticles camouflaged with mesenchymal
stem cell membranes to deliver microRNA-21, which is involved in cardiogenesis and cardiac
regeneration (~110 nm). These stem cell membranes cloak the nanocomplexes from immune
clearance while also imparting exosome-like qualities to this platform. Specific integrins on the
membranes of mesenchymal stem cells can bind to the overexpressed intercellular adhesion
molecule-1 (ICAM-1) on endothelial cells** and injured cardiomyocytes*2. One day post-Ml in
a mouse model, these nanocomplexes were injected via the tail vein every day for three days.
Whole organ imaging post-administration demonstrated strong accumulation of membrane-
coated NPs in the heart (Figure 1.4). Functionally, administration of membrane-modified
nanoparticles delivering microRNA-21 resulted in a significant increase in ejection fraction and
fractional shortening as well as a reduction in myocardial scar size and cellular apoptosis
compared to a non-targeted control. There was also a significant increase in Ki67 positive
cardiomyocytes in the injured region of Ml hearts in response to membrane-cloaked patrticles,
suggesting cardiomyocyte proliferation. While this method shows promise in targeting the
infarct, it relies upon the upregulation of ICAM-1, which is a consequence of inflammation and
is not solely cardiac-specific. To improve targeting capability, one can consider designing

nanoparticle platforms that interact with biological signatures that are unique to the heatrt.
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Figure 1.4: Improved localization of mesoporous silica nanoparticles (MSN) in the heart
with the addition of cell membranes (CM).

(A) Cy-3 labeled miRNA delivered using CM-modified MSNs resulted in higher accumulation
in the heart compared to an MSN alone and a scrambled miR sequence (miR-sc). (B) CM-
miR-MSN demonstrated enhanced blood circulation compared to controls. Reproduced from
ref. 41 with permission from Elsevier, copyright 2020.

1.2.2 Targeting protein and cellular features within the infarct

To expand on inflammatory response targeting mechanisms that have been previously
discussed, there is also a growing list of ways in which nanoparticle platforms are being
designed to localize to features that are present in the heart. By incorporating multiple
targeting moieties, Cheng et al. designed a “nanomatchmaker” comprised of an iron core that
is capable of linking therapeutic cells to injured cells through the use of antibody conjugation
to the nanoparticle surface (95.7 + 14.5nm)*. This platform (called MagBICE_) uses anti-CD34
and anti-myosin light chain (MLC) antibodies to tether endogenous bone marrow derived stem
cells (CD34) to injured cardiomyocytes (expressing MLC). Nanopatrticles were 1V injected 10
minutes after injury in a rat model of MI. To enhance nanoparticle targeting to the heart, some
animals were subjected to a magnetic field that interacted with the nanoparticle’s iron core.
Animals were then harvested after 4 weeks to evaluate therapeutic efficacy. MagBICE:
demonstrated significantly higher iron intensity and CD34" cells in the injured myocardium
compared to animals treated with an iron nanoparticle control, Feraheme (FH). In addition,
nanoparticle treatment increased the amount of viable tissue, as evaluated via Masson’s

trichrome, and improved left ventricular ejection fraction. These trends were further improved
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when a magnetic field was applied to enhance nanoparticle localization. Magnetic field
targeting further enhanced cardiac functional improvement over nanoparticle administration
alone, demonstrating the utility of the iron core design. Overall, this platform is interesting in
that the targeting moiety also acts as a mechanism for therapy, resulting in a simple but
therapeutically efficient design. One can also see how this platform could be easily adapted

to bear other antibodies, making it more versatile.

In vivo phage display is a technique that has emerged as a method for discovering
tissue-specific targeting methods**. A phage library is injected in vivo and allowed to circulate
for a certain amount of time at which point, the tissue of interest is collected, and the phages
are isolated and amplified to be injected again. This process is repeated several times to
isolate the phages that are known to localize to the site of interest. These phages can then be
sequenced and used as targeting moieties. Kanki et al. completed this process for the
ischemic left ventricle in a rat model of ischemia reperfusion with a Ph.D.-C7C phage library
injected 10 minutes post-injury*®. Three peptide motifs that demonstrated preferential binding
to the ischemic myocardium compared to uninjured animals were identified. By conjugating
these sequences to the recombinant fluorescent protein SUMO-mCherry, they assessed the
affinity of each sequence to the ischemic myocardium and found that the sequence
CSTSMLKAC localized best to the heart after MI. This sequence bears similarity to titin, a
cytoskeletal protein that binds to alpha-B crystalline, thereby protecting titin from ischemic
damage. Though the exact mechanism by which this peptide sequence targets is unknown, it
is postulated that it is through interactions with alpha-B crystalline. This “cardiac homing
peptide” sequence has been used to aid in targeting IV injection of exosomes to the infarcted
heart 24 hours post-MI*. Both in vitro and in vivo, conjugation of the peptide sequence to
exosomes was achieved through the use of a DOPE-NHS linker. When comparing the efficacy

of exosomes conjugated to the cardiac homing peptide versus a scrambled peptide sequence,
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there was a significantly higher ejection fraction and amount of viable myocardium in addition
to decreased infarct size (Figure 1.5). Not only did the addition of a targeting peptide increase
localization to the area of interest, it also allowed for a significant increase in cellular uptake
of the exosomes, as demonstrated in vitro. The exploration of peptide sequences that target
the heart has also been done by another group using an M13 phage library*’. Using the same
biopanning method of multiple rounds of injection, isolation, and amplification, they discovered
the peptide sequence, APWHLSSQYSRT. Similar to the cardiac homing peptide, this
sequence also shows improved localization and internalization in the heart in vivo and could

also be used to aid in targeted therapeutic delivery to the heart.

During ischemic injury, the mitochondrial membrane is damaged in cardiomyocytes.
This leads to mitochondrial dysfunction and, ultimately, cardiomyocyte death that is mediated
by the opening of the mitochondrial pore complex in the inner mitochondrial membrane. Zhang
et al.*® developed lipid-polymeric nanoparticles that enable mitochondrial-targeted delivery of
tanoshine IlIA, a cardioprotective medicinal herb*. These lipid nanoparticles were modified
with the triphenylphosphonium (TPP) cation to target mitochondria and D-a-tocopheryl
polyethylene glycol 1000 succinate (TPGS) to prolong blood circulation and enhance cellular
uptake (~140nm in diameter). Following permanent occlusion of proximal left coronary artery,
rats were injected via the tail vein every other day for 14 days. Targeted nanopatrticles with
the TPP cation showed significantly higher drug accumulation and reduced infarct size in the

heart compared to non-targeted nanopatrticle and free drug controls.

In another attempt to leverage the unique phenotype of mitochondria post-MI, Zhang
et al. developed polyethylene glycol nanoparticles (54 nm) that had been modified with the
Szeto-Schiller peptide sequence (SS31) to enable targeted delivery of Cyclosporin A (CsA),
an immunosuppressive drug, to the heart after Ml when administered via IV injection 5 minutes

prior to reperfusion®. The SS31 sequence specifically localizes to the inner mitochondrial
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membrane via interacting with cardiolipin. In vitro, increased cellular uptake of SS31-modified
nanoparticles was demonstrated with hypoxia reoxygenated H9c2 cells. The damaged
mitochondrial membrane enabled concentrated accumulation of SS31 particles and delivery
of the therapeutic payload. In a rat model of acute MI, it was demonstrated that administration
of nanoparticles loaded with CsA resulted in significantly less cellular apoptosis and reduced
infarct size compared to CsA alone. This is an excellent example of how nanoparticles could
be used to improve the bioavailability and efficacy of small molecule drugs. While this method
of targeting works, it is not specific to only the heart; cardiolipin is found in the membranes of
all mitochondria. Though mitochondrial damage is strongly present in the heart post-Ml, it may
not be exclusive to only the heart and platforms that are designed to target this abnormality

could still be subject to off target effects.
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Figure 1. 5: Exosomes (XO) modified with the cardiac homing peptide (CHP) improve
heart function and reduce scar size.

(A) CHP-XO treatment leads to ejection fraction improvement over time and (B) significant
improvement compared to PBS and an exosome conjugated to a scrambled peptide sequence
control (SCR-XO). (C) Representative M mode echocardiography images. (D) Masson’s
trichrome stained hearts show that CHP-XO treatment (E) decreases infarct area and (F)
increases viable tissue. Reproduced from ref. 47 with permission from Ivyspring International
Publisher, copyright 2018.

Targeting the angiotensin Il type 1 (AT:1) receptor following MI has previously been
shown to be a successful technique for directing nanoparticle delivery to the heart, as it is
upregulated in the infarcted following MI®L. By attaching an AT, targeting peptide to PEGylated
dendrigraft poly-.-lysine dendrimers (~50 nm), Xue et al. were able to deliver the anti-miR-1
antisense oligonucleotide to inhibit cardiomyocyte apoptosis®2. One day post-MI, mice were
injected with the dendrimer “nanovector” therapeutic or various controls via the tail vein. The
nanovectors bearing the AT targeting peptide demonstrated strong accumulation in the heart
starting as soon as one-hour post-Ml, as well as significantly reduced miR-1 expression

compared to a non-targeted control. In addition, at 7 days post-MI there was a significant
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reduction in TUNEL positive cells, indicating a reduction in cellular apoptosis, as well as a
reduction in infarct size in response to treatment with the AT, receptor-targeted dendrimers.
Having been used as a target for multiple nanoscale platforms, the AT receptor appears to

be a promising target for cardiovascular applications.

1.3 The future of targeted nanoscale platforms

The use of IV injection for administering therapeutics to the heart is simpler and more easily
translatable than approaches that involve open-heart procedures or the use of catheter-based
systems. The field of nanomedicine offers platforms that could be particularly applicable
following MI. As customizable as these nanoscale platforms are, the main concern of IV
injections, off target accumulation and reduced therapeutic efficacy, cannot be overlooked. To
overcome this, methods for targeting the heart have been explored. As discussed, there are
many different techniques for targeting—most center around leveraging the pathophysiology
of the microenvironment of the infarcted heart. Common design criteria focus on interacting
with the inflammatory response or proteins and cellular markers that are primarily found or
upregulated in the heart. While these methods have proven successful in preclinical studies,
they can still suffer from issues with off-target accumulation, as many of the targets are not
solely unique to the heart. This is particularly problematic with systems that target hallmarks
of the immune response as many of these features could allow for localization in other areas
of inflammation. Patients with co-morbidities such as arthritis or cancer may not be eligible for
platforms that are targeting upregulation of the immune response and hallmarks of
inflammation. In addition, many NP platforms depend on the enhanced permeability of the
tissue, which is only temporarily present in the infarcted heart>, meaning the timeline for
delivery is limited. As a result, many of these nanoparticle systems are only applicable for
acute MI. Moreover, this permeability can go both ways, with materials struggling to be

retained, unless targeting can be achieved via a morphological transition of the material®°. To
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advance nanomaterial therapeutic strategies, it could be beneficial to engineer nanoparticles
that have a dual-targeting mechanism. Dual targeted mechanisms have been explored for
other cardiovascular applications and have shown improved efficacy compared to single
targeted counterparts® %4, Nanoparticle platforms that are triggered by more than one
stimulus have the potential to improve localization in the heart and are an area of

nanomedicine research worth pursuing.

The use of targeting moieties to direct systemically injected therapeutics to the site of
interest has been able to improve the therapeutic efficacy of various payloads loaded into
nanoparticles or viral vectors, two types of nanoscale therapeutics. While therapeutic impact
is the most important factor to consider, it is also crucial to assess the biodistribution of
targeted therapeutics to ensure off target accumulation is mitigated. Though some of the
examples discussed have included the necessary controls to demonstrate improvement over
a non-targeted equivalent, there is still a need for more rigorous biodistribution quantification.
With AAV delivery, PCR can be used to evaluate the transduction of various satellite organs.
With administration of nanoparticle platforms, biodistribution methods are not standardized.
Some nanoparticle platforms will be tagged with a fluorescent marker to allow for detection,
however, the means for detecting these nanoparticles is highly variable. In vivo imaging
system (IVIS) is a common method for measuring fluorescence in both living animals and
excised tissues®®. Other groups have adopted a homogenization method for detecting
fluorescence in tissue samples?: %658, Overall, there is a need for the development of more
standardized and high-resolution methods for detecting nanoparticle distribution in satellite
tissues. This is particularly pertinent to platforms that claim targeting capability since there is

currently a lack of quantitative biodistribution in the field.

For nanoparticle therapeutics, it is important to continue to explore new methods for

targeting the heart. As discussed, there have been more efforts to increase cardiac-specific
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targeting via in vivo phage display and surface modification with binding moieties such as
RGD or AT targeting peptides, but even these methods are not perfect and could benefit from

added specificity.

Nanomedicine has become a powerful tool in cardiovascular research, allowing for
improved circulation time and efficacy of systemically administered therapeutics in early
preclinical studies. As the field evolves and grows, we can expect to see further improvements
in mitigating off-target effects of therapeutic payloads through the clever use of physiological
triggers and more cardiac-specific targets. Though the pathway to regulatory approval may be
slower due to the increasing complexity in material design, it is worth the trade-off for optimized
therapeutic impact. Additionally, as the field of targeted nanomedicine continues to expand,
there is a need to continue to develop the field through incorporation of unique therapeutic

moieties and exploration of particle morphology and biodistribution over time.

1.5 Thesis Outline

This thesis is divided into 5 chapters.

Chapter 1 investigates the use of targeted nanoscale particles and viral vectors for
directing therapeutic delivery to the infarcted heart. When looking at the use of nanoparticle
carriers in the heart, there are generally two main categories for selecting a target: utilizing a
hallmark of the immune response or a tissue-specific feature of the injured myocardium. Viral
vectors, on the other hand, rely more on tissue specific promoters. Overall, the use of targeted
nanoscale therapeutics has become an increasingly relevant modality for treatment of acute

myocardial infarction.

Chapter 2 introduces an MMP-responsive polynorbornene nanoparticle that bears a
small molecule MMP-inhibitor. While this material has been previously established as a

successful platform for targeting the infarcted heart, here we aimed to take this proof of
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concept and turn it into a therapeutic. We hypothesized that this drug-loaded, MMP-responsive
nanoparticle would be able to maintain the drug’s bioactivity and successfully localize to the
heart. This chapter demonstrates the feasibility of utilizing this nanoparticle platform for drug

delivery in a model of acute myocardial infarction.

Chapter 3 expands upon the enzyme-responsive nanoparticle work by establishing a
degradable nanoparticle system. Through modification of the polymer backbone via
copolymerzation of norbornene with a low strain phosphoramidate containing cyclic olefin
(MePTDO). Biodistribution comparison between this degradable platform and the material
used in chapter 2 demonstrates distinct differences between the two. This chapter
characterizes this degradable nanoparticle and demonstrates its ability to localize to the heart
following enzymatic cleavage. Additionally, we show the clearance of this material over time

out to 28 days post-injection in the heart and satellite organs.

Chapter 4 introduces a new polymeric material, an MMP-responsive protein-like
polymer (PLP). Unlike the previous nanoparticle platforms, PLPs have a significantly lower
molecular weight and therefore an amorphous, protein-like structure compared to forming
spherical micelles. Here, we hypothesized that this new platform would exhibit significantly
higher localization to the heart via enzyme cleavage due to its extended circulation half-life.
This chapter characterizes this new material and demonstrates the localization and
morphology of protein-like polymers in the heart over time. Additionally, in vitro studies for

modeling cellular uptake of PLPs in inflammatory conditions.

The final chapter describes a summary of the results of this dissertation and
significance of the presented work in nanomedicine research in the heart. Finally, the chapter

suggests future studies for a deeper understanding of the mechanisms behind these
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nanoscale platforms discussed here as well as potential therapeutic options to use with these

systems.
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Chapter 2: Enzyme-Responsive Nanoparticles for the Targeted Delivery of an MMP

Inhibitor to the Heart post Myocardial Infarction

2.1 Introduction

Myocardial infarction (M) is the leading cause of global deaths,! as mentioned in chapter one,
this leads to ischemic damage and cardiomyocyte death. During acute ischemic injury, there is
enhanced vascular permeability and retention, or “leaky vasculature”, in the infarct. In addition to
this, an upregulation of inflammatory enzymes such an matrix metalloproteinases (MMPSs) begin
to degrade the native extracellular matrix (ECM) within the heart, compromising mechanical
support in addition to cardiomyocyte structure and function.? MMP activity is upregulated within
hours post-MI and can remain at high levels for weeks to months afterwards.® Despite the current
standard-of-care, over time, ischemic tissue damage leads to negative left ventricle (LV)

remodeling?*, including LV dilation and wall thinning, and eventual heart failure in many patients®.

MMP inhibition by systematic administration of pharmacological MMP inhibitors (MMPi)
has shown promise in attenuating LV dilatation and reducing infarct size in Ml and heart failure
models.®® However, these drugs face challenges upon clinical translation. First, many of these
molecules have poor water solubility and short half-lives (24~48 hours post administration), and
are unable to achieve effective inhibitory concentration in the infarcted heart.® ° Second, repetitive
dosing and non-targeted systemic delivery has led to off-target side effects, such as joint pain and
stiffness associated with musculoskeletal syndrome.'® ! To address these problems, hydrogels
have been used as controlled delivery platforms for MMPi biologics? * to improve targeting. The
advantages of hydrogels include good targeting and potential long-term retention in the infarct.
However, the requirement of injection directly into the injured myocardium prevents their use

during the acute phase of M, given the risk of cardiac rupture.'# 1%
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As previously mentioned in chapter 1, nanoparticle-based therapeutics are an alternative
delivery platform that can be administrated via minimally invasive intravenous (IV) injection and
extravasate into the infarct through the highly permeable vasculature present acutely post-MI.1®
17 Active targeting can also be achieved through nanoparticle surface functionalization, such as
incorporating substrates for upregulated angiotensin-1 receptor!® 1° P-selectin?®, and various
mitochondrial targets® 22, Despite this, nanoparticles still face the risk of fast clearance (within
hours to days post-injection) due to leakage from the infarct and opsonization, wherein
biomolecules occlude the surface of particles and subsequently inhibit interaction with tissue
receptors.? In light of this, a drug delivery platform that can be administered minimally invasively

and then selectively accumulate in the infarct for long-term retention is highly desirable.

Our group developed MMP-responsive nanoparticles that successfully targeted and were
retained in the infarcted heart for up to 28 days following systematic administration by undergoing
a morphological switch from nanoparticles to micron scale aggregates, as discussed in chapter
1.2* These materials were made from peptide-polymer amphiphiles where an inert hydrophobic
block was followed by a hydrophilic block of MMP-2/MMP-9 cleavable peptides. Following IV
injection, these nanoparticles exited the leaky vasculature and were physically trapped in the
infarcted region of the heart due to MMP-induced peptide cleavage, which altered the hydrophilic
to hydrophobic ratio, and subsequent material aggregation (Scheme 1). This MMP-directed active
assembly prevented the material from leaking out into the blood stream, enabling long-term

retention.

In this work, we aimed to turn this proof of concept study into a therapeutic platform by
conjugating a small molecule MMPi drug, PD166793,” to the polymer backbone for enhanced

delivery and therapeutic retention in the infarct. PD166793 has been shown to significantly

25



reduced MMP activity and LV dilation while preserving systolic function in a porcine MI model,?
but the requirement of repeated oral dosing to achieve a therapeutic outcome?® in combination
with its poor water solubility have prevented its use in clinical trials’. We hypothesized that
packaging this drug into our enzyme-responsive nanoparticles would allow for targeted delivery
to the infarct. When micellar nanoparticles form, the drug will be shielded in the core, then
exposed and released following aggregation after enzymatic cleavage of the hydrophilic peptide.
As a first step towards the development of this therapeutic, in this study, we set out to determine
whether conjugation of PD166793 to the MMP responsive nanoparticles would still allow for
enzyme mediated aggregation in vitro and in vivo, and whether the drug would be released and

remain active.

2.2 Results

2.2.1 Norbornene monomer (NorMMPI) serves as a prodrug and bioactive PD166793 can be
released via proteolysis.

Yifei Liang at Northwestern University first synthesized the MMP inhibitor (MMPi) PD166793 and
its functionalized norbornene monomer (NorMMPi). Their inhibitory effects against MMPs were
examined using an MMP activity assay. For the control groups, 100% peptide cleavage was
observed post DMSO treatment, and no cleavage was detected after EDTA treatment (Figure
S4). While free PD166793 blocked 70% of MMP activity, no MMP inhibition was observed upon
the NorMMPi treatment. This result indicates that NorMMPi serves as a prodrug by shielding the
carboxylic acid from interaction with MMP catalytic center, which agrees well with the previous
reported drug mechanism of action.” To confirm the bioactive PD166793 can be released from
NorMMPi via ester bond cleavage, an esterase mediated proteolysis assay was used. PD166793
has a strong UV absorbance at 270 nm, which enabled us to monitor its release via HPLC (Figure

S5). While NorMMPi showed good stability in buffer and did not display any HPLC signal under
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the running condition, we observed complete PD166793 release after 24 hours of incubation with
esterase at 37 °C. This result suggests that the drug in the nanoparticle core should be amenable
for release upon exposure to the enzyme-rich infarct microenvironment after MMP-induced

aggregation.
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Figure 2. 1: Synthesis of PD166793 loaded nanoparticles and enzyme-induced morphology
switch.

(A) Synthesis of PD166793 loaded peptide-polymer amphiphiles (PPAs). (B) Schematic
demonstration for PPA self-assembly into nanoparticles and the enzyme-induced microscale
aggregates formation. Transmission electron microscopy images of (C) nanoparticles and (D)
aggregates formation post thermolysin treatment. (Figure generated by Yifei Liang)
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2.2.2 PD166793 loaded nanoparticles maintain enzyme responsiveness (Performed by Yifei
Liang)

PD166793 loaded peptide-polymer amphiphiles (PPAs) (20% wt% drug) were prepared (Figure
1A). The degree of polymerization (DP) of each block was optimized, targeting a ratio of 13:7
phenyl-norbornene (NorPh) to NorMMPIi to provide a PD166793 plasma level (assuming 100%
drug release post 300 nmol PPA injection in the rat model) similar to the effective concentration

of 100 umol/L.?* 2?7 Calculations can be found in Supporting Information.

By solvent switch from DMSO to DPBS buffer, PPAs assembled into spherical micelles
with a diameter of 15 nm as visualized by TEM (Figure 1B-C). To examine the enzyme
responsiveness, the nanoparticles (NPs) were incubated with thermolysin at 37 °C in DPBS buffer
(1 uM thermolysin: 100 uM polymer). Both TEM analysis (Figure 1D) and DLS measurement
confirmed an enzyme-induced morphological switch from nanoparticles to microscale
assemblies. Through this in vitro analysis, we showed that the PD166793-loaded nanoparticles

maintained enzyme responsiveness.
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Figure 2. 2: MMPi NPs localize to the infarct and extravasate from leaky vasculature

(A) Following IV injection, rhodamine-labeled MMPi NPs localized to the infarct with no
accumulation in the remote myocardium. (B) At 7 days post-injection, MMPi NPs are still present
in the infarct. (C) MMPi NPs do not obstruct large vessels (scale bar: 100um). (D) Confocal
imaging shows a combination of extracellular deposition of MMPi NPs as well as some aggregate
formation within the endothelial cell layer in capillaries (identified by white arrows).

2.2.3 MMPi NPs localize to the infarct in rat acute MI model

After administration via IV injection, MMPi NPs were visualized in the heart using fluorescence
microscopy. As was previously observed with non-drug loaded NPs, MMPi NPs were found to
accumulate in the infarcted region of the left ventricle with a majority of the aggregates in the
infarct rather than the borderzone (Figure 2A).2* No MMPi NPs or aggregates were observed in
the remote myocardium (septum) or right ventricle. This result is consistent with the non-drug
loaded NPs?* and demonstrates retained regioselectivity of accumulated NPs in the heart. Like

in our previous studies?*, MMPi NPs were still visible in the heart at 7 days post-injection (Figure

29



2B). At 7 days, we also evaluated the presence of macrophages as an initial evaluation of

biocompatibility showing no differences compared to a saline injection (Figure S7).

2.2.4 NP aggregates form in the infarct tissue and not in vasculature

The proposed mechanism of aggregation and accumulation of this platform involves extravasation
of nanopatrticles from the leaky vessels in the heart post-acute MI. MMPi NPs then will encounter
extracellular MMPs and undergo peptide cleavage and accumulation. To confirm localization,
smooth muscle cells and endothelial cells were stained with alpha-smooth muscle actin (a-SMA)
and isolectin for visualization. MMPi NPs were mostly found outside of the vasculature;
fluorescence microscopy images revealed that MMPi NPs do not block arterioles (Figure 3C).
Through confocal microscopy, we observed MMPi NPs aggregation in the extracellular space as
well as in the endothelial layer of some capillaries, which could be attributed to the premature

aggregation caused by the MMP released from the endothelial cells?® (Figure 3D).
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Figure 2. 3: MMPi NPs to not increase macrophage recruitment to the heart

CD68 staining in the infarct at 7 days post-injection show no sign of increased macrophage
presence when comparing the the saline-injected (A) or nanoparticle-injected (B) hearts (scale
bar: 200 um). (C) Quantification of these images confirms this trend.

2.2.5 Macrophage density is not impacted by nanoparticle administration.
In animals harvested at 7 days post-MI, heart sections were stained for macrophages (Figure 3A

and B). We observed no significant differences in macrophage density between saline and MMPi
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NP treated animals (Figure 3C). This allows us to conclude that our MMPi NPs did not increase

recruitment of macrophages into the infarcted region.

2.2.6 Maximally loading PD166793 does not affect nanoparticle enzyme responsiveness and
morphology transition

After confirming that PD166793 loaded NP are enzyme responsive and can target infarcted
myocardium, we next wanted to examine whether maximally loading PD166793 would affect
nanoparticle size and the morphology transition to micron scale aggregates. PPAwax with a DP of
20:5 (NorMMPi:peptide) was synthesized (Figure S6A) as described above and formulated into
particles NPuax (Figure 4A). As compared to the original MMPi NPs (20% wt% drug), the drug
loading was increased to 40% wt% for NPwmax (detailed calculation in Supporting Information). An
inert PPAc without drug incorporation (NorPh: peptide = 20: 5) was also prepared as a control
(Figure S6B) and assembled into spherical micelles NPc (Figure 4C). Both NPs underwent
aggregation upon thermolysin treatment (Figure 4B and 4D). TEM analysis revealed that both
NPwmax and NPc had similar sizes as the original NPs (15~20 nm in diameter) and similarly

underwent thermolysin induced aggregation to form micro-scale assemblies (Figure 4B and 4D).

2.2.7 Maximally loaded PD166793 nanoparticles are cytocompatible and bioactive

With the fully loaded MMPi NPwuax, We next wanted to evaluate the cytocompatibility of this
platform. It has been previously postulated that ~10% of the injected NPs accumulate in the
infarcted region of the heart. In addition, the circulating concentration of MMPi NPs following
injection will be ~18 uM under the assumption that each rat has a total blood volume of 16 mL.
This provided us with target concentrations of relevance for our studies. Results from an

alamarBlue™ assay show that the concentrations of NPs tested did not significantly alter L929
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metabolic activity compared to a positive PBS control up to 41 uyM (Figure 4E). This result

demonstrates preliminary safety of our drug-loaded NP platform.

When treated with equivalent concentrations of MMPi NPwuax and free MMPI, we observed
a significant improvement in cell metabolic activity for the former at high drug concentrations (75-
1200 uM) (Figure 4F). This drug concentration correlates to a NP concentration of ranging from
60 to 3.75 uM, the aforementioned physiologically relevant concentration of MMPi NPs in the
body and infarcted region. This suggests that a higher dose of PD166793 may be safely tolerated

when it is conjugated to the polymeric backbone.

32



150 - El MMPiNP,,
600007 mm MMPI

100 -

0= 0
S 8 © B b b b o | 0TTrrrrrrr T |
S e KO R S 0 50 100
Drug Concentration (uM) Time (minutes)

Figure 2. 4. MMPi NPmax and empty NPC are enzymatically responsive and MMPi NPs are
cytocompatible and maintain drug bioactivity.

Max drug loaded PPAwmax and control PPAc polymers still form micellar NPs (A) and (C) of the
same size as the initial PD166793 NP. Additionally, both still form micron-scale aggregate
structures after incubation with thermolysin (B) and (D). (E) MMPi NPy does not significantly
impact metabolic activity via alamarBlue™ assay. (F) Treatment of L929s with free drug (MMPi)
results in reduced metabolic activity at high concentrations whereas conjugated drug (MMPi
NPwvax) appears to offer a protective effect. (G) MMP activity is significantly decreased when
treated with MMPi, MMPi NPwuax, and even NPc compared to an untreated control (*P < 0.05 MMPi
NPwmax compared to untreated, TP < 0.05 MMPi compared to untreated, 1P < 0.001 MMPi
compared to untreated via 2-way ANOVA with Tukey’s post-hoc test). (Panels A-D generated by
Yifei Liang)

Finally, we sought to confirm the bioactivity of the small molecule MMPi conjugated to the polymer

backbone in the fully loaded nanoparticles. In a time-course experiment, we observed that both
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MMPi NPwmax and free MMPi were capable of significantly inhibiting MMP activity within 40 minutes
of incubation compared to a PBS control by 17.4% and 21.3% respectively (Figure 4G). From
this, we can conclude that packaging the small molecule drug does not negatively impact the

bioactivity of PD166793 and that there is rapid drug release from MMPi NPyax.

2.3 Discussion

We have developed a novel enzyme-responsive nanoparticle therapeutic for the potential
treatment of acute myocardial infarction (MI). Using ROMP, different dosages of a small molecule
MMP inhibitor PD166793 can be incorporated into peptide-polymer amphiphiles though a

hydrolysable ester linkage, and subsequently into the core of micellar nanoparticles.

Using a rat Ml model, we found that MMPi NPs were able to successfully localize to the
infarcted region of the heart following IV injection. Similarly, to the non-drug loaded platform, we
observed that MMPi NPs are regiospecific with high accumulation in the infarct, some in the
border zone, and little to no accumulation in the remote myocardium. Additionally, these NPs
showed prolonged retention in the heart, with aggregates still visible at 7 days post injection. NP

retention for this extended window could allow for maximal drug release over time.

In our initial design, we hypothesized that MMP-responsive NPs were extravasating from
leaky vasculature in the infarct. Here, we were able to show that arterioles are not occluded by
rhodamine-labeled MMPi NPwmax. Upon inspection of smaller capillaries using confocal imaging,
we observed some nanoparticle presence within the endothelial layer. However, we also see
MMPi NPwmax aggregates in the extracellular space. Since it has been previously established that
endothelial cells express MMPs,?8 it is not surprising to observe MMPi NPwax presence in the

capillary endothelium. This could also have therapeutic relevance in inhibiting MMP presence at
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this location. As further safety evidence, we observed no increase in macrophage presence in the

infarct in both saline and MMPi NPwax -treated animals.

To demonstrate the feasibility of maximally loading PD166793 (NPwax), we first assessed
their cytocompatibility in vitro. We observed that when the small molecule MMP-inhibitor is
conjugated to the polymer backbone, it is tolerated by cells at significantly higher concentrations
compared to a comparable concentration of free drug. This is because the drug is not bioactive
until it is cleaved from the polymer backbone by endogenous esterase, leading to a slower

sustained release of drug compared to a burst release.

When assessing biological activity, we observed equivalent MMP-inhibition by both the
MMPi NPuax and free MMPI in vitro. This allows us to conclude that the drug is successfully being
released from the polymer backbone and is still bioactive and maintains therapeutic efficacy.
Additionally, the comparable onset of inhibition from both MMPi NPyax and free MMPi implies that
the drug release from the polymer backbone is rapid, which could be beneficial for quick
therapeutic delivery during the acute phase of MI. Knowing that the drug is still bioactive and that
a higher dose may be tolerable when conjugated to the polymer backbone, it is possible that by
utilizing our NP platform could allow for safe delivery of high concentrations of PD166793, thus

mitigating the need for excessive repeat doses.

This study demonstrates initial proof of concept for the conjugation of a MMPi to MMP
responsive nanoparticles. Since any therapeutic that is amenable for chemical conjugation can
be included as monomer, we envision this targeted NP platform to be a generalizable approach

for drug delivery and the treatment of other inflammatory diseases.
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2.4 Methods

In vitro enzyme-induced aggregation

MMPi nanoparticles (NPs) (100 uM, with respect to polymer) were treated with thermolysin, an
MMP alternative with improved thermostability, (1 uM) or DPBS for 24 hours at 37 °C in 1X
DPBS. The resulting nanoparticle solutions were analyzed by dynamic light scattering (DLS)
(Figure S3) and transmission electron microscopy (TEM) (Figure 2C-D) to examine the change
in morphology. For the TEM samples, 5 pL of sample was applied to a 400-mesh carbon grid
(Ted Pella, Inc.) that had been glow discharged for 15 seconds. 5 pL of 2 wt.% uranyl acetate

solution was then applied and wicked away post 30 sec for staining.

Surgical procedures and IV injection

All procedures in this study were approved by the Committee on Animal Research at the
University of California, San Diego and the Association for the Assessment and Accreditation of
Laboratory Animal Care. Female, Sprague Dawley rats (225 — 2509) underwent ischemia-
reperfusion (IR) procedures via left thoracotomy and temporary occlusion of the left anterior
descending artery for 35 minutes.?® One day post-MI, animals were anesthetized using
isoflurane and arbitrarily assigned to 1V injection of either 1 mL of MMPi NPs (300uM) or saline
and harvested at one day (n = 2) or 6 days (n = 3) post-injection. Animals were euthanized via
overdose of pentobarbital (200 mg/kg) and the heart, kidney, spleen, lungs, and liver were

collected for histological analysis.

Histology and immunohistochemistry

Following euthanasia, hearts were dissected and fresh frozen in OCT for cryosectioning. Hearts

were stained with hematoxylin and eosin to visualize the infarcted region of the heart. Slides
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were scanned on an Aperio ScanScope CS2 brightfield slide scanner. Additional heart sections
were stained with anti-a-SMA (1:75 dilution, Dako) and Alexa Fluor-647 (1:500 dilution,
ThermoFisher) and isolectin (1:75 dilution, Vector Laboratories) to visualize large arterioles and

capillaries.

Cytocompatibility of MMPi NPs and free MMPi

Murine fibroblast cells (L929) were seeded into a 96 well plate and left to adhere overnight.
Following cell adhesion, MMPi NPwax were diluted with sterile PBS to generate concentrations
ranging from 41 to 9 pM and were added to the media with PBS and zinc diethyldithiocarbamate
(ZDEC) at a concentration of 47mM serving as positive and negative controls, respectively.
Treated cells were then incubated for 24 hours before performing an alamarBlue™ assay to

evaluate their metabolic activity.

To compare the cytocompatibility of MMPi NPs and free MMPi, L929s were again plated
and allowed to adhere overnight. Cells were then treated with MMPi NPwax Or an equivalent
concentration of free MMPi ranging from 1200 to 9.375uM. PBS was used as a positive control
and DMSO was used to control for the solvent used to dissolve the free drug. After 24 hours of
treatment incubation, an alamarBlue™ assay was run on treated cells to evaluate their

metabolic activity.

Assessment of MMP activity in vitro

Adherent murine fibroblasts (L929s) were plated and allowed to adhere overnight in a 96 well
plate at a seeding density of 16,000 cells/well. Media from the plated cells was collected and
treated with either MMPi NP4igh (14.28 UM with respect to polymer, 285 uM with respect to

drug), free MMPI (285 uM), PBS, or DMSO. The free drug concentration was calculated to
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match that loaded in the NPwign. Following 20 minutes of treatment, an MMP-cleavage
fluorescent FRET peptide (Amplite™) was added to track MMP activity over time following the
manufacturer’s instructions. The plate was then incubated at 37 °C and data points were taken

every 20 minutes for 3 hours.
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Chapter 3. Degradable nanoparticles localize and clear from the heart and satellite

organs

3.1 Introduction

As previously discussed, treatment during the acute phase of Ml is limited to minimally invasive
therapeutic strategies. With this in mind, we focused our efforts on the development of
polynorbornene-based nanoparticle therapeutics that aggregate in response to matrix
metalloproteinase cleavage, leading to preferential localization in the infarcted heart. We have
proven the success of this targeting mechanism?! as well as confirmed the ability of this platform

to carry and deliver a small molecule MMP-inhibitor as a therapeutic payload.?

While our previous nanoparticle demonstrated successful localization and drug-carrying
capabilities, it is limited by the fact that is a non-degradable material, meaning that its
accumulation in the heart or any off-target tissues was permanent. While this system served as
an excellent proof of concept that demonstrated successful infarct-targeting utilizing endogenous
MMP-cleavage, we wanted to improve upon this system by engineering a new material that could
be broken down and cleared from the body over time while still undergoing a morphological switch
to enhance targeting to the heart over conventional targeting methods. While many kinds of
degradable polymers have been developed®®, very few have demonstrated the ability to

functionalize the backbone with biologically relevant moieties. Additionally,

To achieve this, we utilized ring-opening metathesis polymerization (ROMP), a synthesis
method that allows for narrow molecular weight distributions and complex structures.
Copolymerization of a 1,3-dimethyl-2-phenoxy-1,3,4,7-tetrahydro-1,3,2-diazaphosphepine 2-
oxide (MePTDO) and norbornene monomers yielded polymers that underwent degradation into

smaller molecular weight fragments through the cleavage of acid-labile phosphoramidate
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linkages.® This mechanism of degradation is particularly suitable for applications in the heart due
to the acidic alteration of pH during the acute phase of MI.” Thus, we sought to utilize this
degradable polymer with our previously established MMP-responsive peptide sequence for
targeting the infarcted myocardium. In this chapter, we will investigate the ability of this
degradable nanopatrticle to aggregate and clear over time in the infarcted region of the heart and

satellite organs.

3.2 Results

3.2.1 Degradable nanoparticle synthesis and enzyme responsiveness (Done by Yifei Liang)

To examine whether these degradable nanopatrticles can be used as a targeted delivery platform,
we first examined its enzyme responsiveness in vitro. A Cy5.5-labeled nanoparticles were
formulated at 300 uM with respect to polymer concentration (Figure 3.1 A-B). This concentration
was selected based on previously established procedures for in vivo intravenous (V) injection.!
Upon overnight treatment with thermolysin, which is a more thermostable alternative of MMP, a
morphological switch into microscale assemblies was observed via TEM, indicating degradable
NPs maintained enzyme responsiveness as their non-degradable polynorbornene analog (Figure

3.1 C).

3.2.2 Cytocompatibility

Following treatment of L929s with various physiologically relevant concentrations of degradable
nanoparticles ranging from 60 pM to 0.5 pM, we observed no significant decrease in metabolic
activity compared to a healthy control. The maximum concentration was chosen set at 3.5 times
the initial dilution of 300uM degradable nanoparticles into the blood volume of a 250g female

Sprague-Dawley rat (~16 mL)2, which is roughly ~17 puM.
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Figure 3. 1: Enzyme responsiveness, cytocompatibility, and hemocompatibility of Cy5.5
labeled peptide-polyphosphoramidate nanoparticles.

(A) Chemical structure of peptide brush polyphosphoramidate. TEM images of (B) nanoparticles
and (C) aggregates formation post incubation with thermolysin at 1:100 thermolysin:polymer for
24 h a 37 °C in DPBS. Scale bar: 100 nm. (D) Cytocompatibility of NPs with L929 at various
concentrations between 0.5 and 60 uM. For reference, the concentration of polymer in blood post
IV injection is approximately 17.6 uM. (E) Percent hemolysis of red blood cells post incubation
with NPs at various concentrations. Absorbance was measured at 540 nm. (F) Activated clotting
times of whole human blood in the presence of NPs at different concentrations. Dotted line at 600
seconds defines the threshold for clotting time response (n = 4) ns (p > 0.05), and **** (p <
0.0001). Values are displayed as mean + SEM. (Panels B, C, E, and F acquired from Yifei Liang)

3.2.3 Hemocompatibility (Done by Yifei Liang)

To assess the hemocompatibility of these NPs, in vitro red blood cell (RBC) hemolysis and whole
blood activating clotting time (ACT) assays were performed. In the RBC hemolysis assay,
absorbance of isolated RBCs treated with NPs was used to determine hemolytic activity. As

compared to the vehicle (DPBS) control, the NPs did not show any significant difference in percent
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hemolysis (Figure 3.1 E). In the ACT assay, viscosity of human whole blood treated with NPs
over a range of dilutions was assessed by a Hemochron instrument. The NPs performed similarly
to the vehicle control (DPBS), though did show minimal anti-coagulative properties. However, the
NP treatments all had ACTs well below the range of the negative control and physiologically
relevant upper bound (600 seconds) (Figure 3.1 F). These results suggested that the NPs are

hemocompatible and suitable for in vivo use.

3.2.4 Localization

Following intravenous injection one-day post-MI, we observed strong degradable nanopatrticles
localization in the infarcted region of the heart. Similar to our non-degradable platform, we also
observe regioselective accumulation in the infarcted region with very little retention in the border
zone or remote myocardium. Additionally, the morphology of the accumulation resembles a bolus,
practically filling the infarcted myocardium with material (Figure 3.2 A). In the border zone (Figure

3.2 B) and remote myocardium (Figure 3.2 C), degradable nanoparticles appear more punctate

in morphology.

Figure 3. 2: Regioselective nanoparticle accumulation in the infarcted heart.
Degradable nanopatrticle signal in the infarcted left ventricle (A), borderzone (B), and remote
myocardium (C). Scale bar are 100um.
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3.2.5 Biodistribution

At one day post-injection, degradable nanoparticles display strong accumulation in the heart, liver,
and kidneys (Figure 3.3 A). Beyond targeting the myocardium, off-target accumulation in the liver
and kidneys is typical for intravenously injected nanoparticles®. We continued to observe strong
signal in the heart and kidneys at 7 days (Figure 3.3 B) but, via LiCor scans, noticed a drop off

in signal in all the organs at 14 (Figure 3.3 C) and 28 days post-injection (Figure 3.3 D).

Immunohistochemistry revealed a stark decrease in degradable nanoparticles presence
in the infarcted heart from 1 to 7 days post injection (Figure 3.3 E and F). At 7 days we observed
a change in degradable nanoparticles morphology as well, going from “brushstroke-like”
distribution to a more dispersed distribution of punctate aggregated. This type of morphology

continued at 14 (Figure 3.3 G) and 28 (Figure 3.3 H) days post-injection.

As we look at further timepoints, quantification of LiCor scans showed that degradable
nanoparticles signal significantly decreases over time in the left ventricle at 7 days post-injection
with further reduction in signal at 14 days (Figure 3.3 1). This trend is also observed in the satellite
organs; of particular interest is the decreased accumulation in the clearance organs, the liver and

kidneys (Figure 3.3 J).
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Figure 3. 3: Degradable nanoparticle biodistribution over time.

LiCor scans of the heart and satellite organs at 1-day (A), 7 days (B), 14 days (C), and 28 days
(D) post-injection of degradable nanoparticles (n = 3 at each timepoint). Quantification of
nanoparticle signal in the left ventricle (E) and satellite organs (F) from LiCor organ scans.

When comparing the biodistribution between our original and degradable systems, we
observe a significant decrease of degradable nanopatrticles signal in the spleen accompanied by
a significant increase in accumulation in the kidneys and left ventricle (LV) (Figure 3.4 A).
Histology corroborated the differences in material accumulation in the infarcted left ventricle,
showing stark decrease in material starting at 7 days post-injection. Additionally, with regards to

material morphology, the original MMP NP system accumulated in punctate aggregates (Figure
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3.4 B) whereas the degradable system appears to accumulate to a much higher degree along the

direction of the cardiomyocytes (Figure 3.4 C), filling the infarct with material.

While we did not investigate the biodistribution over time of our previous system, due to
its non-degradable nature we assume that all off-target accumulation led to retention out to 28
days and beyond, as was observed in the heart. The decrease in degradable nanoparticles signal
over time implies that this degradable system is not only clearing from the heart but also the

satellite organs, indicating that it is clearing from the body through bile and/or urine excretion.
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Figure 3. 4: Degradable nanoparticle biodistribution and accumulation compared to its
non-degradable analog.

(A) Comparison of biodistribution of the original non-degradable platform to the degradable
nanoparticles at 1-day post-injection. Immunohistochemistry for cardiomyocytes at one day post-
injection for the non-degradable (B) and degradable nanoparticle (C) platforms. Scale bars are
50um. **(p < 0.01), **** (p < 0.0001) via Two-Way ANOVA with Sidak’s correction. Values are
displayed as mean + SEM.

3.2.6 Histology

To better understand how degradable nanoparticles are accumulating and interacting with
cardiomyocytes and immune cells in the heart, we used confocal microscopy to generate higher
resolution images from stained tissue. We demonstrated that unique degradable nanoparticle

morphology at 1-day post-injection was primarily driven by uptake of the material by
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cardiomyocytes in the necrotic core of the infarcted heart demonstrated by the colocalization of
a-actinin and the cy5.5 labeled- degradable nanopatrticles (Figure 3.5 A). At 14 and 28 days post-
injection we observed macrophage uptake of degradable nanoparticles in the infarcted region of

the heart (Figure 3.5 B and C).

D68 NPs nuclei

Figure 3. 5. Degradable NP interaction with cells in the heart over time.

(A) Degradable nanoparticles localize to cardiomyocytes within in the necrotic core of the infarct.
At 14 (B) and 28 days (C) post-injection, degradable nanoparticles demonstrate colocalization
with CD68" macrophages in the infarcted myocardium.

3.3 Discussion

This degree of degradable nanoparticle accumulation in the infarcted heart is particularly
impressive from an intravenous injection and displays enhanced accumulation over the previously
non-degradable nanoparticle platform. Beyond the enhanced accumulation in the myocardium,
we also observed substantial degradable nanoparticle signal in the kidneys and liver.
Interestingly, over time the signal in all organs, including the heart, decreased. This strengthens

the hypothesis that degradable nanoparticles are being broken down and cleared in vivo.

We hypothesize that the observed decrease in nanoparticle signal from the kidneys and

liver is due to the degradable nature of the polymer backbone. Post-formulation, the polymer
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backbone has a comparable degree of polymerization to its non-degradable counterpart,
however, as the material begins to be broken down via hydrolysis at acidic conditions, those
polymer fragments have a low enough molecular weight to be cleared from the body through bile
and urine. By 28 days there is very little degradable nanoparticle signal in the heart and satellite
organs, allowing us to infer that a bulk of the initially injected material has been cleared from the
body, although further studies of bodily excretions (urine, fecal matter) and examination of
degradable nanoparticle biodistribution at longer timepoints would need to be performed confirm

this.

When comparing the biodistributions of this degradable system to our previous non-
degradable platform, we observed significantly higher accumulation in the infarcted left ventricle
and kidneys. We hypothesize that as the degradable nanoparticle is broken down into smaller
molecular weight fragments via hydrolysis of acid-labile linkages in the polymer backbone, this
allows for cellular uptake in the heart that was not previously observed. Because we observed
nanoparticle uptake as soon as 1 day post-injection, the degradation process could begin as soon
as the material enters the acidic environment of the heart, inciting hydrolysis of the polymer
backbone. Additionally, as previously mentioned, these lower molecular weight fragments are
more amenable to passage through the kidney’s glomerular filtration barrier, which requires a
minimum diameter of less than 6 nanometers for guaranteed diffusion through the glomerular

basement membrane.1°

As we began to better understand the retention and biodistribution of degradable
nanoparticles over time, we also wanted to understand what kinds of cells were interacting with
these nanoparticles. Staining for cardiomyocytes revealed colocalization of alpha-actinin

(cardiomyocytes) and cy5.5-labeled degradable nanoparticles. As cardiomyocytes begin to
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display a necrotic phenotype and their cell membranes become compromised?!?, fragments of
partially degraded degradable nanoparticles are uptaken into the cell body. To our knowledge,

this kind of cellular uptake has not been observed from another nanomaterial platform.

We hypothesize that a main mechanism of degradable nanoparticle clearance is through
the removal of necrotic cardiomyocytes by macrophages during the acute inflammatory phase.!
To further investigate this, we performed immunohistochemistry to stain for CD68* macrophages
at 14-, and 28-days post-injection (n = 3 at each timepoint) and observed strong colocalization of
degradable nanoparticles with CD68" macrophages in the infarcted region. It has been previously
established that macrophages are able to phagocytose particles up to 5 um?*?, which the remaining
degradable nanoparticle aggregates fall under. Thus, we can conclude that at later timepoints
post-injection, macrophages are phagocytosing and clearing out the remaining degradable
nanoparticles in the extracellular matrix. Knowing that degradable nanoparticles are initially
localized to necrotic cardiomyocytes and then macrophages in the heart will allow us to make an

informed decision about what sort of therapeutic payload to deliver using this platform.

In this chapter, we explored the feasibility of administering a degradable nanopatrticle to
the heart following acute myocardial infarction. We established this platform’s ability to strongly
localize to the heart and be uptaken by cardiomyocytes and macrophages, depending on the
timepoint post-injection. The development of a degradable polymeric nanoparticle system that
demonstrates true clearance not only in the target tissue but also in clearance organs has higher
potential for clinical translation in applications beyond acute myocardial infarction. Future studies
will investigate the therapeutic efficacy of this degradable platform in a model of acute myocardial

infarction once a therapeutic is conjugated to the polymer backbone.
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3.4 Methods

Nanoparticle Cytocompatibility

For cytocompatibility assessment, murine fibroblast cells (L929) were used in accordance with
the UNI ISO 10993/2009 for cytotoxicity assays. Cells were plated and left to adhere overnight.
Following cell adhesion, degradable nanoparticles were added at physiologically relevant
concentrations spanning 60-0.5uM with PBS and zinc diethyldithiocarbamate (ZDEC) serving as
positive and negative controls, respectively. Treated cells were then incubated for 24 hours
before performing an Alamar Blue assay to evaluate their metabolic activity. All treatments were

normalized to the healthy PBS control.

Nanoparticle Dilutions for Hemocompatibility (Performed by Yifei Liang)

According to previously optimized surgical procedures, 1 mL nanoparticle solution at 300 yM
regarding polymer can be injected intravenously into rat with myocardial infarction. Under the
assumption that a 250 g rat has 16 mL of blood, polymer concentration in bloodstream is
approximately 17.6 uM. Therefore, nanoparticle stock solutions at 600, 300, 150, 60 and 30 uM

in 1X DPBS without Ca?* and Mg?* were prepared using serial dilutions.

Activated Clotting Time (ACT) Assay with Whole Human Blood (Performed by Yifei Liang)

Stocks of NPs were added to whole human blood so that final polymer concentrations were 49.0,
245, 12.2, 4.91, 2.45 yM. 1X DPBS without Ca?* and Mg?* was used as the vehicle control,
ground glass as the positive control, and no Ca?* as the negative control treatment. Using a
calibrated Hemochron 801 instrument, activated clotting time of the NPs in recalified citrated
human whole blood was assessed. Briefly, Hemochron P214 tubes with glass beads were
warmed and 4 pL of CaCl; (2.2 M) and 36 pL of NP stock or control additive was added to each

tube, gently mixed, and allowed to incubate for 30 s at 37 °C (n=4). Citrated human whole blood
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(400 pL) was added to each tube (t=0), mixed by hand for 10-15 seconds, and inserted into the
instrument. Clot formation was determined by the displacement of the magnet within the tube.
The time to clot formation was recorded for each sample. The negative controls (blood samples
without calcium) exceeded the maximum time range of the instrument (>1500 s). The ACTs for

the NPs are reported in comparison to the positive and negative controls.

Hemolysis of Red Blood Cells (RBCs) (Performed by Yifei Liang)

Stocks of NPs were added to the isolated red blood cells (RBC) so that final polymer
concentrations were 48, 24, 12, 4.8, 2.4 uM. 1X DPBS without Ca?* and Mg?* was used as the
vehicle control and 1% Triton X-100 as the positive control treatment. RBCs were isolated from
40 mL of citrated human whole blood via centrifugation at 500 x g for 5 min. Supernatant was
removed and replaced with 150 mM NaCl solution. The RBCs were gently mixed and re-isolated
with centrifugation. Gentle washes with DPBS were repeated three times. Once isolated, the
RBCs were diluted 1:50 in 1X DPBS and gently mixed. RBCs (184 pL) were treated with NP
dilutions (16 uL) in a clear 96-well plate and incubated for 1-hour at 37 °C (n=6). Due to the innate
color of the dye-labeled NPs, 16 pL of NP dilutions was incubated with 184 pL of DPBS in parallel
to adjust absorbance values (n=3). Plates were centrifuged at 500 x g for 10 min to form a pellet
of intact RBCs. 100 uL of the supernatant from each well was carefully transferred to a fresh,
clear 96-well plate. Absorbance measurements were taken to determine hemolysis and recorded
at 405 nm, 450 nm, and 540 nm as well as representative full spectra from each experimental
group. Plate reader measurements were conducted on an EnSpire Multimode Plate Reader.
Hemolysis was determined by correcting for the background absorbance of the plate and
respective absorbance from each sample group of parallel NPs in DPBS and then normalized to

1% Triton X-100-treated RBCs (representing 100% hemolysis). Hemocompatibility analysis was
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performed similarly as described by Carlini et al.*®> 4 Statistical comparisons were performed

using a one-way ANOVA.

Surgical procedures and IV injection

All procedures in this study were approved by the Committee on Animal Research at the
University of California, San Diego and the Association for the Assessment and Accreditation of
Laboratory Animal Care. Female, Sprague Dawley rats (225 — 250g) underwent ischemia-
reperfusion (IR) procedures via left thoracotomy and temporary occlusion of the left anterior
descending artery for 35 minutes!®. One day post-MI, animals were anesthetized using isoflurane
and randomly intravenously injected with 1 mL of NPs (300uM) and harvested at 1, 7, 21, and 28
days post-injection (n = 3 for each timepoint). Animals were euthanized via overdose of
pentobarbital (200 mg/kg) and the satellite organs (kidney, spleen, lungs, and liver) were collected
for LiCor analysis. The heart was excised and matrix sliced into 5 sections for LiCor analysis and

immunohistochemistry.

LiCor whole organ scanning and quantification

Organs were kept on ice until scanning. A clear transparency was placed on the scanner and the
organs were arranged and scanned at intensity level 1 at the 700-nanometer wavelength with an
offset of 1 millimeter. Scanned images were analyzed using a custom MATLAB script where
individual organs were outlined and analyzed for Cy5.5 fluorescence intensity per area. Statistical

comparisons were performed using a two-way ANOVA.

Immunohistochemistry (a-actinin, CD68)
Following euthanasia, hearts sliced into 5 sections and embedded in OCT for cryosectioning.

Hearts were sectioned to a thickness of 10 um sections were stained with anti-a-actinin (1:75
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dilution, Sigma) and Alexa Fluor-488 (1:500 dilution, ThermoFisher). To identify macrophages,
sections were stained with anti-CD68 (1:100 dilution, BioRad) and Alexa Fluor-488 (1:500
dilution, ThermoFisher). Slides were imaged using a Keyence BZ-X Series all-in-one fluorescent

microscope and a Zeiss LSM 780 confocal microscope.
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Chapter 4. Protein-like polymers as a nanoscale platform for targeting the infarcted heart

4.1 Introduction

While nanoparticle platforms have demonstrated their relevance as successful minimally invasive
vehicles for administering therapeutics to the injured heart, as discussed in literature and the
preceding chapters, there remains several drawbacks to the translation in the clinic. Of most
concern is the off-target accumulation of intravenously administered nanoparticle platforms. As
nanoparticles traverse through the systemic circulation, much of the injected material will
accumulate in the satellite organs such as the liver, spleen, and kidneys. This phenomenon

diverts much of the intended therapeutic payload from the site of interest, in our case, the heart.

While we have previously discussed nanoparticle systems that have shown the ability to
respond to upregulated MMP activity in the heart during the acute phase of MI, we sought to
develop a new kind of material that could circumvent the drawbacks of traditional micellar
nanoparticle biodistribution. To achieve this, we took inspiration from our previous platforms,
namely, the polynorbornene backbone and MMP-responsive peptide sequence for targeted
delivery to regions of inflammation*. However, we aimed to greatly reduce the size and create a
more amorphous structure that would be more suitable to systemic circulation. With all this in
mind, we engineered a protein-like polymer (PLP), a sub-nano, low molecular weight material that

does not assemble into a multi-polymer strand structure and instead acts as a single chain.

Previously, the Gianneschi lab has demonstrated these PLPs resist proteolytic
degradation®, effectively increasing their circulation time, and can be uptaken by cells after
responding to stimuli, such as MMP-cleavage in vitro.® Because of this, we became interested in

administering this material in a model of acute myocardial infarction. With these differences in
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mind, we hypothesized that PLPs would demonstrate enhanced accumulation in the heart while

minimizing off target accumulation due to its protein-like morphology and low molecular weight.

In these studies, we establish the PLP as a promising platform for targeted delivery to the
infarcted region of the heart. We also explore the mechanism of accumulation and evaluate

material retention in the heart and satellite organs over time.

4.2 Results

4.2.1 In vitro characterization and cytocompatibility

PLPs were synthesized via ROMP by Spencer Burton at Northwestern University. The structure
of the PLPs is reminiscent of previously discussed materials in that the polynorbornene backbone
contains a hydrophobic model therapeutic followed by a cy5.5 fluorescent dye and finally the
MMP-responsive peptide sequence (Figure 4.1 A). To confirm that PLPs aggregate in response
to enzymatic cleavage, they were incubated with thermolysin overnight and then imaged via TEM
where micron-scale aggregates had indeed formed following enzymatic cleavage (Figure 4.1 B,

data collected by Spencer Burton at Northwestern University).

To assess the cytocompatibility of this material, L929s with various physiologically relevant
concentrations ranging from 60-0.5uM of PLPs, we observed no significant decrease in metabolic
activity compared to a healthy control (Figure 4.1 C). Here, the maximum concentration was
chosen to be higher than that the initial dilution of PLPs into the blood volume of a rat’, in this

case, ~17uM.
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Figure 4. 1: PLPs are enzyme responsive and cytocompatible.

(A) PLP structure with three distrinct blocks: therapeutic, dye, and MMP-targeting. (B) TEM
image of aggregated PLPs following thermolysin treatment. (C) Cytocompatibility assessment of
PLPs at various physiologically relevant concentrations when incubated with L929s. (Image in
panel B acquired from Spencer Burton at Northwestern University.)

4.2.2 PLP Localization

Using a rat model of myocardial infarction, we administered the PLPs intravenous via the tail vein
at one day post-infarction to evaluate whether the material would target the heart. At one day
post-injection, we observed strong PLP localization in the infarcted region of the heart. Similar to
our previously mentioned nanoparticle platforms, the PLPs exhibited the most accumulation in
the infarct with little material retention in the remote myocardium and borderzone. The morphology
of PLPs resembled a bolus style injection with strong signal and spread throughout the entire

infarct (Figure 4.2 A). There was minimal material localized to the borderzone (Figure 4.2 B) and
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remote myocardium (Figure 4.2 C), and what was observed had more rounded, punctate

morphology.

Higher resolution imaging demonstrates that PLPs specifically localized to the infarcted
region of the left ventricle (Figure 4.2 D) and appear to colocalize with cardiomyocytes within the
necrotic core of the infarct (Figure 4.2 E). Additionally, visualization of the vasculature in the
heart demonstrates that PLPs are able to successfully extravasate from larger vessels within the

heart (Figure 4.2 F and G).

MP PLPs ' a-actinin' DAP

Figure 4. 2: PLP localization and extravasation in a model of acute MI.

Cyb5.5-labeled PLPs (pictured above in magenta) demonstrate strong localization to the
infarcted region of the heart (A) with little accumulation in the remote myocardium (B) with some
smaller pockets of aggregates in the borderzone (C). (D) A whole heart slice scan of PLPs in a
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heart sacrificed one day post injection at 4x (D) and 63x (E). Vessel staining of tissue at one day
post injection at 40x (F) and 63x (G).

4.2.3 Biodistribution and cellular uptake in vivo

PLP biodistribution at one day post-injection was concentrated in the kidneys and infarcted region
of the heart (Figure 4.3 A); this trend continues at one- and two-weeks post-injection with some
increased signal in the liver as well (Figure 4.3 B and C). At 4 weeks post-injection, we observed
a decrease in signal in the left ventricle but no change in PLP signal in the kidneys (Figure 4.3
D). Quantification of LiCor scans showed that though PLP signal shows a trending decrease over
time in the left ventricle (Figure 4.3 E), there is no significant difference in this signal over time.
Looking at the satellite organs, we confirmed the preferential retention of PLPs in the kidneys over
the liver and spleen at all timepoints (Figure 4.3 F). Additionally, we observed a decrease in signal

in the liver, lungs, and spleen over time, but not the kidneys.
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Figure 4. 3: PLP retention in the heart and satellite organs decreases over time.
PLP signal in the heart and satellite organs at 1 day (A), 7 days (B), 14 days (C), and 28 days (D)
post-injection. Quantification of cy5.5-labeled PLP signal in the left ventricle (E) and satellite

organs (F) over time.

When comparing this platform to the previously established MMP-responsive
nanoparticles?, we noticed stark differences in biodistribution. Generally, PLPs demonstrate a
higher degree accumulation in the kidneys and infarct (Figure 4.4 A) whereas the nanopatrticles
accumulated more in satellite organs, such as the spleen and liver (Figure 4.4 B), as previously

discussed. These visual differences were confirmed via quantification of the organ scans (Figure

4.4 C).
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Figure 4. 4: Comparison of PLP biodistribution to MMP-nanoparticles.

LiCor organ scans of PLP (A) and MMP-nanoparticles (B) at one day post-injection. (C) MatLab
quantification of scans from both platforms demonstrated significant differences in
biodistribution between the two platforms, namely in the liver, spleen, kidneys, and LV.

Via histology, we observe a marked decrease in PLP accumulation in the LV from 1 day
to 1-week post-injection (Figure 4.5 A and B). While the material once completely filled the infarct,
at 1 week we observe small, rounded aggregates throughout the injured myocardium. The PLPs

maintain this morphology at 2- and 4-weeks post-MI.

Further imaging of a-actinin-stained slides revealed strong colocalization of PLPs by
cardiomyocytes in the infarcted region of the heart. Via confocal microscopy, we were able to
observe what appeared to be cardiomyocyte uptake of PLPs as evidenced by material dispersal
amongst the striations of the muscle. At 1 week post-injection, we observed colocalization of PLPs

with CD68* macrophages in the infarcted region of the heart (Figure 4.5 C).
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Figure 4. 5: PLPs are uptaken by cardiomyocytes and CD68+ macrophages in the heart.
PLPs in the infarcted region of the heart and 1 day (1) and 7 days (B) post-injection with a-actinin
staining cardiomyocytes. (C) PLPs localize with CD68* macrophages in the heart at 7 days post-
injection, scale bar is 25 um.

4.2.4 PLPs are uptaken by necrotic cells

To confirm that necrotic cells were capable of PLP uptake, we first experimented in vitro. After
treatment of murine fibroblasts (L929s) with H,O- to induce inflammation similar to the infarct
environment, PLPs were added followed by staining of live and necrotic nuclei to observe potential
cellular uptake of the material. We observed strong colocalization of PLPs by cells that stained
positively for calcein (Figure 4.6 A) and propidium iodide (Figure 4.6 B) to stain live and necrotic
nuclei respectively. With this experiment, we expected to see colocalization of the PLPs and both
fluorescent stains, indicating cellular uptake of the material by necrotic, dying cells. Looking just
at the Cy5.5 channel, representing fluorescently tagged PLPs, we noticed that the material
appears to be filling in the cell body, indicating material uptake (Figure 4.6 C). Colocalization of
PLPs and necrotic cells was confirmed by looking at the merged image where all channels

appeared to overlap (Figure 4.6 D).

Going a step further, we also administered a co-injection of PLPs and propidium iodide in

vivo one day post-MlI, as it has been previously demonstrated that an intravenous infusion of
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propidium iodide labels necrotic nuclei.® Fluorescent microscopy of sectioned heart tissue
revealed strong colocalization of propidium iodide positive nuclei with Cy5.5-labeled material in

the infarcted region of the heart (Figure 4.6 E and F).

Calcein Propidium lodide' PLPs|

Autofluorescence  Propidium lodide ' PLPs]

Figure 4. 6: PLPs are uptaken by necrotic cells in vitro and in vivo.

Individual channels for calcein (A), propidium iodide (B), and cy5.5-labeled nanoparticles. (C)
Merged image demonstrating colocalization of all three channels (calcein, propidium iodide, and
Cy5.5), indicating PLP uptake by necrotic, dying cells. (E and F) Colocalization of Cy5.5 and
propidium iodide* nuclei in the infarcted region of the heart one day post-injection validated this
finding in vivo.

4.2.5. MMP PLP control materials
Various controls were run to better understand the mechanisms by which PLPs accumulated in

the heart and displayed favorable biodistribution in satellite organs. Comparing all control groups
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to the biodistribution of the original PLP material (Figure 4.7 A), we first injected healthy animals
with PLPs and observed no signal in the heart slices and greater material retention in the satellite
organs (liver, spleen, and kidneys) (Figure 4.7 B). We observed a similar trend in biodistribution
with a non-responsive control, a slightly more water-soluble material where we removed the MMP-
responsive sequence of the cleavable peptide and instead inserted a glycine-serine spacer
(Figure 4.7 C). Administration of the therapeutic block only, a less water-soluble material without
the MMP-responsive block resulted in high PLP accumulation in all the satellite organs in addition
to the infarcted heart (Figure 4.7 D). Quantification of all these groups further demonstrated the

difference in how altering the PLP drastically affects the biodistribution, specifically in the kidneys,

liver, spleen, and heart (Figure 4.7 E).
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Figure 4. 7: Control materials demonstrate the importance of MMP-responsiveness and
water solubility

Biodistribution of the original PLP in a model of MI (A), and a healthy animal (B). Injection of two
different control materials in a model of MI: a non-responsive PLP (C) and therapeutic block-only
(D). All animals were harvested at one day post injection. (D) Quantification of material signal
from LiCor scans of the heart and satellite organs.
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4.3 Discussion

After establishing cytocompatibility at high and physiologically relevant concentrations, we
investigated the ability of our PLPs to localize to the infarcted region of the heart in vivo. One day
post-injection, we observed a significant degree of material accumulation contained within the
injured myocardium. We hypothesized that PLPs were being uptaken by cardiomyocytes within
the heart after performing confocal imaging of heart tissue slices harvested one day post-injection.
More specifically, we hypothesize that the as the necrotic wave begins to sweep through the heart
from IR injury, inducing cell swelling and loss of lipid membrane integrity®, PLPs that have

extravasated into the infarcted region are being taken up into resident cardiomyocytes.

To our knowledge, there is no other intravenously administered material that demonstrates
this type of uptake in the infarcted heart. Making a direct comparison between the PLPs and our
previously published MMP-responsive nanoparticles can help us better understand the
characteristics that enable this kind of accumulation. First, and perhaps most importantly, is the
difference in molecular weight and morphology between the two platforms. The nanoparticles are
composed of many polymers that form the micellar structure, amounting to a diameter of ~100
nm. The PLPs, on the other hand, have a molecular weight of ~31kDa and do not form micelles,
instead remain amorphous in structure and ~2-3 nanometers in size, hence the “protein-like”

moniker.

We hypothesize that the lower molecular weight and smaller size of the PLP allows it to
preferentially accumulate in the kidneys over the liver, where passage through the glomerular
basement membrane requires a hydrodynamic radius of less than 6 nm.° Additionally,
morphology also plays a role in clearance and accumulation. Because of their amorphous,

protein-like structure, PLPs have a longer half-life in circulation® and a higher aspect ratio,
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allowing for easier diffusion through the glomerular filtration barrier.X® Longer circulation times
may also contribute to the significantly higher degree of accumulation we observe in the heart
when comparing it to the previously MMP nanopatrticle platform. Additionally, we hypothesize that
PLP retention in the kidneys will allow for excretion through urine, a clearance pathway which
accounts for a majority of drug excretion and is much simpler than hepatic clearance!!. This is
further confirmed by the fact that the filtration-size threshold for globular proteins is <5 nm in

diameter’?,

Next, we demonstrated this material’s ability to penetrate into necrotic cells in vitro and in
vivo through propidium iodide-labeling of nuclei. We hypothesize this can also be attributed to its
low molecular weight and water solubility. With our control materials we were able to determine
the effects of removing or altering certain portions of the PLP. Injection of the therapeutic only
represented a purely hydrophobic material and though it made it to the infarcted region, it
demonstrated high off target delivery in all the satellite organs. We hypothesize that this material
was prematurely aggregating in solution due to the lack of hydrophilic region that the MMP-
responsive peptide imparts. This is further exemplified by the non-therapeutic control, where part
of the hydrophobic sequence was replaced with a hydrophilic glycine/serine spacer. In this control
group we did not observe the same degree of retention in the heart and additionally saw an
enhanced degree of signal in the liver. From this we conclude that a balance in the PLP’s water

solubility is crucial to favorable cardiac accumulation and biodistribution in vivo.

In summary, we developed, characterized, and assessed the feasibility of delivering a PLP
to the heart during the acute phase of myocardial infarction. We have shown that this new type of
polymeric material remains amorphous in morphology, much like a circulating protein, while still

aggregating in response to enzymatic cleavage. Compared to our previous nanoparticle
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platforms, the PLPs demonstrate a significant increase in accumulation in the heart as well as
favorable biodistribution that is biased towards retention in and likely clearance from the kidneys.
In addition to increased material retention, we also observed cellular uptake in vitro and in vivo
by necrotic cardiomyocytes. Future studies will assess the therapeutic capabilities of this material

on cardiac function and infarct scar size.

4.4 Methods

PLP aggregation assay and TEM

PLPs (100 uM, with respect to polymer) were treated with thermolysin, an MMP alternative with
improved thermostability, (1 uM) or DPBS for 24 hours at 37 °C in 1X DPBS. The resulting
nanoparticle solutions were analyzed by dynamic light scattering (DLS) and transmission electron
microscopy (TEM) to examine the change in morphology. For the TEM samples, 5 pL of sample
was applied to a 400-mesh carbon grid (Ted Pella, Inc.) that had been glow discharged for 15
seconds. 5 pL of 2 wt.% uranyl acetate solution was then applied and wicked away post 30 sec

for staining.

PLP Cytocompatibility

For cytocompatibility assessment, murine fibroblast cells (L929) were used in accordance with
the UNI ISO 10993/2009 for cytotoxicity assays. Cells were plated and left to adhere overnight.
Following cell adhesion, PLPs were added at physiologically relevant concentrations spanning
60-0.5uM with PBS and zinc diethyldithiocarbamate (ZDEC) serving as positive and negative
controls, respectively. Treated cells were then incubated for 24 hours before performing an
Alamar Blue assay to evaluate their metabolic activity. All treatments were normalized to the

healthy PBS control.

Surgical procedures and IV injection
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All procedures in this study were approved by the Committee on Animal Research at the
University of California, San Diego and the Association for the Assessment and Accreditation of
Laboratory Animal Care. Female, Sprague Dawley rats (225 — 250g) underwent ischemia-
reperfusion (IR) procedures via left thoracotomy and temporary occlusion of the left anterior
descending artery for 35 minutes!®. One day post-MI, animals were anesthetized using isoflurane
and randomly intravenously injected with 1 mL of PLPs (300uM with respect to polymer) and
harvested at 1, 7, 21, and 28 days post-injection (n = 3 for each timepoint). Animals were
euthanized via overdose of pentobarbital (200 mg/kg) and the satellite organs (kidney, spleen,
lungs, and liver) were collected for LiCor analysis. The heart was excised and matrix sliced into 5
sections for LiCor analysis and immunohistochemistry. This process was repeated for all control

materials as well but animals were only harvested at the 1 day post-injection timepoint.

Propidium lodide experiments

To assess the ability of PLPs to be uptaken by necrotic cells in vitro, neonatal cardiomyocytes
were treated with 500uM H2O, for 3 hours to induce inflammation that mimics the infarct
environment!4. Cells were then treated overnight with 50uL of PLPs amounting to a final well
concentration of 17uM. After 24 hours of PLP incubation, cells were stained with propidium iodide
(Invitrogen) and calcein am (Thermo Fisher) to identify necrotic and live cells, respectively, and

imaged on a Keyence BZ-X microscope.

To determine PLP localization to necrotic cells in vivo, propidium iodide was resuspended
in PBS at 100 mg/mL. That solution was then used to resuspend PLPs at 300uM and sterile
filtered for injection. As before, animals who had undergone IR injury one day prior then received
a 1 mL of Pl + PLPs and were harvested 24 hours post-injection. Hearts were excised and frozen

in OCT for cryosectioning.
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LiCor whole organ scanning and quantification

Organs were kept on ice until scanning. A clear transparency was placed on the scanner and the
organs were arranged and scanned at intensity level 1 at the 700-nanometer wavelength with an
offset of 1 millimeter. Scanned images were analyzed using a custom MATLAB script where

individual organs were outlined and analyzed for Cy5.5 fluorescence intensity per area.

Immunohistochemistry (a-actinin, CD68)

Following euthanasia, hearts sliced into 5 sections and embedded in OCT for cryosectioning.
Hearts were sectioned to a thickness of 10 um sections were stained with anti-a-actinin (1:75
dilution, Sigma) and Alexa Fluor-488 (1:500 dilution, ThermoFisher) to visualize cardiomyocytes.
Vessels and capillaries were visualized by staining with anti-a-SMA (1:75 dilution, Dako) and
Alexa Fluor-647 (1:500 dilution, ThermoFisher) and isolectin (1:75 dilution, Vector Laboratories).
To identify macrophages, sections were stained with anti-CD68 (1:100 dilution, BioRad) and
Alexa Fluor-488 (1:500 dilution, ThermoFisher). Slides were imaged using a Keyence BZ-X Series

all-in-one fluorescent microscope and a Zeiss LSM 780 confocal microscope.
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Chapter 5: Conclusions and future directions

5.1 Summary and conclusions

This dissertation aimed to further establish nanomedicine as a platform for drug delivery
during the acute phase of myocardial infarction. Specifically, we discussed three polymeric
methods for targeted delivery to the infarcted region of the heart: polynorbornene nanoparticles,
degradable MePTDO nanoparticles, and polynorbornene protein-like polymers. Utilizing
nanoscale platforms for drug delivery is a particularly fitting for applications during the acute phase
of MI because they can be administered minimally invasively through intravenous injection. The
platforms we have discussed have demonstrated the ability to successfully localize to the infarct

and, in some cases, carry a therapeutic molecule.

The first chapter reviewed current nanopatrticle platforms that have been engineered to
target the injured heart after myocardial infarction. Nanoparticles generally fall into two main
categories when discussing their targeting mechanisms: 1) responding or leveraging a facet of
the inflammatory response or 2) utilizing a tissue-specific marker to aid in accumulation in the
desired organ. Common inflammatory targets include adhesion molecules, pH, ROS, and
protease upregulation. The latter playing a large role in the subsequent chapters of this
dissertation. Tissue specific markers such as targeting injured cardiomyocytes, mitochondria, and
cardiac-specific receptors are also commonly used for localization to the injured myocardium.
Overall, the field of targeted nanomedicine demonstrates thoughtful engineering and holds high

potential for opening up a crucial window of treatment during the acute phase of Ml.

The second chapter expounds upon previously established work utilizing MMP-responsive
polynorbornene nanoparticles by assessing its ability to deliver a bioactive therapeutic MMP-

inhibitor. As discussed in the first chapter, this platform targets the infarcted region of the heart
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through upregulation of MMPs that cleave the polymer backbone, exposing the hydrophobic core
and resulting in micron-scale aggregation. Here, we demonstrate that conjugation of a small
molecule MMP-inhibitor does not affect the nanoparticle’s ability to localize to extravasate out of
large vasculature and aggregate in the infarcted heart. In vitro evaluation demonstrated that drug
incorporation into the nanoparticle increased the concentration at which it could be safely
tolerated while also maintaining its ability to inhibit MMP-activity at a comparable level to free drug
treatment. Overall, we established this platform as a successful drug carrier that could be modified

to bear other therapeutics through chemical modification.

The third chapter explores a degradable nanoparticle platform that maintains the same
MMP-responsive mechanism for targeting but is broken down in acidic conditions through the
cleavage of phosphoramidate linkages. After verifying that this material maintains its
morphological switch after enzymatic cleavage, we then demonstrated that this new nanoparticle
was still capable of infarct-specific localization. Comparison of the degradable system with the
nanoparticle discussed in Chapter 2 showed distinct differences in biodistribution, specifically in
the spleen, kidneys, and left ventricle. We observed a significantly higher degree of degradable
nanoparticle accumulation in the infarcted region compared its non-degradable analog. In addition
to this, when analyzing heart tissue sections at various timepoints out to 28 days, we observed a
significant decrease of degradable nanoparticle presence in the heart as well as all satellite
organs. With this, we were able to demonstrate successful degradation and clearance of this

material over time.

The fourth chapter establishes a new polymeric material that is not classified as a
traditional nanoparticle. The PLP remains as a single polymer chain and does not assemble into

spherical micellar structures. Because of this, it acts a low molecular, sub nano-scale entity that
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is amorphous, or “protein-like”, in structure. PLPs demonstrated strong colocalization to the
infarcted region with morphology that greatly resembled the degradable system, “brush-like”
strokes that appeared more like a bolus-style injection into the injured myocardium. In addition to
this, PLPs also exhibited highly favorable biodistribution with accumulation primarily in the heart
and kidneys, the latter of which is particularly unique and further validates that this material is
significantly smaller and has the potential of clearing through urine. Within the infarct, we also
observed cellular uptake by injured cardiomyocytes in the necrotic core. This was further validated
through an in vitro and in vivo experiment utilizing propidium iodide to label necrotic nuclei. To
better understand the characteristics that contribute to the unique biodistribution and infarct-
localization of the PLP, we ran several control studies that demonstrated the importance of
amphiphilicity and MMP-responsiveness as methods for improving biodistribution and infarct-

targeting.

All in all, these studies have demonstrated the feasibility of three distinct nanoscale
polymeric platforms for targeted delivery to the heart during the acute phase of myocardial
infarction. While each of these platforms is composed of similar components (polynorbornene,
MMP-responsive peptide sequence), we have demonstrated how alterations to the polymer
backbone or degree of polymerization can greatly change their behavior in vivo. We have shown
here that the MMP-responsive nanoparticle is capable of successfully carrying a bioactive small
molecule while maintaining the ability to localize to the infarcted region of the heart. The
degradable nanoparticle platform demonstrated a significant increase in material accumulation in
the heart and clearance from the heart and satellite organs over time due to the incorporation of
acid-labile linkages via copolymerization of polynorbornene with MePTDO. Lastly, the PLPs are
a representation of a non-spherical platform that primarily localized to the infarcted heart and

kidneys due to its smaller size and protein-like morphology which enables significantly longer
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circulation times.! Additionally, we observed strong interactions between the degradable
nanoparticles and PLPs with necrotic cardiomyocytes in the injured heart while the MMP-
nanoparticles remain mostly extracellular. All these platforms are an excellent demonstration of

how versatile and tunable synthetic materials can be.

Through these studies, we have gained a greater understanding about the importance of
certain material characteristics on how our platforms will behave in vivo. We hypothesize the size
and morphology of the material plays a crucial role in determining the biodistribution and
accumulation of these systems in vivo. The degradable nanoparticle and PLP systems both
represent materials that can either be broken down into smaller fragments or already exist as
small, amorphous units, respectively. This allows these systems to have comparable cellular
uptake and clearance overtime, something that we do not observe with the MMP-nanoparticle.
Additionally, we hypothesize that the amphiphilicity of the materials we work with is crucial to their
favorable biodistribution and cellular uptake. Prior to enzymatic cleavage, these systems can
traffic through the circulation system as a semi-hydrophilic platform. Once they are cleaved by
endogenous MMPs, their hydrophaobic core is exposed, leading to aggregation and if the material
is small enough, cellular uptake. It has been previously established in a breast cancer cell line
that modifying antimicrobial peptides by conjugating long fatty acyl chains to increase their
hydrophobicity significantly increased their affinity to cell membranes.? We hypothesize that we
are observing a similar effect of uptake of hydrophobic aggregates in necrotic cardiomyocytes,

but benefit from their amphiphilic nature when the materials are in circulation.

Overall, we hypothesize that these nanoscale platforms demonstrate the ability to bear

therapeutic molecules, have favorable and unique biodistribution, and novel cellular interactions.
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All three platforms have demonstrated or have the potential for enabling highly efficient drug

delivery and therapeutic efficacy in acute myocardial infarction.

5.2 Future Directions

The work in this thesis has primarily focused on establishing several nanoparticle
platforms as successful platforms for delivery during the acute phase of MI. Now that we have a
concrete understanding of the various localization, retention, and clearance patterns of each
platform: the polynorbornene nanoparticle, degradable nanoparticle, and protein-like polymer, we
can begin to think about what sort of therapeutic would be most relevant for delivery. Particularly
for the degradable nanoparticle and PLP platforms, it is important to consider the kinds of cells
these platforms primarily appear to interact with, namely, necrotic cardiomyocytes and CD68*
macrophages. With this knowledge, we could consider administering cardioprotective molecules
or therapeutics for polarization of macrophage populations. Additionally, it is important to consider
the timeline of material retention in the heart, which varies depending on the platform, from ~1

month (degradable nanoparticles) to indefinitely (polynorbornene nanoparticles).

While we have demonstrated successful targeting through the incorporation of an MMP-
responsive polymer backbone, we are also interested in exploring new targets that may allow for
higher tissue-specific delivery. A previous that used in vivo phage display discovered a cardiac
homing peptide sequence that demonstrated strong affinity for binding to the injured
myocardium.* Incorporation of these new substrates into our various polymer platforms could

allow for enhanced delivery to the heart.

As was discussed in chapter 3 and 4, molecular weight or the generation of smaller
molecular weight fragments as well as the water solubility of a material have a profound effect on

biodistribution and cellular interactions. With this in mind, we could consider designing materials
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of varying molecular weights and solubilities to assess how this shifts patterns in biodistribution,
circulation time, and retention. This kind of work would further optimize the polymer systems we
work with as well as characterize the diverse behavior of our platforms for other potential disease

pathologies.

Additionally, we hypothesize that the platforms we have developed in this work are not
only applicable in acute myocardial infarction. They could be applied to many other inflammatory
conditions in which MMPs are upregulated. Our lab has also done work with a model of necrotic
skeletal muscle and acute traumatic brain injury, and we are interested to see how these

polymeric materials might behave in a new disease pathology.
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