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Abstract

Abstract

Torrieri G., 2022. Development of Drug-Loaded Acetalated Dextran-based Nanoparticles
for Heart Targeting and Treatment of Myocardial Infarction

Dissertationes Scholae Doctoralis Ad Sanitatem Investigandam Universitatis Helsinkiensis, 62/2022, pp. 77 ISBN 978-951-51-
8644-7 (print), ISBN 978-951-51-8645-4 (online, http://ethesis.helsinki.fi), ISSN 2342-3161 (print), ISSN 2342-317X (online)

Cardiovascular diseases (CVDs), and in particular myocardial infarction (Ml), represent a huge
burden for society. Current therapies for Ml are unfortunately unable to fully restore the lost
function of the injured heart. In this regard, cell therapies and novel approaches, such as
stimulation of cardiomyocytes proliferation and fibroblasts reprogramming, offer appealing
alternatives, holding great potential for the regeneration of the infarcted heart. However, they
suffer from degradation issues and poor pharmacokinetic properties. Nanomedicines can
provide smart solutions to those challenges and have received increasing attention during the
last decades. Moreover, they offer tools for minimally invasive treatments, an aspect that is
very important for patient compliance and clinical translation. The ability of nanocarriers to
target specific sites in the body is the most appealing feature of nanomedicines, which allows
to increase the efficacy of treatments and reduce their systemic adverse effects. In the last
decades, heart targeting was attempted by both passive strategies and conjugating different
moieties on the surface of nanoparticles, e.g. angiotensin Il type 1 (AT1) receptor and atrial
natriuretic peptide (ANP). However, the constant pumping of the heart and the lack of
selectivity of currently known heart targeting moieties, make heart targeting a challenging goal.
Therefore, the aim of this thesis was to develop drug-loaded nanoparticles for improved
targeting to the infarcted heart and its treatment. Acetalated dextran (AcDX) was chosen due
to its pH-responsive properties, biocompatibility, biodegradability and ease of surface
functionalization. Firstly, the heart targeting properties of ANP were improved by conjugating
on the surface of putrescine modified-AcDX another peptide, lin-TT1. The conjugation of lin-
TT1 peptide on the surface of the nanoparticles offered the ability to hitchhike the macrophages
that are sequentially accumulating in the heart upon the onset of MI. In vitro studies showed
the ability of the system to associate preferentially with M2-like macrophages, which have ant-
inflammatory phenotype. Subsequent in vivo studies on a rat model of MI, confirmed the
evidence of preferential accumulation of these particles in the infarcted heart after 7 days post-
MI, and showed increased heart targeting ability compared to particles conjugated with only
ANP peptide. Secondly, spermine-modified nanoparticles were developed and coated with a
coordination complex, made of tannic acid (TA) and Fe®* ions. TA was used for its proven heart
targeting capability, which derives from its high affinity for components of the extracellular
matrix, in particular collagen and elastin. In vitro studies proved the increased interaction of
the system with cardiac cell cultures stimulated with transforming growth factor (TGF)-8, which
induced higher collagen | production. The anti-fibrotic properties of TA were also confirmed by
in vitro studies, showing the reduced expression of pro-fibrotic genes in cultured fibroblasts
treated with the TA coated nanoparticles. Both systems demonstrated in vitro ability to induce
cardiomyocytes proliferation due to the encapsulation of two small hydrophobic molecules,
which stimulate cardiomyocytes to re-enter the cell cycle. Moreover, biocompatibility and pH-
responsive release of the cargos were also evaluated. Overall, two AcDX-based
nanoparticulate systems were developed for improved heart targeting and treatment of Ml,
bringing new insights about potential therapeutic advances in targeted delivery as a minimally
invasive therapeutic approach for heart disease.
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Introduction

1 Introduction

The limited regenerative potential of human adult cardiomyocytes (CMs) makes cardiovascular
diseases (CVDs) the leading cause of death worldwide, accounting for nearly 18 million deaths
in 2019, corresponding to 32% of all global deaths." Among the CVDs, ischemic heart disease
represents the one with biggest incidence, causing over one third of all casualties.! The
proliferative ability of the heart is lost in adult life, and thus, the massive cell loss caused by a
myocardial infarction (MI) cannot be tackled, leading to an unfunctional remodeling of the
cardiac muscle.?® In this remodeling phase, the typical contractile tissue of the heart is
replaced by a fibrotic scar, resulting in ventricular wall dilation, thinning and hypertrophy. This
pathological state, known as heart failure (HF), can be tackled by current therapies, which are
able to delay the progression of the disease and increase the survival rate of patients.*

However, conventional pharmacological treatments and chirurgical interventions are not
able to fully restore the lost function of the heart, leaving millions of patients without an ultimate
cure.>® Hence, there is a urgent need for more efficient cures. Besides conventional
pharmacological medicines and chirurgic interventions, the discovery of new therapeutic
targets has opened new frontiers and challenges for the treatment of Ml and HF, with new
approaches being investigated and developed. Among the most novel and promising
approaches there are cell therapies, stimulation of CMs proliferation, fibroblasts
reprogramming, cardiac tissue engineering and nanomedicines.”?

Cell therapies gave hope for the rehabilitation of the cardiac function, by potentially
replacing the loss of cells after a Ml. However, despite the initial enthusiasm generated by
promising preliminary results, clinical trial showed their controversial inefficacy in producing a
significant benefit in the restoration of the cardiac function.®'? Cardiac tissue engineering
approaches instead, include the design of scaffolds or patches to be applied directly on the
heart. Even though these approaches are advantageous because of the mechanical support
they offer to the myocardium, their application requires invasive procedure and there is
question if their direct contact with the heart can cause problems in the long term.'3-16
Nanoparticulate carriers have attracted increasing interest and they can be administered by
minimally invasive routes, such as intravenously (i.v.) or orally, meeting requirements for a
better patience compliance and potentially clinical translation. Moreover, the possibility to tune
different properties of nanoparticulate carriers in order to achieve specific targeting and loading
of different payloads, makes them multifunctional platforms for the imaging and therapeutic
treatment of various diseases."” In particular, the most appealing property of nanoparticles
(NPs) is their ability to target specific areas in the body. In recent years, different approaches
have been proposed to achieve heart targeting, exploiting both passive and active
strategies.'®'® However, targeting the infarcted myocardium still represent a challenge
because currently, a specific CMs marker, which could be used as targeting moiety selective
enough to avoid potential dangerous adverse effects, has not been found yet.?° Also, the
constant pumping of the heart prevents the retention of the nanocarriers in situ, representing
a mechanical obstacle for heart targeting NPs.?°

In this thesis, both passive and active targeting approaches to improve the heart homing
properties of nanoparticulate systems are explored. The heart targeting abilities of atrial
natriuretic peptide (ANP) have been extensively exploited in the past.’®2' However, it is known
that ANP receptors are not exclusively in the heart, but they have been found also in other
organs, such as Kkidneys, lungs, brain, testes, adipose tissue, adrenal gland tissues and
vascular smooth muscle cells.?> Among the different types of NPs, polymeric acetalated
dextran-based NPs have been chosen due to their ability to deliver hydrophobic payloads,
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safety profile and pH-responsiveness.?®> As passive targeting strategy, spermine-modified
acetalated dextran (AcDXSp) NPs were coated with tannic acid (TA) because TA has showed
heart targeting capability due to its affinity for components of the extracellular matrix (ECM),
such as collagen and elastin, which are abundant in the infarcted myocardium.?* The
biocompatibility of the system was investigated in cardiac cells and interaction in cultures
stimulated with transforming growth factor 3 (TGF-B) characterized by increased production of
ECM. The pH responsive release of two small hydrophobic compounds for the stimulation of
CMs proliferation, CHIR99021 and SB203580, was also evaluated at pH 7.4, mimicking the
physiological environment, and pH 5, mimicking the endosomal space. Also, the anti-fibrotic
properties of the TA coating were determined, as well as the ability of the system to induce
proliferation of CMs in vitro.

An active targeting strategy was used here to improve the heart targeting ability of ANP.
Considering the important role of inflammation in MI and the massive recruitment of
inflammatory cells in the infarcted myocardium,?2¢ the surface of putrescine-AcDX (Putre-
AcDX) NPs was modified with both ANP and linear-TT1 peptide. Lin-TT1 was chosen because
of its ability to target tumor associated macrophages, as well as macrophages associated to
the atherosclerotic plaques,?’~2° with the aim to hitchhike on macrophages and improve the
heart targeting properties of ANP. The biocompatibility and cell-NP interactions of the system
was evaluated in vitro in both macrophages and CMs of different origin. Then the ability of the
compounds encapsulated, CHIR99021 and SB203580, to stimulate cardiac proliferation in
vitro was investigated. Finally, in vivo biodistribution studies for assessment of the ability of the
system to reach the infarcted heart were performed.
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2 Literature overview

2.1. Coronary heart disease and therapeutic approaches
2.1.1. Cardiovascular diseases and their prevalence

CVDs are the leading cause of death worldwide. They consist of a group of disorders of
the blood vessels and heart. Within this group there are coronary heart disease, hypertension,
cerebrovascular disease, HF, peripheral vascular disease, congenital heart disease and
rheumatic heart disease." Official reports classify them as the main cause of death globally,
causing an estimated 17.9 million deaths in 2019, and representing 32% of all global deaths."
Among these 17.9 deaths, 85% were due to heart attack and stroke, which are caused by a
blockage that prevents blood from flowing to the heart or brain." The most important risk factors
at the base of CVDs are unhealthy diet, physical inactivity and excess use of tobacco and
alcohol, which are result of the improved health conditions acquired in the 20" century." In
Europe, numbers are still astonishing, with 85 million people living such burden and 11.3 million
new cases of CVDs recorded in 2015.%° Also in Europe, CVDs account every year for
approximately 45% of deaths and the overall costs to the EU economy are estimated to be up
to €210 billion a year.?® In Finland, despite the substantial decrease of incidence, CVDs still
represent the main cause of death in 2020, accounting for around 30% of the total deaths.®'

2.1.1.1 Limited regenerative potential of adult human heart

The heart functions as a pump and it has the important role of maintaining the
circulation and supplying the other organs with blood. Although the function of the heart is
crucial for life, the adult human heart has limited capacity to restore its function when insults
occur.2® This deficiency accounts for the high morbidity and mortality of ischaemic heart
diseases. When MI occurs in mammals, there is either death or repair mechanisms,
characterized by different phases.®3? If there is survival after Ml, the massive death of
cardiomyocytes (CMs), which consist of 1 billion of cells dying, generate an acute inflammatory
response with recruitment of inflammatory cells and fibroblasts.? After few weeks, a large,
collagen-rich scar tissue forms, with the aim of solving the loss of cardiac cells and preventing
rupture of the cardiac wall.? This fast solution thoug is causing weakening of the cardiac tissue
and initiating a compensatory pathologic remodeling of the heart.?

These injury-induced repair processes differ between species and in some
animals can actually lead to regeneration of the tissue.® Indeed, while mammals have poor
cardiac regenerative abilities, certain amphibian and fish species, like the zebrafish (Danio
rerio), have shown robust regenerative capacity post heart injury.>3-3 Interestingly, the
regenerative capacity not only differs between species, but also between genetically identical
organisms at different life stages. For example, it is known that mice retain some ability of
regenerating the heart within 7 days post birth,*>4! with some evidences that this capacity is
actually restricted to the first 2 days after birth.#? Similarly to rodents, there have been reports
of new-born humans recovering after infarction.*>#* Adult mammals and zebrafish, as well as
new-borns, share the same repair process, but there are differences, that lead adult mammals
to form scar tissue, while zebrafish and new-borns are able to regenerate the heart. In Figure
1 the main differences between regenerating and non-regenerating hearts are summarized.
When MI occurs, adult mammals prevent heart rupture and direct death by deposition of an
extracellular matrix (ECM) network.? This process can be divided into three phases: the
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inflammatory phase (which will be discussed in detail in the next paragraph); the proliferative
phase and the maturation phase.® During the inflammatory phase, the necrotic tissue is
cleared away by the activity of matrix metalloproteases (MMPs) and the recruited inflammatory
cells,*>4 while the enhanced permeability of blood vessels close to the damaged area allow
the accumulation of fibrinogen, forming a provisional fibrin-based matrix network.*”48 In the
following proliferative phase, the proliferating (myo)fibroblasts, together with macrophages,
replace the fibrin-based network with fibronectin and collagenous type-Ill filaments.**-5 Finally,
in the maturation phase, type-I collagen filaments, which are highly cross-linked and provide
robust structural integrity, replace the type-Ill collagen fibers, creating a permanent stiff
scar.5253

Time
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Fibrin deposition
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Figure 1. Comparison between repair and regenerative responses. Copyright® 2021 Springer
Nature. Reprinted with permission from ref.3

The (myo)fibroblasts of the regenerating zebrafish heart not only arise from resident fibroblasts,
but are also derived by trans-differentiation of epicardial®*® and endocardial cells.5® These
fibroblasts are gradually de-activated as regeneration progresses to prevent excessive

4
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fibrosis.5® Differences in the ECM composition, early deposition and clearance kinetics in the
zebrafish need still to be elucidated. Another difference between zebrafish and adult mammals
in the heart regenerative process is that zebrafish has shown the recruitment of a
W1t1" macrophage sub-population, which displays a pro-regenerative transcriptomic
signature.5” Also, there is evidence that in the zebrafish, the adaptive immune system plays
an important role in the regenerative process.® Revascularization also differs between
regenerating and repairing tissues. While in adult mammals angiogenesis starts as early as
the inflammatory phase, but the new vessels become obsolete when scar is forming,5°%° in
zebrafish the vessels are maintained and support the newly formed CMs.2 Another difference
resides in the way CMs counteract the reduced function of the heart after MI. In the non-
regenerating heart, CMs tend to grow in size, initiating an hypertrophic response.5'62 While
hypertrophy represent a fast solution, it transforms into a problem later, resulting in HF.6".62
The CMs populating the border zone go instead towards a dedifferentiation program, activating
a stress response.?3%* The regenerative heart instead, tackles the reduced functionality of the
heart with an hyperplastic response.®5% Also in this case, CMs in the border zone go towards
a more pronounced dedifferentiation, activating an embryonic gene program and switching
from a fatty acid metabolism towards glycolysis dependent ATP production.®”%¢ Finally,
another characteristic responsible for the regeneration of the zebrafish heart is in the properties
of the CMs nuclei. Indeed, zebrafish CMs are diploid and mononuclear, characteristics that are
fundamental for the successful heart regeneration.®®"" In adult humans the CMs are instead
polyploid, while in murine species they are multinucleated.

In summary, despite there are many similarities between regenerating and non-
regenerating hearts, distinct differences can be found. Precise management of these
differences could hopefully one day unlock the regenerative potential of human adult heart.

2.1.1.2 Role of inflammation in MI

As discussed above, the inflammatory response taking place after Ml has a huge
impact on the outcome of MI. After Ml the repair is taking place by a sequential recruitment
and activation of different cell types.?>2?® Three different phases can be distinguished: An
inflammatory phase; a reparative and proliferative phase; and a maturation phase.?® A scheme
of the different phases can be found in Figure 2.

The hypoxia occurring during ischemia affects the vascular permeability and
facilitates leukocyte infiltration, while causing the massive death of cardiac cells by necrosis
and apoptosis.?®72 Despite that restoration of the blood circulation seems to be solution to the
necrotic process, it might result in further damage, known as ischemia reperfusion (I/R) injury,
as a result of abrupt reoxygenation, reactive oxygen species (ROS) generation, and activation
of the complement pathway.?57>7 Necrotic cells release danger signals, called danger-
associated molecular patterns (DAMPs), activating the innate immune pathways and triggering
inflammation.”®"® The first cells that are recruited in the infarcted area are the neutrophils,?-"°
reaching the infarcted area in the first 24 h, attracted by DAMPs, cytokines, chemokines,
endogenous lipid mediators (e.g., prostaglandin E2, leukotriene B4), histamine and
complement components.?%-82 The extravasation of neutrophils across the microvasculature is
mediated by binding of leukocyte integrins to endothelial adhesion molecules.®® Once infiltrated,
the neutrophils release proteolytic enzymes, contributing to the clearance of the wound from
dead cells and matrix debris. They might also amplify the immune response by secreting
inflammatory cytokines.®* Shortly after the neutrophils recruitment, monocytes are attracted to
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the infarction site. Monocytes are recruited in two waves.® The first wave of recruitment in
mice is characterized by accumulation of pro-inflammatory Ly6C" monocytes, mediated by
activation of the monocyte chemotactic protein 1 (MCP-1)/CCR2 axis.®>% These pro-
inflammatory monocytes peak at day 3 post-MI and give rise to macrophages and dendritic
cells.®”88 They exert proteolytic and inflammatory actions by secretion of tumor necrosis factor
alpha (TNF-a), interleukin (IL)-1b, myeloperoxidase, MMPs, cathepsins and plasminogen
activator urokinase, and phagocyting dead cells and debris.?>%” The second wave of monocyte
recruitment is characterized by increasing accumulation of anti-inflammatory Ly6C'"
monocytes, peaking around day 7 post-MI.2585 |n this second phase tissue repair is promoted,
by secretion of anti-inflammatory, pro-fibrotic and angiogenic factors (e.g., IL-10, transforming
growth factor (TGF)-B, and vascular endothelial growth factor (VEGF)).25%% A well coordinate
bi-phasic monocyte response is necessary for successful healing.?58"
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Figure 2. Phases of the repair process in mice after Ml with correspondent description of the
different inflammatory states. Copyright® 2016, Wolters Kluwer Health. Reprinted with
permission from ref.?5

Moreover, both phases derive from Ly6C" monocytes. They are first recruited in the infarct site
during the pro-inflammatory phase and then they switch phenotype to Ly6C'** and proliferate
during the reparative anti-inflammatory phase.®%° T cells are also recruited in the infarcted
site, but their mechanism of action and contribution to the resolution or worsening of the
function of the infarcted heart is still not very clear. T-lymphocytes, including CD4* and CD8+*
T-cells, Foxp3* regulatory cells, invariant natural killer T cells, and y&T-cells, infiltrate the heart
after Ml, peaking during the reparative phase, around day 7 post MI.®*% Studies have
demonstrated that CD4 helper T cells are activated in Ml as response to autoantigens and take
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part in wound healing, resolution of the inflammation and scar formation, limiting adverse
remodeling.®*% However the type and nature of the autoantigens still remains to be elucidated.
Regarding the role of CD8* T-cells, recent findings show that CD8* T-cells are recruited into
the myocardium following MI, are activated and release Granzyme B.% In this way, CD8" T
cells fostered adverse ventricular remodeling with their pro-apoptotic functions.®® Interestingly,
studies with a Cd82™'™mak mice, a genetically modified mouse model characterized by CD8* T-
cell deficiency, CD8* T-cells have been shown to play a dual and contradictory role.%” Indeed,
animals lacking functional CD8* T-cells had increased cardiac rupture despite having better
overall survival after MI.%” Other evidences instead, describe the presence of a subset of CD8*
T-cells expressing the type 2 angiotensin Il (Angll) receptor, which might be protective.®® The
proliferative phase of cardiac repair is followed by scar maturation, characterized by cross-
linking of the extracellular matrix, and deactivation of reparative cells, which may undergo
apoptosis.? After healing, in both humans and animal models with MI, a subset of those
afflicted will exhibit late progressive ventricular dilatation and HF, a state characterized by
chronic inflammation.®® Histopathology studies of failing hearts showed increased presence of
tissue macrophages and T-lymphocytes, and augmented adhesion molecule expression in
endothelial cells.'® Discovering the precise roles and mechanism of action of the different
protagonists taking part in the inflammation following MI, could provide new therapeutical
targets to find a cure for Ml and save the lives of millions of people.

2.1.1.3 Heart failure and fibrosis

HF is a major health and socio-economical burden, affecting over 23 million
people around the world'®"1%2 — g number expected to increase due to the aging population.'®
HF is the main consequence of MI, caused by persistent activation of fibrotic processes and
remodeling of the myocardium, including areas not directly affected by the MI. After MI, the
mammalian heart is unable to replace the huge loss of CMs and instead, starts forming a scar.
While the initial replacement fibrosis is aimed at forming a scar and prevents the rupturing of
the ventricular wall after an ischemic insult,’®'% in HF the activation of reactive fibrotic
processes in the infarct border zone and in the remote uninjured myocardium, leads to
increased ventricular stiffness, altered chamber compliance and impaired function of the
cardiac tissue.*'% Moreover, scar formation and interstitial fibrosis also interfere with the
normal electrical function of the heart thus predisposing to arrhythmia.'?”

HF is characterized not only by excessive fibrosis, but also hypertrophy of CMs,
infiltration of inflammatory cells and chronic activation of pro-inflammatory signals, increased
ROS production, endothelial dysfunction and renin-angiotensin-aldosterone (RAAS) pathways
activation.'® As described above, CMs go towards hypertrophy in response to damage with
the aim to compensate the loss of cells following MI. However, this response might progress
to a degeneration state with induction of structural changes in CMs, such as loss of myofibrils,
disorganization of cytoskeletal and membrane-associated proteins, enlargement of the
cytoplasm and nuclei, grouping of small-sized mitochondria, and proliferation of T tubules."%-
10 All these features have shown to have a key role in the pathogenesis of cardiac contractile
dysfunction.'%%1® Concomitantly with the hypertrophy of CMs, after Ml there is an intensive
remodeling of the ECM. The ECM consists of a highly dynamic microenvironment composed
by a network of fibers, different cell types, matrix proteins, and signaling molecules that play a
fundamental role in maintaining the heart function and propagating the electrical contractile
forces throughout the heart.""'-'"3 Collagen is the main structural component of the ECM.
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There are different types of collagen, but the cardiac ECM is mainly composed by collagen |
and llI (over 80 and 10% respectively)."'* Type | collagen is characterized by tensile strength
and provides rigidity, determining the cardiac stiffness."'® Type Il collagen, instead, confers
elasticity to the ECM by forming a fine network of distensible fibers."'® After MI, there is
alteration in the concentration of collagen with increase of collagen | abundance, alteration of
the ratio between type | and type Il collagen, crosslinking and increased rigidity, and changes
in the fibers alignment."'*17-11% All these features contribute to the establishment of fibrosis
and scar formation and they take place both in the site of injury (with scar formation) and in
areas of the heart not directly affected by the MI, that undergo towards interstitial fibrosis. The
main producers of ECM are (myo)fibroblasts, a specific type of fibroblast with contractive

properties due to expression of alpha-smooth muscle actin (a-SMA) microfilaments (Figure
3)_120—122

RS
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and conversion \ - of extracellular /A ll‘l A
to myofibroblasts - ‘ ‘ 9 matrix proteins /i . il ‘ ~\\\
Y SN / |
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Figure 3. Activated (myo)fibroblasts can contract due to expression of a-SMA and they are
the responsible for ECM deposition. Abbreviations: TSPs, thrombospondins; TIMPs, tissue
inhibitors of metalloproteinases; CTGF, connective tissue growth factor; EDA-FN, extra-
domain-A-containing fibronectin. Copyright® 2016 Springer Nature. Reprinted with permission
from ref.*

They are activated and recruited in the infarct site after 3-4 days post-MI by expression of TGF-
B1.2 TGF-B is in turn up-regulated by mechanical stress, Ang Il and endothelin I, revealing
the pro-fibrotic roles of RAAS and endothelial dysfunction in the cardiac remodeling.'?*-'° Pro-
inflammatory cytokines, like TNF-a, IL-1, and IL-6, also play an important role in the remodeling
of the ECM and they exert either beneficial or detrimental effects depending on their
concentration and on the acuteness versus chronicity of the primary insult.®®26-12 |n particular,
TNF-a alters the function of matrix MMPs and their inhibitors (TIMPs) causing imbalance
between deposition and synthesis of ECM.123130.131 | -1, |L-6, and IL-18 have a role in the
hypertrophic growth response of cardiac myocytes. 3?3 Left ventricular (LV) remodeling is
characterized by fibrillar collagen degradation, ECM remodeling, progressive ventricular
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dilatation, and wall thinning, as a result of the upregulation of MMPs and down regulation of
TIMPs.'? Production of ROS (including superoxide anions, hydrogen peroxide, and the
hydroxyl radical) may cause CMs necrosis, consequently boosting the inflammation and the
scar tissue formation.'-"3 Altogether, chronic inflammation, hypertrophy of myocytes,
formation of scar tissue and development of interstitial fibrosis in non-infarcted areas, all
contribute to LV remodeling and impaired cardiac function.

2.1.2 Developed therapies for the treatment of myocardial infarction and heart
failure

To date the pharmacological treatment of Ml and HF is unsuccessful in restoring
completely the function of the myocardium.5® The first aid treatment after Ml usually consists
in chirurgical interventions aimed at restoring the blood circulation to the heart. There are
established guidelines telling how to proceed according to the patient situation.3®'%° Once the
patient is stabilized, administration of pharmacological treatment will start. At the same time,
novel approaches, such as cell therapies, cellular engineering, fibroblasts reprogramming,
stimulation of CMs proliferation and the development of materials, have been developed.”® In
the next paragraphs | will explore the current therapies that are clinically approved, as well as
the novel strategies that are being developed, but not yet clinically translated and on the market.

2.1.21 Clinically approved therapies and pharmacological and surgical
treatments current in use

As previously stated, the therapeutic options clinically available for Ml patients are
aimed at contrasting the LV remodeling and preventing the recurrence of ischemic events,
while trying to improve the contractility of the cardiac muscle and reduce the congestion.®
Current therapies have been developed with the aim to alter the processes causing LV
remodeling, such as upregulation of different paracrine, neuroendocrine and autocrine factors,
hemodynamic imbalance and LV wall stress.>® In clinical practice, the best treatment for
patients affected by HF with reduced ejection fraction (HFrEF) consist in the administration of
an angiotensin receptor/neprilysin inhibitor (ARNI), a mineralcorticoid receptor antagonist
(MRA), a beta blocker and a sodium-glucose co-transporter 2 (SGLT2) inhibitor.'#'-142 Different
types of diuretics are also used to keep fluids from collecting in the body and reduce
congestion.'#?'% Digoxin may be considered in patients with symptomatic HFrEF in sinus
rhythm despite treatment with an angiotensin-converting enzyme (ACE) inhibitor (or ARNI), a
beta-blocker and an MRA, to increase the strength of the heart contractions and reduce the
risk of hospitalization..'*2-'%4 Hydralazine and isosorbide dinitrate can be used as combination
in patients who cannot tolerate any of ACE inhibitors, ARNI or angiotensin receptor blocker
(ARB), to relax the blood vessels and thus reduce the blood pressure and risk of death.4>-44
Ivrabadine, an inhibitor of the Ir channel in the sinus node, is used to slow the heart rate in
patients in sinus rhythm, with a left ventricular ejection fraction (LVEF) <_35% and with a heart
rate > 70 b.p.m.."2? Changing life style, with adoption of a healthy diet and exercise, is also
recommended to patients in order to prevent the disease from worsening. When the disease
reaches advanced stages, the use of mechanical support devices is considered and, ultimately,
heart transplantation.''¢ Common implantable devices include pacemakers, cardiac
resynchronization therapy (CRT), cardioverter defibrillators and left ventricular assist devices
(LVADs)."® A pacemaker is usually installed when the heart of the patient beats too slowly,
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and it works by constantly monitoring the heart rate, while sending electrical pulses to the heart
in order to achieve a regular beating.™*® CRT is a particular type of pacemaker instead, adopted
when the walls of the LV chamber contract asynchronically.'® Cardioverter defibrillators are
also a type of pacemaker and they send an electrical impulse to the heart when it start beating
too fast.™® LVADs are instead battery-operated, mechanical pump-like devices that are
implanted in the patient body and help the heart to maintain pumping ability. ¢ It is often used
when the HF is severe and the patient is waiting for heart transplant. Ultimately, heart
transplant is the last resource for patient suffering from HF. However, limited availabilities of
hearts and organ rejection issues make this approach not suitable and/or available for all the
patients and a high-risk procedure.

2.1.2.2 Novel therapeutical approaches

To date there is no cure for Ml and HF and these burdens kill millions of people
each year. The current therapies listed above leave an unmet need and give reason for
research of new therapeutic approaches aimed at restoring the lost function of the heart.
Increasing knowledge of the complex pathophysiological mechanisms responsible for the loss
of contractility of the cardiac muscle have helped finding new therapeutical targets and
strategies. Besides the discovery of new small molecules, research is focusing also in the
investigation of the efficacy of biologics, cell therapies, biomedical engineering approaches,
gene therapy, nanoparticulate systems and combination of them.

Table 1 summarizes the main therapeutic approaches under development for
the treatment of Ml and HF, with the exception of cell therapies and nanoparticulate systems,
which will be described respectively, in brief here and in detail in the next section.

Cell therapies have been developed during the years with the aim to replenish
the loss of CMs, and have been validated by promising pre-clinical results. Among the different
cell sources, skeletal myoblasts, bone marrow mononuclear cells (BMNCs),'” hematopoietic
stem cells (HSCs),"® endothelial progenitor cells (EPCs),"*® mesenchymal stem cells
(MSCs),™® and pluripotent stem cell (PSC)-derived CMs (PSC-CMs) have been used.
However, despite the number of past and ongoing clinical trials, the desidered results have not
yet being achieved. Moreover, there have been multiple clinical trials showing paradoxical
result, and different hurdles hinder the clinical translation of such therapies.'"'> Among those,
poor cell engrafment and survival, the immaturity of the cell types used for transplant and the
risk of teratoma formation and engrafment rejection, are the most important ones.''? As
showed also in the table below, biomedical engineering approaches have been developed also
to improve the engrafment of cells to the heart, but further investigations on the therapeutical
outcomes and possible long-term risks are still needed.

In recent years, also chimeric antigen receptor (CAR) T cells have been used'®
or generated in vivo'™' to reduce the fibrosis in the infarcted area, representing a novel
promising approach for the treatment of HF. However, further studies are needed to determine
doses of such therapies, improve the targeting and minimize the possible toxic effects.
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Table 1. Novel therapeutic approaches for the treatment of Ml and HF.

Class Drugslcel_l Mode of action Efficacy Refs.
types/materials
Small drug e  Omecamtiv mecarbil e  Cardiac myosin e Approved in February 62
molecules and activator; increases 2022
biologics stroke power
e Pirfenidone e Antifibrotic Phase 2 193154
. Carbacyclin . Increases PPARD In vitro proliferation of 195
activity, which activates adult CMs
B-cat via
PDK1/AKT/GSK3pB
pathWay 156,157
e TT-10 e enhances YAP-TEAD In vitro stimulation of '
activities and Wnt/B- CMs proliferation and
catenin signaling, and antioxidant properties
activates NRF2
transcription factor 158
¢ NRG-1 e  Activates ErbB2-4 e Invitro stimulation of
tyrosin kinase signaling CMs proliferation 159,160
. BIO, CHIR99021 . GSK-3 inhibitors. . Induces proliferation
of mammalian CMs 161
e  5-azacytidine e Induces CM e  Stimulation of CMs
differentiation of proliferation
glycolytic cardiac
progenitors 162
. SAG, NBI-31772, . Drive CMs proliferation . Stimulation of CMs
SB-203580, and proliferation
CHIR99021 163
e  Dorsomorphin e Inhibits the BMP e  Stimulation of CMs
signaling and induces proliferation
CM differentiation in
mouse ESCs 164
e  Sulfonyl-hydrazone e Induces cardiac e  Stimulation of CMs
differentiation in murine proliferation
PBMCs
. CHIR 99021 . Respectively GSK3B . FBs reprogramming 165
SB431542, parnate, inhibitor, TGF-B into CMs
forskolin and signaling inhibitor,
transcription factor LSD1/KDM1 inhibitor,
Oct4 adenylyl cyclase
activator, and
reprogramming
transcription factor
. SB203580 . p38 MAPK inhibitor stimulation of CMs 160,166
proliferation in vitro
adult rat CMs
Gene therapy and o miR-199a KO and . Hopx, Homer1c . CMs proliferation i
RNA therapeutics miR-590 KO
e miR-204 e Jarid2 . CMs proliferation 168
e miR-210 e APC . CMs proliferation 19
e miR-25 o FBXW7 e CMs proliferation o
. miR-1, miR-133, . HSP60, SREPB-1c, . In vitro and in vivo '
miR-208, miR-499 MYH?7 and MYH7b FBs reprogramming
respectively
. miR-1/miR-133a . Osmr, Fgfr1 . CMs proliferation .
. OSKM (Oct4, Sox2, o 3 In vitro 174175

Kilf4, c-Myc)

GMT (Gata4,
Mef2c, Tbx5)

GHMT (Gata4,
Hand2, Mef2c,
Tbx5)
miR208b-3p,
ascorbic acid and
Bmp

reprogramming of
FBs into CMs

In vitro
reprogramming of
FBs into CMs

In vitro
reprogramming of
FBs into CMs

In vitro
reprogramming of
FBs and implant of
the tissue in Ml area

176

177,178

179

Biomedical
engineering

Injectable fibrin
biomatrix

Injectable fibrin
scaffold

Transplantation of bone
marrow mononuclear
cells in the heart
Transplantation of
skeletal myoblasts in
the heart

In vivo improved LV
function recovery post-
Ml

Decrease of infarct
size in rats and
induced
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neovasculature

formation
o Alginate . Transplantation of e Preservation of LV 182
microspheres human mesenchymal function, increase of
stem cells angiogenesis and
improvement of cell
survival.
o Chitosan-based . ROS scavenging effect e  Suppression of 1
injectable hydrogel oxidative stress injury
. Collagen-based . Transplantation of . Efficient
matrices circulating progenitor transplantation e
cells
. Nanocellulose, . Delivery of . Potential application 185
poly(glycerol cardioprotective drug for MI treatment
sebacate), and and NPs
polypyrrole scaffold
e  Elastin-like . ECM mimic . Reduced fibrosis, 186
recombinamers- increased
based injectable angiogenesis in
hydrogel ischemic region and
improved cardiac
function
. Collagen-based . Delivery of stem cells- . Improved cardiac 187
hydrogel derived EVs function, decreased
CM apoptosis, and
reduced infarct size
. In situ forming fibrin . Delivery of e Improved cardiac
scaffold mesenchymal stem function, reduced 188
cells-derived EVs fibrosis and promotion

of endogenous
angiomyogenesis

Abbreviations: NPR-A: Natriuretic peptide receptor-A. NO: nitric oxide. V2: vasopressin 2. RXFP: relaxin family
peptide. PPARd: peroxisome proliferator-activated receptor delta. PDK1/AKT/GSK3f: 3-Phosphoinositide-
dependent protein kinase 1/ protein kinase B/ glycogen synthase kinase 3 3. YAP-TEAD: Yes-associated protein-
Transcriptional enhanced associate domain. NRF2: Nuclear factor erythroid 2—related factor 2. ErbB: Epidermal
growth factor receptor family. BMP: Bone morphogenic protein. LSD1/KDM1: Lysine demethylase 1. FBs:
Fibroblasts. MAPK: Mitogen-activated protein kinase. BMNC: Bone marrow mononuclear cells. EVs: extracellular
vesicles.

2.1.2.2.1 Stimulation of cardiomyocytes proliferation

Mammalian hearts are fully differentiated organs with limited regenerative
capacity, confined mainly to fetal and early postnatal stages of life.? Shortly after birth there is
a transition from hyperplastic to hypertrophic growth, with CMs not anymore able to complete
cytokinesis and becoming bi-nucleated cells.'®1% Yet, recent evidence has shown that there
is a CMs turnover in human adult heart ranging between 0.3% and 1% per year.'®" This
turnover, despite promising, is not sufficient to generate a number of CMs of clinical relevance
in case of injury. Hence, potential approaches to achieve meaningful CMs proliferation at injury
sites consist in removal of cell cycle blocks and/or administration of drugs boosting CMs
proliferation.®

The cell cycle consists of four phases (G1, S, G2 and M phases) and it is tightly
regulated by cyclins, cyclin-dependent kinases (CDK) and cyclin-dependent inhibitors (CDKi).
In particular, CMs proliferation is promoted by expression, complex formation and activation of
various cyclins and CDKs (cyclin E, A B1 and D1, and CDK1, 2 and 4), while it is inhibited by
increased expression of CDKi, including Cip/Kip (p21Cip1, p27Kip1, p57Kip2) and Ink4 family
members (p15Ink4b, p16ink4a, p18inkdc, p19Ink4d).® For instance, immuno-depletion of
p21Cip1 or deletion of CDKi p27Kip1 resulted in S phase progression in CMs.'®2 Expression
and activation by phosphorylation of FOXO transcription factors (Foxo1 and Foxo3) by
IGF1/PI3K/AKT and fibroblast growth factor (FGF) 1 signaling pathways, promotes CMs cell
cycle re-entry and proliferation.®®'®* Similar cell cycle activation can be obtained also with
growth factors and cytokines, such as periostin, neuregulin, FGF 1, and oncostatin-M, as well
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as induction of Hippo pathway.'8.166.195-197 Concentration of O, and metabolism also play a
role in CMs proliferation, with hypoxia and glycolysis promoting CMs dedifferentiation and
proliferation upon injury.'®” Another factor affecting the differentiation and ability of CMs to
proliferate is the ECM composition. While adult CM are tightly connected between each other
and they are organized in a relatively rigid scaffold composed mainly by collagen |,'% fetal and
early neonatal ECM is enriched in fibronectin and periostin and it favors CMs de-differentiation
and proliferation.'®>'%® Moreover, recent reports discovered that a major component of the fetal
ECM is Agrin, which promotes cell proliferation through the disassembly of the dystrophin—
glycoprotein complex (DGC) that sequesters YAP into the cytoplasmic compartment, thus
inducing the activation of a YAP-related signaling mechanism.2%20" Small drug molecules have
also been investigated for the stimulation of CMs proliferation. Compared to growth factors and
nucleic acids, these molecules possess various advantages, such as better diffusion through
cell membranes, flexibility, ease of production and storage, and lack of immune response
against them.20?

Hence, in this thesis, | investigated the pro-proliferative effect of two small
hydrophobic molecules, CHIR99021 and SB203580, which have shown synergistic ability to
stimulate CMs proliferation.’® CHIR99021 (for simplicity shortened as CHIR in the following
text), is a Wnt activator. Wnt/B-catenin signaling has an essential role during the neonatal heart
development and, in particular, despite it leads to cardiac differentiation at early developmental
stages, it has the opposite effects in later stages.?®® Degradation of B-catenin in the cytoplasm
is prevented by inhibition of the GSK3, which is achieved by activation of the Wnt pathway.?%
B-catenin is then able to translocate in the nucleus and once there, it regulates the expression
of target genes. CHIR was identified as the most potent molecular inducer of human CMs
proliferation, able to activate the cell cycle, as marked by the increased expression of Ki67, as
well as to increase the CMs number.2% SB203580 (for simplicity shortened as SB in the
following text) instead, is a p38 MAPK inhibitor."®® Activation of p38 resulted in differentiation
of CMs and repression of cell cycle re-entry.2%¢ Inhibition of p38 instead, exhibited an up-
regulation of cell cycles specific genes, such as cyclin A, and genes involved in mitosis and
cytokinesis, including cyclin B, cdc2, and aurora B.2%® Moreover, it regulates neonatal CMs
karyokinesis by increasing of almost 4-fold the percentage of phospho-histone H3 positive
CMs.2% Besides the ability to stimulate cell cycle entry in CMs, CHIR and SB have shown also
ability to modulate inflammatory responses.?°”2% |n particular, GSK3 inhibition by CHIR in a
murine obesity model resulted in a decrease in the visceral adipose tissue of pro-inflammatory
M1 macrophages and an increase of anti-inflammatory M2 macrophages, while reducing also
the levels of circulatory inflammatory monocytes.?’” The anti-inflammatory effects of CHIR
were partly driven by inactivation of STAT3, which was then followed by reduced production
of free fatty acids, chemokines and apoptosis inhibitor of macrophage.?°” Inhibition of the p38
MAPK by SB instead, results in decreased production of pro-inflammatory cytokines, including
TNFa, IL-1B, IL-6, and IL-8, and less induction of key inflammatory enzymes, including COX-
2 and inducible nitric oxide synthase.?%

Albeit the discovery of various therapeutics able to stimulate proliferation of
resident CMs has created great excitement for the development of new treatments for Ml and
HF, it brings up questions regarding their involvement in tumor formation. Such treatments are
designed to be short-term and thus have a transient effect. However, long-term exposure
together with exposure to mutagens, as well as accumulation in off-target tissues, could lead
to accumulation of mutations in different cell types and uncontrolled growth, and eventually
formation of tumors.”2%? Other issues related with the abovementioned therapeutics are their
hydrophobicity (especially for small drug molecules), poor pharmacokinetics and possible
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degradation inside our bodies.” Novel approaches and technologies are then needed to
promote the clinical translation of these therapies.

2.2 Nanomedicines
2.21 Engineering nanoparticles for drug delivery

Despite the recent advances in Ml treatments, the patience life expectancy is still

relatively low, and novel approaches, such as stimulation of CMs proliferation, have difficulties
to find a way to clinical translation, due to their potential side effects, instability of the active
ingredients and poor pharmacokinetic profile.”2%2 In this regard, the advent of nanomedicines
has brought excitement and hope for the establishment of efficient regenerative medicines
therapeutics. Since Paul Ehrlich’s definition of the “magic bullet” as drugs that go straight to
their intended cell-structural targets,?®® there has been an increasing effort in the scientific
community to create advanced drug delivery systems, aimed at curbing the drawbacks of
conventional and developing drug therapies. In particular, nanoparticulate systems have been
increasingly used over the years for both treatment and diagnostics/imaging of MI.21°2'" The
main advantages brought by nanomedicines in the field are: (1) Targeting to the injured
myocardium with reduction of potentially adverse effects of the payloads; (2) Possibility of less
invasive administration routes; (3) Protection of degradation and short half-life of biologics;
ability to deliver one or combination of drugs; and (4) Improvement of solubility and stability of
cargos.®?'?
The extreme versatility of nanoparticulate system offers researchers a wide variety of options
for the engineering of carriers aiming at specific sites of the body or possessing particular
features. NPs can be made of different materials and consequently, each nanoparticle type
possess specific characteristics. NPs composition can influence their stability and
biodistribution, as well as their optical and magnetic properties. In principle, nanocarriers can
be classified as organic or “soft” (e.g., lipid based and polymeric NPs) and inorganic or “hard”
(e.g., gold NPs, carbon nanotubes, porous silicon/silica NPs)."7:2'3 There are also biologically-
derived nanoplatforms in which cell membranes (e.g., cancer cell or red blood cell membranes)
are used to prepare vesicles or coat other materials.?'*-2'® Combination of different materials
are also reported in the formation of composites or hybrid platforms.?'-?2° The main types of
nanosystems are summarized in Table 2 together with their correspondent advantages and
disadvantages. In addition to composition, the physicochemical features of NPs, such as size,
shape, surface chemistry and charge, can influence the NP—cell interactions and uptake,
pharmacokinetics, biodistribution and half-life in the bloodstream upon administration.??!

Size of NPs affects the biodistribution and fate of the NPs inside the body. Small NPs (<
5.5 nm) are rapidly excreted from the body by renal clearance, while NPs larger than 200 nm
tend to accumulate in liver and spleen. If particles aggregate and their size is larger than 2 ym,
they will accumulate instead in the lungs.'”??'-224 Extravasation through the vasculature is
consequently achieved by NPs, whose size is between 20 and 200 nm. This effect, known as
enhanced permeability and retention (EPR) effect has been exploited for both cancer and
cardiovascular applications.??522¢ |n addition, size of NPs determines also the way in which
NPs are internalized by cells. Small NPs (60-200 nm) are usually internalized by different
mechanisms, including clathrin- and caveolin-mediated endocytosis and clathrin and caveolin-
independent endocytosis. NPs with size < 1 uym can be internalized non-specifically by
micropinocytosis. Finally, large NPs are usually taken up by phagocytosis. 722722
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As for the morphology, the most common NP’s shape is spherical, but different kind of
shapes have been produced, such as rods, stars, cubes, prisms, fibers. The shape of the NPs
can influence their interaction with cells and hemorheological dynamics.??!:224:228.230231 Fqr
instance, rod-shaped NPs showed tendency to marginate towards the vessel wall, and thus,
had increased predisposition to extravasation compared to spherical counterparts.'”:221224231
Moreover, the aspect ratio (ratio between the height and width of the particle) of NPs, can
influence their cellular uptake. Particles with higher aspect ratio, like rod-shaped NPs, exhibited
higher contact area with cells compared to lower aspect ratio NPs (spherical NPs), and thus,
they were taken up more by the cells.??

The surface charge of the NPs has also an influence on the NP-cell interactions.
Compared to NPs with negative or neutral charge, positively charged NPs showed higher
interaction with the negatively charged cell membranes, as a result of their electrostatic
attraction.?282% |n addition, positively charged NPs can successfully escape endosomes and
avoid premature delivery of cargos due to their “proton sponge effect”.?** However, despite
these advantageous features, positively charged NPs can cause cytotoxicity due to increased
mitochondrial and lysosomal damage, and disruption of plasma membrane integrity.?*3

Finally, elasticity, hydrophobicity and roughness of NP can also affect NPs fate inside
the body and interaction with cells. For example, softer NPs are taken up more by the cells
compared to stiffer ones.?*52% Surface roughness instead, can increase loading of payloads
and favors cellular uptake.?*"2% Cellular uptake is also increased by the NPs hydrophobicity.?*°
However, hydrophobic NPs present shorter circulation times compared to hydrophilic
counterparts, as well as increased toxicity.?40-241

Overall, by fine tuning of all these features, particles with specific characteristics can be
engineered to satisfy different therapeutical needs.

2.2.1.1 Acetalated dextran for the fabrication of drug delivery systems

In this thesis, acetalated dextran polymer was used for the fabrication of drug
delivery systems. This polymer derives from the acetalation of dextran’s hydroxyl groups,
which endow the polymer with pH-responsive properties.?*? Dextran is both biocompatible and
biodegradable, which makes it suitable material for drug delivery applications.?** Upon
acetalation, dextran not only acquire pH-responsive properties, but it becomes also
hydrophobic, making it able to encapsulate hydrophobic payloads during NPs preparation by
nanoprecipitation or emulsion techniques.?*??** Moreover, acetalated dextran can be further
functionalized to achieve polymers with different characteristics. For instance, conjugation with
spermine or putrescine enabled the synthesis of positively charged polymers, used for the
synthesis or NPs aimed at intracellular delivery of nucleic acids.?*>-?48 Conjugation with glucose
sensitive moieties, give birth also to a polymer sensitive to hyperglycemic microenvironment,
used for wound-healing treatment.?*® As stated above, acetalated groups are responsible for
the pH-responsiveness of the polymer. During the acetalation reaction, bot cyclic and acyclic
acetals are forming, with the former ones being thermodynamically favourable and replacing
the acyclic ones when reaction time is prolonged.?>® Consequently, modifying the reaction time
can tune the ratio of cyclic and acyclic acetals present in the polymer.2%°

Table 2. Nanoparticulate systems classified by their composition with correspondent advantages and
disadvantages
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Organic / “soft” NPs

Lipid based NPs
(Liposomes, lipid NPs, solid lipid
NPs, emulsions)

High bioavailability
Biocompatibility
Formulation simplicity and
high versatility
Encapsulation of

Low encapsulation
efficiency
Difficult purification methods

hydrophilic, lipophilic and 17,251-254
imaging agents
Controllable drug-release
kinetics
Possibility to functionalize
surface
Polymeric NPs Good stability Difficult purification methods
(Polymerosomes, polymeric Biocompatibility Difficult to scale-up
micelles, dendrimers, nanospheres) Possibility to use stimuli- Poor storage conditions
/ responsive polymers Possibility of aggregation
Encapsulation of both and toxicity
hydrophilic and lipophilic 17,255-261
agents
Precise control of NPs
characteristics
Controllable drug-release
kinetics
Inorganic / “hard” NPs
Porous silicon/silica NPs High porosity Poor stability in
High loading degree physiological conditions
Intrinsic adjuvant properties Fast release of cargoes (if
Biocompatibility not functionalized) 262-266
Biodegradability Short circulation time (if not
functionalized)
Low toxicity Limited colloidal stability (if
Chemically inert surface is not coated)
Iron oxide NPs Superparamagnetic High opsonisation by
behaviour macrophages
Contrast agent for computed 2e02C8
tomography
Hyperthermia agent
Easy to functionalize and
modify surface properties
Optical properties (for Long-term toxicity
Gold NPs photothermal therapy and Non-biodegradable
photoimaging)
Bioinert 2r0-272
Easy functionalization and
tuning of phisico-chemical
characteristics
Carbon nanotubes Large surface area Lack of size uniformity
Easy functionalization Long-term cytotoxicity (if not
Optical properties (for functionalized) TR
photothermal and
photodynamic therapy)
Higher photostability Toxicity
Quantum dots compared to fluorophores Low aqueous solubility
High quantum yield and Colloidal instability in the
long life time bloodstream 216,217
Tuneable size and shape- Incomplete elimination from
dependent optoelectronics the body
properties
Biologically-derived NPs
Long circulating properties Poor colloidal stability
Cell membrane-based NPs Surface is source of Difficulty of loading proteins
antigens
Possibility of stimulating 215-217,278

both humoral and cell-
mediated immune
responses
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Considering that cyclic acetals degrade slower compared to acyclic, the reaction time is crucial
to control the polymer degradation half-time and pH-sensitivity.?°Acetalated dextran is
relatively stable at physiological pH (pH=7.4), but degrades faster at acidic pH (pH=5.0), being
an optimal feature for the delivery of drugs intracellularly at endosomal level or in tissues
presenting lower pH (e.g., cancer, infarction, and intestinal inflammation).?47:279-281 Acetalated
dextran can be used to form scaffolds, fibers, micro- and nano-structures, representing a
material used for a wide range of biomedical applications. It has been successfully used for
the development of vaccines against infective disorders as well as cancer vaccines, cancer
treatment, treatment for cardiovascular and infectious diseases and immunomodulators for
autoimmune diseases.246:247,250,282-289

2.2.1.2 Strategies to improve the stability and increase the circulation
time of drug delivery systems

Once in the bloodstream, nanoparticulate systems have to face one of the
greatest barriers, which influences their ability to reach their target site, and it is known as
protein corona formation. The protein corona consists in the association of biomolecules
(usually proteins) on the NPs surface.?®*?% This association of bloodstream components on
the surface of drug delivery systems, can lead to formation of an “hard corona” and a “soft
corona”. The former one consists of a layer of proteins with high affinity for the NPs surface,
which might bind irreversibly to it; the latter instead, is a layer of low affinity binding molecules,
adhering to the NPs surface by reversible bonds.?**2% The formation of protein corona alters
the composition of the NPs, hindering their stealth properties and ability to reach and interact
with their target cells, thus limiting their therapeutic efficacy and clinical translation.2%32% |f the
corona is composed of opsonin molecules (e.g., complement factors, immunoglobulin (Ig) G
or other proteins), the system is recognized, phagocyted and cleared by cells of the
mononuclear phagocytic system (MPS), which consists of a system of phagocytic cells,
predominantly resident macrophages, in the spleen, lymph nodes and liver. This process is
known as opsonization.22!241,297.298

The protein corona formation depends on the characteristics of the NPs surface.
Modification of the surface properties can then prevent or at least reduce protein corona
formation. One of the mainstream strategies is grafting poly(ethylene glycol) (PEG), or
PEGylation on the NPs surface.?*-%%! The ethylene glycol units prevent protein interaction with
the NPs by forming an hydrated layer.*°" Moreover, the flexibility of PEG chains makes the
interpenetration of other molecules in the PEG layer thermodynamically unfavorable.302303
Molecular weight, length of the chain and density of PEG engrafted are all parameters that
influence the circulation time of NPs in the bloodstream.?' The most famous example of
enhanced circulation time by PEG is the FDA approved nanomedicine Doxil®, in which
doxorubicin loaded liposomes gained an increased lifetime in the blood from minutes to
hours.3** Since then, PEGylation has been extensively used to stabilize and increase the blood
circulation time of different drug delivery systems. Although other materials presenting similar
stealth properties, such as poloxamers, poly(vinyl alcohol), poly(amino acids) and
polysaccharides, have been investigated,**> PEG still remains the most used material.

Alternatively, use of “self’ peptides, like the “don’t eat me” marker CD47, have
been used to decorate the surface of NPs, as studied by Disher et al.’% In their study,
attachment of computationally designed “self” peptides on the surface of 160 nm beads,
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significantly reduced they clearance by liver and spleen, prolonging their circulation time and
increasing their accumulation in the tumor site.3%

Coating with red blood cells (RBCs) or leukocytes membranes also showed
reduced opsonization and enhanced circulation times.2'®*7 The prolonged circulation time is
guaranteed by “self” moieties present on the cell membranes.

Recently, TA, a polyphenol derived from plants, has also been used for the
development of drug delivery systems or used as coating to impart different properties to the
NPs. Reports have shown that the abundant presence of hydroxyl groups in the TA structure
prevents non-specific protein binding when NPs are in plasma, thus enhancing the circulating
time of TA-modified NPs.3% Similarly, Shin et al. complexed proteins and peptides with TA to
achieve increase blood circulation and heart targeting.?* Taking account these considerations,
in this thesis besides PEGylation, the properties of TA as NPs coating were also explored.

2.2.2 Nanomedicines for the treatment and imaging of myocardial infarction

As discussed above, current therapeutic treatments are able to improve the quality of life
of patients affected by Ml and HF, but unable to fully restore the lost function of the heart,
leaving millions of patients without an ultimate cure. Despite the discovery of new therapeutic
targets and novel approaches to tackle the loss of CMs and regenerate the cardiac tissue,
there is little of no clinical translation, due to invasiveness of administration, limited efficacy
and harmful adverse effects of new therapeutics.” In this regard, nanomedicines offer a great
opportunity to translate the abovementioned approaches into clinics. Thanks to their high
versatility, nanoparticulate materials have received increasing interest over the years for CVDs
applications.19:210211247.248 \While microparticles for Ml therapy have also been fabricated with
the intention of being administered locally, NPs were developed with the aim to avoid such
invasive procedures and improve patient compliance.®®3*'° Since NPs can encapsulate
imaging agent or have optical properties by themselves, they have been used also for imaging
and diagnostic purposes.®''3'2 In Table 3 there is a summary of the main micro- and nano-
particulate systems developed for imaging or treatment of Ml and HF.

2.3 Targeting strategies
2.3.1 Passive targeting strategies in drug delivery applications

The most appealing feature of drug delivery systems is their ability to reach specific sites
in our body, characteristic that makes them advantageous compared to conventional
therapies. Accumulation of NPs in different sites of our body can be achieved in two ways:
passive or active targeting.%'® Here, the description is limited to passive targeting, while active
targeting will be described in detail in the next section. Passive targeting is defined as the
natural accumulation of NPs in particular sites of the body by leveraging physiological features
encountered by the NPs in their journey. It can include exploitation of leaky vasculature in
different sites of our bodies, and use of materials or systems which have a particular tropism
for particular organs.

The first example of passive targeting was described by Matsumura and Maeda in 1986
and it was demonstrating accumulation of nanomedicines in tumor site due to some
characteristic of the tumor microenvironment.®'* The effect was called EPR effect and was
attributed to the leaky vasculature present in some tumor sites.?'%*'® The fenestrations in the
blood vessels constituting the tumor microenvironment range between 100 and 780 nm,
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allowing accumulation of nanocarriers of size up to several nanometers.?'%%'® The EPR effect
can be enhanced also by the extensive angiogenesis and lack of lymphatic drainage.3'%31
Tuning the physicochemical features of nanocarriers with the aim of prolonging their circulation
time in the bloodstream can increase their passive accumulation on tumor sites. Moreover,
leaky vasculature has been found not only in tumor sites, but also in ischemic and inflammatory
sites®'7-31% and could thus be exploited for different applications.

Recently, the development of lipid NPs for tissue-specific mMRNA delivery and CRISPR-
Cas9 editing, revealed the possibility to achieve particular organ accumulation by modulating
the lipid composition of the NPs and their charge.®?° Lipid NPs (LNP) are carriers traditionally
used for the delivery of ribonucleic material and they are usually composed of ionizable cationic
lipids, amphipathic phospholipids, cholesterol and PEG lipids. In their work, Cheng et al.
demonstrated that addition of a specific lipid, named selective organ targeting (SORT) lipid,
could determine NPs tropism for either lungs, spleen or liver.*? They explained the specific
organ targeting as a process called endogenous targeting.®?' In this process, LNPs after
desorption of PEG lipids from their surface, bind to specific endogenous proteins in the blood
circulation according to the chemical nature of the SORT lipid and achieve selective organ
targeting by protein binding to cognate receptors highly expressed in specific tissues.3?!

The EPR effect theory has been recently challenged by Warren®?2-2% and
Weissleder®?®326 groups, who demonstrated that the primary entry mechanism of NPs into
tumor sites is not occurring by passive diffusion, but it is an active process mediated by
endothelial cells®**%?* and tumor associated macrophages (TAMs).322325326 By imaging the
tumor vessel with intravital confocal microscopy, Warren et al. demonstrated that 20% of the
TAMs in their videos contained NPs and were migrating. TAMs penetrate into the tumor and
then redistribute the NPs to cancer cells. Moreover this TAM mediated transport is size-
dependent.??? Future studies will elucidate how the different physico-chemical characteristics
(e.g. chemistry, surface charge, shape) of NPs influence this active transport mechanism.
These and future findings will revolutionize the way cancer nanomedicines are designed and
open possibilities to explore novel strategies to enhance NPs tumor accumulation. Moreover,
similar mechanisms could take place in different pathologies, like ischemic and inflammatory
sites, and could be exploited to increase the NPs accumulation in such districts.

2.3.1.1 Passive targeting strategies developed to reach the infarcted
myocardium

The discovery of the existence of leaky vasculature in the infarcted
myocardium3'” has paved the way to the development of nanosystems able to extravasate
through them and accumulate in infarction sites by passive targeting. Evidence suggested that
the optimal size for NPs to be able to accumulate in the infarcted myocardium via this
mechanism range between 20 and 200 nm.??® Keeping in mind these findings, researchers
have been developed different systems for the treatment and imaging of MI. For example, the
passive delivery of porous silica NPs containing adenosine, resulted in reduction of infarct size
in a rat model of I/R injury. Moreover, the adverse effect of adenosine (hypotension) was
attenuated by encapsulation in the silica NPs." Recently, Bejerano et al. delivered miRNA-21
to macrophages accumulating in the infarcted heart in order to induce their phenotype
modulation towards an anti-inflammatory, reparative state.?’
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Table 3. Summary of micro- and nanoparticulate systems for treatment and imaging of MI.

Administration

Micro- and nanosystems Purpose . Targeting Refs.
Liposomes Therapeutics iv. active 328
delivery
Porous silicon NPs Theralpeutics i.v. active B
delivery
Potential
Protein complexes with TA application in CVD i.v. passive 2
treatment
PLGA MPs fiberapctics intramyocardial - %29
delivery
PLGA NPs Thcejralpeutlcs intramyocardial - 330-332
elivery
Therapeutics
Chitosan hydrogel NPs delivery and intramyocardial - 333
imaging
Chitosan-alginate NPs Therapeutics intramyocardial - 334
delivery
Hyaluronan-sulphate NPs fibcrapeliics i.v. passive =27
delivery
RGD-PEG-PLA NPs Therapeutics iv. passive s
delivery
Calcium phosphate NPs Liicrapelitics inhalation of NPs passive 332
delivery
Lipid NPs Therapeutics iv. active 2
delivery
IMTP-Fe;04-PFH NPs Imaging i.v. active &
Potential imaging
MnO NPs and therapeutic iv. passive 338
applications
PLGA NPs lbel=peltics i.v. passive &
delivery
Gold NPs Therapeutics oral gavage - 340
delivery
Silica NPs lbcl=peltics i.v. passive B
delivery
Therapeutics
Iron NPs delivery and i.v active 341,342
imaging
Therapeutics
USPIO NPs delivery and bolus active EEEX
imaging
SPIO NPs Imaging i.v. active 345,346
Gold NPs Imaging i.v. active 2
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They used hyaluronan-sulfate NPs assembled with the micro ribonucleic acid (miRNA)-21
through calcium ion bridges, which had a size of approximately 100 nm.*?” These NPs were in
the perfect range (10-300 nm) to be efficiently taken up and accumulate in diseased tissues
into which macrophages are usually recruited and reside (e.g., ischemic myocardium).3# With
this treatment they achieved improved heart function especially in the remote myocardium.3?’

Alternatively, calcium phosphate NPs have been administered via inhalation to
move from the pulmonary circulation straight to the heart via the pulmonary vein. The NPs
accumulated in the heart according to previous evidence showing how combustion-derived
NPs and ultrafine particulates inhaled through polluted air were present in the heart and
causally associated with cardiac arrhythmia and dysfunction.349:35

Recently, modification of protein with TA in a process called as TANNylation,
resulted in prolonged circulation and stability of such proteins and their accumulation in the
heart.?* The reason at the base of the heart targeting properties of TA, lies in its high affinity
for components of the extracellular matrix, in particular collagen®®' and elastins (rich of proline
residues),®s? which are abundant in the heart and further produced (especially collagen) during
ECM remodeling following MI. This modification allowed for efficient delivery of basic fibroblast
growth factor in a murine model of I/R injury, resulting in a significant reduction of infarct size
and increased cardiac function.?* This approach has been investigated also in this thesis to
develop a system for the delivery of pro-proliferative compounds to the infarcted
myocardium.?*® Examples of passive targeting are summarized in Table 3.

2.3.2 Active targeting strategies in drug delivery applications

The other targeting strategy that allow NPs homing to specific organs is active targeting
and consists in using ligands which recognize receptors expressed by cells of particular
organs. These ligands can be peptides, proteins, antibodies, sugars, and aptamers.®*® The
design of actively-targeted nanocarriers is not easy and various aspects can influence the
targeting efficacy. For instance, the types of ligand available, the way the ligand is bound on
the NPs’ surface, the density of the targeting moiety all affect the efficacy of the targeting
strategy.®>4-*%" Moreover, the administration route and the formation of protein corona have
also a big impact on the ability of NPs to target specific sites in the body.**® Indeed for an
efficient active targeting, the NPs still have to meet the requirements to achieve a prolonged
circulation in the blood stream, since targeting moieties can recognize their receptors only
when in proximity.®*® This means that active targeting without working on extending the
circulation times of the NPs will not improve the targeting ability of the nanosystem. In cancer
therapy active targeting is indeed considered as a complimentary strategy to the EPR effect.3'3
For instance, liposomes with anti-human epidermal growth factor receptor (HER)2 targeting
antibodies could significantly increase the NPs uptake in HER2-expressing cancer cells,
compared to un-targeted liposomes which accumulated in perivascular and stromal space and
were taken-up mainly by macrophages.®®

Always in cancer therapy, immunomodulation of the tumor microenvironment was
achieved by active targeting mediated by m-UNO peptide and delivery of R848, a small
molecule for the reprogramming of M2-like macrophages into the pro-inflammatory phenotype
M1.38" Administration of vinblastine as anticancer drug had a synergistic effect in reducing
tumor size in mice.*®'
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2.3.21 Active targeting strategies developed to reach the infarcted
myocardium

Active targeting strategies have been exploited also in the realization of systems
able to target the infarcted heart. Efficient targeting is fundamental to maximize the effects of
the delivered payloads and to reduce their potential side effects generated by off-target
biodistribution.3%? Especially for therapies aimed at stimulation of CMs proliferation, there is a
risk of inducing tumors in other body districts, if NPs are not properly selective for the infarcted
tissue and despite treatment is meant to be transient.”?°2 However, efficient targeting of the
infarcted heart is challenging due to the constant pumping of the organ, which pones a
mechanical obstacle to the NPs retention.?* Also, to date, a specific CMs marker that can be
used as targeting moiety has not been found yet.?® Current research focuses on the
exploitment of some receptors overexpression, as well as targeting inflammatory cells that are
recruited in the myocardium after MI.'9%2732 Simultaneously, discovery of new targeting
peptides ligands is done by phage display.3®3 Examples of active targeting NPs are listed in
Table 3.

For instance, liposomes able to target the infarcted heart were designed by Dvir
et al. by chemical conjugation with antibodies against the Angll type 1 receptor, which is
overexpressed in the heart post-MI.3® In this work, they just focused on showing the heart
targeting abilities of such approach, without delivering any therapeutic or imaging agent.3?®
One of the most explored peptide for heart targeting applications is the ANP, which targets its
own receptors upon overexpression in MI. Ferreira et al. demonstrated its efficacy in delivering
cardioprotective compound 3i-1000, encapsulated in PEGylated porous silicon NPs, in a rat
isoprenalin model of myocardial ischemia.'® Results showed increased biodistribution in the
cardiac tissue upon functionalization with ANP (Figure 4)."° In another work, the same group
compared the heart targeting abilities of ANP and other two peptides, designated as P2 and
P3, which were identified by a phage display-based approach as potential molecules to target
the ischemic myocardium.3%* In particular, P2 is a cyclic 9 amino acid sequence (CSTSMLKAC)
that mimics endogenous peptide sequences, such as titin, optic atrophy-1 (OPA-1) or the
dynamin-1 like protein (DRP-1),%% while P3 has 12 amino acids (CRSWNKADNRSC) in a
cyclic structure and has also shown alone a 5-fold selective targeting to the ischemic heart.¢
Their investigation demonstrated that there were no significant differences in in vivo
biodistibution between the NPs conjugated with the three different peptides; however, in vitro
studies demonstrated an increased uptake of porous silicon NPs when they were conjugated
with ANP compared to P2 and P3.3%* Interestingly, besides its heart targeting abilities, ANP
has demonstrated also anti-fibrotic and immunomodulatory effects.¢7-%8 In particular, ANP has
shown anti-inflammatory properties by inhibiting the lipopolysaccharide (LPS)-induced
expression of inducible nitric oxide synthase (iNOS) and secretion of TNF-a in macrophages.
Furthermore it reduced the release of IL-1B and did not affect the secretion of the anti-
inflammatory cytokines IL-10 and IL-1 receptor antagonist (IL1ra).*®® This potential anti-
inflammatory effect exerted by ANP, could be beneficial in attenuating the inflammation taking
place after MI, which has shown negative influence on the remodeling of the heart.

Nguyen et al. instead, developed micelles targeting the infarcted heart via a
stimuli-responsive peptide that activated in the presence of MMP-2 and 9, which are
overexpressed in the heart after M1.36° Upon activation in the infarcted site, the peptide induced
conformational changes to the NPs, which shifted from spherical to network-like assemblies.
This conformation showed retention in the myocardium up to 28 days.3%®
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Alternatively, macrophages, that are recruited in the heart after MI, can be
targeted by NPs to reach the infarcted heart. For instance, Harel-Adar et al. achieved
accumulation of liposomes in the infarcted heart, by injecting phosphatidylserine (PS)-
presenting liposomes in a rat model of MI.3"° The accumulation in the heart took place upon
uptake of PS-liposomes by pro-inflammatory macrophages, which are recruited in the infarcted
site.3° The uptake of the PS-liposomes by the pro-inflammatory macrophages had effect on
their polarization, which switched towards an anti-inflammatory type and promoted
improvement of the cardiac function.37°

Coating NPs with cell membranes can also be considered a particular type of
active targeting. Indeed, cell membranes present on their surface particular ligands which can
be recognized and guarantee their accumulation in particular organs.?'® This strategy has been
exploited also to target the infarcted heart, as different cell types are known to accumulate in
the myocardium after MI. For instance, Su et al. have developed PLGA NPs cloaked in platelet
membranes modified with prostaglandin E2 (PGE2) for homing in the myocardium in a model
of I/R injury.®”" The platelet inspired nanocell showed 14.9-fold higher radiance efficiency (i.e.,
a measure of photon flux from the fluorescently labelled NP in the organ of interest, normalized
by the area of emission, the exposure time, and the solid angle of the detector) than those
treated with bare uncoated NPs, as well as 3.4- and 8.6-fold higher than the liver and kidney,
respectively.’”" The validated accumulation in the injured heart was achieved because of the
platelet recruitment taking place after a MI,*? as well as the overexpression of PGE2
receptors.>3374 Furthermore, delivery of resident cardiac stem/stromal cells (CSCs)
secretome, together with the PGE2 signaling, augmented the cardiac function and reduced the
heart remodeling concomitantly with increased presence of cycling CMs, activation of
endogenous progenitor cells, and promotion of angiogenesis.®""

With a similar approach, recruitment of neutrophils immediately after Ml, has
been employed as shuttle for NPs homing to the infarcted heart.3”® In that work, neutrophils
were loaded ex vivo with liposomes and then were injected in animal models of I/R injury.3"®
Biodistribution studies showed accumulation of the liposomes in the injured myocardium
according with the neutrophils recruitment in the inflamed damaged heart tissue.?5"> Release
of the liposomes in inflammatory sites was mediated by formation of neutrophil extracellular
traps (NETs) within few hours.3"®

Altogether, research work in the nanomedicine field has led to the development
of various strategies to address NPs to infarcted sites, ranging from peptide and antibody
based approaches to explotaition of endogenous ligands by cell membrane cloaking. However,
the lack of clinically available solutions still underlines the urgent need for efficient strategies.
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Figure 4. Quantification of the standardized uptake values (SUVs) in the rat heart at 10 min,
20 min, and 4 h after i.v. administration of NPs and Single photon emission computed
tomography (SPECT/CT) imaging (a). Representative sagittal SPECT/CT images showing the
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biodistribution of the NPs at 10 min after i.v. administration. Heart location is indicated by white
arrows (b). Representative H&E stainings and autoradiograms of apical, basal, and medial rat
heart sections (from a single heart for each treatment: Un-P-D-ANP, Un-P-D, and ""InCl;
control) showing the localization of radioactivity 10 min after the injection of NPs or the control
(c). Abbreviations: SPECT/CT, single photon emission computed tomography/computed
tomography; H&E, hematoxylin and eosin staining; Un-P-D: Undecylenic acid thermally
hydrocarbonized PSi (UnTHCPSi) NPs modified with PEG and DOTA; Un-P-D-ANP: Un-P-D
NPs further modified with ANP peptide. Copyright® 2017 WILEY- VCH Verlag GmbH & Co.
KGaA, Weinheim. Adapted and reprinted with permission from ref."®

2.3.3 Cellular hitchhiking

Besides passive and active strategies, using cells as piggy back carriers to reach specific
organs has also been used in a process called cellular hitchhiking. RBCs have been explored
as first cellular shuttle for NPs, taking inspiration from preclinical studies showing the improved
delivery and therapeutic effects of drugs coupled to RBCs surface.?%-37® Mitragotri’s group has
largely demonstrated the use of RBCs as cellular shuttles to increase the NPs circulation time
and accumulation in organs different from liver and spleen.®”® Non-covalent absorption of
polystyrene NPs on the surface of RBCs exhibited ~3-fold increase in blood circulation time
and ~7-fold higher accumulation in lungs, while it improved lung/liver and lung/spleen
nanoparticle accumulation by over 15-fold and 10-fold, respectively.®”® The accumulation in
the lungs was attributed to mechanical transfer of particles from the RBC surface to lung
endothelium.®”® Surface modification of polystyrene NPs with anti-ICAM-1 antibody further
increase their accumulation in the lungs.®®38 Successively they improved and generalized
the system, by testing the absorption of different NPs types and studying the biodistribution
upon administration through different routes.®®' For instance, the i.v. injection of liposomes
hitchhiking RBCs resulted in increased uptake in the first downstream organ, lungs, by ~40-
fold compared with free liposomes.®®' Alternatively, intra-carotid artery injection delivered
>10% of the injected NP dose to the brain, ~10x higher than that achieved with affinity
moieties.®®' Moreover, they demonstrated that this strategy works in mice, pigs, and ex vivo
human lungs without causing RBC or end-organ toxicities.®" In particular, since insertion of an
arterial catheter is standard of care in acute MI, the intra-arterial administration of such a
system can be used and promote the cardiac accumulation of nanocarriers, thus bringing
benefits in the treatment of MI.

In another study, leukocytes (monocytes and neutrophils) accumulating in the brain after
ischemic stroke, have been used as “Trojan horse” for the delivery of liposomes in the ischemic
region.®? Hitchhiking on leukocytes was achieved by modifying liposomes with cyclic-RGD
peptide,®? which bound to a.fB1 integrins, highly expressed on the leukocytes’ surface. 38338
Liposomes were then successfully transferred from the immune cells to the neuronal cells with
a mechanism involving formation of bridges between the cells, membrane transfer,
deformation of immune cells and secretion of exosomes,*? similarly to what was observed in
other reports.3%

Recently, monocytes have been used as shuttle to achieve heart targeting of liposomes
modified with the J10 aptamer.®’ The study showed increased liposome accumulation in the
infarcted heart at day 4 post-Ml, in concomitance with the peak of monocytes recruitment.®”
The system was used for the delivery of I0OX2, a potent and selective hypoxia-inducible factor
(HIF)—1a prolyl hydroxylase—2 inhibitor, in a murine model if I/R injury and resulted in improved
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cardiac function, reduced infarct size and apoptosis, and promoted cardioprotection and
angiogenesis.®®’

In this thesis, the design of dual targeted dextran-based NPs was inspired by the
inflammatory cells hitchhike strategies developed to target inflammatory sites with the aim to
exploit the recruitment of such cells to the infarcted heart and improve the heart targeting
abilities of ANP peptide. For this purpose, the surface of the NPs was conjugated with ANP
and lin-TT1 peptide, which has been used to target TAMs and macrophages associated to the
atherosclerotic plaques.?’-2° The lin-TT1 peptide, binds to the mitochondrial chaperone protein
p32, which is normally expressed at the intracellular level, but translocated on the surface of
TAMSs, tumor endothelial cells and atherosclerotic plaques.?”-? Similar to integrin-binding
arginine—glycine—aspartic acid (iRGD) and LyP-1 peptides, lin-TT1 contains a cryptic basic
sequence motif (C-end Rule or CendR motif), that is, following cell surface recruitment of the
peptide by the p32-dependent mechanism, proteolytically processed to activate the CendR
element and allow interaction of the peptide with the secondary receptor neutropilin-1 (NRP-
1). This interaction initiates an uptake process similar to classical endocytosis.**® Considering
the bi-phasic recruitment of inflammatory cells after M, it was important to assess which cells
were targeted by these NPs, in order to know which time-frame could result in maximal
hitchhike effect and subsequent optimal accumulation in the infarcted hearts.

Compared to published literature, the dual targeted dextran-based NPs presented in this
thesis make the combination of active targeting and hitchhiking effect, aiming at synergistic
effect and improved accumulation of NPs in the infarcted heart. Increased heart targeting
achieved through the combination effect, may reduce side effects and translate into a safer
and more efficient administration of chemicals stimulating cell proliferation, with superior
recovery of the cardiac function.
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3 Aims of the study

In the past decades, there has been an increasing interest in the development of nanocarriers
for the therapeutic treatment of MI. Despite the numerous advances in the field, heart targeting
still represent a challenge and there is need for the discovery of better heart-homing systems.
Also, there is lack of improved regenerative strategies aimed at repairing the damage caused
by MI.

The overall aim of this thesis was to evaluate the potential of dextran-based NPs as platforms
to deliver therapeutics for enhanced cardiac drug delivery. In addition, the cytocompatibility
and cell-NP interactions of bare and functionalized NPs were investigated, and their in vivo
biodistribution and therapeutic efficacy were also assessed.

More specifically, the aims of the present study were:

1. Toinvestigate the cytocompatibility of different dextran-based NPs towards cardiac cell
and macrophages, and to evaluate the drug loading ability into the NPs (I-II).

2. To estimate the hitchhiking potential of Putre-AcDX-PEG-TT1-ANP NPs by studying
their in vitro interaction with M1— and M2-like macrophages of different origin (1).

3. To study the in vitro ability of AcDXSp-TA NPs to stimulate CMs proliferation and
reduce fibrosis (Il).

4. To investigate the in vivo biodistribution of Putre-AcDX-PEG-TT1-ANP NPs and see if
the hitchhiking effect of macrophages can improve the heart targeting abilities of ANP

am).
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4 Experimental

This section summarizes the experimental methods used for the studies described in the thesis.
Detailed description of the materials, instrumentation and methods can be found in the original
publications (I-lll). The in vivo studies presented in publication Il were performed in
collaboration with the PET Center and the University of Turku, Finland.

The detailed description of the materials used in this thesis can be found in the materials and
methods section of each original publication.

4.1 Preparation and characterization of spermine and putrescine-modified
acetalated dextran NPs (AcDXSp and Putre-AcDX NPs respectively) (I-lll)

4.1.1 Synthesis of AcDXSp and Putre-AcDX

Dextran (5 g, MW 9-11 kDa; Sigma-Aldrich) was dissolved in 20 mL of Milli-Q water,
followed by addition of sodium periodate (1.1 g; Sigma-Aldrich). Partially oxidated dextran was
obtained after stirring the mixture at room temperature for 5 h and it was then washed and
lyophilized. Freeze-dried partially oxidized dextran (3 g) was then modified with 2-
methoxypropene (10.6 mL, Sigma-Aldrich) and pyridinium p-toluenesulfonate (46.8 mg;
Sigma—Aldrich) in anhydrous dimethyl sulfoxide (30 mL, Sigma—Aldrich) during 3 h under a N2
atmosphere to obtain the partially oxidized AcDX. Reaction was quenched with triethylamine
(TEA, 1 mL; Sigma—Aldrich) and the resulting AcDX was precipitated by addition of water. A
series of centrifugation (10 min, 68320g) steps and washings followed. The pellet was dried
under vacuum at 40 °C to yield partially-oxidized AcDX powder. The partially oxidized AcDX
(2.0 g) was dissolved in 20 mL of DMSO and spermine (4.0 g, Sigma-Aldrich) was added to
the solution and kept stirring for 24 h at 50 °C. Reduction reaction was carried out by addition
of sodium borohydride (NaBH4, 1.0 g; Sigma-Aldrich) and the mixturewas left to stirr at room
temperature during at least 24 h. Water (80 mL) and methanol (10 mL) were added to the flask
to precipitate the polymer and to dissolve the excess NaBH4. The obtained polymer was
centrifuged, washed and finally lyophilized, to obtain AcDXSp as a white powder.?*%25° For the
synthesis of Putre-AcDX instead, the partially oxidized AcDX (2.0 g) was then dissolved in 10
mL of methanol and putrescine (4.0 g, Sigma-Aldrich, USA), dissolved in other 10 mL of
methanol, was added to the solution, which was kept stirring for 24 h at room temperature. The
reduction, stopping, centrifugation and drying steps are the same used for the synthesis of
AcDXSp.24

4.1.2 Preparation of Putre-AcDX and AcDXSp NPs (I-lll)

The Putre-AcDX and AcDXSp NPs were prepared by a standard single oil-in-water (o/w)
emulsion method, as previously reported.?*’ Briefly, Putre-AcDX or AcDXSp polymer (6.5 mg)
was dissolved in CH2Cl> (0.125 mL). The compounds CHIR99021 (300 ug, Tocris) and
SB203580 (500 pg, Sigma) (CRIH99021 + SB203580, CHIR and SB) were added to the
polymer solution. An aqueous solution of poly(vinyl alcohol) (PVA, MW: Experimental 31000-
50000 g/mol, Sigma—Adrich) (0.25 mL, 2.0%, w/v) was further added to the AcDXSp solution,
and the mixture was mixed thoroughly and emulsified by sonication during 30 sec on ice, with
an output setting of 5 and a duty cycle of 40%, using a probe sonicator (Sonics VCX 750). The
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resulting single emulsion was transferred immediately to another solution of PVA (0.75 mL,
0.05% wi/v) and stirred for 3 h for solvent evaporation. The resulting drug-loaded NPs were
obtained as a pellet by centrifugation (16100g, 5 min), washed twice with Lutrol® F127 0.5 %
pH 8 (BASF) and once with sucrose 2% (w/v) pH 8. All supernatants were kept for the detection
of CHIR and SB contents by high-performance liquid chromatography (HPLC). Empty NPs
were prepared similarly.

4.1.3 Surface functionalization of Putre-AcDX NPs (I, lll)

Putre-AcDX NPs were functionalized with a branched PEG (N-Mal-N-bis(PEG:-acid);
MW 488.5 g/mol, BroadPharm, USA) using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride/N-hydroxysulfosuccinimide (EDC/NHS, Sigma-Aldrich, USA) crosslinking
chemistry. Briefly, a EDC/NHS solution was prepared by adding EDC (8 pL) and 2 mg of NHS
to 2 mL of 10 x 107 M of 2-(N-morpholino)ethanesulfonic acid (MES, Sigma-Aldrich, USA).
The pH was adjusted to 7.4, and the branched PEG and Putre-AcDX NPs were, respectively,
dissolved and re-suspended in the EDC/NHS solution. The EDC/NHS solution:NPs ratio was
1:3, while the ratio branched PEG:Putre-AcDX NPs was 1:4. Ethylenediaminetetraacetic acid
(EDTA) was added at a concentration 5 x 102 M to decrease the reactivity of activated
carboxylic groups and prevent formation of bridges between different NPs. First, the branched
PEG was dissolved in EDC/NHS solution and put to stir. Immediately after, the NPs’
suspension was added dropwise to the PEG solution and finally EDTA was added to the
suspension. The mixture was let to stir for 1 h at room temperature in dark. PEGylated NPs
were pelleted by centrifugation (16100g, 5 min), washed once with 2% wi/v of sucrose (pH <
8) and then conjugated with carboxyfluorescein (FAM)-labelled Lin—TT1 peptide
(AKRGARSTA), through formation of a thioether bond between the thiol group of a cysteine
residue of the peptide and the maleimide group on the functionalized particles. The reaction
occurred in a solution of 10 x 107 M of MES (pH 7.8). The NPs:peptide ratio was 60:1 (w/w),
whereas the NPs:MES ratio was 3:1 (w/w),. The peptide was dissolved in 1:10 of MES and
added dropwise to the NPs suspension. EDTA was added to the suspension at a concentration
5 x 1072 M to increase the stability of thiol groups.®® The mixture was left to stir for 2h at room
temperature in dark. Particles were collected by centrifugation (16100g, 5 min), washed once
with 2% wi/v of sucrose (pH < 8) and then re-suspended in a solution of ANP (MW 3080 g/mol,
United BioSystems Inc, USA) in EDC/NHS pH 7.4 (3.6 mg/mL), and kept under stirring during
2 h at room temperature in dark. EDTA was added also in this last step. Fluorescently labelled
NPs without any peptide or containing only ANP, were prepared by forming a thioether bond
between the thiol group of the cysteine residue of FAM-Cys and the maleimide group on the
functionalized particles, as described above for the conjugation of Lin-TT1.

4.1.4 Surface functionalization of AcDXSp NPs (ll)

The particles were coated with tannic acid (TA), similarly to what reported in literature.3%
Briefly, 0.5 mg of NPs were re-suspended in 490 pL of Milli-Q water pH > 8. Then, 5 pL of a
TA solution 40 mg/mL were added and vortexed vigorously for 10 seconds. Right after that, 5
pL of an Iron 11l solution 6 mg/mL were added to the suspension and vortexed for other 10 sec.
Particles were then collected by centrifugation for 5 minutes at 13400g and washed once with

28



Experimental

MilliQ water pH > 8. All supernatants were kept for detection of the drugs, CHIR and SB, using
HPLC, as described below. For fluorescence labelling of AcDXSp NPs, the AcDXSp were
activated using EDC/NHS chemistry and the addition of AlexaFluor® 488 (AF488, Life
Technologies) was at a ratio of 500:1 (w/w) (AcDXSp:AF488) during 1 h.

4.1.5 Physicochemical characterization of dextran NPs (I-lll)

The hydrodynamic diameter, polydispersity (PDI) and C-potential of the NPs were
measured in a Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK). KBr—Fourier
Transformer Infrared Spectroscopy (FTIR) was performed using a Bruker VERTEX 70 series
FTIR spectrometer (Bruker Optics, Germany) to determine the surface chemical composition
of the dry NPs. The FTIR spectra were recorded in the range of 4000-650 cm™" with a
resolution of 4 cm™ , using an OPUS 8.1 software. The amount of ANP covalently conjugated
onto the NPs was determined by elemental analysis using a vario MICRO cube CHNS analyzer
(Elementar AnalysenSystem) using dry samples. The percentages of carbon, hydrogen, and
nitrogen were recorded. The amount of ANP conjugated onto the NPs’ surface was calculated
based on the percentage of N content and the chemical structure of the peptide.

4.1.6 Stability of dextran NPs in different media (Il, IlI)

Stability of the NPs was evaluated by incubating the nanocarriers in DMEM/F-12
supplemented with 10% FBS (Gibco, Thermo Fisher), human plasma and a solution 5.4% (w/v)
of glucose. Briefly, 0.6 mg of NPs were re-suspended in 200 pL of Milli-Q water and
immediately added to 1.6 mL of stability medium. The suspension was kept under stirring at
37 °C. Aliquots of 200 uL were taken at different time points, diluted in 800 pL of Milli-Q water
and measured by dynamic light scattering (DLS), using a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd, UK).

4.1.7 Drug loading, encapsulation efficiency, loading degree and release studies
(I,

The compounds encapsulated in the NPs were quantified by using an Agilent 1100 series
HPLC system (Agilent Technologies, Germany). The column used was a Discovery 5 um C18
reversed phase column (100 x 4.6 mm, Supelco, USA). The mobile phase was Na>HPO:citric
acid (2:1) (pH 6.0) and acetonitrile (ACN) (50:50, v/v). The injection volume was 5 pL, while
the flow rate was 1.4 mL/min and the wavelengths were set at 274 + 20 nm and 304 + 20 nm
for CHIR and SB, respectively. For determination of EE (ratio between the amount of drugs
encapsulated and the total amount of drugs) and LD (ratio between mass of loaded drugs and
total mass of drug encapsulated NPs), a known amount of loaded NPs was dissolved in ACN.
The CHIR and SB contents were measured by HPLC from the resulting solution, and all the
supernatants resulting from the NP preparation. In vitro release studies were performed in sink
conditions, in phosphate-buffered saline (PBS) (pH 7.4), acetate buffer (pH 5) and DMEM 10%
FBS, to simulate both the extracellular (pH 7.4) and intracellular (pH 5) microenvironments, as
well as the conditions encountered in cell cultures. The drug-loaded NPs were immersed in
the appropriate release medium, stirring at 150 rpm and 37 + 1 °C. Free drugs were used as
controls. At specific time points, aliquots of 200 mL were taken from samples, replaced with
the same volume of fresh preheated medium and analyzed by HPLC.

29



Experimental

4.2 In vitro studies (I-lll)

4.21 Cell lines and cell culturing (I-I)

RAW 264.7 and KG-1 macrophages (ATCC® TIB-71™ and ATCC® CCL-246",
respectively) were used for biocompatibility and uptake studies (I). RAW 264.7 and KG-1
macrophages were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM) and Iscove’s
Modified Dulbecco’s Medium (IMDM), respectively, supplemented with 10% heat inactivated
fetal bovine serum (FBS), 1% non-essential amino acids (NEAA), 1% L-glutamine and 1%
penicillin-streptomycin. HCAEC (ATCC® PCS-100-020™) were used for biocompatibility
studies (ll), since those are the first cardiac cell type encountered by the NPs once reaching
the heart. Cells were growth according to ATCC® guidelines in MesoEndo Cell Growth Medium
(MECG, Sigma-Aldrich, USA), supplemented with 10% FBS and 0.1% VEGF. Cells were kept
in an incubator (BB 16 gas incubator, Heraeus Instruments GmbH) at 37 °C, 5% CO2 and 95%
relative humidity.

4.2.2 Isolation of primary rat and murine cardiomyocytes (lI-lll)

Primary cardiac cells were isolated as previously described.?*” Neonatal Wistar rats (1—
3 d old) were sacrificed by decapitation, the hearts were taken, and atrial tissues were
discarded. The ventricles were cut into small pieces and enzymatically digested by incubating
at 37 °C with gentle mixing for 1 h and 45 min in a collagenase/pancreatin (2 mg/mL) solution.
The cells in suspension were collected by centrifugation at 160g for 5 min. The supernatant
and the top layer containing damaged cells were discarded, and the remaining cells were
suspended in DMEM/F-12 (Gibco) supplemented with 2.5 x 10° M L-glutamine, 1% of
penicillin-streptomycin (Gibco, Thermo Fisher), and 10% FBS. The cells were pre-plated for
about 90 min to separate CMs from non-myocytes,*' and after that the unattached CMs were
seeded at a desired density for experiments (ll-lll). For murine cardiac cultures, neonatal Balb
C57BL/6JRcc mice (1-3 d old) were sacrificed by decapitation, hearts taken, and atrial tissues
were discarded. Hearts were dissociated with the Neonatal Heart Dissociation Kit (Miltenyi,
Biotech, GmBH, USA), according to the manufacturer’s instructions. CMs were then isolated
with the Neonatal Cardiomyocyte Isolation Kit (Miltenyi, Biotech, GmBH, USA), following the
manufacturer’s instructions. Cells were finally counted and seeded at a desired density for
following applications (lll). After 24 h, for both rat and murine derived cells, the CMs medium
was replaced with complete serum free medium (CSFM, DMEM/F-12, 2.5 mg/mL bovine
serum albumin (BSA, Sigma), 1 x 10 M insulin, 2.5x 1073 M I-glutamine, 32 x 10° M selenium,
2.8 x 107 M sodium pyruvate, 5.64 pg/mL transferrin, 1 x 10° M T3, and 1% penicillin-
streptomycin). Non-myocytes were cultured in complete DMEM/F-12 until confluent and plated
for the experiments (lI-lll). The cells were maintained at 37 °C with 5% CO; and 95% air in a
humidified atmosphere.

4.2.3 Human induced pluripotent stem cell-derived cardiomyocytes (lI-lll)

The iPS(IMR90)-4 line3%? was purchased from WiCell (Madison, Wisconsin, USA). The
stem cells were cultured in on six-well plates coated with Matrigel® (1:50) (Corning, Bedford,
Massachusetts, USA) by using Essential 8™ medium (E8) (Gibco). For sub-culturing, the cells
were dissociated with Versene® and re-suspended in E8 containing 10 uM ROCK inhibitor Y-
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27632 (Tocris Bioscience, Bristol, UK). The cells were grown until 80-95% confluent. The
human induced pluripotent stem cells (hiPSCs) were stimulated with small-molecules to obtain
CMs, as described earlier.3%3-3% Differentiation was started by adding 6 uM CHIR99021 (Tocris
Bioscience, Bristol, UK) in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with B-27 without insulin (RB-ins) to the cells (day 0). After 24 h, CHIR99021
was removed and replaced with fresh RB-ins (day 1). On day 3, the medium was changed to
RB-ins containing 2.5 yM Wnt-C59 (Tocris Bioscience, Bristol, UK) for 48 h. From day 5 to 11,
the cells were maintained in RB-ins. Purification of the CM cultures, on day 11 9 and 13, was
obtained by feeding the cells were with RPMI 1640 without glucose with B-27 supplement.
From the 15" day, the cells were maintained in RPMI 1640 supplemented with B-27 (RB + ins).
Between days 15 and 17, dissociation of beating hiPSC-CMs was achieved by incubating them
in cell dissociation solution containing 40% enzyme-free cell dissociation buffer (Gibco), 40%
RPMI 1640 (Gibco) and 20% trypsin—EDTA (Gibco) (final trypsin concentration 0.01%) for 7—
8 min. Trypsin was inactivated with RB + ins supplemented with 10% FBS. Cells were then
centrifuged and suspended in RB +ins with 10% FBS containing 10 yM ROCK inhibitor Y-
27632 and seeded at 2.5 x 10* cells per well on gelatine-coated 96-well plates. The obtained
CMs cultures were almost pure (>95%), indicating high differentiation efficiency. The cells
were let to attach for 2 days, after which they were maintained in RB +ins (without FBS) until
the NP treatments on day 20. Treatments (NPs and drugs) were administered to the cells in
RB +ins (without FBS).

4.2.4 Isolation of monocytes from human peripheral blood mononuclear cells
(PBMCs) and polarization in M1-/ M2-like macrophages (l)

Isolation of monocytes was performed, as described elsewhere with some
modifications.3*® Briefly, PBMCs were isolated on Ficoll-Paque (1.077 g/mL density) gradients,
according to the manufacturer’s instructions (GE Healthcare Bio-sciences, Piscataway, NJ)
from buffy coats obtained from unknown healthy anonymous donors from the Finnish Red
Cross. Once counted, CD14" monocytes were isolated from PBMCs by magnetic labelling
using MAb CD14 conjugated microbeads (Miltenyi, Biotech, GmBH, USA), according to the
manufacturer’s instructions. They were then grown in Petri dishes at a density of 2 x 10° cells
per mL in RPMI 1640 medium (Gibco, Grand Island, NY, USA), supplemented with 10% FBS,
1% NEAA, 1% L-glutamine and 1% PS. Once isolated, PBMCs were cultured in complete
RPMI 1640 medium further supplemented with Granulocyte-Macrophage Colony-Stimulating
Factor (GM-CSF) (20 ng/mL) or Macrophage Colony-Stimulating Factor (M-CSF) (20 ng/mL),
depending on whether monocytes were destined to M1 or M2 polarization. After three days,
the medium was changed and monocytes were left to maturate until day six. Then, cells were
kept for 48h in medium supplemented with 100 ng/mL of lipopolysaccharide (LPS) or 20 ng/mL
IL-4 to obtain, respectively, M1 and M2-like macrophages.

4.2.5 Isolation of murine bone marrow derived macrophages (BMDMs) and
polarization in M1-/M2-like macrophages (I-1ll)

Female 6-8 week old BALB/c mice were sacrificed with CO, and cervical dislocation. The
femur and tibia bones were collected, cleaned from extra tissues and rinsed in sterile PBS (pH
7.4) at 4 °C. The bones were then cut open, without losing the bone marrow, which was then
flushed with a syringe, equipped with a 27G needle, in a Petri dish containing cold PBS.
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Clumps were broken by pipetting, and the cell suspension was transferred to a 15 mL Falcon
and centrifuged at 500g for 5 min. The pellet was then gently dispersed into 1 mL of
Ammonium-Chloride-Potassium (ACK) lysing buffer (150 x 107 M of NH4CI, 10 x 107 M of
KHCOs3, and 0.1 x 1073 M of Na,EDTA) and incubated for 1 min to remove RBCs. After this
passage, 9 mL of complete RPMI medium were added and the cell suspension centrifuged
again at 500g for 5 min. Cell were counted, dispersed in complete RPMI medium at density of
1 x 107 cells per mL and 200 pL of cell suspension were added in Petri dishes, containing 10
mL of complete RPMI medium supplemented with GM-CSF or M-CSF (20 ng/mL), depending
on whether cells were destined for M1-/M2-like polarization. After three days, the medium was
changed and monocytes were left to maturate until day six. Then, cells were kept for 48h in
medium supplemented with 100 ng/mL of LPS and 20 ng/mL INF-y or 20 ng/mL IL-4 to obtain,
respectively, M1- and M2-like macrophages.

4.2.6 Flow cytometry study of the expressed markers (I-lll)

In publication (I), human-derived M1- and M2-like macrophages were stained with
allophycocyanin (APC)-CD86 and fluorescein isothiocyanate (FITC)-CD206 (Miltenyi, Biotech,
GmBH, Germany) for 15 min at 4 °C in the dark. Analogously, murine-derived matured and 48
h stimulated M@ macrophages were treated instead with cocktails made, respectively, of APC—
F4/80 and phycoerythrin-Cy7 (PE-Cy7)-CD11b, and APC-CD206 and FITC-CD11c.
Fluorescence was detected by a LSR Il flow cytometer (BD Biosciences, USA), and the data
were analyzed with FlowJo software (Tree Star, Inc., USA). In publications (ll) and (lll) the
phenotype of M1- and M2-like macrophages was assesses by evaluating their markers’
expression. After blocking unspecific staining by incubating for 10 min with 1% (w/v) BSA, cells
were stained with APC-CD206 (BioLegend, USA) and Peridinin chlorophyll protein(PerCP)-
Cyanine5.5-CD86 (BioLegend, USA) for 15 min at 4 °C in the dark. Fluorescence was detected
by a BD Accuri C6 Plus (BD, USA) flow cytometer, and the data were analyzed with FlowJo
software (Tree Star, Inc., USA).

4.2.7 Cytocompatibility studies (I-ll)

In publication (I) the cell viability was tested on both human and murine primary
macrophages, while in publication (Il) the biocompatibility was tested with both the HCAEC cell
line and primary rat cardiac cells. In publication (lll) cellular viability was tested on both primary
murine and rat CMs, primary rat fibroblasts and hiPSC-CMs. Cells were seeded in white bottom
96-well plates (Corning, USA) at a density of 2 x 10* cells per well and left to attach overnight.
NP-suspensions were prepared in the corresponding media at different concentrations (10, 25,
50, 100, 250 and 500 ug/mL) and incubated respectively for 6 h and 24 h with HCAEC and 24
and 48h with primary cardiac cells. The cell viability of TA, Fe** and TA- Fe**were also tested.
A solution of 9% (v/v) of Triton X-100, cell medium, and CellTiter-Glo® reagent were used as
negative, positive and blank controls, respectively. After incubation, cells were let to stabilize
at room temperature for 30 min and then washed twice with Hanks’ Balanced Salt Solution—(N-
[2- hydroxyethyl]piperazine-N"-[2-ethanesulfonic acid]) (HBSS-HEPES, pH 7.4). Thereafter a
solution (50:50) of HBSS-HEPES and assay reagent (CellTiter-Glo®, Promega, USA) was
added to the cells for 2 min. The cell viability was finally determined by luminescence, which
was measured using a Varioskan Flash Multimode Reader (Thermo Fisher Scientific).
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4.2.8 Cellular association and internalization studies (I-Ill)

The NP-cell interactions were evaluated both quantitatively by flow cytometry and
qualitatively by confocal imaging. In publication (I) we evaluated the interaction between Putre-
AcDX NPs and RAW 264.7 and KG-1 cell lines, as well as M1- and M2-like macrophages of
both human and murine origin, while in publication (lll) we extended the investigation to cardiac
cells of murine, rat and human origin. In publication (ll) the uptake of AcDXSp-TA NPs was
evaluated in both rat cardiac cells and murine derived M1- and M2-like macrophages.
Macrophages and primary rat cardiac cells were seeded onto 6—well plates at a density of 5 x
105 and 1.5 x 10° cells per well for macrophages and CMs, and non-myocytes, respectively,
and let attach overnight at 37 °C. Cells were then incubated with 50 pug/mL of fluorescent-
labelled NPs for 1 h and 2 h, respectively, for macrophages and cardiac cells. In publication
(I) the incubation between murine macrophages and AcDXSp-TA NPs was 2h. Competition
studies (lll) on the uptake of Putre-AcDX-PEG-TT1-ANP NPs, were performed by pre-treating
the cells for half an hour with ANP at a concentration 1 x 10* M. After incubation, RAW 264.7
and cardiac cells were washed twice with PBS-EDTA, collected by trypsinization and then
washed again. KG-1 were pelleted and washed twice with PBS-EDTA. Both human and murine
macrophages were washed twice with PBS—-EDTA and then kept for 15 min on ice with
PBS-EDTA solution (3 x 10® M of EDTA). All the cells were finally dispersed in PBS-EDTA
and quantitative uptake was evaluated by an LSR Il flow cytometer (BD Biosciences, USA) (I,
1l) and by a BD Accuri C6 Plus (BD, USA) flow cytometer (ll). In order to quantify the cellular
uptake, external fluorescence was quenched by incubation for 4 min with trypan blue (TB;
0.005% v/v). Cells were then pelleted by centrifuging, dispersed in fresh PBS-EDTA and
samples were run again. All the data were analyzed with FlowJo software (Tree Star, Inc.,
USA) and results were reported as bare median fluorescence intensity (MFI) values or
normalized to the control.

The endocytosis mechanism adopted by cells to uptake AcDXSp-TA NPs and Putre-

AcDX-PEG-TT1-ANP NPs was studied for both primary CMs and FBs (ll), and M1- and M-
like macrophages of both human and murine origin (1), respectively. Before incubation with the
NPs, cells were treated with the compounds listed in Table 4, in order to inhibit specific uptake
pathways, and thus, evaluate the mechanism of internalization of the NPs. Incubation with the
compounds was performed for 30 min, followed by the addition of AcDXSp-TA NPs or Putre-
AcDX-PEG-TT1-ANP. After incubation, cells were washed, detached, dispersed in PBS—EDTA
and analyzed by flow cytometry, as described above.
The qualitative intracellular uptake of the NPs was evaluated by confocal microscopy with a
Leica TCS SP8 STED 3X CW 3D inverted microscope (Leica Microsystems, Germany) (I-1lI).
RAW 264.7 and primary macrophages were seeded at a cell density of 7 x 10 cells per well
into 8-well chambers (Lab TekTM, Thermo Fisher Scientific, USA) and let attaching overnight
(). For primary rat and mouse CMs and hiPSC-CMs, cells were seeded in 8-well chambers
pre-coated with gelatine (lll). Cells were then incubated with Putre-AcDX NPs at concentration
of 50 ug/mL for 1 h. After incubation, macrophages were washed twice with PBS and then
stained with CellMask Deep Red (Thermo Fisher, USA), followed by fixation with 4%
paraformaldehyde (Sigma-Aldrich, USA), and nuclear staining with DAPI (Thermo Fisher,
USA). After staining steps and fixation, cells were washed three times with PBS. Images were
captured by using a 63x water objective and then processed with Leica AS software (Leica
Microsystems, Germany).
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Table 4. Compounds used to inhibit the different mechanisms of endocytosis

Compound Uptake mechanism inhibited Concentration

Macropinocytosis (actin

Cytochalasin D (SigmaAldrich, USA) polarization/depolarization) 5-10 pM
Nocodazole (Sigma-Aldrich, USA) Macmpi”of,iystrofso(rr;"cromb”'e 20 M
Genistein (Sigma-Aldrich, USA) Caveoline-mediated endocytosis 200 pM

Chlorpromazine (TCI, Japan) Clethi-meETEied usiEle 10 pg/mL
Sodium azide (SigmaAldrich, USA) Active transport 100 mM
Protamine sulfate (TCI, Japan) Adsorptive-mediated endocytosis 1 mM

The qualitative uptake studies were performed also on primary CMs, FBs, and co-
cultures, both with and without TGF-8 stimulation (ll). Cells were seeded in 8-well chambers
pre-coated with gelatine. Cell co-cultures were settled up by seeding directly the cell
suspension obtained after tissue digestion. After seeding, cells were let attach overnight and
then they were treated with TGF- at a concentration 3 ng/mL for 48 h. Subsequently, cells
were incubated with 50 ug/mL of fluorescently labelled AcDXSp-TA NPs for 2 h. After treatment
with AcDXSp and AcDXSp-TA NPs, cells were washed 2 x 5 min with PBS, fixed for 20 min
with a solution of paraformaldehyde (PFA) at a concentration of 4% (v/v) and then washed
again 3 x 5 min with PBS. After fixation, immunostainings were carried out. Some wells were
left untreated to characterize the three different cell cultures. First, cells were permeabilized
with 0.1% (w/v) Triton X-100, then washed 2 x 5 min with PBS and blocked with 4% (v/v) FBS
in PBS for 45-60 min. Incubation with primary antibodies for 60 min at room temperature,
shaking at 300 rpm was then following. Different cells were treated with different antibodies
according to the scheme presented in Table 5. Afterward, cells were washed 3 x 5 min with
PBS and then secondary antibodies (anti-rabbit 546 (1:250, A-11035), anti-mouse 488 (1:250,
A11029), anti-rat 647 (1:200, A-21247) (all from Invitrogen, USA), and DAPI, (1:250, Vector
Laboratories) were added to each well and incubated for 45 min at room temperature, shaking
at 300 rpm. Cells were washed 3 x 5 min with PBS and stored in darkness at +4 °C in Ibidi
glycerol-based mounting media until imaging (Ibidi, Germany). Images were captured and then
processed as described above.

Table 5. Primary antibodies used in qualitative uptake studies.
Cardiomyocytes Fibroblasts

Co-culture

Rabbit anti-Collagen | (1:500,
ab34710, Abcam)

Uptake samples Rabbit anti-Collagen | (1:500,

ab34710, Abcam)

Rabbit anti-Collagen | (1:500,
ab34710, Abcam)

Characterization samples

Rabbit anti-Collagen | (1:500,
ab34710, Abcam), mouse
anti-cTnT (1:500, MS_295,
ThermoFisher Scientific)

Rabbit anti-Collagen | (1:500,
ab34710, Abcam), rat anti-
Vimentin (1:250, MAB2105,

Rndsystem)

Rabbit anti-Collagen | (1:500,
ab34710, Abcam), mouse
anti-cTnT (1:500, MS_295,
ThermoFisher scientific), rat
anti-Vimentin (1:250,
MAB2105, Rndsystem)

4.2.9 Repolarization studies (lll)

Murine M1- and M2-like macrophages were differentiated from precursor cells isolated
from the bone marrow of mice as described above. For the studies on the phenotype change
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upon treatment with NPs, M@ macrophages were seeded on 12-well plates at a density of 3 x
10° cells per well and treated with different cytokines for 48h to obtain M1— and M2-like
macrophages. After 48h, cells were treated with different NPs suspensions at a concentration
of 50 yg/mL for 30, 60 or 120 min. After the different time-points, cells were detached as
described above and the cells were blocked with a solution 1% (w/v) of bovine serum albumin
(BSA) for 10 min. After blocking, cells were incubated for 20 min in the dark at + 4 °C with a
cocktail of antibodies constituted by APC—CD206 (BioLegend, USA) and PerCP-Cyanine5.5-
CD86 (BioLegend, USA). Fluorescence was detected by a BD Accuri C6 Plus (BD, USA) flow
cytometer, and the data were analyzed with FlowJo software (Tree Star, Inc., USA).

4.2.10 Immunostainings and high content cell imaging and analysis (ll, Ill)

The CMs proliferation was assessed by Ki67 (1), BrdU (lll), phospho-histone H3 (Il), B-
catenin (lll), phospho-mitogen-activated protein kinase-activated protein kinase 2
(MAPKAPK2) (Ill) and aurora B immunostainings (Il). Primary rat (ll, Ill) and murine (Ill) CMs
were seeded in transparent 96-well plates (Corning, USA) at a cell density of 2.5 x 10* cells
per well and left to attach overnight. Ki67, BrdU, B-catenin and phosphor-MAPKAPK2
immunostainings were performed also on hiPSC-CMs and in that case, cells were seeded at
a cell density of 2.5 x 10* cells per well. hiPSC-CMs were obtained, as described above, and
they were at day 20 post-differentiation when treated with the NPs. Cells were then treated
with different concentrations of empty and loaded Putre-AcDX, Putre-AcDX-PEG-TT1-ANP,
AcDXSp and AcDXSp-TA NPs corresponding to concentrations of CHIR99021 of 1 x 1078, 3
x 1076, 5 x 10® and 10 x 107® M (calculated according to LD values). Compounds alone, were
used as positive controls, while medium alone and medium containing 1% (v/v) DMSO, were
used as controls for empty and drug-loaded NPs. For murine primary CMs and hiPSC-CMs
we chose the concentration of CHIR 5 x 10° M in BrdU, B-catenin and phosphor-MAPKAPK?2
immunostainings (lll), since it was the one showing the better results for compounds loaded in
Putre-AcDX-PEG-TT1-ANP NPs for rat CMs and was corresponding to still safe concentration
of NPs. After 24 h, cells were placed on ice to block all cellular actions, washed twice with PBS
pH 7.4 and then fixed for 20 min with a solution of PFA at a concentration of 4% (v/v). After
fixation, cells were washed 3 x 5 min with PBS and then permeabilized for 10 min with 0.1%
(w/v) Triton X-100. Then cells were washed 2 x 5 min with PBS and blocked with 50 pL of 4%
(v/v) FBS in PBS for 45-60 min. For BrdU immunostainings, before blocking with FBS, the
DNA was denaturated by addition of 50 L of a solution of sodium borate 1 x 10" M pH 8 for
30 min, followed by neutralization by addition of 50 uL of HCI 2 x 10-' M. FBS was removed
and cells were incubated with 30 pL of primary antibodies (Rabbit Anti-Ki67 antibody [SP6]
(1:200, ab16667, Abcam), Rabbit Anti-Phospho-Histone H3 (Ser10) (1:500, 9701S, Cell
Signaling Technology), Rabbit Anti-Aurora B (1:500, ab2254, Abcam), Rat Anti-BrdU (1:250,
abcam ab6326), Rabbit Anti-B-catenin (1:250, abcam ab32572), Rabbit Anti-Phospho-
MAPKAPK2 (Thr334) (1:200, Cell Signaling, 3041S),and Mouse Anti-troponin T, cardiac
(1:500, MS_295, ThermoFisher scientific)) for 60 min at room temperature, shaking at 300 rpm.
Aurora B and phospho-histone H3 immunostainings were performed by incubating cells with
primary antibodies overnight at +4 °C. Primary antibodies were washed away 3 x 5 min with
PBS and 30 yL of secondary antibodies (goat anti-mouse IgG H+L Alexa-546 (1:250, A-11030,
Life Technologies; donkey anti-rabbit IgG H+L Alexa-647 (1:250, A-31573, Life Technologies),
goat anti-rabbit IgG (H+L) Alexa-546 (1:250, Life technologies, A-11035); goat anti-rat IgG H+L
Alexa-647 (1:250, Life technologies, A-21247) and DAPI (1:250, Vector Laboratories) were

35



Experimental

added for 45-60 min at room temperature, shaking at 300 rpm. Wells were also treated with
medium and used as a secondary antibody control. Cells were finally washed 3 x 5 min with
PBS and stored in darkness at +4 °C until imaged. Plates were then imaged with an
ImageXpress Nano (Molecular Devices, USA) high content imaging system (ll) or with a
Cellomics Cellinsight high-content analysis platform (Thermo Scientific) (lll), using a 10x
objective. Analysis was conducted with a MetaXpress 6.6.1.42 software (Molecular Devices)
(I1) or with the Cellomics Celllnsight simultaneously, using a protocol based on Compartmental
Analysis bioapplication (lll). For quantification, the cells were first identified based on DAPI
fluorescence, which defined the nuclear area. Non-myocytes were excluded based on the
absence of cardiac troponin T staining (cTnT). The threshold for cardiac troponin T
fluorescence intensity was set manually in each experiment to allow optimal exclusion of non-
myocytes. The data were collected only from cardiac troponin T-positive cells. The intensities
of Ki67, phospho-histone H3 and aurora B stainings were analyzed within the nucleus. The
threshold for Ki67, phospho-histone H3, and aurora B positive cells was set manually in each
experiment to adjust for minor variation in staining intensity. For aurora B immunostainings,
analysis of the surface area of CMs by identifying and quantifying the area of cTnT staining
was also run. The percentage of CMs in telophase was obtained by manually counting in a
blinded experiment the number of cells that were presenting the aurora B staining between the
two dividing cells. Percentages were then calculated referring to the total amount of CMs
present in each well (calculated by the MetaXpress 6.6.1.42 software). The quantification of
percentage of BrdU positive cells, Phospho-MAPKAPK2 and B-catenin intensities was done
instead by high content imaging choosing regions of interest corresponding to the nucleus and
the cytoplasm (DAPI staining was used to define the nuclear area and a 5-pixel ring
immediately outside the nucleus was considered to represent cytoplasm).

4.2.1 Real-time quantitative polymerase chain reaction (RT-qPCR) Studies (ll)

The anti-fibrotic effect of TA and the proliferative effect of drug-loaded NPs were
evaluated by RT-gPCR. Primary rat FBs and CMs were seeded in six-well plates (Corning,
USA) at a cell density of 2.5 x 10% and 5 x 10° cells per well, respectively, and let to attach
overnight. Empty and loaded NPs, as well as compounds alone, were added to the cells in
order to achieve a concentration of CHIR99021 of 3 x 10~ M, based on the LD of the NPs.
Cells were treated also with medium and medium containing 1% (v/v) of DMSO as controls.
After 24 h incubation, RNA was isolated from cells using TRIzol reagent (Invitrogen), following
the manufacturer’s protocol by using the Phase Lock Gel system (Eppendorf AG). The cDNA
was synthesized from total RNA with a First-Strand cDNA Synthesis Kit (GE Healthcare Life
Sciences), following the manufacturer’s instructions. Finally, the RNA was analyzed by RT-
PCR on a LightCycler 480 qPCR machine (GE Healthcare Life Sciences) using TagMan
chemistry. The results were quantified using AACT method and normalized to housekeeping
gene 18S quantified from the same samples. The following pre-designed TagMan probes from
Thermo Fisher Scientific were used in the assay: 18S (4352930E), Col1a1 (Rn01463848_m1),
Spp1 (Rn00681031_m1), Tgfb1 (Rn00572010_m1), Tnfa (Rn01525859 g1), Myc
(Rn07310910_m1) Fos  (Rn02396759_m1), Ccna2 (Rn01493715_m1), Ccnb1
(Rn01494180_g1), Ccnd1 (Rn00432359_m1) and Ccne1 (Rn01457762_m1).
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4.3 In vivo studies (lll)
4.3.1 Experimental model of Ml and NPs injection (lll)

Male Sprague-Dawley rats (Central Animal Laboratory, University of Turku, Turku,
Finland) (283 £ 29 g) were anesthetized and infarction was induced by a permanent ligation of
the left coronary artery (LCA) as previously described. Ligation was confirmed visually as pale
appearance of the myocardium at risk. The sham operation consisted of all the same protocols
except that the suture was not tightened around the LCA. Mls were further confirmed by
hematoxylin and eosin (H&E) stainings, which were scanned with a digital slide scanner
(Pannoramic 250 Flash, 3DHistech Ltd., Budapest, Hungary). Animals were kept under
isoflurane anaesthesia (Attane Vet., ScanVet Animal Health, Finland) in air/oxygen carrier at
0.4/0.6 (L/min) during sucrose or NPs administration. 2mg of NPs were injected in the tail vein
after being re-suspended in 100 yL of isotonic sucrose, followed by a flush of 0.1 mL of sterile
0.9% NaCl. The animals were sacrificed at specific time points with an overdose of isoflurane
followed by cervical dislocation.

4.3.2 Ex vivo biodistribution studies

The biodistribution of the NPs was studied at 3 days (n =5 for each group) or 7 days
(n =5 for each group) after coronary ligation or at 3 days (n =5 for each group) or 7 days (n=5
for each group) after the sham operation. The rats were divided into four groups: (1) isotonic
sucrose; (2) Putre-AcDX-PEG NPs; (3) Putre-AcDX-PEG-ANP NPs; and (4) Putre-AcDX-PEG-
TT1-ANP NPs. One hour post NPs injection, animals were sacrificed and different organs were
collected. For the study of ex vivo NPs biodistribution, hearts, livers, and spleens were
collected and sliced into 8 and 20 um sections. Sections deriving from all the above mentioned
organs, except hearts, were fixed with 4% PFA and stained with DAPI. Hearts sections were
blocked with 1% BSA for 1h after fixation and then stained with anti-CD86 (1:200, from BioRad,
MCA2874GA) and anti-CD163 (1:200, from Invitrogen, PA5-78961) primary antibodies
overnight at 4 °C. After overnight incubation, sections were washed 3 times for 5 min with PBS
ant then incubated with secondary antibodies (Goat anti-mouse IgG H+L Alexa-546 (1:250,
Life technologies A-11030); donkey anti-rabbit IgG H+L Alexa-647 (1:250, A-31573, Life
technologies)) and DAPI (1:250, Vector Laboratories) for 1 h. Sections were then washed
again 3 x 5 min with PBS and slides were mounted with a non-hardening mounting media.
Slides were then imaged using a 63x water objective in a Leica TCS SP8 STED 3X CW 3D
inverted microscope (Leica Microsystems, Germany) and images were then processed with
Leica AS software (Leica Microsystems, Germany) to check the presence of NPs in the
different organs.

4.3.3 Immunoprofiling

For each experimental group of the in vivo studies, spleen and blood were collected to
study the immunoprofiling of the animal upon NPs injection. Spleens were smashed onto 70
pum strainers. White cells from blood were instead separated by Ficoll-Paque (1.077 g/mL
density) gradients according to the manufacturer’s instructions (GE Healthcare Bio-sciences,
Piscataway, NJ). White cells derived from blood and cells suspensions derived from spleens,
were then blocked with a solution 1% (v/v) of BSA for 10 minutes. After that, they were
incubated with a cocktail of antibodies for 20 min, at 4 °C in the dark, to study the population
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of macrophages and T cells: APC anti-rat CD3, PE anti-rat CD8 and PerCP anti-rat CD4 (all
from BioLegend) were used to study the T cell population; PerCP anti-rat CD11b,
AlexaFluor647 anti-rat CD86 and PE anti-rat CD163 (the first two from BioLegend and the last
one from Novus Biologicals) were used to study the macrophages population. Stained cell
suspensions were then washed with PBS and flow cytometry analysis was performed using a
BD Accuri 6 plus (BD Biosciences) and analyzed by FlowJo software (Tree Star, Ashland, OR,
USA).

4.4 Statistical analysis

Statistical analysis was performed using a GraphPad Prism 7 (GraphPad Software, Inc., La
Jolla, CA, USA). The statistical methods used to analyze the data from each experiment are
described in each figure caption.

4.5 Ethics

For the primary cell cultures for in vitro experiments in all the publications (I-lll), the animals
were used after an internal license was authorized and approved by the Laboratory Animal
Centre, University of Helsinki. In publication (lll), experimental protocols with animals were
approved by the national Animal Experiment Board in Finland and the Regional State
Administrative Agency for Southern and Eastern Finland, and they were carried out in
compliance with the European Union directive.
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5 Results and Discussion

Nanotechnology has brought great innovation and advantages in the biomedical field and it
has helped to overcome the drawbacks of conventional therapies.'-??! Current treatment of Ml
and HF is still unsuccessful in completely restoring the function of a damaged heart and leaves
millions of patients without proper treatment.>® Nanomedicine can push regenerative therapies
towards clinic use. However, selective targeting of the infarcted heart, which is fundamental to
avoid the systemic and potentially dangerous adverse effects of regenerative therapies, still
represents a challenge.?*

In this thesis, two approaches to improve the heart targeting abilities of AcDX-based NPs
were explored (Figure 5). In the first approach, the macrophage recruitment to the infarcted
heart® was exploited to improve the heart targeting abilities of ANP peptide. For that purpose,
the NPs were further modified with lin-TT1 peptide, which is able to target tumor associated
macrophages, as well as macrophages associated to the atherosclerotic plaques (Figure
5A).2-2 |n the second approach, TA was used to coat AcDXSp NPs, as TA has shown heart
targeting abilities due to affinity for components of the ECM (Figure 5B).2* Both systems were
physico-chemically characterized and their drug release profile was studied. Then, in vitro
biocompatibility, cell-NP interactions and bioactivity of the compounds encapsulated were
investigated on secondary cell lines and different primary cells. Finally the biodistribution and
safety upon administration of the first system were assessed in vivo on a rat model of MI.

A\. Putre-AcDX-PEG-TT1-ANP NPs B. Acbxsp-TANPs

P

%

Il CHIR99021 () Putre-AcDX NPs I CHIR99021 @ AcDxsp NPs

@ ss203580 @ ss203580 Q TA coating
ANP
Y Lin-TT4

Figure 5. Schematic representation of the NPs developed in this thesis. (A) Putre-AcDX-PEG-
TT1-ANP NPs: Putrescine-modified acetalated dextran based NPs, modified with a branched
PEG through EDC/NHS coupling and further conjugated with lin-TT1 and ANP peptides (1,1II).
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(B) AcDXSp-TA NPs: spermine-modified acetalated dextran NPs, coated with a coordination
complex made of TA and Fe3* ions (ll).

5.1 Physicochemical characterization of the NPs and investigation of their drug
release profile (I, 1)

Nanocarriers are seen as versatile tools for the delivery of therapeutical or imaging agents.
The fine tuning of different characteristics, such as size, charge, shape, composition, surface
roughness, etc., influences their accumulation in specific sites of the body, their interaction
with cells, as well as their safety, drug loading and release profiles.'” It is then of utmost
importance to design NPs in order to satisfy specific cues and study their characteristics before
testing them in vitro and in vivo. Here, acetalated dextran-based NPs have been chosen
because of their biocompatibility, pH-sensitive properties and ability to encapsulate
hydrophobic compounds.?® Their design was optimized in order to obtain carriers with
determined features. In publication (I), putrescine-modified acetalated dextran NPs,
abbreviated as Putre-AcDX NPs, were modified with a branched PEG to allow the surface
conjugation of Lin-TT1 and ANP peptides.?*® They were loaded with two compounds, CHIR
and SB, for the stimulation of CMs proliferation.'® In publication (Il) instead, spermine-modified
acetalated dextran NPs, abbreviated as AcDXSp NPs, were used to deliver the same
compounds, CHIR and SB. The system was then coated with a coordination complex made of
TA and Fe® ions.?#®

5.1.1 Size, PDI, surface charge, KBr-FTIR, elemental analysis and morphology of
Putre-AcDX and AcDXSp NPs (I, Il)

The Putre-AcDX and AcDXSp NPs were prepared by single o/w emulsion technique, as
previously described,?*” and drugs (CHIR and SB) were dissolved in the organic phase
together with the polymers. Putre-AcDX NPs were then conjugated with PEG and the peptides,
lin-TT1 and ANP in different conjugation steps (I). AcDXSp NPs were instead coated by simply
mixing and vortexing TA and Fe®" ions, similar to what reported in literature (I1).>” The
formation of a coating film was obtained by formation of coordination bonds between TA and
Fe® in a pH-depended manner,3® resulting in a change of color of the suspension, from white
to grey (images can be found in the Supplementary Information (SI) of publication Il). The
coating was obtained in a fast (few seconds time) and easy way, representing a more
advantageous approach compared to the different and time-consuming conjugation steps
usually used to conjugate moieties on the NPs surface. Fe** was selected because of its
adhesive properties after coordination with polyphenolic materials.*® Moreover, the presence
of Fe® in the coating can also be exploited for magnetic resonance imaging purposes in the
future, enabling to follow the NPs fate inside the body.3®® The size, PDI and surface charge of
the different NPs was evaluated by dynamic light scattering (DLS) and electrophoretic light
scattering (ELS). The size of Putre-AcDX NPs encountered a significant increase after
conjugation with peptides (Figure 6A). However, encapsulation with compounds, CHIR and
SB, had a stabilizing effect on the NPs, since drug-loaded NPs experienced only a slight
increase in size upon peptides conjugations. For AcDXSp NPs, there was a small increase of
size after coating with TA, but the encapsulation of drugs inside the NPs, did not affect
significantly their size (Figure 6A).
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Figure 6. Physicochemical characterization of Putre-AcDX and AcDXSp NPs. (A) Size,
PDI values and (B) ¢-potential (mV) of bare and surface modified Putre-AcDX (left panel) and
AcDXSp NPs (right panel). (C) KBr FTIR spectra of bare and surface modified Putre-AcDX
(left panel) and AcDXSp NPs (right panel). (D) Representative TEM images of Putre-AcDX-
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PEG-TT1-ANP NPs (left panel) and AcDXSp-TA NPs (right panel). Abbreviations: E, empty;
L, loaded; Putre, Putre-AcDX NPs; PEG, Putre-AcDX-PEG NPs; TT1, Putre-AcDX-PEG-TT1
NPs; ANP, Putre-AcDX-PEG-TT1-ANP NPs. Adapted and reprinted with permission from
publications (I) and (I1).

Both bare Putre-AcDX and AcDXSp NPs showed positive charge due to the amine
groups of putrescine and spermine, but upon conjugation with branched PEG and coating with
TA respectively, the C-potential shifted to negative values (Figure 6B), suggesting their
successful surface modification. In publication (l), further conjugation with TT1 and ANP
peptides led to a progressive increase of -potential to positive values (Figure 6B). Evidence
of successful PEGylation of Putre-AcDX NPs was seen also in the KBr-FTIR spectra, where
the presence of the amide-indicative bands at 1565—-1570 cm™' (in-plane N-H bending and C—
N stretching) and 1630-1640 cm™ (amide C=0O stretching) confirmed the formation of a
covalent amide bond between the Putre-AcDX and PEG, and the appearance of a shoulder at
1735 cm™ (C=0 stretching from —COOH belonging to PEG and maleimide groups), underlined
by the yellow band in Figure 6C, denotes the presence of free carboxyl groups.

For AcDXSp-TA NPs instead, KBr-FTIR showed appearance in the spectrum of bands
corresponding to the carbonyl groups C=0 stretching (1714 cm™), as well as a broadening of
the band corresponding to the stretching of the hydrogen bonds established by the hydroxyl
groups (O-H) (Figure 6C).4%°

The presence of TT1 on the NPs surface was further confirmed by the fluorescence of
the FAM moiety conjugated to the peptide, and TT1-binding assay, shown in publication (I).
ANP conjugation was further confirmed by elemental analysis, according to which there are
14.14 ug of ANP in 1 mg of Putre-AcDX-PEG-TT1-ANP NPs (table shown in S| of publication
U)

Morphology of the different NPs was evaluated by TEM. Images shown in Figure 6D,
demonstrate that Putre-AcDX-PEG-TT1-ANP NPs had a spherical shape, while TA-coated
AcDXSp NPs presented an irregular coating, due to deposition of the complex between TA
and Fe® ions on the AcDXSp NPs (which are also spherical, as shown in publication (I1)).

Overall, the physicochemical characterization of both systems suggested the successful
achievement of NPs with desired characteristics.

5.1.2 Drug loading and evaluation of drug release profiles from the NPs

The encapsulation of CHIR and SB in NPs helped improving their solubility and
pharmacokinetic profile. The encapsulation of the drug molecules was done at a molar ratio
CHIR: SB of 1:2, which is the optimal ratio, according to the literature, in order to induce CMs
proliferation.'%2% Before studying the drugs release profile from the NPs, the EE and LD of
the drugs in the NPs were calculated by determining CHIR and SB quantities with HPLC (Table
6).

After functionalization, there is a loss of encapsulated drugs, more evident for Putre-
AcDX NPs compared to AcDXSp NPs. This loss could be attributed to the fact that some of
the compounds might still be on the surface of the NPs, even though they were washed
thoroughly, or to system saturation due to the high amount of compounds loaded at the
beginning of the preparation process. However, the amount of encapsulated drugs was still
enough to produce an effect on cells.*01:402
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Table 6. EE and LD values for Putre-AcDX and AcDXSp NPs.

Formulation LD% (CHIR99021)  LD% (SB203580)  EE% (CHIR99021) EE% (SB203580)
Putre-AcDX NPs 1.62 £ 0.39 3.73+1.01 88.70 £3.32 81.30 + 1.61
Putre-AcDX-PEG NPs 1.35 + 0.69 287172 72.34£4.39 56.36 + 11.21
Putre-AcDX-PEG-TT1 NPs 1.04 £ 0.19 1.96 £ 0.36 48.25+2.98 31.22+1.33
P“t’e'AcDXh"';iG'ﬁ“ANP 0.97 +0.60 1.67+1.14 33.08 + 16.06 25.29 + 9.46
AcDXSp NPs 2402 3.9+0.1 79.9 £ 3.1 51.1£1.2
AcDXSp-TA NPs 15£0.3 32104 67.6+4.6 41.0+64

The release profile of CHIR and SB was evaluated in PBS (pH 7.4) and acetate (pH 5.0)
buffers, in order to mimic the physiological extracellular environment and the conditions found
in acidic intracellular compartments after internalization in the cells, respectively.*®® The
release of the drugs was evaluated over 24 h, considering that this is the maximum incubation
time with the NPs during the in vitro evaluation of CMs proliferation. As expected, the release
of the drugs from both AcDXSp and Putre-AcDX NPs was enhanced at pH:5 (Figure 7).
Upon conjugation with PEG and the peptides (named CS@Putre-AcDEX-PEG-TT1-ANP in
the plot), the release of drugs was faster compared to the bare NPs (named CS@Putre-AcDEX
in the plot). This can be explained by the possible increased interaction with the solvent
molecules, resulting from the higher hydrophilicity of the nanosystem after surface
modifications, which allows the release of the drugs entrapped in the polymer matrix close to
the surface of the NPs.4%440% The coating of AcDXSp NPs with TA instead, resulted in a slower
release for both the compounds and this can be attributed to the pH-dependent disassembly
of the TA-Fe®* capsules.®® At pH 2 most of the hydroxyl groups of TA are protonated and this
results in rapid destabilization of cross-links and disassembly of the films and capsules. At pH
5and 7.4, instead, ~70% and 90% of the capsules, respectively, remain intact after 10 days of
incubation.>®® However, if a faster release is desired, it can be obtained by just changing the
metal used to form complexes with the TA.3%

Free drugs were used as control and, especially for CHIR, the acidic pH increased its
solubility (Figure 7A and 7B). For SB instead (Figure 7C and 7D), encapsulation in NPs
improved its stability at pH 5.0, as the free drug started degrading after 8 h, whereas the drug-
loaded NPs showed a release of the drug concentration up to 24 h.

Considering also that inflammation occurring in the ischemic myocardium lowers the interstitial
pH to 6-6.5,4%647 these NPs could be used for the sustained release of cargos into the
infarcted myocardium under these conditions.
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Figure 7. Drug release profiles of Putre-AcDX and AcDXSp NPs. Release profiles of (A,
B) CHIR and (C, D) SB from bare and surface modified Putre-AcDX and AcDXSp NPs at pH:
5.0 and 7.4. Data represented as mean = s.d. (n = 3 biological replicates in which each time
three technical replicates have been used). Abbreviations: C, CHIR99021; S, SB203580.
Adapted and reprinted with permission from publications (I) and (II).

5.1.3 Stability of the NPs in different media

Since all in vitro studies were performed in cell medium, the colloidal stability of the
nanosystems was determined by incubation in DMEM/F-12 containing FBS. Stability in human
plasma was also evaluated. When NPs were incubated in medium containing serum for 2 h,
both bare Putre-AcDX NPs and uncoated AcDXSp NPs showed an increase of size (Figure
8A) and PDI (Figure 8B) over time, while the surface modification with PEG and the TA-
coating NPs made NPs more stable. The same trend was recorded when the stability was
performed in human plasma (Figure 8C). The stability was monitored also in an isotonic
sucrose solution, considered as a vehicle to re-suspend the NPs during injections for future in
vivo applications. Also in isotonic sucrose solution, the NPs showed very good stability in terms
of size and PDI (Figure 8D,E), validating its potential use as NPs resuspension media for
injections. Altogether, these results showed the increased stability of NPs after PEGylation and
TA coating. In particular, TA coating reduced the interaction of coated AcDXSp NPs with
plasma proteins and serum in vitro, showing similar properties to PEG.?4308
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Figure 8. Colloidal stability of Putre-AcDX and AcDXSp NPs in different media. Stability
of bare and surface modified Putre-AcDX and AcDXSp NPs in DMEM/F-12 supplemented with
10% FBS in terms of (A) size and (B) PDI. Changes in size of the NPs were evaluated also
upon (C) human plasma incubation. (D) Size and (E) PDI values of the different Putre-AcDX
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and AcDXSp NPs incubated in isotonic sucrose. Data represented as mean + s.d. (n = 3
biological replicates in which each time three technical replicates have been used). Adapted
and reprinted with permission from publication (ll). Part of the data is also from publication (llI).

As previously discussed, it has been demonstrated that in order to extravasate in the
infarct site, the optimal size of NPs should be between 20 and 200 nm.??® In the same study,
it was shown that also NPs with size of 500 nm resulted in higher accumulation in infarcted
sites, but they had also higher retention in spleen and liver.??® Since the systems here
developed, when incubated in physiological conditions, present bigger sizes, ranging between
250 and 300 nm, they will probably still benefit of improved accumulation in infarcted sites due
to their size, but they might also accumulate in liver and spleen.

5.2 In vitro screening of the NPs (I-lll)

Once the physicochemical features of NPs, as well as their drug release profiles and stability
in relevant media have been assessed, investigation of their in vitro behaviour was evaluated
in different cell lines and primary cells. The first aspect screened was the biocompatibility of
the developed systems towards their first contact cells. Then, the interaction between the NPs
and cardiac cells and/or macrophages was studied to understand their affinity for specific cells
and have insight on their mechanism of uptake. Finally, the biological effects of the compounds
encapsulated and of the materials themselves were evaluated on cardiac cells and
macrophages.

5.2.1 In vitro biocompatibility of Putre-AcDX and AcDXSp (I-lll)

The aim of both Putre-AcDX and AcDXSp NPs was to interact with CMs to stimulate their
proliferation. However, the heart is composed not only by CMs, but also non-myocytes and
once injected, NPs might interact, even to less extent, with those cells. Moreover, in the case
of Putre-AcDX NPs, the interaction is extended to macrophages, since their aim is to achieve
heart targeting by hitchhiking those cells. It is then of great importance to know if those NPs
have any toxic effects on those cells. The cytotoxicity of the NPs was thus investigated using
an ATP-based luminescence assay by the quantification of metabolically active cells.%®
Different NPs concentrations and both empty and drug-loaded NPs were screened, with
incubation times ranging between 24-48 h, in order to study both concentration and time-
dependent toxic effects, as well as to identify the highest concentration of NPs that can be
safely used in in vitro tests.

The biocompatibility of Putre-AcDX NPs was first studied in macrophages cell lines and
primary M1- and M2-like macrophages of both human and murine origin (I). Results for the
continuous cell lines can be found in publication (I). The investigation on primary macrophages
revealed a concentration- and time-dependent toxicity of the bare empty NPs, attributable to
their positive charge (Figure 9). Toxicity of positively charged NPs is due to disruption of the
plasma-membrane integrity, production of a high number of autophagosomes and damage to
cellular organelles, in particular mitochondria and lysosomes, resulting from the increased
cell-NP interactions.?® In addition, murine cells were more sensitive to this toxicity compared
to the human counterpart.
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Figure 9. Viability of primary macrophages treated with Putre-AcDX NPs. Cell viability
studies were performed on both human (A-D) and murine (E-H) M1-/M2-like macrophages.
NPs were incubated with the cells for both 24 (A, C, E, G) and 48 h (B, D, F, H). Values are
represented as mean + s.d. (n = 3 biological replicates in which each time 3 technical replicates
have been used). A one-way ANOVA followed by a Tukey—Kramer post hoc test was used for
the statistical analysis. The significance levels of the differences were set at probabilities of *p
<0.05, *p <0.01, **p < 0.001 and ****p < 0.0001 for comparison with the medium, which was
used as the control in all the tests. Adapted and reprinted with permission from publication (I).

After surface functionalization, the toxicity was reduced and the NPs were more biocompatible
because the charge of the nanosystems was not highly positive anymore. Moreover, the
encapsulation of drugs corresponded to a significant increase in cell viability, suggesting a
protective effect of the two compounds. It is indeed known that the activation of canonical Wnt
signaling and inhibition of p38 MAPK pathways are implicated not only in the cytokine
production of stimulated macrophages, but also in their proliferation.*®#!" SB203580
increases the stability of granulocyte-colony stimulating factor (G-CSF) mRNA, and enhances
its expression at the post transcriptional level, thus stimulating cell proliferation.“°® CHIR99021,
on the other hand, upregulates cyclin D1 protein expression, resulting in a proliferative
effect. 4!

In publication Ill, the biocompatibility of Putre-AcDX NPs was assessed also on primary
rat CMs and FBs (Figure 10). Similar results were found for those cells, with bare empty NPs
showing a dose- and time-dependent toxicity due to their positive charge. Viability was
investigated also on primary murine CMs and hiPSC-CMs to see if results were comparable
between species. Results can be seen in the Sl of publication Il and they showed that NPs
are safe towards CMs, with exception for Putre-AcDX NPs in murine CMs for 48h. Also in that
case, toxicity was due to positive charge of the NPs. Overall, the studies showed that the Putre-
AcDX NPs, especially after surface functionalization and when loaded with drugs, were
biocompatible towards both macrophages and cardiac cells.
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Figure 10. Biocompatibility of Putre-AcDX NPs on primary rat cardiac cells. The safety
of bare and modified Putre-AcDX NPs was assessed in both (A, B) CMs and (C,D) FBs. Values
are represented as mean = s.d. (n = 3 biological replicates in which each time three technical
replicates have been used). A one-way ANOVA followed by a Tukey—Kramer post hoc test
was used for the statistical analysis. The significance levels of the differences were set at the
probabilities of *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 for comparison with the
medium, which was used as a control in all the tests. From publication (IlI).

The cytotoxicity of AcDXSp-TA NPs was evaluated in rat cardiac cells (CMs and FBs)
for 24 and 48 h and in HCAEC for 6 and 24 h. HCAEC were chosen considering that ideally
these are the first cells encountered by the NPs when arriving to the cardiac tissue. As shown
in the SI of publication (ll), empty AcDXSp and AcDXSp-TA NPs reduced the viability of
HCAEC, especially after 24 h and at higher doses. Also here, the cytotoxicity was recovered
by loaded NPs, probably due to the protective effect of the drugs. In a similar way, AcDXSp
NPs exhibited a dose- and time-dependent toxicity, as well as a protective effects of drugs,
towards both primary CMs (Figure 11A and 11B) and FBs (Figure 11C and 11D). Coating
with TA did not change the biocompatibility of the system, but FBs exhibited a higher sensitivity
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compared to CMs (for the effects of Fe®* and TA alone see Sl of publication (ll)), probably due

to the anti-fibrotic properties of TA.41?
In summary, both the developed systems, Putre-AcDX and AcDXSp NPs, showed high

biocompatibility towards different cell types, especially when loaded with drugs and after
surface modifications.
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Figure 11. Biocompatibility of AcDXSp-TA NPs on primary rat cardiac cells. The viability
of primary rat (A, B) CMs and (C, D) FBs was assessed after incubation of bare and TA coated
NPs for both (A, C) 24 and (B, D) 48h. Values are represented as mean + s.d. (n = 3 biological
replicates in which each time three technical replicates have been used). A one-way ANOVA
followed by a Tukey—Kramer post hoc test was used for the statistical analysis. The
significance levels of the differences were set at the probabilities of *p < 0.05, **p < 0.01, ***p
< 0.001 and ****p < 0.0001 for comparison with the medium, which was used as a control in
all the tests. Reprinted with permission from publication (ll).

5.2.1 In vitro cell NP interactions

In vitro cell-NP interactions were evaluated with different cells both quantitatively and
qualitatively after incubation with fluorescently labelled NPs. For Putre-AcDX NPs, the cell-NP
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interactions were studied with both macrophage cell lines and primary macrophages (I), and
cardiac cells (lll). Data concerning the cell-NPs interactions with macrophages cell lines can
be found in publication (l). Considering that the aim of those NPs was to hitchhike
macrophages to reach the infarcted myocardium, their ideal behaviour would consist in being
associated on the macrophage surface without being taken up. For this purpose, both M1-
and M2-like macrophages from human and murine origin were incubated with both bare and
surface modified Putre-AcDX NPs for 1 h, and then cells were analyzed by flow cytometry.
Data showed that Putre-AcDX-PEG-TT1-ANP NPs generally interacted more with M2-like
macrophages compared to M1-like ones, and their interaction with cells was higher compared
to NPs without the peptides (Figure 12).

Most importantly, the cell-NP association vs. uptake ratio was higher for M2-like
macrophages in both human and murine cells, suggesting that M2 macrophages can act as
more efficient carriers of NPs into the infarcted heart. Considering the bi-phasic macrophage
recruitment in the infarcted heart,® these NPs showed putatively to reach the heart in an
optimal time frame for the delivery of CHIR and SB, which can then inhibit the fibrotic
remodeling of the tissue by stimulating CMs proliferation.
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Figure 12. Interaction of Putre-AcDX NPs with primary macrophages of both human and
murine origin. The uptake of Putre-AcDX NPs before and after conjugation with TT1 and ANP
was quantitatively evaluated by flow cytometry on human (A) M1- and (B) M2-like
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macrophages, as well as murine macrophages of murine origin, respectively with (C) M1- and
(D) M2-like phenotype. The results are represented as MFI values * s.d. (n = 3 biological
replicates in which each time 3 technical replicates have been used). A one-way ANOVA
followed by a Tukey—Kramer post hoc test was used for the statistical analysis. The
significance levels of the differences were set at probabilities of *p < 0.05 and ****p < 0.0001
for comparison between Putre-AcDX-PEG and the Putre-AcDX-PEG-TT1-ANP (both before
fluorescence quenching with TB), and for Putre-AcDX-PEG-TT1-ANP, before and after
fluorescence quenching. Reprinted with permission from publication (1).

Quantitative results were confirmed also by qualitative cell uptake studies, using
fluorescence confocal microscopy. Images can be found in S| of publication (I) and they show
an augmented cell-NP interactions when treated with Putre-AcDX-PEG-TT1-ANP NPs.
Furthermore, studies on the mechanism of internalization revealed that Putre-AcDX-PEG-TT1-
ANP NPs are internalized by the macrophages by micropinocytosis. The highest inhibition of
internalization was obtained when cells were pre-treated with Cytochalasin D, demonstrating
that actin filaments were the cytoskeleton components involved in the uptake mechanism of
the Putre-AcDX-PEG-TT1-ANP NPs (data can be found in publication (l)).

Overall, results suggested the engagement of energy dependent pathways in the
endocytosis of the produced NPs, justifying the high association vs. cell uptake ratio observed
in Figure 12.

The uptake of Putre-AcDX NPs was evaluated also in primary rat cardiac cells (lll). In
this case, both CMs and FBs were incubated with the fluorescently labelled NPs for 2 h and
then uptake was evaluated both quantitatively, by flow cytometry, and qualitatively, by confocal
microscopy. Flow cytometry data showed that Putre-AcDX-PEG-TT1-ANP NPs interacted
more with CMs compared to NPs without peptides (Putre-AcDX-PEG NPs) (Figure 13).
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Figure 13. Uptake of Putre-AcDX NPs on primary rat cardiac cells. Quantitative uptake of
Putre-AcDX NPs was investigated by flow-cytometry on both primary rat (A) CMs and (B) FBs.
Results are represented as MFI values normalized to the control + s.d. (n = 3 biological
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replicates in which each time 3 technical replicates have been used). A one-way ANOVA
followed by a Tukey—Kramer post hoc test was used for the statistical analysis. The
significance levels of the differences in uptake studies were set at probabilities of ****p <
0.0001 for comparison between Putre-AcDX-PEG NPs and the control and Putre-AcDX-PEG-
TT1-ANP NPs for both CMs and FBs, ****p < for comparison between internalized unquenched
fluorescence with or without treatment with ANP in FBs, ***p < 0.001 for comparison between
internalized unquenched fluorescence with or without treatment with ANP in CMs, and *p <
0.05 for comparison between fluorescently unquenched and quenched Putre-AcDX-PEG-TT1-
ANP NPs with ANP pre-treatment. From publication (lll).

This difference of interaction can be explained by both the positive charge of Putre-
AcDX-PEG-TT1-ANP NPs and their presence on the surface of ANP peptide. Pre-treatment
with ANP for 30 min, was used to saturate the ANP receptors and avoid their turn-over in order
to study the contribution of the interaction between ANP and its receptors on the NPs
internalization.*'®* Reduction of uptake of NPs conjugated with the peptides in presence of NP
pre-treatment demonstrated that the boosted interaction of Putre-AcDX-PEG-TT1-ANP NPs
with CMs was dictated by the presence of ANP on the NPs’ surface. For FBs, the presence of
peptides on the NPs’ surface also increased the interaction of the NPs with the cells. However,
pre-treatment with ANP, did not reduce the uptake of the NPs, suggesting that NPs were taken
up by the FBs non-specifically. Interestingly, NPs interacted more with primary CMs (Figure
13A) compared to FBs (Figure 13B), as shown by the 3-fold increase of MFI compared to the
control, against the 2-fold, obtained for CMs and FBs, respectively. Confocal images, that can
be found in the SI of publication (lll), confirmed the results obtained by flow cytometry, showing
an increased cell-NP interactions when cells were conjugated with both the peptides.

The uptake of AcDXSp NPs modified with TA (ll) was evaluated also with both
macrophages and primary cardiac cells. In this case, interaction between NPs and
macrophages was studied to demonstrate the similarity between TA and PEG in reducing the
interaction of NPs with cells of the MPS. Flow cytometry data (they can be found in publication
(1)) showed that the TA coating can reduce the interaction between both M1- and M2-like
macrophages and AcDXSp-TA NPs, probably due to their negative surface charge, as well as
increased hydrophilicity due to high presence of hydroxyl groups.?4%%° In this way, the TA
coating can reduce the interaction with MPS cells and increase the circulation time of the NPs
in the bloodstream. With cardiac cells, TA coating decreased the interaction between NPs and
both CMs and FBs compared to AcDXSp NPs, probably due to the negative charge it imparts
to the otherwise positively charged AcDXSp NPs (Figure 14).
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Figure 14. Quantitative uptake of AcDXSp NPs on primary cardiac cells. The uptake of
bare and TA-coated AcDXSp was quantified by flow cytometry on both primary rat (A) CMs
and (B) FBs. Results are represented as MFI values * s.d. (n = 3 biological replicates in which
each time three technical replicates have been used). A one-way ANOVA followed by a Tukey—
Kramer post hoc test was used for the statistical analysis. The significance levels of the
differences in uptake studies were set at the probabilities of **p < 0.01 and ****p < 0.0001 for
comparison between associated and internalized AcDXSp NPs, before and after fluorescence
quenching with trypan blue and between AcDXSp and AcDXSp-TA NPs, respectively. Adapted
and reprinted with permission from publication (II).

However, TA-coated NPs still exhibited a statistically significant interaction with cells,
demonstrating that the TA coating is not preventing the uptake of NPs by the cells. Moreover,
NPs were mainly taken up by the cells, since there were no statistically significant differences
between MFI values before and after surface fluorescence quenching with trypan blue.
Importantly, both TA coated and uncoated AcDXSp NPs exhibited preferential interaction with
primary CMs, considering the higher MFI values. Inhibition of different uptake mechanisms by
different compounds, revealed the engagement of energy-dependent pathways for the
internalization of AcDXSp-TA NPs (data can be found in publication (ll)). The qualitative
interaction between TA-coated AcDXSp NPs and cardiac cells was evaluated in primary
cultures of CMs, FBs and their co-cultures as such or after treatment with TGF-[3 for stimulation
of ECM production. Increased collagen | production and hypertrophy signals in cells treated
with TGF-B were supported by characterization images taken on control cells without NPs
treatment (see Sl of publication (Il)). Confocal images (Figure 15) showed that TA-coated NPs
interacted more than bare AcDXSp NPs with the cells, especially after treatment with TGF-3.
These considerations were expected, since it is known that TA can achieve heart targeting due
to its high affinity for components of the ECM.?* Interestingly, CMs cultures, which are
characterized by less production of collagen |, compared to FBs and co-cultures, showed a
relatively high amount of TA-coated NPs interacting with the culture and this could be in
accordance with flow cytometry data showing that the TA-coated NPs were more interacting
with CMs compared to FBs. Altogether, results showed that the TA coating could enhance the
NP-cell interaction especially when there is stimulation of ECM production, due to TA high
affinity for collagen and elastin.
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Figure 15. Qualitative uptake studies on primary rat CMs, FBs, and cell co-cultures
stimulated and non-stimulated with TGFB. The cell uptake was evaluated by confocal
fluorescence microscopy after incubation with the fluorescently labelled NPs (AlexaFluor488®)
for 2 h at 37 °C. The cells were stained with DAPI (nuclei) and anti-Collagen | antibody
(collagen/ECM). Scale bars are equal to 50 ym. Reprinted with permission from publication

().

5.2.3 Biological actions exerted by the materials used

Besides the therapeutical effects exerted by the drugs encapsulated, CHIR and SB,
which will be described in the next section, the material themselves have shown to induce
biological changes in different cells. For instance, TA has heart targeting abilities,?* but also
anti-fibrotic properties,*'? which can be advantageous in preventing the fibrotic remodeling
taking place after MI. Biocompatibility studies had already shown a higher sensitivity of FBs
compared to CMs towards TA, giving a hint of the anti-fibrotic properties of TA. Those
properties were further investigated by RT-gPCR aimed at quantifying the expression of pro-
fibrotic genes, such as Col1a1, Tgfb, Fos, Myc, osteopontin (Spp1) and Tnfa in primary FBs
treated with NPs and drugs corresponding to a concentration of CHIR of 3 x 107 M
(concentrations of SB were approximately double) for 24 h. The 18s gene was used as control
housekeeping gene, while DMSO and cell medium were used as controls for the drugs and
the NPs, respectively. An increase of Col1a1 gene expression has been highly correlated to
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fibrosis and HF and it has been recently recognized as marker in human HF progression.*'
Similarly, increased expression of Spp1 and Fos genes has been directly linked to
fibrosis.4'541® TGF-B and TNF-a instead, are respectively, the principal cytokine/growth factor
secreted during fibrosis, which activates fibroblasts in producing more ECM,*'” and a pro-
inflammatory cytokine secreted after Ml and regulating the remodeling of the heart, promoting
the advent of the pro-fibrotic response.*'® The Myc oncogene is a transcription factor affecting
cellular activities, such as cell cycle, proliferation, and hypertrophy.*'®

Results showed that the loaded TA-coated AcDXSp NPs were able to reduce the
expression of Col1a1, Tgfb, Spp1, Myc, and Fos genes (data can be found in publication (Il)).
In particular, there was a decrease of ~80% in the expression of genes such as Col1a1 and
Spp1 when cells were treated with drugs loaded AcDXSp-TA NPs. For Tnfa data showed an
unexpected increase of gene expression, whilst it has been reported that both TA and
compounds encapsulated have anti-inflammatory properties. According to some reports
though, TA has the ability to induce an increase of TNF-a in keratinocytes in patients affected
by pemphigus vulgaris.*?°

The ability of NPs to induce macrophage repolarization was investigated for Putre-AcDX
NPs. It is known that both ANP and the compounds encapsulated, CHIR and SB, have an
immunomodulatory effect.2°7:368409 ANP has exhibited ability to modulate the secretion of
inflammatory mediators in macrophages, by inhibiting the LPS-induced expression of inducible
nitric oxide synthase (iNOS), and the secretion of TNF-a and IL-1B in macrophages.*® CHIR
also demonstrated an anti-inflammatory effect by reducing the serum levels of TNF-a and
increasing the expression of IL-10. It also decreased the expression of markers genes, such
as CD11c, CD68, and F4/80 and the pro-inflammatory cytokine/chemokine genes, such as
Tnfa, IL1b, Mcp1 and 3.2°7 Similarly, treatment with SB resulted in a decrease of the LPS-
induced secretion of TNF-a and IL-6.4° Overall the system was expected to have anti-
inflammatory properties and thus, repolarization of M1-like macrophages was investigated by
studying the markers expression of the cells after incubation with the NPs at different time-
points. Results showed that after incubation with drug loaded Putre-AcDX-PEG-TT1-ANP for
1 h, the expression of CD86 in M1-like macrophages was significantly reduced, while their
CD206 expression increased. Treatment with empty Putre-AcDX-PEG-TT1-ANP NPs has also
shown a similar effect, but less remarkable, suggesting the synergistic anti-inflammatory effect
of ANP and the encapsulated compounds (Figure 16).
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Figure 16. Repolarization studies on murine M1-like macrophages treated with Putre-
AcDX NPs. Given the anti-inflammatory properties of both ANP and drugs encapsulated, the
investigation of repolarization of M1-like macrophages was carried out by (A) quantifying the
expression of CD86 and CD206 by flow cytometry. In (B) there are the populations for each
condition. Results are represented as number of positive cells £ s.d. (n = 3 biological replicates
in which each time three technical replicates have been used). The significance levels of the
differences were set at probabilities of ****p < 0.0001 and ***p < 0.001 for comparison between
the control and drug loaded Putre-AcDX-PEG (PEG L), Putre-AcDX-PEG-TT1 (TT1 L), Putre-
AcDX-PEG-ANP (ANP L), and empty and loaded Putre-AcDX-PEG-TT1-ANP (Final E and
Final L respectively). The significance levels of the differences were set at probabilities of *p <
0.1 for comparison between empty and loaded Putre-AcDX-PEG-TT1-ANP incubated with the
cells for 1h. Abbreviations: E, empty; L, loaded; PEG, Putre-AcDX-PEG NPs; TT1, Putre-
AcDX-PEG-TT1 NPs; ANP, Putre-AcDX-PEG-ANP NPs; Final: Putre-AcDX-PEG-TT1-ANP
NPs. From publication (lII).

Also, the effect was reduced when the incubation time was increased to 2 h, and this can
be explained by the fact that probably NPs are taken up by the cells when incubated for longer
times. NPs conjugated with only either one of the peptides (Putre-AcDX-PEG-TT1 and Putre-
AcDX-PEG-ANP) were less efficient reducing the inflammatory phenotype of M1-like
macrophages, with Putre-AcDX-PEG-ANP NPs performing better compared to NPs
conjugated with only TT1, demonstrating that both compounds encapsulated and ANP have
some influence in reducing inflammation. Ultimately, PEGylated NPs did not show any ability
in modulating the markers expression of M1-like macrophages. The immunomodulatory of the
system was also evaluated in M2-like macrophages and results showed that there were no
remarkable changes between the different conditions (data can be found in S| of publication
(1)).

Overall, the results suggested that the NPs conjugated with both peptides (Putre-AcDX-
PEG-TT1-ANP NPs) and loaded with CHIR and SB can exert an immunomodulatory effect on
M1-like macrophages, by reducing their pro-inflammatory phenotype.
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5.2.4 Stimulation of cardiomyocytes proliferation upon treatment with Putre-
AcDX and AcDXSp NPs

The main aim of both the Putre-AcDX and the AcDXSp NPs developed in this thesis was
to deliver CHIR and SB and to stimulate the proliferation of CMs to achieve regeneration of the
damaged tissue. The ability of the NPs to induce such an effect was evaluated on CMs by
different immunostainings: For Putre-AcDX NPs, BrdU, B-catenin (downstream effector of
CHIR) and Phospho-MAPKAPK2 (downstream effector of p38 inhibition by SB)
immunostainings were performed on primary rat and murine CMs and hiPSC-CMs; and for
AcDXSp NPs, Ki67, phospho-histone H3 and aurora B immunostainings were performed on
primary rat CMs. In both cases, cells were treated for 24 h with NPs concentrations
corresponding to 1 x 1076, 3 x 107, 5 x 10® , and 10 x 107® M of CHIR99021 (concentrations
of SB were approximately double), calculated from the LD values of the NPs and
corresponding to a safe dose of NPs. The biological effect was then evaluated by
immunostainings, quantifying the intensity of the selected markers in the nuclei or in the
cytoplasm. DAPI staining was used to identify the nuclear area and a cardiac specific marker
(cardiac troponin T, cTnT) was employed to select the cells of interest from the primary culture
(though we tried to separate cell types, cultures always contained some non-myocytes). A 5-
pixel ring immediately outside the nucleus was considered to represent cytoplasm in $-catenin
stainings.

When CMs were ftreated with drug-loaded Putre-AcDX-PEG-TT1-ANP NPs
corresponding to concentration of CHIR 5 x 10¢ M, the percentage of BrdU positive cells was
significantly higher than control, empty NPs before and after surface conjugations and loaded
Putre-AcDX NPs (data can be found in publication Ill). Since the concentration of CHIR 5 x 10
6 M was the one showing the highest increase in BrdU incorporating cells after treatment with
loaded in Putre-AcDX-PEG-TT1-ANP NPs in rat CMs (4-fold higher compared to control), it
was then chosen for the treatment of murine primary CMs and hiPSC-CMs. Moreover it was
corresponding to a still safe dose of NPs. Similarly, murine CMs and hiPSC-CMs exhibited an
increase of BrdU positive cells when treated with drug-loaded NPs conjugated with both
peptides (data can be found in Sl of publication (lll)). Modulation of downstream effectors of
Whnt activation by CHIR and p38 inhibition by SB were also investigated. The downstream
effector of Wnt activation by CHIR is B-catenin. Inhibition of GSK3 by CHIR prevents
phosphorylation of f-catenin and it is further degradation, leading to its increased
concentration in cytoplasm and translocation in nucleus, where it can regulate the expression
of target genes.?** The efficient delivery of CHIR to primary rat CMs via Putre-AcDX NPs,
resulted in increased presence of B-catenin in both nucleus and cytoplasm (data can be found
in publication (lll)), compared to empty NPs and drug-loaded Putre-AcDX, especially when
cells were treated with drug-loaded Putre-AcDX-PEG-TT1-ANP NPs at concentrations 3 x 10
6Mand 5 x 10% M. Inhibition of p38 by SB leads to inhibition of phosphorylation and activation
of MAPKSs, which are then unable to translocate in the nucleus. The decrease of Phospho-
MAPKAPK?2 in the nucleus was then detected to study the effects of SB delivery. As shown in
publication (lll), there was no significant decrease of MAPKAPK2 expression in the nucleus
between the different conditions. However, this can be due to the fact that cells were fixed after
24 h incubation, while phosphorylation of proteins it is a relative fast process. Probably shorter
time points would have allowed to discriminate greater differences in the results. Similar results
were obtained for both CMs of murine and human origin, as showed in S| of publication (lll).

Treatment of primary rat CMs with drug-loaded AcDXSp-TA NPs resulted in increased
numbers of Ki67 (Figure 17A and 17B) and phospho-histone H3 (Figure 17C) positive nuclei
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in a concentration-dependent manner. Since Ki67 is usually used as proliferation marker for
cells in active cell cycle,*?" while phospho-histone H3 is a mitotic index marker,%? results
validate the ability of drug-loaded TA-coated AcDXSp NPs to stimulate cell cycle re-entry in
primary CMs. Administration of empty NPs had an inhibitory effect instead, underlining the
importance of CHIR and SB delivery for the stimulation of CMs proliferation. Ki67
immunostainings were performed also on hiPSC-CMs and they showed an increase of Ki67
with treatment of drug-loaded AcDXSp-TA NPs, confirming that the system has a pro-
proliferative effect on CMs of different origin (data can be found in Sl of publication (ll)).

Further confirmation of the ability of treated CMs to enter cell-cycle and go towards actual
cell division was obtained by aurora B immunostainings (Figure 17D).2%542% Aurora B has a
different cellular localization based on which cell-cycle phase a cell is.*?* When a cell enters
the cell-cycle and is in interphase or prophase, aurora B has a nuclear localization, while in the
final phases of cell-cycle, telophase and cytokinesis, it localize between the two dividing
cells.*** For the confirmation of cell division upon treatment with AcDXSp-TA NPs, the
presence of aurora B was first detected in the nucleus. Data showed that similarly to Ki67 and
phospho-histone H3 immunostainings, treatment with drug-loaded AcDXSp-TA NPs increases
the percentage of aurora B positive nuclei (Figure 17E), demonstrating that the system can
induce primary CMs to enter the cell cycle. However, especially in the case of CMs, it is known
that cells might not physically divide, i.e., complete cytokinesis, giving origin to bi-/poly-
nucleated cells.*?

Thus, in order to evaluate whether the NPs induced actual cell division, a double-blinded
study, in which the cells that were in telophase were manually counted to quantify cytokinesis,
was performed. Figure 17F shows that when cells were treated with drug-loaded TA-coated
NPs, a higher percentage of cells in cytokinesis was observed, and in particular, at the
concentration of CHIR of 3 x 107® M, the delivery of the compounds CHIR and SB doubled the
percentage of dividing CMs compared to the control (Figure 17F). Further evidence of the pro-
proliferative properties of the system were obtained by analysis of the surface area of the CMs
and RT-gPCR aimed at quantifying the expression of cyclin D, E, A and B. The smaller mean
surface area of the CMs treated with drug-loaded AcDXSp NPs coated with TA compared to
the ones that received other treatments, reflected their ability to divide, as the relative surface
area of cells decreases when entering cell-cycle, due to a rounding-up phase*?® (data can be
found in Sl of publication (ll)). RT-gPCR analysis displayed an increase of all the studied
cyclins, and in particular a doubling in cyclin B expression, when cells were administered
AcDXSp-TA NPs loaded with CHIR and SB, further confirming the ability of the drug delivery
system to promote cell-cycle entry and progression in CMs (data can be found in Sl of
publication (ll)).
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Figure 17. High-content cell imaging and quantification of Ki67, phospho-histone H3,
and aurora B staining intensity. Representative images of (A) Ki67 immunostainings
performed on CMs treated with empty (E) and loaded (L) AcDXSp-TA NPs at the
concentrations of 1 x 10 M of CHIR99021 and 2.2 x 107® M of SB203580, and stained for
nuclei (DAPI, blue), cardiac troponin T (cTnt, red) and Ki67 (green), with a 10 x magnification
objective. Scale bars are 200 ym. Quantification of (B) Ki67 and (C) phospho-histone H3
staining intensity in the nucleus. Representative images of (D) Aurora B immunostainings of
CMs treated with loaded AcDXSp-TA NPs at the dose of 1 x 107 M of CHIR99021 and 2.2 x
107 M of SB203580, and stained for nuclei (DAPI, blue), cardiac troponin T (cTnT, red) and
aurora B (green), with a 20 x magnification objective. Scale bars are 100 ym. Quantification of
aurora B staining intensity in (E) the nucleus and (F) percentage of CMs in telophase. The
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different treatment conditions are stated in the legend. Values represent the mean £ s.d. (n =
3). A one-way ANOVA followed by a Tukey-Kramer post hoc test was used for the statistical
analysis. The significance levels of the differences were set at the probabilities of *p < 0.05,
**p < 0.01, **p < 0.001, and ****p < 0.0001 for comparison with the medium, which was used
as control, with the compounds alone, between empty and loaded NPs, as well as bare and
TA coated NPs. Reprinted with permission from publication II.

Overall, both the systems prepared in this thesis showed efficient delivery of CHIR and
SB and ability to stimulate proliferation of CMs, holding potential to regenerate the damaged
cardiac tissue when infarction occurs. The encapsulation of CHIR and SB in the nanosystems,
improved their solubility and ability to be delivered intracellularly, representing an
advantageous approach for potential clinical translation of regenerative strategies. Together
with the ability of reducing the pro-inflammatory phenotype of macrophages owned by Putre-
AcDX NPs and the anti-fibrotic properties of the TA coating, the systems here presented
constitute multifunctional systems for drug-delivery to the infarcted heart.

5.3 In vivo studies (lll)

The ability of Putre-AcDX NPs to reach the infarcted heart was studied on a rat model of M,
obtained by permanent ligation of the left descending coronary artery. Fluorescent imaging by
confocal microscopy was used to study the accumulation of bare and peptides-modified NPs
in different organs. The immunological profile of animals injected with the NPs was also
evaluated by studying the markers expression of cells isolated from blood and spleen.

5.3.1 Ex vivo biodistribution of Putre-AcDX NPs and immunoprofile studies

For the study of biodistribution of Putre-AcDX NPs, rats underwent surgery and were
divided into four groups (n= 3-5 animals per group), namely isotonic sucrose (control), Putre-
AcDX-PEG NPs, Putre-AcDX-PEG-ANP NPs and Putre-AcDX-PEG-TT1-ANP NPs.
Considering the potential macrophage-hitchhiking properties of the system, NPs were injected
i.v. at both day 3 post-MlI, corresponding to the peak of M1-like macrophages recruitment, and
day 7 post-MI, which is instead the time in which M2-like macrophages are peaking after MI.8°
After 1h, animals were sacrificed and organs collected to study the ex-vivo accumulation of the
NPs. As expected, some NPs accumulated in spleens and liver, suggesting that they were
captured by cells of the MPS.??" Lungs were also collected and stained, and images showed
none or little presence of NPs in them, demonstrating that the formulation was stable upon i.v.
administration. Interestingly, confocal images (Figure 18), show the presence of Putre-AcDX-
PEG-TT1-ANP NPs in the heart, especially when they were injected 7 days post-MI. Results
are thus suggesting that the NPs with both peptides accumulate in the infarcted heart in
concomitance with the recruitment of M2-like macrophages (images showed also more
expression of CD163 vs CD86), confirming the hypothesis generated from the in vitro data
collected in publication (I). Moreover, NPs modified with just ANP (Putre-AcDX-PEG-ANP),
used as main comparison due to the wide known heart targeting abilities of ANP, and
PEGylated NPs, showed no tendency to accumulate in the heart in the same extent,
demonstrating that macrophage hitchhiking can improve the heart targeting abilities of ANP.
SHAM controls (images can be found in S| of publication (lll)) also showed little or no NPs
accumulation and inflammatory cells infiltration.
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In addition, immunoprofiling studies were performed to study the safety of the NPs in
vivo. Considering that inflammation plays a critical role in the outcome of the pathology, NPs
should not induce any inflammation in the body or alter the physiological immunological state
of the patient.

DAPI CD86 CD163 AlexaFluor®488 Merged

DAPI CD86 CD163 AlexaFluor® 488 Merged

Figure18. Ex vivo biodistribution studies of Putre-AcDX NPs. Heart sections deriving from
animals injected with Putre-AcDX NPs at (A) day 3 and (B) 7 post-MI were stained and imaged
by confocal microscopy. Scale bars are corresponding to 200 um. From publication Ill.
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Hence, both spleens and blood were screened to determine the populations of M1- and
M2-like macrophages, as well as CD4* and CD8" T-cells. Determination of the markers
expression by flow cytometry was used for this purpose. Results can be found in publication
(Il) and they showed that the NPs do not induce consistent changes in the immunoprofile of
blood and spleens collected from the animals. In some cases, there was reduction of the
expression of CD86 when animals were injected with NPs modified with ANP, suggesting an
anti-inflammatory effect of those NPs. This effect is in accordance with the in vifro data
presented previously, and it can have an influence in improving the cardiac function, as it is
known that reducing inflammation in the infarcted area has a beneficial effect.*?’

Overall, the in vivo immunoprofile and biodistribution studies demonstrated that Putre-
AcDX-PEG-TT1-ANP NPs are not inducing changes in the immunological state of the animals
upon i.v. administration, they can increase the heart targeting abilities of ANP and they
accumulate in the infarcted heart preferentially 7 days post-MI, probably due to their
preferential interaction with M2-like macrophages.
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6 Conclusions

Despite the recent advances in pharmacological therapies, there is still a urgent need for
effective therapies for Ml patients. Nanomedicines can provide solutions to the problems
encountered by innovative strategies, filling the gap between research and clinical translation.
However, successful heart targeting still represents a challenge, and thus, investigation of
superior heart targeting strategies is crucial for the development of nanomedicines for the
treatment of MI. To date, both passive and active strategies have been used to achieve heart
targeting. Among them, conjugation of particles with ANP has been widely used and it is
regarded as a conventional strategy to delivery therapeutics to the infarcted myocardium. Yet,
it is known that the ANP receptors are not only expressed in sites of infarction, but also in other
organs, posing a risk of off target effects. In particular, if not properly addressed, delivery of
molecules able to stimulate cell proliferation, can potentially induce tumorigenesis in sites not
affected by the disease. It is then crucial to selectively deliver such therapeutics only to the
infarcted myocardium.

Therefore, main aim of this thesis was to explore different heart targeting strategies to
improve the selectivity of nanocarriers for the heart. This work resulted in the development of
two different systems, made of AcDX-based polymers for the delivery of two small hydrophobic
compounds able to stimulate cardiomyocytes proliferation.

In the first system, the heart targeting properties of ANP were improved by co-
conjugation of lin-TT1 peptide on the surface of Putre-AcDX NPs. The presence of lin-TT1
endowed the system with ability to target inflammatory cells and resulted in increased heart
accumulation due to the hitchhike effect on macrophages accumulating in the infarcted
myocardium. In particular, the system showed both in vifro and in vivo the ability to
preferentially target M2-like macrophages, resulting in boosted in vivo biodistribution in
infarcted hearts 7 days post-MIl. Moreover, immunoprofiling of spleens and blood collected
from in vivo studies showed no significant alterations of the macrophages and T-cells
populations, demonstrating that the system here developed is not presenting toxicity or
immunomodulatory effect towards cells of the immune system.

In the second system, spermine modified-AcDX NPs were coated with TA, which has
shown heart targeting abilities due to high affinity for components of the ECM, in particular
collagen and elastin. In vitro data confirmed the increased interaction of TA coated NPs with
cardiac cells cultures stimulated with TGF-f to induce production of ECM.

Both systems above resulted in biocompatible towards rat and murine primary cardiac
cells and hiPS-CMs, and for the Putre-AcDX NPs safety was assessed also of primary
macrophages of both human and murine origin. Moreover, both systems successfully deliver
the encapsulated compounds in a pH-dependent manner and induce CMs proliferation in vitro.

Overall, the work presented in this thesis consisted in the development of two acetalated
dextran based nanocarriers with the aim to improve the heart targeting abilities of
nanomedicines. The encapsulation of two therapeutically relevant small hydrophobic
compounds able to stimulate CMs proliferation, improved their delivery to cells and culminated
in efficient CMs division in vitro, holding potential for successful regeneration of the cardiac
tissue.

Despite the advances brought by the investigations carried out in this thesis, the in vivo
biodistribution of AcDXSp-TA still need to be investigated in animal models of MI, as well as
the in vivo therapeutical potential of both systems. Also, a deeper investigation on the
immunomodulatory and toxic effects of such systems as well as carcinogenesis studies should
be carried out to exclude any potential long-term carcinogenetic and toxic effects. Future work
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would cover these aspects and provide better insights on the potential and safety of these
systems.

The development of therapies able to restore the function of injured hearts would save the
life of millions of patients all over the world and eliminate the burden imposed by them on our
society. Nanomedicines have developed throughout the years as a great multifunctional tool,
able to solve drawbacks affecting conventional drug therapies and they offer options
addressing the undruggable target space. However, the clinical development of
nanoparticulate carriers is not straightforward and it is affected by reproducibility and scalability
issues, as well as need for time-consuming and complex surface conjugation steps. Also,
limitations posed by biological barriers need to be overcome for successful delivery in specific
sites of the body. In addition to these limiting aspects, the lack of specific heart targeting
moieties pones a great challenge to the development of nanomedicines for the treatment of
MI. Regardless, this thesis offers insights on the application of dextran based NPs in the
treatment of Ml and can be regarded as a starting point for the development of future
treatments for heart diseases.
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