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General Introduction

General Introduction

Inflammation is associated with many pathological conditions such as sepsis,
ischemia/reperfusion injuries or atherosclerosis. Inflammatory disorders drive the genesis
and pathophysiology of these complex maladies for which efficient treatments are still lacking.
Current therapies aimed at alleviating these inflammatory disorders are often limited by side

effects, poor specificity and the introduction of immune-deficient states.

Advances in drug delivery have afforded numerous tools which help to adapt the
administration strategy of an active pharmaceutical agent taking into account its therapeutic
target. Notably, nanomedicines, or nanoparticle-based delivery agents, have afforded a host of
breakthroughs in oncology and diagnostics. By improving drug targeting and protecting the
active pharmaceutical agents from metabolisation, nanomedicines can enhance a drug’s
therapeutic index resulting in improved patient outcomes. With these promising advances,
however, come noteworthy drawbacks such as the infamous low drug loading of some

nanomedicine formulations, complicated industrial translation and control of drug release.

To answer these limitations, Pr Couvreur’s team has developed since 2004 a novel
encapsulation strategy, so-called « squalenoylation ». Coupling active therapeutic agents with
a derivative of squalene- an endogenous, biocompatible and biodegradable lipid- yields stable
nanoparticles, with high drug loading efficiency and low toxicity. The resulting nanomedicines
usually present improved pharmacokinetics compared to the free drug and a more targeted
biodistribution. Squalene bioconjugates have been used coupled to adenosine, an endogenous
modulator of inflammation, in pre-clinical models of ischemic stroke and spinal chord injury,

with promising results.

Another advantage of squalene prodrug-based nanocarriers is that they afford the possibility
to encapsulate multiple drugs in the same therapeutic system, thus allowing multidrug therapy.
This is an important tool in the context of inflammatory disorders, where often multiple factors

converge to drive disease progression. For instance, it has been established that uncontrolled
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inflammation is often driven by continuous positive feedback loops between pro-inflammatory
signaling and oxidative stress. There are currently no effective ways to counter this crosstalk in
a targeted manner. Therefore, part of the focus of this doctoral thesis was to develop and test
on preclinical models, squalene prodrug-based nanoparticles for inflammation control through
a powerful two-drug neutralization process: adenosine as an endogenous inflammation
mediator and tocopherol (VitE) for efficient protection against oxidative stress. Not only could
a two drug therapy improve disease outcome by inhibiting multiple, self-reinforcing,
pathogenic processes, but the nanoparticle formulation could provide an interesting targeting

ability to the loci of uncontrolled inflammation.

In a bibliographic introduction, first we describe the different systems that have been
investigated so far to mitigate the uncontrolled inflammatory processes that occur during
sepsis. We shortly outline the pathogenesis of the disease and address where current therapies
have failed, before reviewing recent advances made in the field of nanomedicine to overcome
these shortcomings. In the second bibliographic part, we evaluate the use of biomaterials in the
context of cardiovascular diseases. These include nanosystems that were used for the
prevention of atherosclerosis as well as its acute manifestation in heart ischemia and infarction.
We describe how the two diseases progress and tie into each other, where and how

nanomaterials can play a therapeutic role, and promising avenues of research.

Our experimental section was divided in three chapters.

In the first experimental chapter, we describe the development of a novel multidrug squalene
formulation to mitigate uncontrolled inflammation. By encapsulating adenosine and tocopherol
in the same therapeutic agent, these novel nanoparticles had the potential to efficiently address
the crosstalk between inflammation and oxidative stress while limiting side effects resulting
from high doses of adenosine. After characterizing the physico-chemical properties of our
formulation, its anti-inflammatory and anti-oxidant effects were evaluated in in vitro models of
oxidative stress and inflammation. In parallel, the in vivo biodistribution of these squalene-
based multidrug nanoparticles was studied and showed a marked targeting property for
inflamed tissue. Consequently, we evaluated the therapeutic potential of these squalene-
adenosine/tocopherol (SQAd/VitE) nanoparticles in two in vivo models of inflammatory
endotoxemia. Animals treated with SQAd/VitE nanoparticles had a significantly improved

survival to the inflammatory insult and showed lowered signs of side effects compared to free
7
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drug controls.

In a second experimental chapter, we studied whether the targeting ability of squalene-based
nanoparticles for inflamed tissue could translate to other models of inflammatory disease. For
this proof of concept, the biodistribution of fluorescent squalene nanoparticles was evaluated
in an in vivo model of atherosclerosis using ApoE-/- mice. Our initial results show that squalene
nanoparticles could indeed accumulate specifically in the lipid rich atherosclerotic plaque and
interact with macrophages. Current studies aim at elucidating the mechanism of this

accumulation more precisely.

Finally, in a third experimental chapter, we evaluated the feasibility of industrial scale-up for
the synthesis of squalene bioconjugates. Indeed, while nanomedicine is poised to bring
momentous advances in the fight against many maladies, it is still stifled by unrealistic
industrial production of systems that have often become too complex or too expensive to
efficiently manufacture at the industrial scale. In an effort to facilitate the translation of
squalene-based nanoassemblies from lab scale experiments to the larger multicenter studies
needed for regulatory approval, we associated with an industrial partner to study industrially
produced squalene-adenosine nanoparticles. Our experiments showed that minute differences
in the composition of squalene-adenosine bioconjugates could result in significantly different
physico-chemical and biological properties of the obtained nanoparticles, which could lead too
poor reproducibility and unreliable pre-clinical data. Solving these issues constituted an
important step forward in the pharmaceutical development of squalene-based therapeutic

agents.

Overall, this work opens new therapeutic possibilities and avenues of study by showing how
the differential biodistribution of squalene-based nanoassemblies can be used to target and

efficiently mitigate uncontrolled inflammation.
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Sepsis, resulting from uncontrolled inflammatory responses to bacterial infections,
continues to cause high morbidity and mortality worldwide. Currently, effective
sepsis treatments are lacking in the clinic and primary care remains primarily
supportive. Numerous new pharmacological treatments have been attempted but
the complexities of sepsis pathophysiology, poor relevancy of pre-clinical models
and patient heterogenicity have stifled hopes for an efficient treatment of the
disease. Over the past decade, nanotechnology based therapeutic systems have
been developed to improve sepsis treatment. By enabling specific targeting,
protection from early metabolization and interaction with pathogen associated
molecules, several encouraging findings have been described. Provided herein is a
review of this young field of science, of the complexities of sepsis treatment and
future perpectives for the field of nanomedicine applied to uncontrolled

inflammation.
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1. Introduction

Sepsis is a highly complex syndrome that is caused by uncontrolled inflammation resulting
from an unbalanced host response to infection (1). While its definition and clinical diagnosis
are ever-evolving, sepsis has most recently been defined as an auto-inflammatory disease.
When clinical factors such as systematic arterial hypotension or hyperlactataemia are involved,
the syndrome is called “septic shock”. Sepsis is most frequently encountered in intensive care
units (ICUs), where it occurs to nearly 40% of patients entering ICUs in Europe with a mortality
rate of nearly 30%(2, 3). Current treatment of sepsis mainly revolves around the
administration of antibiotics to curb the source of infection and early administration of
intravenous fluids and vasopressors to maintain intravascular volume and tone. Where current
clinical and pharmaceutical capabilities lack, are in preventing the numerous vicious cycles of
anomalies involving hyper-inflammation, oxidative stress, disseminated tissue ischemia,
vascular leakage, and organ dysfunctions that happen during sepsis and ultimately lead to
death. In fact, patients are essentially “on their own” when fighting against a septic insult, with
intensive care practitioners often relegated to a mere supporting cast role.

This state of affairs is often explained by the fact that the pathophysiology of sepsis is complex
and poorly understood. Although the topic has been reviewed extensively(4, 5), a simplified
overview is provided herein. During sepsis, certain microbial products, such as
lipopolysaccharides (LPS) or peptidoglycans are capable of activating the innate immune
system and endothelium. These pathogen-associated molecular patterns (PAMPs) activate
immune cells through a multitude of pattern recognition receptors, most notably Toll-like
receptors (TLRs) such as TLR2, TLR4, TLR5 or TLR9 found on monocytes, macrophages and
many other types of cells. Once activated, these cells secrete a variety of inflammatory
mediators such as cytokines (TNF-q, IL-6), chemokines (IL-8), reactive oxygen species (ROS),
nitric oxide and damage-associated molecular patterns (DAMPs). The recruitment and
migration of immune cells such as polymorphonuclear leukocytes (i.e. neutrophils) then
transfers the oxidative burst performed by the innate immune system to tissues and cells where
it results in disturbed signaling, oxidative damage, hypoxia and further tissue injury.

Cytokine induced tissue factor expression in endothelial cells activates the coagulation pathway
which, along with excessive platelet activation, results in widespread vascular coagulation and
further tissue damage. These numerous pathological processes are at the center of the

pathophysiology of sepsis, however it is unclear which, if any, are the main effectors of sepsis
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mortality. Rather, they seem to constitute a network of interconnected disease phenomena,
organized into positive-feedback loops that amplify the initial inflammatory response and drive

the disease into generalized shock and organ failure.

II. Current therapies

Once sepsis has been diagnosed, antibiotic therapies are initiated to help fight the primary
infection. If a patient is identified as entering septic shock, intensive care practitioners mainly
focus on normalizing several aspects of patient physiology. An influential single center study
was published in 2001(6) that randomized a group of 263 patients with sepsis and hypotension
within one to two hours of admission to the emergency department to either standard of care
or “Early goal directed therapy” (EGTD) for the first six hours. The developed EGTD aimed to
achieve, in addition to standard-of-care (8-12 mm Hg venous pressure by crystalloid
administration, 65-90 mm Hg arterial pressure by vasopressor/vasodilator administration,
urine output of 0.5 mL/kg/h by fluid administration) a central venous oxygen saturation of 70%
using red blood cells transfusions and dobutamine administration at an initial dose of 2.5
ug/kg/min. The EGTD group had a diminished mortality of 31% vs 47% mortality for the non
EGTD treated group. This has now become standard of care with many centers adopting EGDT
methodology along with early detection of systemic inflammation(7). The adoption of low-tidal
volume, lung protective ventilation in patients with sepsis has also been a factor in the
improvement of patient outcomes(8).

While EGTD-based fluid resuscitation and antimicrobial therapies have afforded consistent
improvements in survival after sepsis(4), no proven effective molecular treatments of sepsis
have been implemented so far. Early preclinical studies on anti-TNF-a antibodies(9, 10) were
the first to generate excitement with the hypothesis that blocking pro-inflammatory cytokine
cascades in sepsis would reduce mortality. However, subsequent clinical trials failed to prove a
significant improvement in survival with patients receiving solely anti-TNF-a treatment(11).
Similarly, corticosteroids were reported as early as 1976 to reduce mortality in septic shock
dramatically(12), however, there is still no consensus about their efficacy after larger clinical
trials(13). Other specific therapeutic interventions have covered (i) the use of anti-virulence
factors aimed at sequestering bacterial components such as LPS from the blood stream(14, 15),
(ii) agents targeting coagulopathy(16, 17) to limit disseminated vascular coagulation and (iii)
antioxidants for ROS scavenging and mitochondrial protection(18, 19). Unfortunately, in

almost every case, early preclinical and clinical successes failed to be confirmed and replicated
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in larger phase III trial.

III. Why it hasn’t worked so far

There are many reasons why novel drug development efforts in sepsis have yielded poor results
and much has been written about this subject(20). Apart from the usual challenges of
optimizing pharmacokinetics, relevancy of preclinical models or patient heterogenicity, some
issues merit to be highlighted here.

One example is with antioxidant therapies aimed at limiting oxidative shock during sepsis.
Although many promising results have been obtained from animal models, a benefit from anti-
oxidant therapy in sepsis has rarely been found in human clinical trials(19). Kohen and
Nyska(21) clearly explain the shortcomings of anti-oxidant therapy as follows: “Taking into
consideration the high reactivity of ROS, their short life span, their continuous production in
close proximity to biological targets and their ability to be modified into other more reactive
species, one realizes that, in order to cope with these deleterious metabolites, the anti-oxidant
should be administered to the body continuously, in high concentrations and targeted to the
biological site susceptible to oxidative damage.” Moreover, the delivery of anti-oxidants into the
intracellular space is limited by mechanisms, such as the intracellular redox buffer(22),
regulating the cytosolic redox state in order to maintain normal functioning of the cell.
Therefore, even if long-term supplementation raises blood anti-oxidants, it will have a limited
effect on intracellular levels or redox status. Hence, the majority of anti-oxidants perform their
actions predominantly in plasma, which may have beneficial effects during the hyper-
inflammatory stage of sepsis but are ineffective at protecting cells and tissues.

Similarly, although anti-bacterial therapy has had some success, its effective implementation in
the context of sepsis is complicated by compromised cardiovascular, hepatic and renal
functions. The pharmacokinetics of the administered treatments are often altered so much that
administration of excessive dosages leading to adverse side effects are common(23).
Furthermore, bacteria have developed systems to evade common antibiotic therapy, such as
intracellular localization or bacterial DNA recombination. More than ever, the current era is
characterized by frequent drug resistance of pathogens requiring the use of high doses of
antibiotics, generating toxicity and driving resistance. Studies have demonstrated that the
outcome of sepsis is worse if the infecting micro-organism is not sensitive to the antibiotic

treatment(24).
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Figure 1: Pathogenesis of sepsis and attempted treatments. Pathogen associated molecular patterns (PAMPs) interact with Toll-like receptors on macrophages. This
triggers the release of pro-inflammatory molecules such as tumor necrosis factor (TNF-a), interleukin-1f (IL-1). These molecules activate endothelial and smooth muscle
cells throughout the body, where they promote inducible nitric oxide synthase (iNOS) and Prostaglandin-endoperoxide synthase 2 (COX-2) producing ROS, NO- and
prostaglandin. Together, these potent vasodilators severely alter vascular tone, resulting in widespread vasodilatation and shock. Activated endothelium also expresses
various vascular adhesion molecules such as ICAM-1 and VCAM-1, leading to vascular sequestration of activated immune cells at the sites of inflammation. These cells
deploy a vast array of molecular messengers and stress molecules which result in tissue damage, ROS-mediated mitochondrial dysfunction, capillary leak and eventually
pathological conditions such as acute respiratory distress syndrome (ARDS) or acute kidney injury (AKI). Stress molecules increase the expression of tissue factor,
triggering a coagulation cascade which results in disseminated vascular thrombosis, ischemia and eventually multiple organ dysfunction syndrome (MODS). Activated

macrophages also release platelet-activating factor (PAF), which results in widespread platelet aggregation, microvascular dysfunction and capillary leakage.
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Another example is found in the case of adenosine, where preclinical studies have provided
insights into the role of the various adenosine receptors (A1, A2A, A2B, A3) in the physiological
response of the organism to sepsis. Indeed, adenosine has been shown to reduce vascular
leakage at inflamed sites through A2B receptor activation(25), diminish neutrophil recruitment
by inhibiting both selectin and integrin-mediated adhesive events(26, 27) and promote the
anti-inflammatory effects of effector T cells(28). In general, adenosine receptor activation
preserves tissue function and prevents tissue injury in insults where inflammation and the
immune system have a major role to play such as ischemia, reperfusion injury, arthritis, chronic
obstructive pulmonary disease and sepsis. As such, several agonists of adenosine receptors
have been developed and investigated for efficacy. Like adenosine, however, these compounds
carry potential issues related to cardiovascular side effects and the wide tissue distribution of
their cognate receptors limits their usefulness in the treatment of inflammatory diseases.
Additionally, because of the ubiquity of its catabolic enzymes cAMP, and adenosine deaminase
(ADA), adenosine has an extremely short half-life in the blood (<10 s) requiring the use of high

doses which limit its therapeutic use, too.

IV. Where nanomedicine could help

In the context of sepsis, nanomedicines may provide distinctive advantages over usual small
drug molecules in at least three areas. They afford prolonged blood residence time and
protection from early metabolization to compounds that would otherwise suffer from poor
bioavailability. Their differential biodistribution allows the specific targeting of injured tissue
and cells through passive mechanisms or specific targeting by surface functionalization. And by
encapsulating several therapeutic agents they allow the delivery of multidrug therapies that
may concurrently inhibit different pathways of disease progression and efficiently manage
septic insults. Indeed, sepsis pathophysiology affords several phenomena that can be exploited
by nanomedicine. Being essentially an inflammatory condition, with immune cells as the main
mediators and effectors of injury, nanomedicines can be used to target specific cells in order to
inhibit or alter pathological processes without influencing other tissues(29, 30). The
inflammatory environment of sepsis also allows nanoparticles to passively target the loci of
inflammation due to the endothelial permeability that exists there. Indeed, during acute
inflammation, different activated immune cells release proteases and inflammatory cytokines
which increase the vascular permeability by degrading the endothelial extracellular matrix and

inducing the dissolution of intercellular VE-cadherin tight junctions. Macromolecules tend to
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passively and preferentially accumulate at these sites of enhanced vascular permeability and
are then retained (Figure 2). This enhanced permeability and retention (EPR) effect has been
recognized as a major breakthrough in antitumoral targeting, but has just started to be
exploited in infection and inflammation. The following sections describe how nanoparticles

have been used so far in the management of sepsis and advances in the field.
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Figure 2: Mechanisms of passive drug targeting. Tumors and inflammation have many common
features. One hallmark of both is enhanced vascular permeability, which is mediated by various
factors including bradykinin, nitric oxide, inflammatory cytokines and abnormal vascular growth.
The absence of effective lymphatic drainage is a characteristic of tumors which leads to extravasated
macromolecules to accumulate at the tumor site, this is called the EPR effect. During inflammation,
proximal lymphatic capillaries readily clear debris and retention only occurs through increased
interstitial pressure or cell-mediated sequestration. Phagocytic cells resident in inflamed tissue are
thus key players in inflamed tissue targeting in a mechanism called Extravasation through Leaky

Vasculature and Inflammatory cell-mediatation Sequestration (ELVIS).

V. Immuno-modulating nanomedicines

The common denominator of many nanomedicine based immune-modulating treatments in
sepsis is their targeted nature. Indeed, after the failure of several clinical trials of anti-
inflammatory agents, a growing understanding that immuno-modulation in sepsis should be
targeted both in time and space has emerged. For this reason, nanomedicine based therapeutic

systems have usually been engineered to specifically interact with activated cells, enacting a
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therapeutic response but avoiding the introduction of a secondary immune-compromised state.

Thus, recent drug development efforts have reported the use of Sialic acid-binding
immunoglobulin-like lectins (Siglecs) targeted nanoparticles capable of downregulating the
acute inflammatory response in murine models of sepsis and pulmonary inflammation(31).
Siglecs are cell membrane bound receptors found on hematopoietic cells and capable of
inhibiting pro-inflammatory Toll-like receptor signaling. In order to target the Siglecs on
activated macrophages and monocytes, PLGA-based NPs were surface functionalized using a
sialic acid, N-acetyl neuraminic acid (NANA). The NANA-NPs were more efficient at inducing
Siglecs activation and IL-10 dependent anti-inflammatory signaling than free NANA, due to the
surface display of the sialic acid. This resulted in a significant survival advantage in treated
animals (100% vs 0%) with signs of abrogated inflammation such as diminished TNF-a levels

and increased IL-10.

Another study targeted endothelial inflammation by using bovine serum albumin NPs
interacting specifically with adherent neutrophils(32). The NPs were used as carriers of
piceatannol, a tyrosine kinase inhibitor used to reverse the TNF-a activated adhesion of
neutrophils to the inflamed endothelium. Interestingly, the albumin NPs (100 nm) were readily
taken up by neutrophils adherent to the inflamed endothelial cells via Fcy receptors -a receptor
recognizing opsonization antibodies- but not by resting neutrophils or other cells. Indeed,
because Fcy receptors are highly expressed in adherent neutrophils(33), theses nanoparticles
were able to selectively affect the pro-inflammatory subpopulation of neutrophils without
affecting the essential host-defence function of circulating neutrophils. In a mouse model of
LPS-induced lung inflammation, the NPs significantly reduced myeloperoxidase (MPO) activity

in the lungs, a marker of neutrophil infiltration, and reduced acute lung injury.

More recently, nanoparticles with targeting abilities towards the infection environment were
tested for sepsis management(34). During sepsis, endothelial cells rapidly expresses several
adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1)(35). In a mouse model
of induced sepsis by intraperitoneal injection of a lethal dose of bacteria, these nanoparticles
afforded a significant increase of survival to the septic insult. Practically, the nanoparticles were
designed by using a pH/enzyme-responsive amphiphilic block copolymers consisting of
biotinylated poly(ethylene glycol)-b-poly(3-amino ester)-b-poly(ethylene glycol) grafted with
PEGylated lipid (Biotin-PEG-b-PAE(-g-PEGb-DSPE)-b-PEG-Biotin) for targeting the inflamed
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endothelium both passively via EPR effect and actively after surface decoration with an
antimouse ICAM-1 antibody. Once the nanoparticles accumulated into the inflamed site, the
unique microenvironment of low pH (~pH 6)(36), bacterial enzymes(37) and activated cells
triggered the release of an antiobiotic (ciprofloxacin) together with an anti-inflammatory agent
((2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)- 3-thiophenecarboxamide) for an efficient ‘on

demand’ multidrug therapy.

Concurrently, carriers of natural origin called exosomes have been the focus of attention for use
in sepsis therapy(38). Exosomes are extracellular vesicles that are produced in the endosomal
compartment of most cells and used to shuttle proteins or RNAs to specific target cells. Because
of this, exosomes are of interest in the treatment of sepsis as accurate drug carriers(39). For
instance, bone marrow-derived dendritic cells can selectively downregulate inflammatory gene
expression by releasing exosomes containing microRNA (miRNA) miR-146 to be specifically
uptaken by target dendritic cells. When administered as a prophylactic measure to LPS-
challenged mice, miR-146-containing exosomes reduced the TNF-a and IL-6 production and
regulated inflammation by functional transfer between immune cells(40). In another study,
exosomes containing miR-223, a miRNA down-regulator of pro-inflammatory cytokine
production in cardiomyocytes, were injected in cecal ligation and puncture (CLP)-challenged
mice resulting in improved survival and diminished markers of inflammation in the hearts of
treated animals(41). While these studies demonstrate the promising, targeted nature of
exosomal delivery, the industrial development of these innovative nanocarriers is still in its
infancy(42) and other carriers of miRNA have been explored for the treatment of sepsis. For
instance, miR-126, an exosomal miRNA impacting endothelial homeostasis and postulated to
improve outcomes during sepsis, was also recently administered in deacetylated poly-N-acetyl
glucosamine (DEAC-pGlcNAc) based nanoparticles to CLP-challenged mice. DEAC-pGlcNAc also
display anti-microbial activity which makes it another interesting candidate for drug delivery
during sepsis. These NPs significantly improved survival in compared to PBS-treated

controls(43).

VI. Nanomedicines for the sequestration of pathogen-

associated molecular patterns
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Pathogen associated molecular patterns are an important pathogenic trigger during sepsis
which induce the systemic inflammatory response. Their amount in the blood usually strongly
correlates with the severity of the inflammatory response and as such effective endotoxin
removal is a critical component of successful sepsis management. This neutralization process
however presents various challenges. While many PAMPs are architecturally similar, they vary
in their precise structure across bacterial strains, which poses difficulties for structure-based

neutralization strategies relying on specific ligand interactions.

Because of their high surface-to-volume ratio, nanoparticles are ideally suited to act as
antagonists to toxins by sequestering pathogen associated molecular patterns from the blood
stream. In vivo, bacterial toxins naturally target sphingolipid and cholesterol-rich domains of
cellular membranes as they confer specificity for animal cells as opposed to bacterial cell
membranes. Based on this idea, liposomes were engineered to effectively compete with host
cells for toxin binding by comprising higher than in vivo relative concentrations of selected
lipids(44). Once bound to liposomes, the bacterial toxins were unable to affect mammalian cells
in vitro. When used in mice infected by Staphylococcus aureus, the liposomes significantly
improved survival rate and reduced TNF-a levels and bacterial loads in the blood and lungs of
treated animals. The study showed that the liposomes themselves were not bactericidal but
rather acted by sequestering PAMPs and thus limited the toxin-induced tissue damage that
occurred during bacterial clearance(44). This study highlighted how nanocarriers could be

used in creative ways for therapeutic avenues making use of their particular composition.
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Figure 3: General technique for preparation of cell-membrane coated nanoparticles. Host cells are
given a hypotonic treatment to empty their contents, yielding membrane derived vesicles. These
vesicles are extruded together with nanoparticle cores to yield cell membrane coated derived

nanoparticles through Van der Walls interaction between the membrane and nanoparticle coating

More recently, coating nanoparticles with endogenous cell membranes has emerged as a novel
biomimetic technique, enabling a broad range of biodetoxification applications (Figure 3). In a
seminal study, PLGA-based nanoparticles that were surface modified with red blood cells
membranes (RBC-NPs) were found to capture circulating toxins and could diminish toxin
virulence effects(45). The RBC-NPs were prepared by fusing empty RBC membrane vesicles
onto PLGA nanoparticles through an extrusion approach(46). Interestingly, these RBC-NPs
were found to interact with different types of bacterial toxins in a similar manner to the host
cells. This allowed the development of an efficient detoxification platform without the need to
specifically target the molecular structure of toxins, which is still the case with existing
monoclonal antibodies, small molecule inhibitors or other polymer-based techniques.
Subsequently, other types of nanoparticle surface modifications based on the same technique

were used for the treatment of sepsis. For instance, ]774 macrophage cell membrane modified
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PLGA NPs were used on LPS-challenged mice(47). These biomimetic nanoparticles were
efficient at sequestering LPS from the bloodstream, and also acted as targets for pro-
inflammatory cytokines, essentially preventing their downstream inflammation cascade. A
similar study using mice endogenous macrophage membranes to encapsulate iron oxide
nanoclusters for sequestration of LPS in a mouse endotoxemia model was also reported
recently(48). The macrophage membrane could act as a bait to selectively capture LPS in vivo,
while the iron oxide cores could afford eventual magnetic separation of the captured LPS

through extra-corporal circulation devices, which the study showed in vitro(48).

Techniques relying on cell membrane coating of nanoparticles are promising and offer many
advantages for targeting and sequestering PAMPs. Focus should start to be put on developing
large-scale, reliable production methods for these systems to start envisioning their transition

to the clinics.

VII. Anti-bacterial nanomedicines

Recent studies have shown that encapsulating antibiotic agents inside of nanomedicines can
improve several factors such as their selectivity, delivery and biodistribution(49-51). Trigger-
dependent release of antibiotics has also been demonstrated by using pH or enzyme responsive
nanoparticle delivery platforms(52). Given the importance of fighting the primary infection
during sepsis without inducing further lesions or therapeutic side effects, some of these new
antibacterial systems were evaluated in models of sepsis.

Opportunistic bacteria interact with platelets by both direct and indirect adherence
mechanisms for tissue localization and immune evasion(53). As such, in a technique similar to
the above described cell-membrane coating, platelet-membrane coated PLGA nanoparticles
(PNPs) were used for targeted antibiotic delivery to bacteria (54). In vitro, the PNPs showed
increased retention on bacteria compared to bare NPs or NPs coated with RBCs when
interacting with MRSA252, a strain of methicillin-resistant Staphylococcus aureus. In vivo, mice
systemically challenged with 6x10¢ colony-forming units (CFU) of MRSA252 received daily
injections of PNPs loaded with the antibiotic vancomycin, the supposition being that PNPs
would efficiently deliver vancomycin bacteria due to the natural interaction of bacteria with
platelets. In comparison to free vancomycin or vancomycin loaded nude PLGA NPs, vancomycin
loaded PNPs showed significantly higher antibiotic potency -as measured by the number of
detected CFU- in the heart, lung, liver and spleen, reflecting membrane-specific modulation of
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nanoparticle antibiotic performance(54).

More recently, new types of antimicrobial agents termed “structurally nanoengineered
antimicrobial peptide polymers” or SNAPPs were reported to exhibit sub-uM activity against
multi-drug resistant Gram-negative bacteria(55). In a model of peritonitis with multidrug-
resistant bacterial strains, the SNAPPs showed important bactericidal activity and improved
survival of the animals. The antimicrobial activity of these novel polymers was shown to
proceed via a multimodal mechanism including destabilization of the bacterial membrane and
activation of ‘apoptosis-like’ death pathways. By interacting with bacteria in such a
multifaceted, non-specific manner, these nanoparticles could provide a new class of

antimicrobial agents able to affect drug resistant organisms.

VIII1. Antioxidant nanomedicines

Because of the importance of oxidative stress and the production of ROS during sepsis, as
mediators of inflammation and tissue injury, antioxidants nanoparticles were among the first
treatment option to be considered. Notably, Ceria (CeO2) nanoparticles have been
shown to have potent enzyme-like autocatalytic antioxidant properties(56, 57). Consequently,
modified Ce NPs incorporating Zircon ion (Zr#") for enhanced antioxidant activity were
evaluated in both LPS endotoxemia and CLP models of sepsis(58). In both models, the NPs
afforded enhanced survival, reduced oxidative stress and had significant anti-inflammatory
activity as shown by reduced tissue infiltration of immune cells. Although these nanoparticles
exhibited interesting pre-clinical results, there is still debate whether inorganic nanoparticles
can realistically be used in the clinics. The discontinuation of iron oxide-based nanoparticles
products due to safety issues serving as testimony of the complicated translation of this
technology.

Another example of antioxidant nanoparticles makes use of organic radical containing
nanoparticles (RNPs)(59). RNPs are composed of an antioxidative block copolymer (PEG-b-
PMOT) possessing 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as a side chain of the
hydrophobic segment (PMOT) and poly(ethylene glycol) (PEG) as the hydrophilic segment.
TEMPO is a stable radical which has strong ROS scavenging properties thanks to its catalytic
reaction with superoxide ions in physiological conditions(60, 61). The covalently conjugated
TEMPO in RNPs showed prolonged blood circulation properties thanks to the PEG coating of
the nanoparticles. When RNPs were used to co-encapsulate TEMPO with the antibiotic

amoxicillin, they significantly protected tissues from oxidative damage and improved the
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survival of mice infected with lethal doses of Listeria monocytogenes. Although treatment with
antioxidant nanoparticles alone did not eliminate bacteria, combined treatment with
amoxicillin was found to significantly improve survival rate of the treated mice as compared to
the amoxicillin-only control group. More importantly, the antioxidant nanoparticles were
shown to reduce the oxidative stress linked to bacterial infection. These findings highlight the
potential of combination therapies combining antioxidant nanoparticles with other agents to

prevent severe inflammation caused by bacterial infections.

Other studies have focused on the delivery of melatonin for antioxidant therapy in models of
sepsis. Melatonin is a multifunctional hormone than can function as an endogenous radical
scavenger through its interaction with toxic reactants such as peroxyl radicals, singlet oxygen
species, hydrogen peroxide or hydroxyl radicals(62, 63). In addition, melatonin may induce
upregulation of the antioxidant activity of several key enzymes such as heme oxygenase-1 (HO-
1)(64) or glutathione peroxidase(65) (66). As such, previous studies have indicated that
systemic administration of melatonin can have a therapeutic benefit, reducing sepsis-induced
tissue injury(67). This type of approach however, is limited by the short half-life of melatonin
in the blood circulation (<30 min) and its low bioavailability. In an early study, Li Volti et al.(68)
developed PLGA nanoparticles encapsulating melatonin for evaluation in a peritoneal fecal
instillation sepsis model. Although the nanoparticles suffered from poor drug-loading (~0.6%
w/w drug/polymer ratio), they were successful in limiting sepsis induced oxidative stress and
tissue injury. The melatonin NPs decreased lipid hydroperoxides content in tissue
homogenates and induced higher HO-1 expression compared to vehicle or free melatonin
controls(68). More recent efforts describe the use of ROS responsive polymeric nanoparticles
delivering melatonin in LPS induced endotoxemia mouse model(69). By using a redox-sensitive
polypropylenesulfide polymer backbone, the nanoparticles could selectively disassemble at
site of oxidative stress and on-demand delivery of melatonin. This resulted in the liver in
reduced markers of inflammation (IL-6 and IL-1f3) and oxidative stress (MDA and MPO).
However, the influence on survival of these redox-sensitive melatonin nanocarriers was not

investigated.

23



Bibliographic Introduction

IX. Conclusions and Perspectives

The application of nanoparticles to sepsis therapy is a young area of research, with the first
studies on the subject appearing in the early 2010s. As was summarized in this review, a
number of nanomedicines have been developed in recent years at a pre-clinical stage, taking
advantage of the tools afforded by nanoparticles for the management of sepsis. The field is
steadily growing and poised to bring interesting new treatments to the clinics. With the
development of robust and reliable formulations should come the first clinical trials aimed at
bringing this exciting technology to patients. However, learning from past failures, several
caveats should be taken into consideration when developing nanoparticles for such therapeutic
application. Similar to limitations in small molecule research, animal models of sepsis and acute
inflammation should be carefully selected for their relevancy to the target pathology. Dozens of
animal models of sepsis have been described and reviewed in the literature. While intoxication
models (based on LPS or other purified PAMP) are interesting tools to evaluate the
pathophysiology of the disease, in studies related to therapeutic intervention, investigators
should privilege true infection models with live bacterial populations. The “gold standard” in
this context remains the rodent model of bacterial peritonitis, caecal ligation and puncture
(CLP), which reproduces a number of key features of human sepsis, including the circulation
profile of some inflammatory cytokines, vascular dysfunction and the development of acute
lung injury. Nevertheless, animal models, and typically rodent models, are limited by very steep
dose-response curves to the initial septic insult. So much so that small alterations to the initial
inflammatory process can significantly alter survival. Furthermore, in rodents mortality to
sepsis models typically evolve quickly, in the first 48 hours, in mechanisms that are highly
dependent on TNF-a. Contrary to this fulminant process, sepsis-induced organ dysfunction in
humans often evolves over days or weeks after the initial infection. In view of this, new
“humanized-mice” models have been described in the literature. These mice develop a
complete lineage of human cells of the innate and adaptive immune systems, potentially
conferring a closer response to human patients(70, 71) in sepsis models. Another limitation
that should be taken into account is the time of treatment. In some notable cases, small-
molecule treatments were advanced into clinical trials based on limited data showing improved
survival when the compound was used as a pre-treatment before LPS challenge(72). Treating
a patient before a septic insult is not possible in a clinical setting where one of the challenges is

the timely identification of sepsis. This, in turn, constitutes another challenge for the successful
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translation of novel therapeutics to patients undergoing sepsis, where patient heterogenicity is
a clinical reality not present in animal models. It is, in fact, important to recognize that different
clinical conditions at different stages of the disease and with different biochemical profiles can
be classified under the term “sepsis”. Post-hoc analyses of numerous clinical trials have started
to shed light on the fact that some pharmacological approaches for sepsis could be beneficial to
a certain subset of patients while harmful to others(73).

More specific to nanomedicine, the field has also historically been limited by poor industrial
translation due to the complexity of the materials used(74). In a sense, reporting drug-delivery
systems with exotic features seems to have prevailed over the desire to treat a disease
effectively with a simple, robust and safe formulation(75). Fragile supramolecular structures
or materials that require unrealistic industrial productions limit the scope of the developed
nanoparticles. The complexities of industrial scale-up should be taken into account from the
initial stages of design in order to improve the chances of ever seeing nanomedicine-based
products reach the clinics. In this regard, inorganic nanoparticle-based systems still have a
ways to go, with several FDA approved formulations having been retired due to safety reasons.
Development efforts in this field should focus on finding safe, biocompatible materials that

could be approved for use in humans.
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26

Active Carrier Animal Model  Protocol Targeting Mechanism Ref
Molecule
Sialic acid PLGA NP CLP 2 mg/kg Active, sialic acid Anti- (31)
Intratracheal i.p. inflammatory
LPS 20 pg/kg
intratrach
eal
Pineatannol Albumin NP LPS 4.3 mg/kg Active, Fcy Anti- (32)
inflammation i.v. mediated inflammatory
ciprofloxacin PEG-b-PEA(- Bacteremia 1.5 mg/kg Passive, EPR Antibacterial (34)
+ IKK2 gPEGb-DSPE) i.p. i.v. Active, ICAM-1 + Anti-
inhibitor inflammatory
miR-146 Exosome LPS 1 mg/kg Active, exosome Anti- (40)
endotoxemia i.v. mediated inflammatory
miR-223 Exosome CLP 2 mg/kg Active, exosome Anti- (41)
i.v. mediated inflammatory
miR-126 Exosome CLP 5 mg/kg Active, exosome Anti- (43)
NP i.v. mediated inflammatory
(7 ug/ke
miRNA)
x2
MGFE8 Exosome CLP 20 pg/kg Active, exosome Clearance of (76)
i.v. mediated apoptotic
endothelium
/ Liposomes Bacteremia 100 Passive, circulating  Endotoxin (44)
i.p. mg/kgi.v. toxins antagonist
/ RBC-coated NPs a-toxin 80 mg/kg  Passive, circulating  Endotoxin (45)
endotoxemia i.v. toxins antagonist
/ Macrophage- LPS 300 Passive, circulating  Endotoxin (47)
coated NPs endotoxemia mg/kgi.v. toxins antagonist
Ced+/Zr4+ Ceria NPs CLP 2 mg/kg Passive, EPR Antioxidant (58)
iv.
TEMPO + PEG-PMOT Bacteremia 200 Passive Antioxidant (59)
amoxicillin i.p. mg/kg i.p.
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Nanoplumbers: Biomaterials to fight
cardiovascular diseases

Abstract

The adequate management of cardiovascular diseases remains one of the major
challenges of modern medicine. Nanomaterials may offer new and unique
treatment opportunities that transcend the shortcomings of currently available
therapies. Conventional administration of drugs is mainly based on the systemic
delivery of therapeutic molecules, often leading to their non-specific
distribution throughout the body, decreasing their efficacy and sometimes
resulting in deleterious side effects. Through the precise control of the
physicochemical properties of nanomaterials, such as size, drug loading and
surface functionalization, nanoencapsulation of select therapeutic agents may
enhance drug delivery and release at the sites of disease, ultimately increasing
their effectiveness. Different biomaterials loaded with therapeutic drugs have
been engineered for cardiovascular nanotherapy and evaluated in preclinical
models. This review highlights how nanomedicines (i.e, nanoparticles and
drugs) offer interesting perspectives in the treatment of atherosclerosis and
heart ischemia, potentially affording new tools in the fight against

cardiovascular diseases.
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1. Introduction

The rapid development of materials science, nanotechnology and bioengineering has yielded
an entirely novel field of research that is set to bring momentous advances in the fight against
a range of conditions (1). Nanomedicine, that is the use of nanoparticules (NPs) for the
prevention, the treatment and/or the imaging of diseases, now covers a range of challenging
therapeutic applications, mainly in oncology. With a size usually ranging a few hundred
nanometers, nanoparticles may be composed of either organic, inorganic or even hybrid
organic-inorganic materials. Their size allows them to selectively carry payloads and escape
renal clearance while their composition can provide novel applications using the properties of
their constitutive materials. Furthermore, they exhibit a high surface-to-volume ratio, allowing
extensive surface modification with a variety of ligands to tailor their fates in-vivo (2). The
design of nanomedicines is often motivated by the need to modify the pharmacodynamic and
pharmacokinetic profiles of established drugs. By encapsulating and targeting therapeutic

agents, nanotechnology has the potential to create new treatment opportunities for a host of

diseases.
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Several preparation methods have been developed to synthesize nanoparticles made of a wide
variety of materials (3-10). Among lipid based strategies, liposomes, which are phospholipidic
bilayered vesicles surrounding an aqueous core (Fig. 1), have beenextensively used since their
discovery by Bangham et al, fifty years ago (11-13).

The safety of the materials used for liposome synthesis represents an important advantage,
while the main limitation pertains to their poor stability in the blood flow (14). Polymer
nanoparticles (Fig. 1), represent another type of useful drug nanocarriers with the advantage
of being more resistant than lipid-based formulations. The promise of these NPs also lies in the

Figure 1: Schematic representation of various nanomaterials for cardiovascular wide

variety of polymers that can be used to tailor the properties of the drug delivery nanosystem.
Disadvantages are linked to their often slow biodegradability, manufacturing cost and possible
toxicity due to residual solvent (15). Inorganic nanomedicines (Fig.1) such as metallic,
fullerenes or silica-based, are less used for therapeutic purposes in the cardiovascular field, due

to safety concerns.

With two families of therapeutic nanocarriers, liposomes (DoxilR, Daunosone) (16) and albumin
NPs (AbraxaneR) (17), now firmly established in clinical oncological practice and dozens of
other therapeutic applications currently undergoing clinical trials (18), nanomedicine now
enters an exciting time in its growth and development. As the paths to clinical translation
become clearer (19), nanomedicine is gradually extending beyond oncological applications and
find use in other areas of medicine where there is a strong need for novel therapeutics. These
promises, however, need to be accompanied by a careful study of the fate of nanocarriers in
vivo (20), a precise understanding of their biocompatibility and interaction with the disease

when the short-comings of prevalent animal models also deserve evaluation.

Of particular interest is the potential of nanoparticles in the management of cardiovascular
diseases, from which, by 2030, more than 23 million people will die annually (21). For this

reason, the development of new strategies for the therapy of cardiovascular diseases remains
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essential. [t is the aim of this review to give a global outlook and discuss the preclinical advances
obtained in the application of nanomedicine to the cardiovascular field. We have focused on
nanomedicines dedicated to therapy of atherosclerotic plaque, the main underpinning of
cardiovascular diseases and to therapy against injuries induced by myocardial ischemia, the

main cause of cardiovascular mortality and disability in the world (22).

II. From atherosclerosis to myocardial infarction

The atherosclerotic process is characterised by a remodelling of arteries leading to progressive
sub-endothelial accumulation of lipids and development of atherosclerotic plaques.
Atherosclerosis is a multifactorial and slowly progressing physio-pathological disease which
develops in large and mid-sized arteries at predisposed regions (e.g., near branch points and
along inner curvature) characterized by disturbed blood flow dynamics (23-25) leading to
inflammation and endothelial cell dysfunction (26). In this inflammatory condition, low-density
lipoproteins (LDLs)-derived cholesterol, pass through the endothelium into the subendothelial
space, where they undergo oxidative modifications by radical oxygen species leading to
oxidised LDL (oxLDLs) (Fig. 2).

The inflammatory process is accompanied by the attachment of monocytes to the endothelial
cells expressing adhesion molecules (e.g., ICAM-1, VCAM-1, Selectins) and their subsequent
penetration into the subendothelial space where they differentiate into macrophages. These
macrophages, expressing scavenger receptors (SR-A/B and CD36) start to ingest the oxLDLs,
allowing them to evolve into “foam cells”. In advanced plaques, characterized by the
development of a fibrous cap and the presence of a necrotic core, the hypoxic and inflammatory
environments promote the development of fragile and defective blood vessels. These
neovessels prone to leakage, promote intraplaque hemorrhages, thus accelerating plaque
growth and instability (26). Plaque rupture induces contact between the necrotic core and the

blood, leading to the formation of a thrombus (27).
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Atherosclerosis alone is rarely fatal, while the complications induced by thrombosis (e.g.,
myocardial infarction) are the most common causes of death and disabilities in the world (22,
28). During myocardial ischemia, the infarcted area is poorly supplied with blood, which
creates an hypoxic environment. In these conditions, ischemic myocardium undergoes a variety

of metabolic changes (Fig.3) which consist in the shutdown of the aerobic metabolism,

Q Monocyte @ Foam cell @ Platellet ,~ Fibrin

@ oxLDL Smooth 0 Red blood cell
Muscle cell

Figure 2: The main steps in atherosclerotic plaque development. The risk factors (e.g., hypertension,
dyslipidemia) lead to activation of endothelial cells that start to express adhesion molecules (e.g.,
VCAM, P-Selectins). The monocytes can then adhere to the activated endothelium and accumulate
into the subendothelial space where are transformed in macrophages, start to ingest oxidized LDL
(oxLDL) and become foam cells. In this inflammatory environment, the smooth muscle cells (SMCs)
migrate, proliferate and produce collagen. New fragile neovessels are formed and may bleed, causing
intraplaque hemorrhages and participating in plaque growth. At the advanced stage of
atherosclerosis, a fibrous cap is formed encapsulating a necrotic core. Plaque rupture induces contact

between the necrotic core and the blood, leading to the formation of a thrombus.

depletion of ATP stores and the onset of anaerobic glycolysis (29). These changes culminate
with the cell death in the absence of blood flow restoration (reperfusion). Although prompt
reperfusion therapy has been shown to reduce morbidity, it is also recognized to be associated

with adverse events such as reactive oxygen species (ROS) overproduction, inflammation,
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cardiomyocytes hypercontracture, and opening of mitochondrial permeability transition pore
(mPTP) that initiate the apoptotic program (30) (Fig. 3). In response to chemoattractants (e.g.,
ROS, cytokines or complement activation), neutrophils adhere to the endothelium and release
degradative enzymes and ROS, amplifying the damages induced onto cells. These changes
provoke cardiac remodelling. In these conditions, the extracellular matrix degrades step by step,
leading to cardiomyocyte loss and their replacement by collagen, resulting in the formation of

scar tissue (29).

Insights into the processes involved in atherosclerosis initiation and development, have led to
a number of treatments for its clinical manifestations. The pharmacological standard of care for
at-risk patients includes lowering plasma lipid levels by orally administered drugs (e.g., statins,
fibrates) (31) which act on lipid metabolism (32). However, conventional drugs are
unsuccessful at protecting against acute ischemic events or preventing cellular uptake of
oxidized lipoproteins (33). In the case that atherosclerotic plaque growth progresses to
occlusion, a surgical care option is based on the use of stents to physically enlarge the lumen of
vessels (34). In practice, significant residual risk remains in patients treated with these
conventional drugs that in essence, do not cure atherosclerosis but merely mitigate its

development.

Accordingly, diverse pharmacological therapeutic strategies have been explored for the
treatment of atherosclerotic plaque and myocardial ischemia/reperfusion lesions but most
tend to be afflicted with significant drawbacks. Many systemic anti-inflammatory strategies
such as corticosteroids, anti-cytokines agents (35, 36), nonsteroidal anti-inflammatory drugs
or anti-chemokines (37) have been employed to target the central role played by inflammation
in atherosclerosis and myocardial infarction. Most of these drugs exert a number of off-target
effects that limit their use as potential therapeutics (38). Notably, systemic inhibition of
inflammation is hampered by important side effects because many of the molecular targets
have important roles in host defense. Additionally, many of these pharmacological strategies
have fallen short in clinical settings (39-41) due to rapid degradation and metabolization of
active molecules, insufficient accumulation into the targeted areas or deficient intracellular
penetration of drugs. Reflecting the complex interplay between inflammation pathways and
cardiovascular diseases, more specific anti-inflammatory formulations need to be developed.

Antioxidants therapies, as potential inhibitors of lipid oxidation, one of the root causes of
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Figure 3: Schematic illustration of the main modifications of myocardial ischemia/reperfusion
injuries. During acute myocardial ischemia (hypoxic conditions), the lack of oxygen switches cell
metabolism to anaerobic respiration, leading to lactate production and a low intracellular pH. This
induces intracellular Ca2+ overload and Na*/H* and Na*/Ca 2+ exchangers dysfunction. The low pH
during ischemia prevents the opening of the mPTP and cardiomyocyte hypercontracture. At
reperfusion time (normoxic conditions) the reactivation of electron transport chain result in
washout of lactic acid and thus pH correction which lead to mPTP opening. This allow Ca2* to
penetrate into the mitochondria, leading to Cytochrome C releasing in parallel to ROS

overproduction. Together these modifications contribute to cell death.

atherosclerosis and myocardial infarction, have also been evaluated in clinical trials (42) but
have shown mitigated results in preventing the onset of the disease (43). For later stage
cardiovascular diseases, anti-platelet therapies (44) have been considered to prevent clot
formation and aid in asymptomatic clot breakup.

Despite these numerous efforts, the pharmacological treatment of cardiovascular diseases
remains insufficient. Currently, it is estimated that more than 70 % of acute coronary events

cannot be prevented with available drug therapy (38). Also, available therapy is unable to
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restore, albeit partially, cardiac function after myocardial infarction. This leads to the
progressive structural remodeling (i.e, wall thinning, scar formation and cardiomyocyte
hypertrophy) and deterioration of heart muscle function characteristic of chronic myocardial

infarction, which often results in congestive heart failure.

In this context, nanomedicines may represent a promising alternative to small-molecules,
owing to their ability to specifically target pathological processes versus the uncontrolled
distribution of drugs when administrated using conventional galenical formulations. Hence,
various therapeutic agents have been encapsulated into NPs to improve their delivery and
retention at disease sites, incl. statins, thrombolytic drugs, pro- and anti-angiogenic proteins or
genes, purines, antioxidants or anti-inflammatory molecules. Magnetic responsive
nanoparticles combined with the application of a magnetic field were also employed to guide
stem cells towards the ischemic area and to avoid some of the limitations observed in clinical

trials (e.g., lung trapping and low retention into the infarcted area).

III. Rationale for using nanomedicines

The concomitant development of nanotechnology and a more precise understanding of the
processes involved in atherosclerosis and myocardial infarction have paved the way for new
nanomedicine-based therapeutic approaches. However, the design and use of nanomedicines
raises new issues to be solved before their successful translation to the clinic. The firstis related
to the nanoparticle’s constitutive material itself, which must be biocompatible and
biodegradable without inducing inflammatory processes. Secondly, nanomedicines should be
stable at body temperature with the ability to target and accumulate into diseased areas.

Progresses in materials chemistry and the versatility of the preparation processes involved in
nanomaterial synthesis allow the physicochemical properties of NPs to be precisely controlled
to obtain the desired size, surface charge, shape and functionalization, ultimately influencing
their fates in vivo. Particle size plays an important role in tissue distribution as demonstrated
by different studies (45, 46). In general, NPs smaller than 10 nm show a widespread organ
distribution while larger particles (up to 250 nm) accumulate principally in the liver and spleen
(46). Particle shape also influences the toxicity of nanocarriers and it has been established that
spherical nanoparticles are less toxic compared to non-spherical ones (47, 48). Surface charge
of nanocarriers also plays an important role, in that positively charged NPs show increased

cellular uptake compared to negatively charged or neutral NPs (49).
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Due to their high surface energy, nanoparticles adsorb proteins and other biomolecules by
Vroman effect upon intravenous injection, forming the so-called protein corona. While the
formation of this corona is related to the physicochemical characteristics of the nanocarriers
(50-52) its composition is influenced by numerous factors that are difficult to control in vivo
and alter the behaviour of nanomaterials (53, 54). In fact, the formation of a protein layer at the
surface of the nanoparticles confers them a new ‘biological identity’. At first underestimated,
the significance of these protein interactions has gradually been recognized to greatly affect
nanoparticles biodistribution, blood clearance, targeting ability and drug release (53). It was
initially perceived that the presence of a protein corona mainly resulted in rapid clearance of
nanomaterials from the blood circulation and reduced therapeutic efficacy (55-57). Early
strategies that addressed the issue of protein corona have mostly attempted to prevent its
formation and to increase NPs blood circulation time by coating their surface with hydrophilic
polymers to induce a steric stabilization, thus reducing interaction with blood proteins.
PEGylation, a process where poly(ethylene) glycol chains are attached onto the surface of the
NPs to provide them with long circulation properties is a popular and typical example of this
approach (58, 59).

Recent findings, however, have shown that rather than the presence or absence of proteins at
the surface of NPs, it is the proteomic make-up of the corona that appears to influence the
biological fate of NPs (60). For instance, Walkey and colleagues have suggested that PEG did
not eliminate serum protein adsorption, but selectively suppressed the adsorption of specific
proteins, resulting in a minimized macrophage uptake (61). Further, it was observed that the
corona composition was influenced by the individual’s plasma protein composition which
varies according to a number of factors such as age, genetic background, lifestyle and disease

(62-64).
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Accordingly, the concept of “personalized protein corona” has been introduced in the
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Figure 4: Targeting principles for cardiovascular diseases. Nanomedicines can target the sites
of disease through multiple mechanisms. Pathological conditions in atherosclerotic plaque and
during myocardial infarction increase the permeability of the endothelium and are often
accompanied by upregulation of specific cell-surface receptors. Non-specific targeting (a) occurs
through the Enhanced Permeation and Retention effect which occurs non-discriminately for
nanocarriers circulating in the bloodstream allowing for their extravasation and local sites of
damaged vasculature. Specific targeting (b) of different components ( vasculature, cellular
matrix, disease markers) can be achieved by active targeting thanks to ligands attached to
nanocarriers. When a thrombus forms (c) magnetic targeting, accumulation, or specific targeting

of constitutive elements of the thrombus can direct nanomedicines to the blockage site.

scientific literature, with the growing understanding that NPs should undergo disease and
patient specific design for more efficient and safe clinical applications. In fact, discounting the
central, albeit complex, role that personalized protein coronas play in the in vivo behavior of
NPs could be a major hurdle for the clinical translation of nanomedicines.

Making use of the numerous cellular and molecular events associated with cardiovascular
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lesion sites (65), namely hypoxia-induced neovascularization (66), endothelial dysfunction
(67), permeability of the vasculature (68) and up-regulation of adhesion molecules (23),
nanoparticle-based treatments were demonstrated to allow efficient targeting of the affected
sites. The main targeting approaches in cardiovascular diseases can be divided into passive
delivery (Fig. 4), through the enhanced permeability and retention effect (EPR) (69, 70) and
active targeting using surface functionalized nanoparticles interacting with specific ligands at

the target site (Fig. 4) (71, 72).

The enhanced permeability and retention effect has been comprehensively investigated in
tumor tissue (73). Interestingly, the mechanisms that give rise to it in cancer also seem to occur
in atherosclerosis (74). In both cases, inflammatory state and local hypoxia induce the
production of angiogenic factors (VEGF), leading to the rapid formation of blood vessels. Where
normal vascular physiology usually yields well-aligned cells backed by a smooth muscle layer
and joined by tight endothelial junctions, the newly formed vessels are usually abnormal in
form and architecture. They lack supporting cells, are fragile and leaky with large gaps that
allow local extravasation of plasma proteins and nanoparticles which accumulate at the disease
site, due to an underdeveloped lymphatic drainage system. Additionally, tissue inflammation
causes continuous leukocyte recruitment and pro-inflammatory cytokine release which also
contribute to endothelial permeability. Concerning the ischemic myocardium, local ischemia
also induces vascular permeability on its own. Cardiac blood vessels, which are usually lined by
a continuous endothelial wall, become leaky and /or disrupted due to hypoxia and inflammation,
as shown by several studies. For instance, by using Magnetic Resonance Imaging (MRI), Geelen
et al,, (69), have convincingly demonstrated in a mouse cardiac ischemia-reperfusion injury
model, that lipid-based nanocarriers (i.e, liposomes and micelles) loaded with gadolinium
accumulated massively in injured myocardium in a passive and specific manner over a time

period of 24 hours.

The mechanism behind the EPR effect is still a matter of debate (68) and some investigators
have started to question the validity of the model describing it, proposing that the accumulation
of nanoparticles is caused by different, more dynamic processes related to vascular bursts in
the compromised vasculature for instance (75). Nevertheless, the above mentioned
permeability of the endothelium at the disease sites of atherosclerosis and myocardial ischemia
can be exploited by long-circulating nanomaterials to achieve the efficient targeting of

pathological areas with compromised vasculature (76-79).
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Apart from exploiting the vascular permeability associated with intra-lesion vessels, the surface
of nanoparticles can be equipped with specific ligands (antibodies, peptides, folates, etc.)
allowing the targeting of specific receptors at the disease site. Knowledge of disease markers
and attachment of complimentary ligands can increase the interaction of those NPs that do
reach the target site, thus improving therapeutic activity (80). In the case of atherosclerotic
plaques, functionalization of the nanomaterial’s surface allows for the targeting of different
plaque components at different stages of the disease. For instance, endothelial adhesion
molecules expressed at the luminal side of the endothelium from the early stages of the disease
can be targeted by ligand decorated nanoparticles (81-83). Other than endothelial cells,
targeted nanosystems have been developed against macrophage-specific receptors (84, 85)
and extracellular matrix proteins (86) (e.g., collagen IV). When plaque is ruptured and a
thrombus forms, specific components like fibrin (87) or platelets (88) may also be targeted.
During ischemia and immediately after reperfusion, cell adhesion molecules (e.g., Selectin,
ICAM, CD11, CD18) are up-regulated at the luminal surface of the microvasculature in the
border zone of the infarctus. Thus, selective delivery is also becoming possible at this level by
NPs surface functionalization with antibodies, able to specifically recognize these adhesion
molecules (23, 25). Other specific targets may also be considered. As an illustration, Liu et al.
(89), have engineered anti-cTN1 antibody modified liposomes, since cardiac troponin (cTN1)
is also overexpressed during myocardial ischemia. These targeted liposomes were used to
deliver efficiently anti-miR-1 antisense oligonucleotides with alleviation of arrhythmogenesis
after cardiac ischemia.

Another strategy to target the heart is through specific peptides. Discovered by in vivo phage
display technology, various peptides have indeed been used to identify heart specific markers
in normal (90) or ischemic myocardium (91). Interestingly, liposomes loaded with CRPPR
peptide showed an increased accumulation into injured rather than healthy myocardium (92).
Cardiac accumulation was also demonstrated with NPs made of cationic polymers decorated

with ischemic myocardium targeted peptide (93).
Due to the ability of nanoparticles to improve drug delivery and biodistribution, some classes

of molecules have been considered for encapsulation and their efficacy tested in vivo in different

animal models of atherosclerosis (Table1) or heart ischemia (Table 2).
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IV. Nanomedicines for managing lipid levels

Elevated low density lipoprotein (LDL) levels are correlated to an increased risk of coronary
artery disease. Long term statin administration remains the gold standard for cholesterol
lowering therapy. Further, clinical trials have demonstrated a significant benefit of high dose
statin therapy versus the standard-dose treatment in preventing cardiovascular events (94).
However, high-dose statin treatments have been shown to induce unwanted side effects (95)
prompting the US Food and Drug Administration (FDA) to issue new safety guidelines for their
use. This, along with the fact that many individuals treated with statins do not achieve their
target levels of LDL cholesterol, has prompted new research in the field of LDL lowering
therapeutics.

ApoB is a component apolipoprotein of LDL and is required for assembling LDL in the liver. As
such, inhibiting ApoB production holds promise in reducing LDL-dependent vascular
inflammation. Because, as a large lipid-associated protein, ApoB is difficult to target with
conventional therapies (96), a strategy based on RNA interference through the use of siRNA
(small interfering RNA) strands can be used to silence ApoB expression and consequently
reduce LDL blood levels (97).

siRNA therapeutics hold immense promise but are limited by two inherent inefficiencies. First,
the non-specific effects of siRNA, such as off-target effects (98), and a propensity to induce an
innate immune response via Toll-like receptors activation. Second, siRNA delivery issues
caused by inefficient intracellular penetration resulting from hydrophilicity and polyanionic
nature, poor stability in circulation and unfavourable distribution towards non-target cell types
(99). Therefore, considerable efforts have been made to improve siRNA delivery by the use of
nanocarriers (100) as reviewed in detail elsewhere (101, 102).

Nanocarriers are ideally suited as they can be used to protect siRNA from degradation by
exonucleases and carry these small fragments of nucleic acids to sites of interest In a seminal
study, ApoB specific siRNAs were encapsulated into stable nucleic acid lipid particles (SNALP)
and administered intravenously to cynomolgus monkeys (2.5 mg/kg). 48h after administration,
areduced ApoB RNA expression, up to 90%, was observed in the liver of the animals. The effect
lasted up to 11 days, showing reductions in ApoB protein, cholesterol and LDL plasma levels
(97). More recently, ApoB specific siRNA was encapsulated in lipid nanoparticles and
administered to lean cynomolgus monkeys in a single dose at 2.5 mg/kg. ApoB knockdown was
observed and the phenotypic effects on serum lipid levels resulted in a significant decrease in

plasma levels of LDL (96).
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Figure 5: Mechanisms of drug and genetic material delivery by nanocarriers. (a) Upon reaching their
cellular targets, nanomedicines can release therapeutic agents at the cell vicinity or inside the cell.
Cells usually uptake nanomedicines by endocytosis after the nanocarrier interacts with specific
membrane receptors. This leads to the formation of an endosome that becomes increasingly acidic
through V-ATPase action, fuses with other endosomes and pre-lysosomal vesicles containing
degrading enzymes, eventually evolving into a lysosome prone to carrier degradation and drug
release into the cytoplasm. (b) For genetic material delivery the mechanisms differ following the
type of gene therapy enacted by the therapeutic agent. Cytoplasmic delivery of mRNA and siRNA
respectively activate ribosomal translation and RNA-induced silencing complex (RISC) pathways. For
DNA delivery the nanocarrier should be designed to resist the degrading conditions found in the
endosome to allow for endosomal escape and direct targeting of nuclear pore complexes through

nuclear localization signals.

Concurrently, pro-protein convertase substilisin/kexin type 9 (PCSK9) protein, an endogenous
regulator of LDL receptors in the liver has garnered interest in the regulation of LDL levels.
Therapeutic silencing of PCSK9 induces a higher density of LDL receptors in the liver, thus
lowering LDL plasma levels and conferring atheroprotection (103). In an elegant study, Frank-
Kamenetsky et al, (104) demonstrated in various pre-clinical animal models, that the
encapsulation of PCSK9 siRNA into lipid nanoparticles decreased the level of PCSK9 in the liver,

lowered plasma concentrations of LDL cholesterol and had little effect on HDL-cholesterol and
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liver triglyceride levels. This approach underwent a phase 1 clinical trial (105) suggesting that
selective inhibition of PCSK9 synthesis by liposomal RNA interference provides a potentially

safe mechanism to reduce LDL cholesterol concentration in healthy individuals.

Contrary to LDL, high density lipoprotein (HDL) an endogenous lipidic nanoparticle (7-13 nm
in size) are known to possess atheroprotective capacities by participating in reverse cholesterol
transport from atherosclerotic plaque macrophages to the liver (106). Direct administration of
endogenous HDL or recombinant forms (rHDL) was considered to reduce cholesterol levels and
thus atherosclerotic plaque development. In rabbits, these NPs showed a regression of
atherosclerotic lesions (107, 108). Late, rHDL NPs were tested in clinical trials and a significant
regression of coronary artery diseases was observed (109). Even if interesting, these rHDL
nanoparticles are expensive, difficult to synthesize and mass produce, which has hampered
further clinical development (74). More recent attempts have focused on the use of so-called
“mimetic” HDL nanoparticles made for instance of a polylactide-co-glycolide (PLGA) core and a
coating composed of lipids and ApoA, a constitutive protein of HDL (110). While the PLGA core
provided sustained drug delivery, the coating endowed the nanoparticles with biological
capabilities similar to those found on native HDL (e.g., macrophage targeting and cholesterol
efflux capacities) (110). Additionally, the PEGylation of ApoA in HDL mimetic nanoparticles has
been shown to markedly improve their plasma half-life and enhance their anti-atherogenic

properties in a hypercholesterolemic ApoE-/- mouse model (111).

V. Nanomedicine and anti-inflammatory therapy

Inflammation is recognized as having a major role in both atherosclerosis, and myocardial
ischemia/ reperfusion injury (82). As such different anti-inflammatory therapies have been
developed, or are currently undergoing clinical trials (112, 113). However, these therapies
cannot target a specific area since they are distributed throughout the whole body when
injected. To further improve the treatment, different strategies have been developed through
nanoparticle engineered systems. Monocyte recruitment to the arterial wall through
chemokine binding at the monocyte CCR2 receptor site and recognition of upregulated
endothelial cell adhesion molecules with subsequent differentiation of monocytes into intra-
lesion macrophages, is one of the hallmarks of atherosclerosis and one of the therapeutic

pathways targeted by nanomedicine.
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Upon systemic injection, nanomaterials interact strongly with circulating monocytes and tend
to accumulate in the spleen, which contains a large monocyte reservoir and subsequently
dispatches these cells to sites of local inflammation (114). Accordingly, studies have
demonstrated that siRNA encapsulated in integrin targeted liposomes that accumulate in the
spleen could efficiently enact local silencing of CCR2 expression. This nanosystem reduced
monocyte recruitment at sites of inflammation (115). The same method was used in the
treatment of myocardial infarcts in ApoE-/- atherosclerotic mice models by co-encapsulation of
CCR2 siRNA with an MRI (Magnetic Resonance Imaging) sensor. This monocyte targeting with
RNA interference attenuated left ventricular dilation and resulted in reduced post-MI heart
failure, while allowing companion imaging of treatment response (116).

Another modality to inhibit CCR2 and to reduce monocyte infiltration into atherosclerotic
plaque relies on the use of chemokine receptor antagonists. CCR2 antagonists were loaded in
VCAM-1 directed target sensitive liposomes to reduce adhesion and transmigration of
monocytes at activated endothelium (117). These nanocarriers have a specific phospholipid
bilayer composition, which upon target recognition and binding, exhibit destabilization
immediately followed by cargo release. This 1is desirable when inhibition of
chemokine/chemokine receptor interaction at the cell’s surface is sought after and uptake of

the nanocarrier by the endothelial cells should be avoided.

Monocytes also rely on endothelial cell adhesion molecules for recruitment into the arterial
wall. Studies have suggested that inhibiting adhesion molecules function could have beneficial
effects on inflammatory cell recruitment (118). Recently, novel polymeric nanoparticles based
on epoxide modified low molecular weight polyethyleneimines were identified for selective in
vivo delivery of siRNA to endothelial cells (119). This formulation was used at low doses (up to
0.02 mg kg'1) for simultaneous in-vivo silencing of 5 genes (Tiel, Tie2, VEcad, VEGFR-2, and
ICAM2). Interestingly, this endothelial cell targeted silencing was enacted without significantly
reducing gene expression in hepatocytes, pulmonary endothelial cells, or other immune cells,
thus limiting off-target effects. In ApoE-/- mice, the same nanoformulation allowed for the
efficient silencing of multiple cell adhesion molecules involved in leukocyte adhesion (VCAM1)

transmigration (ICAM1, ICAMZ2) and rolling (Sele, and Selp) (120).
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TABLE 1

Experimental animal moedels and protocols used in literature for demonstrating atheroprotection of vari dicines
Active molecule Carrier Size Animal Protocol Main results Refs
{mm) model

Lipid management

Lo

siRMA LMP nd Cyonomaolgus  # Bolus iv. injection # B0 silencing of liver ApoB mRNA and ApoB-100 protein  [97]
maonkey was achieved with a single bolus 1 mg/kg

siRMA LMP ~50 nm Rodent and ® In rodents tail vein injection, in NHP 30 min iy, # Liver-specific siRMA silencing of PCSK9 associated with up [104]
non human injection of 5 mg/kg formulation of LNP to 60% reduction in plasma cholesteral concentrations
primate

siRMA LMP nd Cyonomaolgus Peripheral vein bolus injection of 2.5 mg/kg # B0 silencing of ApoB and 0% reduction in plasma LDL  [94]
maonkey lewvels

HDL

HDL mimetic Apod coated ~40 nm ApoE™"” mice e Tail vein injection of 2 mg of NPs # Accumulation of PLGA-HDL nanoparticles in atherosclerotic [110]

PLGA plaques
» Specific targeting of plaque macrophages
# Good cholesterol efflux

Anti-inflammatory

CCR2

siRMA LMP ~80 nm ApoE™"” mice » 0.5 mg/kg/day twice a week for 3 weeks » Reduced monocyte/macrophage number in atherosclerotic [115]

plagues by 82%.
& 38% reduction of lesion size in the aortic root

Cell adhesion malecules

siRMA PElI NP nd ApoE™"" mice e Three intravenous injections of 3 mg/kg cumulative « 50% reduction of myeloid cells recruited to aorta. Good  [120]
siRMA dose owver 2 weeks by tail vein injection silencing of several cell adhesion molecules
Glurocorticosteroids
Dexamethasone (DXM)  Biogel nd ApoE™" mice 0.5 mg of DKM loaded in PLGA NPs embedded # Fibrous cap thickening [131]
embedded with in biogel painted on atherosclerotic lesions = 25% reduction of plague macrophage content
PLGA MPs = Lower VCAM 1 expression
Prednisolone phosphate Liposomes ~100 nm Rabhits = Ear vein injection of 15 mg/kg loaded PLP « 40% decrease in plaque macrophage content after only 2 [129]
{PLF) days of treatment
Endogenous pro resolving peptides
Ac2-26 Col W ~100 nm LDLr ™ mice = Once per week iv. injection of 10 ug NP # Subendothelial collagen increase [1371
targeted loaded Ac2-26 & Superoxide suppression in lesions
[ PEG-PLGA « Mecrotic area decrease
m IL-10 Col IV targeted  ~100 nm LOLr" mice » Once per week intravenouws injection of 5 pg # Increased fibrous cap thickness and necrotic core decrease [134]
..m PEG-PLGA of NP loaded IL-10
|w Statins
m Pitavastatin rHDL ~30 nm ApoE™"” mice « Long term treatment: iv. injection 15 mg/kg # Long term: 34% decrease of total plague area; 57% [123]
..m twice per week of rHDL loaded pitavastatin for decrease of plaque macrophage content
- 12 weeks # Short term: 31% decrease of total plaque area. 84%
L # Short term treatment: four L. injections of decrease of plague macrophage content.
anul 60 mg'kg of HOL loaded pitavastatin within 1 # Decrease of inflammation related gene expression
I week
mv Pitavastatin PLGA ~160 nm ApoE™"" mice » 0.012 mg pitavastatin once per week # Inhibition of plague destabilization and rupture [125]
m administered by tail vein intravenous injection « |nhibition of inflammatory monocyte recruitment
.|m LWF- linid nanoparticke: siftlA: small imterfering RNA: PCSKS: pro-orotein convertase substilisin/kexin tepe % LDL: low dersitv linooroteinc HOL: hiah densitv lisoorotein: PLGA: oobellsctic-co-alcolic aod PEG-PLGA: polviethvienseolveoli-block-pobellactic-
m
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These nanoparticles showed preferential uptake into plaque endothelial cells where the
treatment, at a cumulative dose of 3 mg/kg, synergistically suppressed cell adhesion molecules
expression. This resulted in a 50% reduction in monocyte recruitment to aortic plaque
compared to controls, while blood monocyte levels remained constant. Although the molecular
mechanism governing the preferential accumulation of these NPs into endothelial cells remains
unknown, it was suggested that it may be due to interactions with serum proteins, which can

promote delivery to certain cell types (118, 120).

As mentioned above, statins are widely used for their lipid lowering ability while they also exert
anti-inflammatory effects at high doses, but with severe side effects (121, 122). Local delivery
of statins to plaque tissue for achieving local anti-inflammatory effect was carried out by
encapsulation into synthetic HDL particles derived from recombinant human ApoA (123).In a
3 month, long-term low dose oral treatment (15mg/kg), these HDL nanoparticles were able to
reduce the plaque inflammation, to affect mRNA expression of genes related to inflammation
and to decrease inflammatory protease activity on a ApoE-/- mouse model. Another report
confirmed the findings of this initial study (124). Similarly, statins were also delivered in PLGA
nanoparticles, resulting in decreased monocyte recruitment by inhibiting cytokine mediated
chemotaxis and increased plaque stability by inhibiting matrix metalloprotease activity (125).
It was found that these polymeric nanoparticles were rapidly taken-up by circulating and
splenic leukocytes and accumulated in macrophages at atherosclerotic lesions sites. In another
experiment performed by the same group, pitavastatin loaded PLGA nanoparticles were
administered at the time of reperfusion in a rat model of myocardial ischemia. A reduction of
the infarct size was observed 24 h after injection, as well as, an improvement of left ventricular
function 4 weeks post-myocardial infarction, when free pitavastatin showed no therapeutic
efficacy (126). Since pitavastatin accumulated into infarcted myocardium, it was suggested that
it could exert protective effects by activation of PI3K/Akt pathway and inhibition of

inflammation and cardiomyocyte death.
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TABLE 2

Experimental animal models and protocols used in literature for demonstrating cardioprotection of various nanomedicines.

Active molecule Carrier Size [nm) Animal model Protocol Main results Refs
Thrombolytic drug defivery
tPA Gelatin ~100 nm Pig, distal balloon occlusion ® i injection of MPs over 5 min; # Recanalization in @ of 10 swine [&8]
trans-thoracically US continwous within 30 min
wave (1.0 MHz, 1.0 W/em?) for up to
60 min
K Liposomes nd Dog, AMI obtained with = An initial bolus preceded by an iv. = Reduced time to obtain reperfusion  [157]
autologus thrombus infusion until recanalization was (32 min vs 78 min for 5K alone)
observed
K Polymer ~B10 nm Diog. AMI obtained with » Initial bolus in the first minute, e Accelerated thrombolysis and [159]
autologus thrombus preceded by a constant infusion of blood flow restoration
remaining formulation over 2 h
period
Pro-angiogenic maolecules delivery
VEGF Liposome-targeted ~180 nm Rat, MI after LAD « Liposomes injected immediately = Significant improvement in cardiac  [182]
P-5electin after MI, via tail wein function and vascular structure at 4
weehs after Ml
VEGF Lecithin/Pluronic F-127  ~.270 nm Rat, MI after LAD ® 1 weeks after the infarction a # Enhancement of vascularization 4 [183]
thoracothomy was done and NPs weeks after treatment
were injected into the epicardium
VEGF (gene delivery) PLGA bearing VEGF ~100-300 nmn  Rabbit, Ml after LAD & 1 h after left coronary artery w 4 weeks after Ml: increased of [194]
plasmid DNA occlusion, injection of NPs-VEGF capillaries numbers
gene into the border zone » Improvement of cardiac function
surrgunding the infarct
VEGF (gene-adenoviral vectors)  Magnetic NPs ~100-200 nm  Rat, Ml after LAD = i injection after 24 h of MI » Improvement of heart function 4 [196]
weeks after surgery
PGF Chitosan-alginate ~100-200 nm  Rat, Ml after LAD « Intramyocardial injection of NPs Increases of LV function and vascular  [186]
5 min after ligation density
» Decrease of scar area formation
PGF PLGA ~233 nm Rat, MI after LAD = MPs injected directly into the = & weeks after Ml significant [1a7
border zone of the myocardium reduction of infarct size
» Improved cardiac function
IGF PLGA ~ 74 nm Mice, Ml after LAD « Directly injected into the heart after  » Reduced infarct size 21 days after [189]
M M
PDGF Peptide nanohbers nd Rat, MI after LAD ® Injection into infarcted border zone e 4 months after Ml: improvement of  [192]
1 min after LAD vascular density and blood flow and
absence of toxicity
PDGF Peptide nanohbers ~10 nm Rat, MI after LAD » Injection into infarcted border zone  « Reduced apoptosis in infarcted [193]
after LAD myocardium
Epo Liposomes coated with  ~100 nm Rabbits with Ml for 30 min » Injection of lipo-Epo at reperfusion; e Accumulation of targeted [148]

Sialyl Lewis X

analysis at 24 h, 48 h, 7 and 14 days

liposomes in the border area of
myocardium

® The LW function and remodeling
were improved

® The number of CD31 positive
microvessels was significantly greater
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Glucocorticoids are a class of steroid hormones which have the ability to effectively suppress
inflammation through binding to the glucocorticoid receptor present on every cell. With
systemic delivery, glucocorticoids have a host of pleiotropic effects, including potentially
harmful side effects like osteoporosis, glaucoma and insulin resistance, which limit their long-
term administration (127). Interestingly, the delivery of glucocorticoids in liposomal
formulations was found to significantly reduce side effects. For instance, Dexamethasone (DXM)
was loaded into liposomes of different sizes and injected intravenously into atherogenic mice
(128). Compared to free DXM and to liposomes with other sizes, 200 nm liposomes showed a
significant decrease in aortic cholesterol content. DXM liposomes showed a substantial dose
advantage, with a higher antiatherogenic effect at 55 pg/kg compared to free DXM at 550 pg/kg
which was explained by a higher macrophage uptake of 200 nm liposomes in atherosclerotic
lesions. In another study (129), prednisolone (another glucocorticoid) and a MRI contrast agent
were encapsulated in long circulating PEGylated liposomes to enhance the blood circulation
time and accumulation in inflamed sites. In a rabbit model, a significant decrease in the
inflammatory response was observed over a week (129), which correlated with decreased
intimal macrophage contents. These liposomes had less side effects compared to free
prednisolone phosphate in rats and caused a decreased inflammatory response of the artery
wall after intravenous administration in hyperlipidemic rabbits (130). Another approach that
has been undertaken for the delivery of glucocorticoids, is through local delivery to the vascular
wall via a bioadhesive gel (131). Indeed, DXM loaded into biodegradable nanoparticles and
delivered to the lesion via a bioadhesive gel displayed slow drug elution, resulting a reduced
inflammation. Furthermore, this material was observed to promote characteristics of plaque

healing by remodelling and strengthening the fibrous cap on atherosclerotic plaques (131).

Recently, attempts have been made to stimulate endogenous mechanisms orchestrating the
resolution of inflammation (132, 133). Following the onset of inflammation, the resolution
phase aims to restore tissue function and homeostasis by clearing pathogens, pro-inflammatory
debris and cytokines. The defective enacting of this important regulatory process has been
shown to be a major pathogenic pathway in the progression of atherosclerosis (134). In the
innate setting, resolution is mediated by pro-resolving lipids (e.g., (lipoxins, resolvins, maresins,
and protectins) and protein mediators such as interleukin-10 (IL-10) and annexin Al (135).
Thus, Ac2-26, an annexin A1 mimetic peptide, was encapsulated in biodegradable diblock PEG-
PLGA collagen IV-targeted nanoparticles and evaluated in a LDLr/- mouse model of

atherosclerosis for efficient plaque localized release and anti-inflammatory therapy. These NPs
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were shown to enhance resolution in vivo (136) and led to a marked improvement in key
advanced plaque properties, including an increase in the protective collagen layer overlying
atherosclerotic lesions, a diminishment of plaque related oxidative stress and a decrease of the
necrotic areas in arterial plaques (137). More recently, similar collagen [V-targeted NPs loaded
with IL-10, were shown to prevent vulnerable plaque formation in a LDLr/- mouse model of
atherosclerosis by similarly increasing fibrous cap thickness and decreasing necrotic core size

(138).

Other molecules have been evaluated for their anti-inflammatory capacities in myocardial
ischemia/reperfusion injuries. Prostaglandin E1 (PGE1), a potent vasodilator, was shown to
reduce experimental infarct size when administered by slow infusion and at low-dose, by
inhibiting pro-inflammatory cytokine productions, such as IL-6 and IL-8 (139). However, PGE1
is rapidly metabolized in the lungs and induces tachycardia and/or hypotension. To minimize
these drawbacks, Feld et al, encapsulated PGE1 into liposomes (lipo-PGE1), showing that
intravenous bolus administration of liposomal PGE1 reduced the infarct size in an open-chest
canine model with 2 hours left anterior descending coronary occlusion. In parallel, an
improvement of myocardial blood flow during reperfusion without adverse hemodynamic
effects was noted (140). This cardioprotective activity resulted from an anti-inflammatory
activity on neutrophil functions. A similar therapeutic efficacy was obtained on a porcine model
with 2 h myocardial infarction and 3 hours reperfusion. In these experiments, lipo-PGE1 were
found to decrease serum pro-inflammatory cytokines IL-6 and TNF-a (141). These liposomal
PGE1 were further evaluated in clinics, in patients with ST-segment elevation myocardial
infarction (STEMI) after primary percutaneous coronary intervention (PCI). The major finding
of this study was that intravenous administration of 20 pg of Lipo-PGE1 prior to PCI, could

improve myocardial microcirculation without any clinical adverse effect (142).

Erythropoietin (Epo), a small circulating protein hormone, which stimulates angiogenesis and
displays anti-inflammatory and anti-apoptotic activity, demonstrated a cardioprotective effect
in rats with experimental heart failure (143, 144). However, clinical trials failed to show any
reduction in myocardial infarction size, even at long term after the administration of large doses
of Epo (145, 146), which also induced adverse events (147). To limit such undesirable side
effects, Yamada et al.(148) have prepared Epo-encapsulated liposomes, surface decorated with
Sialyl LewisX (SLX) for P-Selectin recognition. After intravenous injection in rabbits subjected

to 30 min myocardial ischemia, a significant improvement of left ventricular function, a
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reduction of myocardial infarct size and an activation of pro-survival pathways were noticed.

By mimicking apoptotic cells, phosphatidylserine (PS)-presenting liposomes represents
another approach to reduce inflammatory processes. The resident and recruited macrophages
may, indeed, recognize apoptotic cells via phosphatidylserine at their surface to clear them and,
at the same time, to produce an anti-inflammatory consequence. When PS-liposomes were
injected in a rat model of acute myocardial infarction, a trend in the secretion of anti-
inflammatory cytokines was detected 3 days after, resulting in small scar areas which

prevented ventricular dilatation and remodelling (149).

The above examples illustrate some of the experimental therapeutic strategies employing
nanomedicines to restrain deleterious effects of inflammation during atherosclerosis and heart
ischemia/reperfusion. In general, pharmacological and/or toxicological improvement is
observed, even if the application of nanoparticles as drug delivery systems in cardiovascular

diseases is emerging in only very few clinical trials.

VI. Nanomedicines for thrombolytic therapy

Plaque rupture and thrombus formation remain the primary causes of vessel occlusion that
leads to acute ST-segment elevation myocardial infarction (STEMI). Although contemporary
guidelines recommend primary percutaneous coronary intervention (PCI) as the preferred
reperfusion strategy, this approach is limited to the PCI-capable hospital (150).

The greatest advantage of thrombolytic drugs (e.g., streptokinase, urokinase or tissue
plasminogen activator) is their ease of administration outside of hospital settings (151).
However, when injected into the systemic circulation, these molecules distribute rapidly
throughout the body and/or are quickly degraded by natural inhibitors present into the blood
(e.g., alpha 2 antiplasmine, alpha-2-macroglobuline, anti-C1 esterase, PAI-1) (152, 153). High
quantities of thrombolytic agents are therefore needed to be injected to achieve significant
therapeutic effect, but such high dosage results in undesirable side effects, like intracranial
hemorrhages (154). To protect the drug and to concentrate it into the thrombus, different

strategies based on the use of nanocarriers have been tested in preclinical models (28).

Non-targeted nanomedicines

A few decades ago, it was reported that positive and neutral charged liposomes tended to
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accumulate in regions of myocardial infarction (155, 156). Based on this property,
Streptokinase (157) or rtPA (69) were encapsulated into liposomes. A prolonged circulation
time and a better fibrinolytic activity was noted compared to the free drugs. Some difficulties
are, however, noted with these systems, since liposomes have a limited stability in systemic
circulation and present a risk of premature drug release (158). Thus, streptokinase was further
encapsulated into a water-soluble double emulsion polymer (PVA and PEG) nanoparticles. In a
canine model of autologous coronary artery thrombosis, the encapsulated streptokinase
demonstrated an accelerated thrombolysis comparatively to free streptokinase and a reduction
of bleeding complications (159). Chitosan, another water soluble polymer, was applied to
prepare urokinase-loaded nanoparticles by using an ionic cross-linking method. Compared to
free urokinase, an increased capacity of clot lysis was observed when injected into rabbits with

jugular thrombosis (160).

Targeted nanomedicines

An interesting modality to enhance the accumulation of nanoparticles charged with
thrombolytic drugs is through their active targeting. An example is the use of RGD peptide
(arginine-glycine-aspartic acid), in order to target GPIIb/Illa receptor expressed at the surface
of the activated platelets in thrombi. Thus, targeted liposomes loaded with either streptokinase
(161) or rtPA (162) showed an enhanced accumulation into thrombus and an increased
thrombolytic activity compared to non-targeted carriers. Similar results were observed with
PLGA nanocarriers covered with a chitosan shell, loaded with rtPA and functionalized with RGD
peptide linked to nanoparticle surface via a carbodiimide bond (163). Later, gelatin
nanoparticles loaded with recombinant tissue plasminogen activator (rtPA, monteplase) and
Zn?* ions have been prepared (164). Gelatin was used as encapsulation material due to its
preferential binding to von Willebrand factors (vVWF) at the surface of platelets, ubiquitously
found in thrombi, while Zn2+ ions may suppress rtPA activity, as long as they are present in the
nanoparticles. In swine with acute myocardial infarction (AMI) treated with these
nanoparticles, the application of a trans-thoracic continuous wave (1.0 MHz ultrasound)
showed good recovery of blood flow in nine of ten swine within 30 minutes (88). These results
were explained by the convergent effect of ultrasounds and drug. The ultrasounds were acting
by inducing both the release of rtPA from gelatin nanoparticles and the breakage of the blood

clot into small fragments, promoting the penetration of tPA molecules into the thrombus (165).

Magnetic nanomedicines
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Another strategy to increase the quantity of thrombolytic drugs into the thrombus is the use of
magnetic carriers made of a magnetite (Fe304) core that responds to an external magnetic field.
Magnetic NPs coated with polyacrylic acid (PAA) (166) or with poly(aniline-co-N-[1-one-
butyric acid] aniline) (167) were covalently coupled with an amino group of rtPA. The
administration of rtPA loaded on magnetic nanoparticles associated with a magnetic guidance
resulted in high blood flow recovery with a five-fold lower dosage, (ie, 0.2 mg/kg),
comparatively to 1 mg/kg required for thrombolysis with free rtPA (168).

By using these different options for delivering thrombolytic drugs in vivo, it is possible to bypass
the limitations of the free drugs (eg. protection against rapid degradation, enhanced
accumulation into the clot). Moreover, reducing the injected dose represents important
advantages, since the high doses used in clinics to obtain recanalization, often induce

intracranial hemorrhages.

VII. Nanomedicines and anti-angiogenic therapy

Another strategy to stop atherosclerotic plaque destabilization and eventual rupture is through
the inhibition of the microvessels that develop from the vasa vassorum to supply the plaque in
nutrients. Integrin avf33 represents a possible target since it is transiently expressed during
plaque growth (169). A first study made by Winter et al, (170) demonstrated the feasibility of
this strategy by using ovf33 integrin targeted paramagnetic nanoparticles loaded with fumagillin.
This study demonstrated for the first time the inhibition of proliferation of intraplaque
neoangiogenesis from vasa vasorum in hyperlipidaemic rabbits, one week after the anti-
angiogenic nanoparticles administration. These results obtained at a very low dose of
fumagillin were shown to minimise the neurocognitive adverse effects of this compound.
Moreover, the combination of free atorvastatin, a drug which is known to reduce intraplaque
angiogenesis (171) and avf33 targeted fumagillin nanoparticles reduced the neovascularisation
of the plaque up to 8 weeks in atherosclerotic rabbit models (172).

More recently echogenic liposomes loaded with Bevacizumab, an FDA-approved monoclonal
antibody against VEGF, showed an effective delivery of the drug on ex vivo atheromatous
carotid arteries under ultrasound exposure. This has led to an increased release of

Bevacizumab from liposomes into porcine carotid tissue (173).
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VIII. Nanomedicines for pro-angiogenic therapy

After cardiac ischemia, important dysfunctions in the blood vessels are often observed, leading
to the impossibility to restore the blood flow. It was reported that in the presence of pro-
angiogenic factors, such as fibroblast growth factor (FGF) or vascular endothelial growth factor
(VEGF), new microvessels may emerge from pre-existing capillaries (174). With this aim, pro-
angiogenic VEGF proteins were administered to patients, at low (17ng/kg1/min1) or high-dose
(50ng/kg1/min-1), after heartischemia to promote cardiac tissue repair and salvage (175). This
study showed that the low or high-dose of VEGF did not improve cardiac function,
comparatively to a placebo-treated group. Moreover, the administration of large systemic doses
of VEGF has resulted in serious side effects, such as the development of neoplasms or diabetic
retinopathy (176, 177). These disappointing results are probably due to the rapid enzymatic
degradation of these proteins and to their low residence time in the infarcted tissue (178, 179).
Alternative approaches have considered the possibility to deliver genes encoding for pro-
angiogenic proteins. Most of gene therapy tested in clinical trials consisted in the injection of
VEGF or FGF plasmids (180, 181), but transfection efficiency, stability and long term expression
of delivered genes were disappointing and needed improvement.

To overcome these obstacles, new modalities for growth factors delivery into the cardiac tissue
remain an important challenge. Thus, liposomes containing VEGF and functionalized with
antibodies against P-selectin were injected intravenously into rats, immediately after the
induction of heartischemia. Four weeks after treatment, rats receiving these immunoliposomes
clearly showed significant improvements in cardiac function compared to untreated rats, in
parallel to an increased number of perfused blood vessels in the infarcted area (182). However,
since drug leakage from liposomes may occur rapidly after intravenous infusion, hybrid
nanoparticles (270 nm) were constructed with a Pluronic F-127 triblock co-polymer shell and
a lecithin core encapsulating 5 pg of rhVEGF (recombinant human VEGF). Of note, Pluronic F-
127 is a polymer able to undergo thermal gelation under physiological conditions. These
nanoparticles were injected into the ischemic border zone of rats subjected to myocardial
infarction. Four weeks after treatment, animals exhibited evident cardioprotective effect

manifested by new blood vessels formation and cardiac function improvement (183).

The placental induced growth factor (PIGF) is another pro-angiogenic protein reported to
stimulate angiogenesis and to improve cardiac function by mediating endothelial cells growth,

survival and migration (184, 185). Binsalamah et al. (186) have developed biodegradable and
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biocompatible chitosan-alginate nanoparticles loaded with recombinant human PIGF (rhPIGF).
These nanoparticles were injected into the peri-infarct myocardium area of rats, 15 minutes
after the induction of an acute myocardial infarction. A cardioprotective effect was observed 8
weeks later, manifested by an improved blood flow in the myocardial infarction boarder zone,
a decrease of scar tissue and a significant increase in left ventricular function with enhanced
vascular density. A significant cardioprotective effect of PIGF was also observed after loading
into poly lactic-co-glycolic acid (PLGA)-nanoparticles and injection into the infarction boarder
zone of rats. This was attributed to the slow release of PIGF from nanoparticles during a period

of 15 days (187).

Insulin like growth factor (IGF-1) is a pro-angiogenic factor, known to induce cardiomyocytes
growth and survival (188). To evaluate the cardioprotection after acute myocardial infarction,
Chang et al. (189) have developed 60 nm-sized PLGA nanoparticles loaded with IGF-1, taking
advantage of electrostatic interactions for drug loading, which preserved the biological
functions of IGF-1. A single intramyocardial injection was sufficient to reduce infarct size and
to prevent cardiomyocytes apoptosis. The PLGA-NPs induced a slow release of IGF-1 during at
least 24 hours but not beyond 3 days following the injection. This study confirmed the ability
of PLGA-NPs to perform a prolonged delivery of pro-angiogenic proteins into the heart to

provide better cardioprotection.

Self-assembling peptide nanofibers (SAPNF) represent another very original approach for
sustained delivery of pro-angiogenic factors into myocardium (190). A characteristic of these
peptides nanofibers is that upon exposure at physiological pH, they can self-assemble into
stable tri-dimensional network structures (191). SAPNF loaded with human platelet-derived
growth factor (PDGF) were intramyocardially injected into rats immediately after coronary
ligation. A significant reduction of the infarcted volume was observed four months later.
Noteworthy, apart from the observed improvement in vascular density and blood flow, absence
of any pulmonary toxicity was noted, which is one of the major inconvenient of PDGF therapy
(192). Similarly, a cardioprotective effect was observed after treatment with peptide-
nanofibers charged with VEGF (193, 194) which was, once again, explained by the slow

degradation of the nanofibers, resulting in sustained delivery of pro-angiogenic proteins.

Other than the direct injection of pro-angiogenic molecules, a second strategy is based on the

modulation of gene expression, obtained by introducing exogenous DNA, mRNA, siRNA, miRNA
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or oligonucleotides into cells (195). Adenoviral vector conjugated to magnetic nanobeads is
another kind of carrier for triggering expression of VEGF gene in acute myocardial infarction.
By using an epicardial magnet, adenoviral vectors conjugated to nanobeads were successfully
concentrated in the infarcted heart after intravenous administration and a strong therapeutic
gene expression was detected together with improvement of cardiac functions. These results
highlighted that the VEGF165 gene could be successfully expressed in endothelial cells which
captured the nanocarrier (196).

However, gene therapy through the use of viral systems may also induce undesirable side
effects, such as a host immune response against viral components, a risk of potential
chromosomal insertion of viral sequences, a limitation of DNA for encapsulation and high cost

production (197).

A second option for pro-angiogenic gene therapy is represented by non-viral systems such as
liposomes or nanoparticles (Fig.5b) (198). Thus, PLGA nanoparticles bearing VEGF165 plasmid
DNA were developed by Yi et al, (199). A significant increase in the number of capillaries was
noted at four weeks after nanoparticles administration on a rabbit with one hour left coronary
occlusion. In a more recent study, a nanocomplex formed by graphene oxide loaded with
VEGF165 gene was formulated and incorporated in methacrylated gelatin hydrogel. When
injected into the peri-infarct area of rats with myocardial infarction, this nanocomplex induced
an increased capillary density and a reduction in scar area, seven days post-administration
(200).

Although these preclinical data suggest, without ambiguousness, that a cardioprotective effect
can be obtained after treatment with proangiogenic proteins or genes loaded into nanoparticles,
the protocols generally used are either complicated or very invasive, which will need
improvements before clinical application. On the other hand, if these initial preclinical results
may be encouraging, several limitations remain to overcome in order to achieve clinical
application of nanoparticle based gene therapy (195). Among these limitations are included the
rapid RES uptake, the inflammation, the possible aggregation in blood and a nonspecific effect

in othertissues.

IX. Nanomedicines for Antioxidants delivery

As already mentioned before, reactive oxygen species (ROS) play an important role in the

pathogenesis of atherosclerosis and myocardial ischemia/reperfusion injuries. ROS participate
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to key molecular events in atherosclerosis including oxidative modification of lipoproteins and
phospholipids, endothelial cell activation, and macrophage infiltration/activation and smooth
muscle cell migration and proliferation.

Several antioxidants such as CoQ1o, beta carotene, lycopene, quercetin, resveterol, vitamin C
and vitamin E have shown therapeutic benefits in atherosclerosis or in myocardial
ischemia/reperfusion injuries. Antioxidants are molecules which counteract ROS due to their
scavenging capabilities, thus preventing oxidative damages to the cell (201). However, clinical
studies have shown inconsistent results because these molecules have poor stability, short half-
life in plasma and insufficient diffusion into cells when administered through conventional

delivery modes (43).

During heart ischemia/reperfusion (I/R) radical oxygen species (ROS) are produced in high
quantities, mainly by neutrophils and in lower quantity by cardiomyocytes and endothelial cells.
Such high amounts of ROS induce membrane damages, fragmentation, lipid peroxidation
and/or random cross linking of DNA, leading to cell death (202). Thus, to preserve the cardiac
function and to limit deleterious effects of I/R injuries, administration of antioxidant based
therapy has been given consideration.

In this context, the most investigated antioxidant molecule is CoQ1o. The fully reduced form of
CoQio0 (ubiquinol) shows antioxidant properties by acting as an hydrogen atom donor,
preventing lipid peroxidation propagation, as well as, protein and DNA oxidation (203). The
first study concerning the pharmacological efficacy of CoQio encapsulated into liposomes
demonstrated a protective effect on isolated rat heart after ischemia/reperfusion (204). This
cardioprotective effect has been explained by the antioxidant and membrane stabilizing
properties of encapsulated CoQio. The pharmacological efficacy was also attributed to the
essential role of this molecule in cells by acting as an electron and proton carrier coupled to
ATP synthesis. Later, Verma et al., (205) demonstrated a similar protective effect of CoQ1i0o when
loaded into liposomes and administered to rabbits subjected to 30 minutes coronary artery
occlusion and 3 hours reperfusion. A significant reduction of total area at risk was observed in
animals receiving CoQ1o liposomes compared to controls (i.e, 30% of the total area at risk as
compared to 70% in the Krebs-Henseleit buffer-treated group). The efficacy of CoQ1o0 liposomal
formulation was explained by a mechanism based on «plug and seal » of the damaged cell
membranes (206).

In another approach, Nox2, the catalytic subunit of NADPH-oxidase, has been chosen as target

since it is the major source of cardiac ROS production in the heart. Indeed, it was shown that
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mice lacking NOXZ gene were protected from ischemic injuries (207). Thus, Nox2 specific siRNA
have been encapsulated into polyketal nanoparticles for gene silencing and inactivation of
NADPH-oxidase in cardiac macrophages. The intramyocardial immediate injection of these
nanostructures in mice with experimental myocardial ischemia showed a significant recovery
of cardiac function, as demonstrated by echocardiography collected three days post-injection
(208). However, this study did not investigate the exact mechanism behind the beneficial
restoration of the cardiac function observed in Nox2-siRNA treated animals and it did not
demonstrate the in vivo knock down of Nox-mRNA expression in macrophages. Additionally,
the long term effects of polyketal nanostructures need to be evaluated, especially from a

toxicological and metabolic point of view.

X. Nanomedicines for purines delivery

During myocardial ischemia a variable area of myocardium is deprived of nutrients and oxygen.
In these conditions, the loss of oxidative phosphorylation decreases considerably the
generation of ATP, resulting in failure of the ATP-dependent ion pumps. If such depletion
prolongs, the ion balance across the cell membrane becomes lost, leading to cell death (29).
Experimental studies (209-211) have shown that the administration of exogenous ATP has
some cardioprotective effect via the attenuation of cell death during cardiac ischemia and
reperfusion. However, the pharmacological efficacy of this approach is limited by (i) the rapid
hydrolysis of ATP by extracellular ectonucleotidases (e.g., CD39) in adenosine diphosphate
(ADP), adenosine monophosphate (AMP), and adenosine (212, 213) and (ii) the strong
hydrophilic character of ATP, which makes this molecule unable to cross biological membranes
(214). In order to overtake these limitations, some research efforts have focused on the
encapsulation of ATP into liposomes (214, 215). Thus, positively charged liposomes loaded
with ATP were administered in dogs with myocardial ischemia and found to accumulate in
ischemic tissue (216). A diminution of the size of the ischemic area was also demonstrated by
Torchilin’s group (210, 211). In this study, ATP loaded PEGylated liposomes showed a
cardioprotective effect in both, isolated rat heart model (211) and in rabbits subjected to 30
minutes coronary artery occlusion (209). The same group has further developed ATP-
immunoliposomes decorated with monoclonal 2G4 anti-myosin antibody, demonstrating
enhanced pharmacological activity in myocardial ischemia in an isolated rat heart model (210).
Adenosine, a catabolite of ATP, exerts beneficial effects during heart ischemia and reperfusion.

Adenosine inhibits neutrophil adhesion to the endothelium, reduces cytokines release and
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radical oxygen species formation, thus displaying anti-inflammatory and anti-apoptotic activity
on cardiomyocytes (217). However, because adenosine is rapidly metabolized in the blood after
intravenous administration, high doses of adenosine are required to obtain cardioprotection
(218, 219) which is associated with severe adverse effects (i.e.,, hypertension, reflex tachycardia,
chest pain etc.), hampering the use of this molecule for therapeutic purposes (220-222). To
circumvent the above mentioned limitations, Takahama et al. (223) have encapsulated
adenosine into PEGylated liposomes before administration to rats with transient myocardial
ischemia, for a 10-minutes period, starting from 5 minutes before the onset of reperfusion. The
accumulation of adenosine-liposomes into infarcted areas was associated with infarct size
limitation, as compared to the treatment using free adenosine. Silica nanoparticles represent
another kind of nanoparticle for adenosine delivery (224). In this study, adenosine was
adsorbed onto the surface of the nanoparticles and infused into rats undergoing 30 minutes of
ischemia, for a period of 10 minutes, starting 5 minutes prior reperfusion. The area of the infarct
was reduced comparatively to animals receiving only adenosine (224). However, silica
nanoparticles are known to promote inflammation which represents an important limitation of
this approach (225, 226).

Some more extensive investigations are still necessary to better understand the mechanisms of

release and action of purines derivatives when delivered as nanoparticles.

XI. Stents coated with nanoparticles as delivery systems

The use of stents to keep open a stenotic vessel has demonstrated a beneficial effect in patients
with heart ischemia, even if in-stent restenosis due to abnormal cell growth into the vessel
lumina and thrombosis represent the major failures of this treatment. Thus, stents coated with
different drugs (drug eluting stents (DESs)) have been developed to prevent smooth muscle
cell growth and proliferation, as well as, inflammation and thrombogenesis. A series of
investigations have focused on the use of stents coated with antiproliferative agents such as
sirolimus, everolimus, zotarolimus, paclitaxel, dexamethasone or statins. The DESs use
synthetic or natural polymers (biodegradable or non-biodegradable) as a foundation upon
which are incorporated active molecules. They have demonstrated to be effective in reducing
late restenosis but current DESs lack the capacity to adjust the drug dose and release kinetics
appropriately, according to the disease status of the treated vessel. Recently, a new generation
of DES coated with nanoparticles as delivery systems have been developed and preclinically

evaluated (227, 228). Interestingly, these new nanoparticles coated DESs were found to be
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more efficient for the treatment of restenosis, because local delivery could reach specific cell
types in sufficient concentrations over time, thus achieving lower systemic toxicity. For
example, imatinib mesylate (a PDGF receptor tyrosine kinase inhibitor) (227) and statins
(known to inhibit the proliferation of vascular smooth muscle cells) (228) were encapsulated
into bioabsorbable polymeric NPs-eluting stent. Both systems showed an attenuated in-stent
restenosis when administered in a porcine coronary artery model. However, these studies were
performed in normal pigs without pre-existing atherosclerotic lesions, which makes the
comparison with clinical situation quite difficult. Moreover, both studies did not evaluate the

long term efficacy and toxicity of these new medical devices.

Currently, paclitaxel loaded albumin nanoparticles (SNAPIST-I (229) and SNAPIST-III) and
paclitaxel loaded liposomes were tested in clinical trials (https://clinicaltrials.gov) for the
prevention of in-stent restenosis. In SNAPIST-I study, the patients received a single dose of
paclitaxel-loaded nanoparticles administered via intracoronary catheter, immediately
following percutaneous transluminal coronary angioplasty/stenting or balloon angioplasty.
Systemic treatment was well tolerated at doses below 70 mg/m? with no significant adverse
effects (229, 230).

We do not include additional details on nanoparticles drug eluting stents for the prevention and
treatment of coronary restenosis because this subject has already been addressed previously

in excellent reviews (231, 232).

XII. Nanoparticular systems for heart regeneration

In recent years, cell therapy has received increased attention for cardiac repair after heart
ischemia. The injection of stem cells could allow for regeneration of the heart tissue and may
limit the chronic aspect of heart infarction. Adult stem cells, such as autologous bone marrow
derived stem cells (233), mesenchymal stem cell-like (234), peripheral blood endothelial

progenitor cells (235, 236) or resident cardiac stem cells (237) have been tested in clinical trials.
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It has resulted, however, that grafted cell generally have low retention during and immediately
after intracoronary or intramyocardial injections. Some studies highlighted apoptosis as the
culprit underlying low engraftment (238), while other investigations showed that the venous

drainage and the contraction of the beating heart accounted for significant loss of transplanted

Cardiac patch

Intravenous injection
\77 [~

stem cell growth factor

Figure 5: Heart tissue regeneration using nanostructured materials. For heart tissue regeneration,
one of the main challenges lies in ensuring localization of stem cells and growth factors at the infarct
site. (a) Other than direct injection into the heart, stem cells can be loaded with superparamagnetic
SPIO nanoparticles which allow for magnetic attraction and retention at the lesion site after
intravenous injection. (b) Cardiac patches are another method allowing for efficient retention of

stem cells at the infarct zone.

cells (239, 240). In other words, the majority of transplanted cells are washed out along with
myocardium contraction. It was even reported that only 1.5% (range 0.2%-3.3%) of
transplanted stem cells accumulated in the myocardium 2 h after administration in patients
(241).

Magnetic attraction of superparamagnetic iron oxide nanoparticles (SPIONs) or magnetic
microspheres loaded stem cells has been considered in order to concentrate and retain cells in
the targeted tissue (Fig.6a and Table 3). The cell uptake of SPIONs occurs via endocytosis after
incubation at different time intervals before injection into animals (242, 243) and did not affect
the overall cell viability (244). Enhancement of cell retention and improvement of cardiac
function was confirmed by qRTPCR and immunohistochemistry in different studies (245, 246).
Numerous studies have underlined the importance of MRI to detect and localize iron labelled
stem cells after injection into rats (247) or mice (248) with heart ischemia. However, if at early
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time (24 hours) after transplantation of SPIO-labelled mesenchymal stem cells, the engrafted
cells were detected at the site of injection, later (few weeks), they were no more visible in the
scar tissue because SPIONs were captured by macrophages. These finding suggests that SPIONs
may not be a reliable marker to monitor the transplanted stem cells in the long term (244, 249).
An interesting strategy to follow-up the transplanted cells survival is the use of markers for
bioluminescence imaging. However, this approach requires the creation of stable cell lines
expressing firefly luciferase (250). More recently, an interesting alternative has been proposed,
consisting in living contrast agents such as magneto-endosymbionts derived from
Magnetotactic bacteria (251). After injection into the cardiac infarcted area of mice, iCPMs
labelled with magneto-endosymbionts were cleared and no more visible within one week after

cell death.

Cardiosphere-derived cells (CDCs), a natural mixture of cardiac stem cells and supporting cell
types, were also used for cardiac repair (242). Cheng et al,. (252) have employed a magnetic
field to counteract the venous washout and to improve rat cardiosphere-derived cells retention
when labelled with superparamagnetic microspheres particles (0.9 um) and injected into the
heart of rats with experimental open chest myocardial infarction. With this therapeutic
modality, a beneficial effect was observed three weeks after intracoronary administration of
these human cardiospheres-derived cells. Later, the same authors demonstrated better ejection
fraction after autologous intracoronary injection of CDCs in rats with ischemia and reperfusion
after being subjected to an external 1.3 Tesla circular NdFeB magnet (253). However, the risk
of capillary occlusion with the cardiac spheres should not be underestimated and may
represent a limitation of this approach.

In another study, iron oxide nanoparticles were conjugated with two types of antibodies: one
against CD45 antigen expressed on bone marrow-derived stem cells and another directed
towards CD34-positive cells of injured cardiomyocytes (254). After loading onto stem cells and
injection under influence of a magnetic field, such nanoconstructions allowed antibodies to link
the therapeutic stem cells to the injured cells. This resulted in a significant reduction of scar
tissue formation in rats with heart ischemia and reperfusion. However, it remains unclear if
magnetic accumulation of stem cells could also enhance the risk of coronary micro-
embolization and additional experiments are certainly needed to evaluate the real benefit/risk

ratio, especially at later time points after treatment.
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TAELE 3
Preclinical examples of homing stem cells with magnetic nanoparticles, microspheres or nanofibers for cardioprotection.
Orlgin of stem cell Carrier characteristics Protocols Main results Refs,
Rat, MSC from BM  Iron NPs (SPI0), 62 nm ® 12 10° magnetic M5C injected into = At 3 weeks: 2.73-2 87 fold enhancement of [245]
the left cardiac veln of rat with M1 cell engraftment retention of transplanted
» 0.6 Tesla magnet placed above the cells
heart » Improvement of cardiac function
= Attenuation of left ventricular remodeling
Rat, MSC from BM  Iron NPs (Ferumoxide = Injection of 2 = 10° SPIO labeled MSCs » At 4 weeks: SPIO labaled MSC are in [244]
(Emvlcrenn 7 days after M macrophages
» Antenuation of left ventricular dilatation and
dysfunction of the myocardiem
Human cord Irom MPs, & nmn, citrate coated = Rats with Mi for 30 min followed by » Detection of cells 24 h later [245]
blood-derived 20 min of reperfusion » Enhancement of myocardial retention of
endathelial » Intraventricular inpection of SFI0 labeled cells
progenitor cells labeled cells
» External magnetic field application on
chest cavity
Rat, cardiospheres Iron microspheres » 1.3 Tesla magnet application on rats ~ » At 3 weeks: acoumulation around schemic  [252]
derived cells with MI zone
= Injection directly into myocardiem at 4 « Attenuation of left ventricular remodeling
sites around the border zone
Rat, cardiospheres- Fluorescence conjugated » Rat with ischemia 45 min and » Enhancernent of cell engraftrment persisted [253]
derived cells superparamagnatic reperfusion for at beast 3 weeks
microspheres = 20 min later after reperfusion Injection » Redwced scar tisswe, enhancernent of cell
of 1, 3 or 5 = 10° cells into left ventricular therapy benefits
cavity Intracoronary Injection of MPs
= Application of an extemnal magnetic
field 1.3 Tesla
Humian Irom MPs (Ferumosytal) » Rats with MI for 45 min and reperfusion » 3 weeks after: left ventricular remodeling  [242]
cardiospheras = Intracoronary Injection of labeled cells amenuathon
derived stem » Enhanced anglogenesis
cells
Rat, BM derived Irom MPs (Ferumoxytol), coated = Iron MPs conjugated with CD45 and  » Reduction of scar tissee formathon [254]
stemn cells with carboxylated dextran CD34 against stem cells » Augmentation of cardiac function
polymer, ~35.7 nm, zeta potential » Lv. infushon into rats with MI for 3 hours
—9.6 and 20 min reperfusion
Autologus MNC Peptide nanofibers » Injection of 1 10° cells = At 2B days after treatment: improved [257]
from BM Intramyocardially into M plg model diastolic function
» Reduced ventricular remodeling
Cardiomyoblasts  Superparamagnetic iron oxdde » Labeling of cells with Feridex or = A strong signal detection difference [251]
cell lime [Feridex] transfiected with Fluc between BLI and MRl (halflife = 2.65 days
ower 6 days and 16.8 days over 80 days
respectively)

M50 mesenchymal stem cells; BM: bane manmow; SPI0: superpaamagnetic iron codde; MNC: monanudear cells.

Even if the safety issues related to intravenously injected magnetically responsive stem cells
may still represent a matter of debate, the major advantages of this method lie in the non-
invasive administration of a reduced number of cells, actively homed to the injured
myocardium.

Another method for regenerative cardiac tissue engineering is the implementation of cardiac
patches for treating damaged heart tissue (Fig. 6b). Cardiac patches are, indeed, considered a
promising strategy for enhancing stem cell therapy of myocardial infarction by allowing better
retention of stem cells in the infarcted area, as well as, local delivery of bioactive molecules (e.g.
growth factors) (255).

The materials used can be either natural or synthetic. Among natural biomaterials largely used
are collagen, fibrin and hyaluronan but also polysaccharides, such as alginate, chitosan or
dextran. Another type of natural biomaterial is represented by decellularized extracellular
matrix (ECM). The major advantages of these natural biomaterials are their biocompatibility
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and ability to mimic native ECM which can help in tissue regeneration.

Self-assembling peptide nanofibers represent an interesting approach to improve cell therapy
for myocardial infarction. Indeed, nanofibers loaded with insulin-like growth factor (IGF1)
combined with neonatal cardiomyocytes and injected into the infarct zone of rats with
experimental ischemia, have shown a cardioprotective effect as well. It was hypothesized that
the slow local delivery of IGF1 activated critical survival pathways and improved transplanted
cell growth (256). A similar cardioprotective effect was also observed in pigs with experimental
cardiac ischemia, when receiving autologous bone marrow mononuclear cells (MNC) combined
with self-assembling peptide nanofibers. It was hypothesized that nanofibers could act as a
scaffold for the MNC, allowing their adhesion and differentiation (257). Very recently (258), it
was found that epicardial cells expressed follistatin-like 1 (Fstll), a protein with a potent
cardiogenic activity. However, Fstll epicardial expression declines following myocardial
infarction. Interestingly, the application of human Fstl 1 protein via an epicardial 3D collagen
nano-fibrilar patch was observed to stimulate cell cycle entry and division of pre-existing

cardiomyocytes in mouse and swine model of myocardial infarction.

On the other hand, synthetic materials offer a better control of patches structure, porosity, and
mechanical strength. For example, nanofibers made of tri-dimensional polymeric matrices of
polylactic-co-glycolic were used in cell based therapies for inducing repair after myocardial
infarction (259, 260), allowing for cellular integration and minimal inflammation. As a result,
enhanced neovascularisation, reduced fibrosis and ameliorated ventricular function have been
noted. Also, nanofibers were used to deliver growth factors to enhance neovascularisation and
ameliorate blood flow.

Comparable results were obtained with porous patches made of Poly(e-caprolactone)/gelatine
seeded with mesenchymal stem cells (261, 262) or bone marrow stem cells (263) and
implanted into the epicardium of rats with experimental ischemia. Four weeks after
implantation, it was observed that the transplanted cells were able to migrate towards scar
tissue (262).

Interestingly, cardiovascular patches may also be loaded with gold nanoparticles to provide
conductive capacity. In an original approach, cardiac patches were engineered by seeding
cardiac cells from neonatal rats within 3D porous alginate scaffolds. It was demonstrated that
incorporating gold nanowires within the alginate scaffolds could improve electrical
communication between adjacent cardiac cells which succeeded to contract synchronously

(264). Later, other types of scaffolds gathering together gold nanoparticles and neonatal
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cardiac cells seeded on a decellularised matrix (265) or on a chitosan thermosensitive hydrogel
(266) were proposed for cardiac tissue engineering. Recently, three-dimensional macroporous
and flexible nanoelectronic scaffolds with synthetic or natural biomaterials were developed to
mimic the cardiac tissue structure in a cardiomyocytes culture (253, 267).

For more information on the use of cardiac patches, nanostructured or not, excellent detailed

reviews already exist (268-271).

These preclinical results obtained with different nanomedicines are encouraging for cardiac
therapy after myocardial infarction. Special attention should be paid on the fact that cell
implantation success is strongly influenced by the retention and proliferation of the surviving
cell fraction, where extensive cell death after transplantation is induced by a lack of blood

vessels (due to ischemia) and by anoikis (death due to matrix detachment) (272).

XIII. Conclusion and future perspectives

Even if nanomaterials offer new opportunities for the treatment of chronic atherosclerosis and
myocardial ischemia/reperfusion, preclinical studies remain still few in number for the
different drug categories. Despite the in vivo pre-clinical proofs of concept reported in this
review, there are currently no FDA approved nanomedicines for the treatment of
cardiovascular diseases. At present, only a few nanosystems are in clinical trials. Such is the
case for prednisolone-containing liposomes in atherosclerotic plaque treatment (Phase 2) (273)
and for paclitaxel loaded albumin or liposomes for the prevention of in-stent restenosis (Phase

3) (229).

The reason why the encouraging preclinical findings with nanomedicines in different animal
models of atherosclerosis are not systematically validated in clinical trials remains an open
question. A reason for this is linked to the relevance of the animal models used to validate initial
in-vivo efficacy. For instance, the accelerated development of atherosclerosis in animal models
has been shown to create atherosclerotic lesions with somewhat different properties from
those found in humans (67). Concerning heart ischemia, the failure to translate the observed
cardioprotective effects in the clinical setting may stem from non-relevant preclinical studies
which are often performed on young healthy animals, while patients with heart ischemia are
generally old and have a number of comorbidity factors (ie, diabetes, hypertension,

hypercholesterolemia ...).
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Also, most investigations assess nanomedicines after relatively short periods of time following
reperfusion, whereas a much longer period is needed to accurately evaluate the effects of these
nanomedicines on the heart functionality, regeneration and their potential toxicity.

In fact, a high proportion of the literature solely focuses on the treatment of acute ML
Encouraging advances have been made in this field, but the treatment of chronic myocardial
infarction (e.g, growth factor and stem cell therapy for cardiac regeneration) remains a
potentially fertile area of study in the treatment of cardiovascular diseases using nanomaterials.
The final goal concerns the regeneration of functional myocardial tissue, unlike acute MI
mitigation which essentially aims at salvaging the heart ischemic tissue.

Another reason for the disappointing clinical translation of cardiovascular nanomedicines is
linked to the modes of administration tested in preclinical models, when the few strategies
available should be better evaluated with human physiology in mind. Local drug delivery has
an important advantage, as it allows to easily concentrate the drug at the disease site. It seems,
however, that such an approach, while well suited for growth factors or for stem cells injected
intramyocardially or into the border zone of necrotic areas, shows some limits. Although
relatively easy to implement in preclinical models, its clinical translation remains more
complicated because of the invasiveness of the method. Additionally, direct myocardial
injection is often volume-limited and suffers from the tendency of the heart to circulate injected
therapeutics. Another strategy for the delivery of therapeutics to the myocardium is through
an intracoronary catheter. In fact, percutaneous coronary intervention provides a unique
opportunity for the administration of nanomedicines at the critical time of reperfusion. While
this strategy is less invasive it can also be less adequate when the coronary arteries are
compromised (72, 274). As such, there is an urgent need for more standardisation of preclinical
studies and protocols in order to allow for the pertinent selection of the most effective

nanomedicines.

The most common strategy remains intravenous administration of the nanocarriers, less
invasive and easier to implement than both local and intracoronary delivery modalities. Its
main drawbacks lie in the insufficient accumulation of drug at lesions sites. Through the use of
actively and passively targeted nanoparticles, nanomedicines can circumvent some of these
hurdles but investigators should remain conscious of the discrepancies between animal models
and humans.

Failure in this sense may result in the differences observed between animal and human trials

such as in the case of the EPR effect which is less observed in humans than in animals, due to
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excessive interstitial pressure or poor status of endothelial vessels in ischemic zones. In fact, to
ensure successful clinical application of nanomedicines, the choice of the administration mode
should also carefully be thought out from the initial design stages of the nanosystem depending

on the therapeutic agent (e.g., drugs, genes or cells) and the targeted pathway.

Likewise, to be efficient, nanomedicines for atherosclerosis and myocardial ischemia must fulfil
several criteria. Most importantly, the materials used for nanoparticle formulation need to be
biocompatible and biodegradable, while the nanoparticles themselves should have adequate
size, blood residence time and stability to target multiple lesion sites. It follows that the physico-
chemical characteristics of nanomedicines should to be finely controlled to allow for
reproducibility of obtained therapeutic results. Moreover, the formation of a protein corona
may directly impact the biological identity of nanomedicines, which may in turn drastically alter
their biodistribution and efficacy. The issue of the “personalized protein corona” could also
represent another key factor. Discrepancies in blood protein make-up among species and
individuals, resulting in variability of NPs targeting, drug release and bioavailability should be
reported and better taken into account when developing nanomedicines. Thus, a more precise
understanding of nanoparticles interaction with the blood environment is necessary to advance
the predictable clinical translation of nanomedicines. The interaction with certain types of cells
such as macrophages or endothelial cells should also be well mastered for optimum therapeutic
efficacy. Additionally, a detailed knowledge of the disease at different stages of development is
essential in order to develop a targeted specific treatment for personalized cardiovascular
medicine.

Nanoparticles toxicity, especially in acute conditions, may also remain an important issue.
Ideally, nanocarriers allow to target the site of disease, carry and release their payload in a
controllable fashion, and eventually are degraded by the body’s metabolic processes into non-
toxic metabolites. Great strides have been made towards the development of FDA approved
biocompatible materials for use in clinical medicine. However, some research remains to be
done. Notably, it is known that due to complement activation after intravenous injection,
nanoparticles may induce reactions known as "C activation-related pseudoallergy" or CARPA
(275, 276). The liver accumulation of high amounts of nanoparticles may also affect hepatic
functions. Concerning the cardiovascular system, upon systemic injection, the heart is one of
the first organs to be exposed to NPs. However, in normal conditions, the nanoparticles do not
accumulate in this tissue and cause little cardiac toxicity. In general, encapsulation into

nanoparticles or liposomes of anticancer drugs with a cardiac toxicity profile even results in an
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important reduction of cardiac toxicity (277).However, in ischemic conditions, nanoparticles
may accumulate into the heart (through the EPR effect), and new toxicological risks deserve to
be investigated. Even if some data already exist in the literature concerning the cardiotoxicity
of some nanomaterials, like for silica, carbon and some metallic nanoparticles (278, 279), they
remain too scarce. The search for specific cardiotoxicity of nanoparticles in ischemic conditions

represents therefore an interesting research area for the future.

Finally translation from bench to bedside is further hampered by the complex architectural
design of many nanomedicines, like those with engineered surface functionalization or stimuli-
responsive capabilities. Such complexity often results in difficulties for performing
reproducible sample preparation and scaling-up. It is the opinion of the authors that future
research should concentrate more on the construction of elementary nanocarriers,
pharmaceutically more easy to develop and whose preparation is transposable to the industrial
scale. There is, therefore, still considerable room for the development of novel biomaterials that
could prove intrinsically superior to currently used nanoformulations. For example, we have
previously reported the design of biocompatible drug-squalene materials which spontaneously
self-assemble in water to form nanoparticles with high drug loading and absence of burst
release, acting as efficient drug carriers and displaying targeting abilities due to their similitude
with endogenous molecules (280, 281). Also, since the mechanisms of ischemia/reperfusion
are well known today, it would be interesting to develop multidrug nanomedicines able to
interfere with different processes such as angiogenesis, inflammation and free radical

generation.

If considerable progresses have already been made possible, thanks to multidisciplinary
approaches combining the complementary skills of chemists, material scientists, physico-
chemists, drug delivery researchers and pharmacologists, there is still a requisite to bring more
expertise from pharmaceutical developers, clinicians and regulatory officers to bridge the gap

of nanomedicines from bench to bedside.
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Squalene-based multidrug
nanoparticles for improved mitigation
of uncontrolled inflammation

Abstract

During uncontrolled inflammation, the production of various reactive oxidant
species in excess of endogenous antioxidant defense mechanisms promotes the
development of oxidative stress, with significant biological consequences. In recent
years, evidence has emerged that this oxidative stress plays a crucial role in the
development and perpetuation of the pro-inflammatory state. Currently, effective
treatments against this crosstalk between inflammation and oxidative stress are
lacking, and patient care remains primarily selective of one or the other. Here we
report on the development of multidrug nanoparticles for the mitigation of
uncontrolled inflammation. The nanoparticles are made by conjugating squalene, an
endogenous lipid, to adenosine, an endogenous immunomodulator, thus yielding a
biocompatible pro-drug based nanocarrier. This prodrug nanocarrier was used to
encapsulate a-tocopherol, a natural antioxidant, yielding high drug loading,
biocompatible, multidrug nanoparticles. By exploiting the vascular endothelial
barrier dysfunction at sites of acute inflammation, these multidrug nanoparticles
could (i) deliver the therapeutic agents in a targeted manner, (ii) improve their
bioavailability, and (iii) enact potent antioxidant and anti-inflammatory action. In
mouse models of LPS-induced endotoxemic shock, treatment with these
multifunctional squalene-based nanoparticles, termed SQAd/VitE NPs, reduced
oxidative stress, curtailed pro-inflammatory signaling and ultimately conferred a
significant survival advantage to infected animals. Selectively delivering adenosine
and antioxidants together could serve as a novel approach for the treatment of acute

inflammation with reduced-side effects and high therapeutic potential.

Significance Statement
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Growing evidence has indicated that uncontrolled inflammation is often driven by
continuous positive feedback loops between pro-inflammatory signaling and
oxidative stress. There are currently no effective ways to counter this crosstalk in a
targeted manner. Herein, we demonstrate the therapeutic potential of squalene
prodrug-based nanoparticles for inflammation control through a powerful two-drug
neutralization process: adenosine as a potent inflammation mediator and
tocopherol for efficient protection against oxidative stress. The multidrug
nanoparticles are able to target the site of acute inflammation because of the
vascular permeability that appears there. This therapeutic option may provide a
first-in class adenosine and antioxidant based treatment that may ultimately
improve the clinical outcome of patients suffering from uncontrolled inflammatory

disorders.
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I. Introduction

Uncontrolled inflammation is a key health challenge, and is associated with numerous
diseases(1-3). A growing understanding of the pathophysiology accompanying acute
inflammation can help devise novel therapeutics for inflammatory diseases(4). Of particular
relevance, is that severe inflammation is associated with significant alterations to redox
balance(5), inducing oxidative stress to tissues and cells. Evidence accumulated over the past
two decades has pointed to significant connections between inflammation and oxidative stress,
both processes contributing to fuel one another, thereby establishing a vicious cycle able to

perpetuate and propagate the inflammatory response(6, 7).

Inhibiting pathological inflammatory responses and the crosstalk between oxidative stress and
inflammation presents various challenges(8). For instance, while potent anti-inflammatory
agents —such as corticosteroids- already exist, these have fallen short in acute inflammatory
conditions such as sepsis, because of their negative effects on tissue repair and the reported
adrenocortical insufficiency common in sepsis patients(9). Adenosine, an endogenous purine,
and adenosine receptor agonists have shown promise by promoting the resolution of
inflammation(10, 11), but their systemic administration is associated with rapid clearance(12)
and unacceptable medical side effects(13) related to untargeted adenosine receptor
activation. Similarly, antioxidant supplementation has been attempted(14-17) to scavenge
reactive species during acute inflammation, but remains limited by poor pharmacodynamics
and tissue penetration(18). Recently, multidrug treatments of low-dose hydrocortisone with
antioxidants have emerged as a promising approach for the mitigation of uncontrolled
inflammation(19), simultaneously inhibiting pro-inflammatory cascades and scavenging
reactive oxygen species. However, so far, most of the antioxidants used in this context perform
their action predominantly in the plasma. While this is useful during the initial hyper-
inflammatory stages of the body response, it is ineffective at inhibiting the pathological redox
cycles happening inside cells and tissues(18) - as plasma antioxidant levels poorly correlate

with intracellular antioxidant levels(20).

To improve on these issues, and taking into account the potential of adenosine and multidrug
therapies for the resolution of inflammation, we propose here a novel prodrug-based
nanoparticle formulation, enabling the targeted delivery of adenosine and tocopherol to the

sites of acute inflammation. We show that the bioconjugation of adenosine to squalene, an
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endogenous lipid, and further nanoformulation with tocopherol led to the formation of stable
multidrug nanoparticles allowing: (i) efficient encapsulation of both drugs, (ii) reduced side-
effects and (iii) promising anti-inflammatory and protective effects in models of endotoxemia
and lethal systemic shock. Furthermore, we also report evidence that these squalene-based
nanoparticles could target inflamed tissues in multiple murine models of inflammation for
selective adenosine receptor activation and antioxidant action. These functionalities together
enabled a therapeutic intervention with significant potential for the antioxidant management
of acute inflammatory diseases and improved the use of adenosine as a pro-resolving

pharmaceutical agent.

II. Materials and Methods

1. Preparation of Squalene based Nanoparticles.

Squalene-adenosine (SQAd) was synthesized as previously described (21) and the resulting
nanoparticles were prepared using the nanoprecipitation technique. Briefly, SQAd was
dissolved in absolute ethanol (6 mg/mL), and added dropwise under strong stirring to a 5%
(wt/vol) dextrose solution. Ethanol was then completely evaporated using a Rotavapor (90 rpm,
40 °C, 42 mbar) to obtain an aqueous suspension of pure SQAd nanoparticles (2mg/mL).
Multidrug SQAd/VitE nanoparticles (50:50 wt%) were obtained by dissolving SQAd (3 mg/mL)
and VitE (3 mg/mL) (a-tocopherol, Sigma-Aldrich) in absolute ethanol and adding the solution
dropwise under strong stirring to a 5% dextrose solution with subsequent ethanol evaporation
to obtain an aqueous suspension of SQAd/VitE nanoparticles (2 mg/mL). Fluorescent
nanoparticles were obtained by the same procedure, except 1% (wt/wt) of fluorescent probe
(SQ conjugated Rhodamine B (SQRho)) or 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate (DiD) was added to the ethanolic phase. All NP
sizes (hydrodynamic diameter) and surface charges (zeta potential) were measured using a
Malvern Zetasizer Nano ZS 6.12 (173° scattering angle, 25 °C). For the size measurements by
dynamic light scattering (DLS), a good attenuator value (7-9) was obtained when suspending
20 pL of NPs in 1 mL of distilled water. The mean diameter for each preparation resulted from
the average of three measurements of 60 s each. For zeta potential measurements, 70 pL of NPs
was dissolved in 2 mL of KCI 1 mM, before filling the measurement cell. The mean zeta potential
for each preparation resulted from the average of three independent measurements in
automatic mode, followed by application of the Smoluchowski equation. Morphology was

observed by cryogenic TEM (cryoTEM). For this, drops of the NP suspensions (2mg/mL) were
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deposited on EM grids covered with a holey carbon film (Quantifoil R2/2) previously treated
with a plasma glow discharge. Observations were conducted at low temperature (-180°C) on a

JEOL 2010 FEG microscope operated at 200 kV. Images were recorded with a Gatan camera.

2. Encapsulation efficiency experiment.

SQAd/VitE NPs with different VitE content were formulated in 5 % dextrose solution and
subsequently washed with water twice, using a ultrafiltration device (molecular weight cut-off
100,000). NPs were dissolved in ethanol and measured by HPLC to determine VitE content. A
high-performance liquid chromatograph Waters Alliance 1695 (Waters, Milford, MA), equipped
with a Waters DAD 2996 photodiode array detector, Hewlett-Packard computer with a Waters
Empower 3 software and a Waters autosampler with a 50 4L loop was used, with simultaneous
spectra detection wavelengths from 200-600 nm recorded for all peaks. A Waters Xselect LC-
18 column (2.1 x 150 mm, 3.5 um) was used with a non-gradient mobile phase of acetonitrile
and methanol (v/v 50/50) at a constant flow rate of 1 mL/min. The VitE peak was measured at

a wavelength of 216 nm and quantitatively determined by comparing with a standard curve.

3. Intracellular ROS detection assay.

HO9c2 cells (50 000 cells/well) were seeded in a 12-well plate and cultured for 24 h at 37°C. The
cells were treated for 2 hours with SQAd/VitE NPs or controls diluted in culture medium at a
concentration of 10 pg/mL for standard tests or according to the described dose for dose-
response experiments. Cells were washed with PBS and incubated with medium containing
hydrogen peroxide (H20z, final concentration 0.5 mM). After 30 min, H202 containing medium
was removed and the cells were washed with PBS. Intracellular ROS production was detected
using Abcam Cellular ROS Assay Kit (Deep Red) per manufacturer instructions. Briefly, the ROS
detection probe was diluted in PBS and cells were incubated with this staining solution for 30
min. Staining solution was removed, cells were washed with PBS and treated with 300 pL of
0.25% trypsin solution for 5 min at 37 °C. The trypsin solution was inhibited by adding 0.7 mL
of medium and cell fluorescence was recorded using an Accuri flow cytometer C6 (Accuri

Cytometers Ltd.). Necrotic cell death was assessed by propidium iodide staining at 10 pg/mL.

4. Nitric oxide assay.
Nitrite (NO2-) release was assessed with freshly prepared Griess reagent. Briefly, in 96-well
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plates (20 000 cells/well) RAW264.7 cells were treated for 2 hours with SQAd/VitE NPs or
controls diluted in culture medium at a concentration of 10 pg/mL. LPS was added at a final
concentration of 1 pg/mL for 24 h for macrophage stimulation. For co-treatment experiments,
SQAd/VitE NPs treatment was also performed concurrently to LPS stimulation. After LPS
stimulation, the Griess reagent was added in equal volume to culture supernatants. The
absorbance at 550 nm was measured on a Perkin Elmer absorbance reader after 10 min of
incubation in the dark at room temperature. The NO2- concentrations were determined using

standard curves prepared from sodium nitrite (NaNO2) at various concentrations.

5. Invitro evaluation of pro-inflammatory cytokines production.

LPS stimulation and drug treatments were performed in the same way than with Nitric oxide
assays. After LPS stimulation for 24 h, cell supernatants were retrieved and centrifuged for 5
min at 1000 g to remove cell debris. Inflammatory cytokines production was evaluated using a
Biolegend ELISA mouse TNF-a cytokine detection kit per manufacturer instructions
(BioLegend, USA). Supernatants were diluted 20X with Assay Diluent prior to detection

experiment.

6. Animal Care.

Male C57BL/6] and female BALB/c mice were purchased from Janvier Labs (France) for
systemic inflammation and biodistribution studies, respectively. Animals were housed in a
standard controlled environment (22° + 1°C, 60% relative humidity, 12-hour light/dark cycles)
with food and water available ad libitum. Experiments were approved by the Animal Care
Committee of the University Paris-Sud, in accordance with principles of laboratory animal care
and European legislation 2010/63/EU. All efforts were made to reduce animal numbers and

minimize their suffering, as defined in the specific agreement (registration no. APAFIS#16257).

7. Biodistribution studies.

For the paw inflammation study, experiments were performed on 18 weeks old female BALB/c
mice. Paw inflammation was caused by intraplantar injection in the right paw of 100 ng of LPS
(Sigma-Aldrich 0111:B4) dissolved at 5 mg/mL in physiological saline (NaCl, 0.9%). Animals
received a control injection of 20 pL saline in the left paw. In vivo imaging biodistribution

studies were performed after two hours, following intravenous injection of fluorescent
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SQAd/VitE NPs (100 pL, 2 mg/mL, containing 1% DiD) or control fluorescent DiD solution (100
uL, 20 pg/mL in 5% dextrose solution). The biodistribution of the NPs was recorded at 0.5, 2, 4
and 24 hours with the IVIS Lumina LT Series III system (Caliper Life Sciences) using 640 nm
excitation and 695 nm emission filters. During imaging, mice were kept on the imaging stage
under anesthesia with 2% isofluorane gas in oxygen flow (1 liter/min) and were imaged in
ventral position. Images and measures of fluorescence signals were acquired and analyzed with
Living Imaging software (Caliper Life Sciences).

For the systemic inflammation study, experiments were performed on 12-week old male
C57BL/6] mice. Systemic inflammation was caused by i.p. injection of LPS (Sigma-Aldrich
0111:B4) atadose of 7.5 mg/kg. Non-inflamed control animals did not receive the LPS injection.
After two hours, animals received intravenous injection of fluorescent SQAd/VitE NPs (100 uL,
2 mg/mL, containing 1% SQRho) or control fluorescent rhodamine B solution (100uL, 20
pug/mL in 5% dextrose solution). After 24 hours, animals were deeply anesthetized with an i.p.
sodium pentobarbital injection before euthanasia by intracardial perfusion of 40 mL of saline
(8 mL/min), until the fluid exiting the right atrium was entirely clear. The liver, heart, lungs,
kidneys and spleen were excised and immediately imaged with the IVIS imager using 560 nm
excitation and 620 nm emission filters. Images and measures of fluorescence signals were

acquired and analyzed with Living Imaging software (Caliper Life Sciences).

8. Invivo efficacy.

The therapeutic efficacy of SQAd/VitE NPs was evaluated in vivo in a mouse endotoxemia model
with 8-12 week-old male C57BL/6] mice. To evaluate the efficacy through cytokine production,
endotoxemia was induced by intraperitoneal injection of a 7.5 mg/kg dose of LPS (Sigma
0111:B4) diluted at 1.875 mg/mL in buffered saline. Mice injected with LPS alone were used as
controls. 30 min after LPS injection, SQAd/VitE NPs (15 mg/kg SQAJ, (ie. equiv 5.5 mg/kg Ad
and 15 mg/kg VitE), SQAd NPs (15 mg/kg SQAd, equiv 5.5 mg/kg Ad) or free Ad/VitE (5.5
mg/kg Ad and 15 mg/kg VitE with 1% Pluronic® F-123 vehicle) were intravenously injected
via the suborbital vein. Following the injections, blood samples (~100 pL) were collected at
predetermined time points via submandibular puncture before terminal cardiac puncture and
organ collection. Plasma was obtained by centrifuging blood samples at 2000 rcf for 10 min and
stored at -78°C before further analysis. In the plasma, cytokines, including IL-10 and TNF-q,
were quantified by Biolegend ELISA mouse kit per manufacturer instructions. Organ

homogenates were obtained with a Heidolph Instruments (Germany) RZR-2021 organ
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homogenizer in PBS at a concentration of 500 mg/mL. Pro-inflammatory cytokines in organ
homogenates were quantified using a cytometric bead array per manufacturer’s instruction
(BD Biosciences). For MDA content in the lungs, 10 mg of lung tissues were homogenized on ice
in 300 pL of MDA lysis buffer containing 3 uL. BHT antioxidant solution as per manufacturer
instruction (Biovision, Lipid Peroxidation MDA Fluometric Assay Kit). To evaluate efficacy
through survival in the lethal LPS model, mice were sensitized to the lethal effects of LPS with
D-galactosamine hydrochloride (Roth, Germany) via i.p. injection of a 8 mg dose concurrently
to LPS injection at 2 pg/kg. After 30 min, nanoparticles or free drugs as controls were injected
intravenously. Signs of disease severity were evaluated at predetermined time-points using a
previously described disease scoring system(22). For histological evaluation, organs were fixed
for 24 h in 4% PFA and then embedded in paraffin. Sections (5um) were deparaffinized and
stained with hematoxylin-eosin (H&E, VWR, France). Slides were scanned with a digital slide
scanner NanoZoomer 2.0-RS (Hamamatsu, Japan), which allowed an overall view of the samples.
Images were digitally captured from the scan slides using the NDP.viewZ software

(Hamamatsu).

9. Blood pressure measurements.

For blood pressure measurements a Kent Scientific (Torrington, USA) Coda tail-cuff VPR blood
pressure measurement system was used. C57BL/6] mice were acclimated to the procedure for
two days before measurements to avoid undue stress and experimental artifact. For all
measurements, an experimental session of 10 acclimation cycles and 10 measurement cycles
was used. Only measurement cycles that passed Coda software acceptance criteria were
retained. For animals that received free Ad/VitE or SQAd/VitE (30 mg/kg or equivalent), the

blood pressure measurement was started immediately after i.v. injection.

95



Chapter 1

III. Results and Discussion

1. Preparation SQAd/VitE NPs

The preparation of squalene-adenosine/tocopherol nanoparticles (SQAd/VitE NPs) first
required conjugation of adenosine to squalenic acid as previously described(21). This
conjugation step was performed with moderate yield (45%) and afforded SQAd which could
then be used as a prodrug-based nanocarrier for tocopherol (Fig. 1A-B). The second step in the
preparation of multidrug squalene-based nanoparticles consisted in encapsulating tocopherol
(VitE) in SQAd nanoparticles which was performed by a nanoprecipitation technique. Following

nanoprecipitation and solvent removal, the VitE content of the nanoparticles was evaluated.
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Figure 1. Formulation and characterization of multidrug squalene-adenosine/VitE nanoparticles
(SQAd/VitE NPs). (A) Schematic representation of SQAd bioconjugation and VitE encapsulation to
afford SQAd/VitE NPs. (B) Structure of squalene-adenosine, with adenosine moiety in blue. (C) VitE
encapsulation efficiency in SQAd/VitE NPs as measured by HPLC. (D) Hydrodynamic size of
SQAd/VitE NPs (diameter, nanometers) measured by dynamic light scattering (DLS). (E)
Measurement of surface -potential of SQAd/VitE and SQAd NPs. (F) Cryo-TEM images of SQAd/VitE
NPs (scale bar: 100 nm). (G) Stability of SQAd/VitE NPs in 50% FBS over 5 days as measured by DLS.
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For SQAd/VitE nanoformulations containing 50 wt% VitE or less, most of the VitE present in
the precursor organic solution was found to be incorporated in the nanoparticles (Fig. 1C). For
the rest of this study, we used the SQAd/VitE NPs formulation which afforded the highest total
drug loading with proper colloidal stability, ie. SQAd/VitE (50:50) %wt. The total drug loading
of the multidrug NPs was therefore 68.6 wt%: 50 wt% VitE and 18.6 wt% Ad. When measured
by dynamic light scattering (DLS), the multidrug SQAd/VitE NPs displayed a uniform size
distribution with a mean hydrodynamic diameter of 71.2 + 3 nm and a polydispersity index
inferior to 0.2 (Fig. 1D). Surface zeta potential was measured to be -14.29 * 1.01 (s.e.m.) mV,
similar to SQAd NP only (-15.45 * 1.52 mV), ensuring proper colloidal stability (Fig. 1E). The
obtained multi-drug nanoparticles were also observed by Cryo-TEM imaging, revealing
uniform nanoparticles (Fig. 1F). Following their formulation, SQAd/VitE NPs were suspended

in 50% serum, and showed satisfactory colloidal stability over 5 days (Fig. 1G).

Squalene is an endogenous precursor of cholesterol which forms stable colloidal phases in
water(23). VitE is insoluble in water and usually co-localizes with cholesterol in low-density
lipoproteins in vivo(24). Accordingly, our results showed that VitE was efficiently encapsulated
in SQAd nanoparticles to form stable multidrug nanoparticles. Overall, the preparation of
SQAd/VitE nanoparticles is very straightforward since it simply requires an ethanolic solution
of SQAd and VitE to be added in water medium before ethanol evaporation. This procedure
didn’t require any excipients which makes the scaling-up affordable. Noteworthy, this may
represent an asset over the current trend of developing ever more sophisticated nanomedicines,
whose physico-chemical complexity represents an important factor to slow the speed and even

the feasibility of nanomedicines translation into the clinic.

2. Biodistribution Studies

To investigate if squalene nanoparticles could improve the bioavailability of the encapsulated
therapeutic agents and direct them to the inflammation foci, we evaluated the in vivo
biodistribution of SQAd/VitE NPs in two different models, one of local acute inflammation and
one of systemic inflammation. First, the in vivo circulation and biodistribution of SQAd/VitE
NPs was followed after intravenous injection of fluorescent DiD (1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindodicarbocyanine, 4- chlorobenzenesulfonate salt) - labeled SQAd/VitE NPs in a
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Figure 2: IVIS Lumina scan of mice after intravenous administration of fluorescent SQAd/VitE NPs
or control fluorescent dye solution (ventral view). (A) Biodistribution of fluorescent SQAd/VitE NPs
in mice with inflamed right hind paw and non-inflamed left hind paw. (B) Biodistribution of the free
dye in mice with inflamed right hind paw. (C) Zoom of group A at 4 hours. (D) Zoom of group B at 4
hours. (E) Analysis of the measured total radiant efficiency in the region of interest. n=3 mice per

group. Data are mean * SD. *P<0.05, **P<0.01 (Student’s t-test).
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murine lipopolysaccharide (LPS)-induced paw inflammation model. Animals received 100 ng
of LPS in their right paw and a control saline injection in the left paw. The fluorescence in tissues
was monitored non-invasively up to 24 hours, from the abdomen side using a IVIS Lumina. The
real-time in vivo imaging showed that, in comparison with the control healthy left paw, an
increase of two to three times in the radiant efficiency of the inflamed right paw could be
detected after intravenous injection of fluorescent SQAd/VitE NPs (Fig. 2A-E). In a control
experiment, when the mice received a free DiD solution, no significant accumulation of

fluorescence was observed in the inflamed paw (Fig. 2B).

In a second study, we evaluated the ability of SQAd/VitE NPs to accumulate in organs in a model
of LPS-induced sepsis. Loss of endothelial integrity is one of the hallmarks of sepsis and LPS
injection has been shown to induce capillary leakage in a [l-integrin dependent
mechanism(25). Here, rhodamine B covalently linked to squalene (SQRho, Supp. Fig. S1-S2) was
used as a fluorescent marker for SQAd/VitE NPs. Animals received LPS intraperitoneally, and
after 2h, an intravenous injection of fluorescent SQAd/VitE NPs. After 24 hours, the mice were
deeply anesthetized and intracardially perfused with 40 mL of PBS to remove blood. The
fluorescence signal in the different organs was measured using an IVIS Lumina. Mice that did
not receive an LPS challenge were used as non-inflamed controls. The fluorescent imaging
showed that, in comparison with healthy mice, LPS inflamed animals had a significant increase
in levels of total radiant efficiency in the lungs, liver and kidneys (Fig. 3).In a control experiment,
when LPS-treated mice were intravenously injected with a free rhodamine probe solution, no
significant accumulation occurred in the studied organs except the kidney, most probably

because of the renal clearance of rhodamine.

During inflammation, neutrophils interact with the vascular endothelium leading to barrier
dysfunction and increased permeability. This constitutes a unique opportunity for
nanomedicines to accumulate at the sites of organ injury and selectively deliver therapeutic
agents through enhanced permeation and retention effects(26). In the present in vivo studies,
SQAd/VitE NPs were found to accumulate at the sites of acute inflammation and endothelial
dysfunction in models of both local and systemic inflammation. When injected in vivo, free
adenosine is readily catabolized into inosine and hypoxanthine, resulting in an extremely short
blood half-life of 10 sec(12). This requires adenosine to be administered continuously and in
high doses to achieve a pharmacological response, resulting in side effects related to the

unchecked activation of the ubiquitous adenosine receptors. The targeted accumulation
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achieved by SQAd/VitE NPs could therefore potentially limit the side effects induced by
adenosine treatment and enhance the bioavailability of both drugs at the sites of inflammation

for improved therapeutic action.
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Figure 3. Ex-vivo IVIS Lumina scan of mice organs after intravenous administration of fluorescent
SQAd/VitE NPs in a septic shock model. Organs displayed from left to right Liver, Heart, Lungs,
Kidneys, Spleen (A) Biodistribution of fluorescent SQAd/VitE NPs labeled in mice that received a LPS
challenge. (B) Biodistribution of fluorescent SQAd/VitE NPs in non-inflamed mice (did not receive
LPS challenge). (C) Biodistribution of free dye in mice that received a LPS challenge. (D) Analysis of
the measured total radiant efficiency in the different organs. n=3 mice per group. Data are mean *

SD. *P<0.05, **P<0.01 (Student’s t-test).
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3. Invitro evaluation

To investigate whether SQAd/VitE NPs could effectively enact protection against oxidative
stress, we first developed an in vitro model of oxidative insult. In inflamed tissue, immune cells
produce reactive oxygen species such as hydrogen peroxide (H202) that can cross the cellular
membrane and produce intracellular oxidative stress(27) to tissue cells. When H9c2 murine
cardiac cells were incubated with H202 for 30 min, a strong increase in intracellular ROS was
detected by flow cytometry using a ROS sensitive fluorescent probe. Treatment with SQAd/VitE
NPs was efficient at limiting intracellular ROS production in a dose dependent manner (Fig. 4A-
B). While SQAd NPs controls did not provide this protection, free drug Ad/VitE in the medium
did induce some protection against the oxidative insult, most probably because of the
antioxidant action of VitE. Interestingly, this effect was less pronounced than with SQAd/VitE
NPs. The reduction in intracellular ROS correlated positively with improved cell survival to the
oxidative insult as measured by propidium iodide straining. In SQAd/VitE NPs treated samples,
only 20 % of cells were found to be necrotic, while non treated cell populations contained 80 %
of necrotic cells (Fig. 4C-D). SQAd/VitE NPs were found to be readily taken up by cells (Supp.
Fig. S3), likely through LDL receptor-mediated mechanisms as shown previously with SQAd
only nanoparticles(28). Thus, after accumulating at the sites of inflammation, SQAd/VitE NPs
are most likely able to enter cells, where they can deliver their therapeutic cargo intracellularly.
As it has been suggested(18, 29), and as demonstrated here, the intracellular delivery of the
antioxidant VitE improved its capacity to diminish oxidative stress. This cellular uptake also
likely allows SQAd/VitE NPs to generate the active adenosine in a localized manner after

hydrolysis of SQAd(30).
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Figure 4. In vitro antioxidant and anti-inflammatory properties of SQAd/VitE NPs. (A)
Fluorescent detection of ROS in H9c2 cells showing that SQAd/VitE NPs efficiently scavenge
intracellular ROS compared to free-drug or single-drug controls. (B) Dose dependence of the ROS
protective effect of SQAd/VitE NPs on H9c2 cells. (C) Evaluation of necrotic cell death by
propidium iodide staining. (D) Correlation of necrotic cell death with the amount of detected
intracellular ROS. (E) Quantification of pro-inflammatory cytokine TNF-a production in LPS
stimulated RAW 264.7 cells treated with SQAd/VitE NPs or controls. Co: SQAd/VitE NPs
treatment concurrently to LPS challenge. (F) Evaluation of nitrite content in cell medium
following LPS stimulation of RAW 264.7 macrophages with or without SQAd/VitE NPs treatment

and controls. Data are the mean + SD n=3 independent experiments. *P<0.05, **P<0.01,

We next evaluated the ability of SQAd/VitE NPs to efficiently inhibit pro-inflammatory signaling.
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For this, RAW 264.7 macrophages were used in an in vitro LPS-induced inflammation model.
RAW macrophages respond to LPS stimulation by releasing pro-inflammatory cytokines(11,
31). Accordingly, when RAW macrophages were stimulated with 1 ug/mL of LPS, a significant
increase in TNF-a cytokine was measured in the supernatant. This pro-inflammatory response
was inhibited by treatment with SQAd/VitE NPs at a concentration of 10 pg/mL for two hours.
Here, SQAd and SQAd/VitE nanoparticles had similar effects on the release of inflammatory
cytokines, indicating that adenosine could be the main effector of the observed anti-
inflammatory effect (Fig. 4E). Interestingly, when SQAd/VitE treatment was performed
simultaneously to the LPS challenge, no significant inhibition of pro-inflammatory signaling
was observed, contrary to free drug Ad/VitE. This substantiated the idea that SQAd is not active
as an anti-inflammatory agent but needs to be activated in situ to perform anti-inflammatory
activity(30).

LPS stimulation of macrophages also causes overproduction of nitric oxide by inducible nitric
oxide synthase (iNOS)(32), which results in further pro-inflammatory signaling and oxidative
stress by reactive nitrogen species (NOx)(33, 34). Thus, Raw 264.7 macrophages were
stimulated with LPS and nitrite accumulation was monitored by Griess reagent to evaluate the
consequence of SQAd/VitE NPs treatment on NOx formation. Stimulation by 1 ug/mL LPS
resulted in 7.5 pM nitrite content in the supernatant, but NOx production was significantly
inhibited after incubation of SQAd/VitE NPs at 10 pg/mL (Fig. 4F). Free drugs Ad/VitE controls
also showed efficient inhibition of nitrite accumulation, which likely resulted from free
adenosine, acting on its cognate receptors A2A and A2B, inhibiting iNOS expression(35, 36).
Interestingly here, there was no difference between pre-treated cells or cells incubated with
SQAd/VitE simultaneously to the LPS challenge (data not shown). Noteworthy, nitrite
production was significantly lower in SQAd/VitE NPs treated cells compared to cells that only
received SQAd. This indicated a synergistic action of SQAd and VitE, concurrently inhibiting the

production of NO- and trapping the produced reactive nitrogen species.

Overall, these results showed that multidrug SQAd/VitE NPs could effectively scavenge ROS in
a concentration-dependent manner and established effective pro-resolving action through the
combined effects of SQAd and VitE in vitro. By using a prodrug-based nanoformulation,
SQAd/VitE NPs did not trigger adenosine signaling until adenosine release, which could limit

deleterious side effects associated with adenosine therapy.
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4. Invivo efficacy of SQAd/VitE NPs in endotoxemia model

We then proceeded to evaluate the in vivo ability of SQAd/VitE NPs to promote the resolution
of inflammation in mice by examining their effect on the acute inflammatory response to
endotoxin. In the blood, recognition of LPS by circulating macrophages activates the redox-
controlled nuclear factor-kB (NF-kB) by Toll-like receptor 4 (TLR4) mediated mechanisms(37).
This event potentiates downstream inflammation cascades, resulting in the pathological
“cytokine storm”. In our experiments, LPS was injected in mice intraperitoneally, after which
blood and organs were collected at various time points to measure the levels of pro-

inflammatory and anti-inflammatory cytokines by enzyme-linked immunosorbent assay
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Figure 5. In vivo influence of SQAd/VitE NPs on inflammatory cytokines. (A) Mouse TNF-a in
plasma 1 h after LPS challenge as measured by ELISA. (B) Mouse IL-10 in plasma 1 h after LPS
challenge as measured by ELISA. (C) Pro-inflammatory cytokines including MCP-1 and IL-6 from
the Lungs, Liver and Kidneys (n=4), 4 hours after LPS challenge as measured by cytometric bead
array. n=4 to 8 mice per group. Data are mean * SD. ns: non significant,*P<0.05,

**P<0.01,***P<0.001 (Student’s t-test with Welch's correction, not assuming equal SD).
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(ELISA). In the blood, pro-inflammatory cytokine levels reached a maximum 1 hour after the
LPS challenge, while anti-inflammatory cytokines followed with a peak 2 hours after LPS
injection (Supp. Fig. S4). In the treatment group where SQAd/VitE NPs were injected at a dose
of 30 mg/kg (corresponding to 5.5 mg/kg of adenosine and 15 mg/kg of VitE), a significant
decrease in TNF-a together with an increase in anti-inflammatory IL-10 could be observed,
comparatively to control groups that received either no treatment, free drugs Ad/VitE or SQAd
NPs only at equivalent doses (Fig. 5A-B). This effect took place in a dose dependent manner
(Supp. Fig. S5). Next, we evaluated in organ homogenates the levels of two key pro-
inflammatory cytokines MCP-1 and IL-6, responsible, respectively, for recruiting immune cells
to the sites of inflammation and mediating the acute phase response (38, 39). In the lungs and
kidneys, four hours after the initial LPS challenge, treatment with SQAd/VitE NPs at 30 mg/kg
significantly reduced the amount of MCP-1 and IL-6 compared to non-treated or free drugs
treated controls (Fig. 5C). In the liver, results failed to reach significance but a tendency for

mitigated acute inflammation could be observed.

We next evaluated the antioxidant effects of SQAd/VitE NPs in vivo, by measuring the amount
of lipid peroxidation products in the lungs following the LPS challenge. During acute systemic
inflammation, the immune cells recruited by the extensive pulmonary capillary bed induce high
levels of oxidative stress in the lungs, resulting in substantial lipid peroxidation(40, 41). LPS
challenge resulted in an increase in lipid peroxidation products as measured by reaction of
malondialdehyde (MDA) with thiobarbituric acid (TBARS test) (5.5 nmol MDA/mg protein vs
2.75 nmol MDA /mg protein). This increase was significantly mitigated in the SQAd/VitE NPs
treatment group where, MDA levels reached only 4.04 nmol MDA/mg protein (Fig. 6A).

Together, these in vivo studies demonstrated an efficient and targeted resolution of
inflammation by multidrug SQAd/VitE NPs. While single SQAd NPs did display some efficacy at
inhibiting plasma TNF-q, they did not reach the therapeutic efficacy of SQAd/VitE NPs. Contrary
to what was observed in in vitro studies, in vivo free drug Ad/VitE controls consistently failed
to induce a significant therapeutic response. This could be explained by the quick
metabolization of Ad after a bolus injection (42) and poor bioavailability of VitE. Our prodrug-
based nanoparticles thus increased the efficacy of both drugs by simultaneously delivering

them to the sites of inflammation.

5. Side effects and efficacy in lethal LPS model
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To further validate the in vivo capability of SQAd/VitE NPs, we then investigated the
hemodynamic effects of SQAd/VitE NPs comparatively to free drugs Ad/VitE. The effects of a
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Figure 6. In vivo therapeutic efficacy of SQAd/VitE NPs in endotoxemia models. (A) Level of lipid
peroxidation in the lungs as measured by TBARS quantification of MDA. n=3 mice per group (B)
Systolic blood pressure determination as % of control. n=3 animals per group, five measurements
per animal. (C) MSS clinical score of animals undergoing LPS endotoxemic shock n=10 mice per
group. (D) Survival followed after lethal LPS injection for 80 hours. n=10 mice per group. Data are
the mean + SD. ns: non significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (Student’s t-test).For

survival evaluation, a Log-rank (Mantel-Cox) test was used giving a P value P=0.0130.

single injection of SQAd/VitE NPs on blood pressure were measured non-invasively. While the
nanoparticle encapsulated drugs had no significant effect on blood pressure compared to non-
treated controls, free drugs Ad/VitE induced a measurable decrease in blood pressure due to
adenosine, in accordance with published literature (Fig. 6B)(43). These results confirmed that
the SQAd/VitE nanoparticle formulation helped to protect animals from the deleterious side
effects induced by adenosine therapy.

We therefore proceeded to evaluate the efficacy of SQAd/VitE NPs in a model of lethal LPS
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challenge(44). Mice in the treatment groups received either SQAd/VitE NPs at a dose of 30
mg/kg or free drugs Ad/VitE at an equivalent dose. In the group treated with SQAd/VitE NPs,
all mice survived the lethal LPS challenge, whereas free drug Ad/VitE failed to significantly
improve the survival rate, compared to the untreated control animals (Fig. 6D). Improvements
in the clinical scores of the animals paralleled the improvements in survival rates for all groups
(Fig. 6C). Finally, the consequence of the treatment with SQAd/VitE NPs was histologically
investigated regarding signs of inflammation. In the previous LPS lethality model, organs from
either SQAd/VitE NPs treated mice or LPS-only treated controls were harvested at the 24 hours
point and analyzed for histological signs of tissue stress following hematoxylin and
eosin staining. Inflammatory changes including, mononuclear cell infiltration, endothelial
disruption and hemorrhage were noticeably reduced in animals that received SQAd/VitE NPs
treatment (Fig. 7). In the liver, non-treated animals displayed severe injuries which were not
observed in SQAd/VitE NPs treated animals (see also Supp.Fig.S6); these included hemorrhagic
sinusal occlusion, advanced hepatocellular stress and disseminated steatosis. In the lungs,
although both animal groups showed signs of inflammatory stress, the non-treated animals

displayed more advanced loss of structure, alveolar thickening and hemorrhage (Fig. 7).
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Non treated

SQAJ/VitE NPs

Figure 7. Representative histological images of organ tissue after lethal LPS challenge. Top row
contains Liver, spleen and lung samples of animals having received only LPS challenge, bottom row
same organs of animals having received SQAd/VitE (30 mg/kg) after LPS challenge. Liver: Non
treated groups show widespread hemorrhage and inflammatory cell infiltration. Spleen: Loss of
endothelial cells in capillaries correlated with inflammatory stress. Lungs: Alveolar thickening and

severe loss of structure in non treated animals.

IV. Conclusion

We presented here the first example of targeted delivery of adenosine, and of multidrug anti-
inflammatory/antioxidant nanoparticles, for the mitigation of inflammation. Bioconjugation of
adenosine to squalene allowed to obtain a prodrug-based nanocarrier, which, after
nanoformulation with VitE yielded stable multidrug nanoparticles improving the
bioavailability of both drugs with significant pharmaceutical activity in models of acute
inflammatory injury. With the ability to specifically target and deliver adenosine at tissue foci
of acute inflammation and the capacity to react with intracellular reactive species at the target
site, SQAd/VitE NPs represent a promising therapeutic intervention overcoming limitations of
both conventional adenosine and antioxidant therapy. Our extensive in vivo data supports this

hypothesis which opens the way to explore the plethora of available specific adenosine receptor
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agonists and antioxidants. Overall, these squalene based multidrug nanoparticles represent a
unique approach for inhibiting the pathological crosstalk between oxidative stress and
inflammation, delivering synergistic therapeutic agents at the loci of inflammation, and thus
afford a new tool in the fight against the complex and multi-factorial phenomenon of

uncontrolled inflammation.

Acknowledgments

The authors gratefully acknowledge the financial support from the 7th EuroNanoMed-II call for
proposals, project NanoHeart n°’ANR-16-ENM2-0005-01. This work was further supported by
la Fondation pour la Recherche Médicale (FRM) grant number EC020160736101. The authors

also wish to thank Pr. Paul Van Tassel for helpful corrections to the manuscript.

V. References

1. H. Gomez, C. Ince, D. De Backer, P. Pickkers, et al., A unified theory of sepsis-induced acute kidney

injury: inflammation, microcirculatory dysfunction, bioenergetics and the tubular cell adaptation to
injury. Shock (Augusta, Ga.). 41, 3 (2014)

2. F. Dormont, M. Varna,P. Couvreur, Nanoplumbers: biomaterials to fight cardiovascular diseases.
Materials Today. 21, 122-143 (2018)

3. R. B. Goodman, J. Pugin, J. S. Lee,M. A. Matthay, Cytokine-mediated inflammation in acute lung
injury. Cytokine & growth factor reviews. 14, 523-535 (2003)

4. T. Van Der Poll, F. L. Van De Veerdonk, B. P. Scicluna,M. G. Netea, The immunopathology of sepsis
and potential therapeutic targets. Nature Reviews Immunology. 17, 407 (2017)

5. C. A. Prauchner, Oxidative stress in sepsis: pathophysiological implications justifying antioxidant co-
therapy. Burns. 43, 471-485 (2017)

6. S. K. Biswas, Does the interdependence between oxidative stress and inflammation explain the
antioxidant paradox? Oxidative medicine and cellular longevity. 2016, (2016)

7. J. Lugrin, N. Rosenblatt-Velin, R. Parapanov,L. Liaudet, The role of oxidative stress during
inflammatory processes. Biological chemistry. 395, 203-230 (2014)

8. A. Dandekar, R. Mendez,K. Zhang (2015) Cross talk between ER stress, oxidative stress, and
inflammation in health and disease. Stress Responses, (Springer), 205-214.

9. B. Gibbison, J. A. Lopez-Ldpez, J. P. Higgins, T. Miller, et al., Corticosteroids in septic shock: a
systematic review and network meta-analysis. Critical Care. 21, 78 (2017)

10. B. N. Cronstein,G. Haskd, Regulation of inflammation by adenosine. Frontiers in immunology. 4, 85
(2013)

11. G. Hasko, C. Szabd, Z. H. Németh, V. Kvetan, et al., Adenosine receptor agonists differentially regulate

IL-10, TNF-alpha, and nitric oxide production in RAW 264.7 macrophages and in endotoxemic mice.
The Journal of Immunology. 157, 4634-4640 (1996)

109



Chapter 1

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

110

U. Soderback, A. Sollevi,B. Fredholm, The disappearance of adenosine from blood and platelet
suspension in relation to the platelet cyclic AMP content. Acta physiologica scandinavica. 129, 189-
194 (1987)

L. Belardinelli, J. Linden,R. M. Berne, The cardiac effects of adenosine. Progress in cardiovascular
diseases. 32, 73-97 (1989)

H. Mangge, K. Becker, D. Fuchs,J). M. Gostner, Antioxidants, inflammation and cardiovascular disease.
World journal of cardiology. 6, 462 (2014)

H. F. Goode, H. C. Cowley, B. E. Walker, P. D. Howdle, et al., Decreased antioxidant status and
increased lipid peroxidation in patients with septic shock and secondary organ dysfunction. Critical
care medicine. 23, 646-651 (1995)

M. M. Berger,R. L. Chioléro, Antioxidant supplementation in sepsis and systemic inflammatory
response syndrome. Critical care medicine. 35, S584-S590 (2007)

E. Borrelli, P. Roux-Lombard, G. E. Grau, E. Girardin, et al., Plasma concentrations of cytokines, their
soluble receptors, and antioxidant vitamins can predict the development of multiple organ failure in
patients at risk. Critical care medicine. 24, 392-397 (1996)

M. E. Andrades, A. Morina, S. Spasi¢,|. Spasojevi¢, Bench-to-bedside review: sepsis-from the redox
point of view. Critical Care. 15, 230 (2011)

P. E. Marik, V. Khangoora, R. Rivera, M. H. Hooper, et al., Hydrocortisone, vitamin C, and thiamine
for the treatment of severe sepsis and septic shock: a retrospective before-after study. Chest. 151,
1229-1238 (2017)

N. Lane, A unifying view of ageing and disease: the double-agent theory. Journal of Theoretical
Biology. 225, 531-540 (2003)

F. Dormont, M. Rouquette, C. Mahatsekake, F. Gobeaux, et al., Translation of nanomedicines from
lab to industrial scale synthesis: The case of squalene-adenosine nanoparticles. Journal of Controlled
Release. (2019)

B. Shrum, R. V. Anantha, S. X. Xu, M. Donnelly, et al., A robust scoring system to evaluate sepsis
severity in an animal model. BMC research notes. 7, 233 (2014)

D. Desmaéle, R. Gref,P. Couvreur, Squalenoylation: a generic platform for nanoparticular drug
delivery. Journal of controlled release. 161, 609-618 (2012)

H. Esterbauer, M. Dieber-Rotheneder, G. Striegl,G. Waeg, Role of vitamin E in preventing the
oxidation of low-density lipoprotein. The American journal of clinical nutrition. 53, 3145-321S (1991)
L. Hakanpaa, E. A. Kiss, G. Jacquemet, I. Miinalainen, et al., Targeting B1-integrin inhibits vascular
leakage in endotoxemia. Proceedings of the National Academy of Sciences. 115, E6467-E6476 (2018)
E. A. Azzopardi, E. L. Ferguson,D. W. Thomas, The enhanced permeability retention effect: a new
paradigm for drug targeting in infection. Journal of Antimicrobial Chemotherapy. 68, 257-274 (2012)
B. Halliwell,J. M. Gutteridge (2015) Free radicals in biology and medicine (Oxford University Press,
USA).

A. Gaudin, O. Tagit, D. Sobot, S. Lepetre-Mouelhi, et al., Transport mechanisms of squalenoyl-
adenosine nanoparticles across the blood—brain barrier. Chemistry of Materials. 27, 3636-3647
(2015)

H. F. Galley, Bench-to-bedside review: targeting antioxidants to mitochondria in sepsis. Critical care.
14, 230 (2010)

M. Rouquette, S. Lepetre-Mouelhi, O. Dufrangais, X. Yang, et al., Squalene-adenosine nanoparticles:
ligands of adenosine receptors or adenosine prodrug? Journal of Pharmacology and Experimental
Therapeutics. 369, 144-151 (2019)

D.J. Wadleigh, S. T. Reddy, E. Kopp, S. Ghosh, et al., Transcriptional activation of the cyclooxygenase-
2 gene in endotoxin-treated RAW 264.7 macrophages. Journal of Biological Chemistry. 275, 6259-
6266 (2000)

A.T. Jacobs,L. J. Ignarro, Lipopolysaccharide-induced expression of interferon-p mediates the timing
of inducible nitric-oxide synthase induction in RAW 264.7 macrophages. Journal of Biological
Chemistry. 276, 47950-47957 (2001)

R. Korhonen, A. Lahti, H. Kankaanranta,E. Moilanen, Nitric oxide production and signaling in
inflammation. Current Drug Targets-Inflammation & Allergy. 4, 471-479 (2005)



Chapter 1

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

K. Hensley, K. A. Robinson, S. P. Gabbita, S. Salsman, et al., Reactive oxygen species, cell signaling,
and cell injury. Free Radical Biology and Medicine. 28, 1456-1462 (2000)

C. Brodie, P. M. Blumberg,K. A. Jacobson, Activation of the A2A adenosine receptor inhibits nitric
oxide production in glial cells. FEBS letters. 429, 139-142 (1998)

D. Yang, Y. Zhang, H. G. Nguyen, M. Koupenova, et al., The A 2B adenosine receptor protects against
inflammation and excessive vascular adhesion. The Journal of clinical investigation. 116, 1913-1923
(2006)

M. A. Dobrovolskaia,S. N. Vogel, Toll receptors, CD14, and macrophage activation and deactivation
by LPS. Microbes and Infection. 4, 903-914 (2002)

S. L. Deshmane, S. Kremlev, S. Amini,B. E. Sawaya, Monocyte chemoattractant protein-1 (MCP-1): an
overview. Journal of interferon & cytokine research. 29, 313-326 (2009)

P. Damas, D. Ledoux, M. Nys, Y. Vrindts, et al., Cytokine serum level during severe sepsis in human
IL-6 as a marker of severity. Annals of surgery. 215, 356 (1992)

C.-W. Chow, M. T. Herrera Abreu, T. Suzuki,G. P. Downey, Oxidative stress and acute lung injury.
American journal of respiratory cell and molecular biology. 29, 427-431 (2003)

K. Sato, M. B. Kadiiska, A. J. Ghio, J. Corbett, et al., In vivo lipid-derived free radical formation by
NADPH oxidase in acute lung injury induced by lipopolysaccharide: a model for ARDS. The FASEB
Journal. 16, 1713-1720 (2002)

E. Snoeck, K. Ver Donck, P. Jacgmin, H. Van Belle, et al., Physiological red blood cell kinetic model to
explain the apparent discrepancy between adenosine breakdown inhibition and nucleoside
transporter occupancy of draflazine. Journal of Pharmacology and Experimental Therapeutics. 286,
142-149 (1998)

U. Flogel, S. Burghoff, P. L. Van Lent, S. Temme, et al., Selective activation of adenosine A2A receptors
on immune cells by a CD73-dependent prodrug suppresses joint inflammation in experimental
rheumatoid arthritis. Science translational medicine. 4, 146ra108-146ra108 (2012)

B. E. Barton,J. V. Jackson, Protective role of interleukin 6 in the lipopolysaccharide-galactosamine
septic shock model. Infection and immunity. 61, 1496-1499 (1993)

111



Chapter 1

Supplementary Data

Synthesis of SQRho
SQRho was synthesized by direct acylation of the piperazine-rhodamine B after in situ

formation of chloroformate mixed anhydride of trisnorsqualenic acid.

m*o/\

DCM:DMF, 3:1, r.t
N,, 16h

miz: 893.63 (100.0%), 894.63 (65.3%), 895.64 (21.3%), 896.64 (4.7%), 894.64 (1.0%)

Supp. Fig. S1. Synthesis scheme for SQRho

To a solution of ethyl chloroformate (30 pL, 0.33 mmol) in anhydrous DCM (1 mL) was added
Et3N (90 pL, 0.6 mmol). The mixture was cooled at 0 °C and a solution of trisnorsqualenic acid
(120 mg, 0.30 mmol) in anhydrous DCM (2 mL) was added dropwise. Mixture was stirred for
30 min at 0 °C and a solution of rhodamine B piperazine (181 mg, 0.33 mmol) in DMF (1 mL)
was added dropwise. After being stirred at room temperature for 16h, DMF was removed under
vaccum. The residue was taken up in sat. NaHCO3 aqueous solution (4 mL) and extracted with
AcOEt (3 x 15 mL). The combined organic layers were washed with brine, dried over MgS04
and concentrated under reduced pressure. The crude was then purified by flash
chromatography on silica (CH2CI2Z/Methanol from 100:0 to 90:10). Fraction containing the
expected product were concentrated to provide rhodamine B @ 4-(1,1’,2-
trisnorsqualenoyl)piperazine (140 mg, 56%) as a dark purple glassy solid.

1 H NMR (300 MHz, MeOD, 6 in ppm): 7.76 (2H, m, H-4’, H-5), 7.70 (1H, m, H3"), 7.52 (1H, m,
H-6"),7.27 (2H, d, ] =9.5 Hz, H-1, H-8), 7.09 (2H, dd, ] = 9.5 Hz, ] = 2.1 Hz, H-2, H-7), 6.97 (2H, d,
J = 2.4 Hz, H-4, H-5), 5.06-5.20 (5H, m, HC=C(CH3)CH2), 3.71 (8H, q, ] = 7.1 Hz, H3CCH2N),
3.35-3.50 (8H, m, NCH2CH2N), 2.44 (2H, t, ]= 9 Hz NOCCH2CH2), 2.21 (2H, tJ= 9Hz
NOCCH2CH2), 2.13-1.93 (16H, m, =C(CH3)CH2CH2CH=), 1.68 (3H, s, HC=C(CH3)2), 1.61 (12H,
s, HC=C(CH3)), 1.31 (12H, t,] = 7.1 Hz, H3CCH2N )
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Formulation of fluorescent SQAd/VitE NPs

Fluorescent SQAd/VitE NPs were prepared by the nanoprecipitation method (see Materials
and Methods) after adding 1% of fluorescent probe (either DiD or SQRho) to the organic

phase.
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Supp. Fig. S2. Characterization of fluorescent SQAd/VitE NPs. (A) Structure of 1,1’-dioctadecyl-
3,3,3',3'- tetramethylindodicarbocyanine perchlorate (DiD) (B) Structure of SQRho (C)
Hydrodynamic size of fluorescently labeled SQAd/VitE NPs (diameter, nanometers) measured
by dynamic light scattering (DLS). (D) Measurement of surface {-potential of fluorescently
labeled SQAd/VitE NPs.
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Cellular uptake of fluorescent SQAd/VitE NPs
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Supp. Fig. $3. H9c2 cells/well (26 000 cells/ cm2) were seeded in 12-well plates and cultured
for 24 h at 37°C. The cells were then incubated at 37 °C or 4°C with fluorescent SQRho tagged
SQAd/VitE NPs diluted in cell culture medium for different durations. At the end of the
incubation period, cells were washed with 1 mL of PBS and then treated with 300 pL of 0.25%
trypsin solution for 5 min at 37 °C and 5% CO2. Trypsin solution was diluted by adding 0.7 mL
of medium, and the fluorescence of the cells was recorded using a flow cytometer C6 (Accuri
Cytometers Ltd.). For fluorescence detection of SQ-Rho labeled NPs, excitation was carried out
using a 488 nm argon laser and emission fluorescence was measured at 515 nm. 10 000 cells
were measured for each sample. The results were expressed as the mean relative fluorescence

intensity (MFI) + SEM.
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Pro and anti-inflammatory cytokine kinetics after LPS challenge

The levels of different cytokines were assessed in the plasma by ELISA after initial LPS
challenge (7.5 mg/kg)
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Supp. Fig. S4. TNF-a and IL-10 levels in plasma of untreated 8-wk-old male C57BL6 mice after
LPS challenge. Endotoxemia was induced by intraperitoneal injection of a 7.5 mg/kg dose of
LPS (Sigma 0111:B4) diluted at 1.875 mg/mL in buffered saline. Following LPS injections,
blood samples (~50 pL) were collected at predetermined time points via submandibular
puncture. Plasma was obtained by centrifuging blood samples at 2000 rcf for 10 min and stored
at -78°C before further analysis. Cytokines levels were quantified by Biolegend ELISA mouse

kit per manufacturer instructions.
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Dose dependency of SQAd/VitE NPs effect on cytokines in vivo.

Animals received SQAd/VitE NPs treatment (15 mg/kg or 30 mg/kg) after initial LPS

challenge
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Supp. Fig. S5. Plasma TNF-a and IL-10 levels in 8-wk-old male C57BL6 mice after LPS challenge
and SQAd/VitE NPs treatments at 15 mg/kg or 30 mg/kg. Endotoxemia was induced by
intraperitoneal injection of a 7.5 mg/kg dose of LPS (Sigma 0111:B4) diluted at 1.875 mg/mL
in buffered saline. Following LPS injections, blood samples (~50 pL) were collected at 1h after
NPs injection via submandibular puncture. Data are mean * SD. ns: non significant,*P<0.05,

**P<0.01,***P<0.001 (Student’s t-test).
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Anti-inflammatory efficacy of SQAd/VitE NPs.

After lethal LPS challenge, Liver of treated vs non treated animals were compared for signs of

disease severity.

LPS only LPS + SQAd/VIitE
NPs

Supp. Fig. S6. Liver of non-treated vs treated animal in lethal LPS challenge model. C57BL/6]
mice (n=10 animals/group) were sensitized to the lethal effects of LPS by i.p. injection of 8 mg
of D-galactosamine hydrochloride. A single i.p. dose of LPS at 2 pg/kg caused 60% mortality
within 48 hours. Mice in the treatment groups received SQAd/VitE NPs i.v. ata dose of 30 mg/kg

and the liver was visually compared to LPS only treated animals.
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Squalene-based nanoparticles for the

targeting of atherosclerotic lesions

Abstract

Native low-density lipoproteins (LDL) naturally accumulate at atherosclerotic
lesions and are thought to be among the main drivers of atherosclerosis
progression. Numerous nanoparticular systems making use of recombinant
lipoproteins have been developed for targeting atherosclerotic plaque. These
innovative formulations often require complicated purification and synthesis
procedures which limit their eventual translation to the clinics. Recently,
squalenoylation has appeared as a simple and efficient technique for targeting
agents to endogenous lipoproteins through a bioconjugation approach. In this
work, we develop a fluorescent squalene bioconjugate to evaluate the
biodistribution of squalene-based nanoparticles in an ApoE/- model of
atherosclerosis. By accumulating in LDL endogenous nanoparticles, the squalene
bioconjugation could serve as an efficient targeting platform for atherosclerosis.
Indeed, in this proof of concept, we show that our squalene-rhodamine (SQRho)
nanoparticles, could accumulate in the aortas of atherosclerotic animals.
Histological evaluation confirmed the presence of atherosclerotic lesions and the

collocalisation of SQRho bioconjugates at the lesions sites.
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1. Introduction

The adequate management of atherosclerosis is one of the major health challenges in modern
medicine. Although lipid-lowering drugs have been applied successfully for the past 25 years,
novel strategies focused on directly detecting and treating vessel wall inflammation, a hallmark
of atherosclerosis, are being developed(1, 2). In this context, therapeutic and diagnostic
nanomaterials are being actively studied for their ability to target atherosclerotic lesions and
specifically deliver molecules of interest(3-5). Among these, recombinant lipoprotein-based
nanoparticles have garnered attention for their innate interaction with atherosclerotic
plaque(6-8). Low-density Lipoproteins (LDL) are cholesterol-rich (40-50% w/w) cargo
vehicles for the delivery of cholesterol to peripheral tissues. They consist of a lipid rich core
surrounded by a monolayer of amphiphilic phospholipids and apolipoproteins (ApoB100 and
ApoE). In the body, LDL naturally accumulate in atherosclerotic plaques, where they are
modified by binding to proteoglycans or remnant reactive oxygen species, which enhances their
recognition by macrophages via a number of unregulated receptors such as scavenger receptor
A (SRA), lectin-like receptors (LOX-R) and toll-like receptors (TLR4)(9). This triggering of
macrophage inflammatory pathways is a critical event in the atherosclerotic lesion
development and fuels progression of the disease. Consequently, by taking advantage of this
natural interaction between lipoproteins and atherosclerotic plaque several groups have
described lipoprotein-like nanoparticles that aim at targeting atherosclerotic lesions. Although
this represents a promising strategy, its industrial implementation and economic feasibility

remain challenged by the complicated production of these LDL-like nanoparticles.

Recently, our laboratory has pioneered the exploitation of squalene, a metabolic precursor of
cholesterol as a biomimetic carrier to specifically interact with LDL(10, 11). When conjugated
to squalene, diverse therapeutic agents were shown to interact with lipoproteins in the
circulation, thus demonstrating squalene to be an efficient targeting agent for these
endogenous lipoproteins particles. This elegant approach exploiting LDL as indirect natural
carriers towards LDL receptor expressing cells could therefore be used to direct diverse
therapeutic agents to atherosclerotic plaque, exploiting the natural accumulation of LDL at

these sites.

In this work, we investigated a proof-of-concept of this technology by using fluorescent

squalene bioconjugates and evaluating their biodistribution in in vivo models of atherosclerosis
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using ApoE-/- mice. Our preliminary data shows efficient targeting of atherosclerotic plaque

although more studies are required to confirm our hypothesis.
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II. Materials and Methods
1. Synthesis of SQRho

SQRho was synthesized by direct acylation of the piperazine-rhodamine B after in situ
formation of chloroformate mixed anhydride of trisnorsqualenic acid. To a solution of ethyl
chloroformate (30 pL, 0.33 mmol) in anhydrous DCM (1 mL) was added Et3N (90 pL, 0.6 mmol).
The mixture was cooled at 0 °C and a solution of trisnorsqualenic acid (120 mg, 0.30 mmol) in
anhydrous DCM (2 mL) was added dropwise. Mixture was stirred for 30 min at 0 °C and a
solution of rhodamine B piperazine (181 mg, 0.33 mmol) in DMF (1 mL) was added dropwise.
After being stirred at room temperature for 16h, DMF was removed under vaccum. The residue
was taken up in sat. NaHCO3 aqueous solution (4 mL) and extracted with AcOEt (3 x 15 mL).
The combined organic layers were washed with brine, dried over MgSO4 and concentrated
under reduced pressure. The crude was then purified by flash chromatography on silica
(CH2Cl2/Methanol from 100:0 to 90:10). Fraction containing the expected product were
concentrated to provide rhodamine B 4-(1,1’,2-trisnorsqualenoyl)piperazine (140 mg, 56%) as

a dark purple glassy solid.

1 H NMR (300 MHz, MeOD, & in ppm): 7.76 (2H, m, H-4’, H-5"), 7.70 (1H, m, H3"), 7.52 (1H, m,
H-6"),7.27 (2H, d, ] = 9.5 Hz, H-1, H-8), 7.09 (2H, dd, ] = 9.5 Hz, ] = 2.1 Hz, H-2, H-7), 6.97 (2H, d,
] = 2.4 Hz, H-4, H-5), 5.06-5.20 (5H, m, HC=C(CH3)CH2), 3.71 (8H, q, ] = 7.1 Hz, H3CCH2N),
3.35-3.50 (8H, m, NCH2CH2N), 2.44 (2H, t, J= 9 Hz NOCCH2CH2), 2.21 (2H, tJ= 9Hz
NOCCH2CH2), 2.13-1.93 (16H, m, =C(CH3)CH2CH2CH=), 1.68 (3H, s, HC=C(CH3)2), 1.61 (12H,
s, HC=C(CH3)), 1.31 (12H, t, ] = 7.1 Hz, H3CCH2N )

2. Nanoparticle synthesis

Squalene-rhodamine nanoparticles (SQRho NPs) were prepared by nanoprecipitation, as
previously described. Briefly, SQRho and squalenic acid (SQCOOH) were separately dissolved
in absolute ethanol (6 mg/mL) and mixed in different ratios to obtain a final organic solution
with constant 6 mg/mL concentration. This organic solution was added dropwise under
moderate mechanical stirring to a 5% (w/v) dextrose solution (DXT 5%). The ethanol was then
completely evaporated using a Rotavapor (90 rpm, 40 °C, 42 mbar) to obtain an aqueous
suspension of pure NPs (2 mg/mL). NPs size (hydrodynamic diameter) and surface charge (zeta

potential) were measured using a Malvern Zetasizer Nano ZS 6.12 (173° scattering angle, 25 °C,
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Material RI: 1.49, Dispersant Viscosity RI: 1.330, Viscosity 0.8872 cP). For the size
measurements by dynamic light scattering (DLS), a good attenuator value (7-9) was obtained
when suspending 50 pL of NPs in 1 mL of distilled water. The mean diameter for each
preparation resulted from the average of three measurements of 60 s each. For zeta potential
measurements, 70 uL of NPs was dissolved in 2 mL of KCI 1 mM before filling the measurement
cell. The mean zeta potential for each preparation resulted from the average of three
measurements in automatic mode, followed by the application of the Smoluchowski equation.
NP stability was assessed by measuring NP size by DLS at different time intervals after initial

formulation up to five days.

3. Cell Internalization of NPs.

Flow Cytometry. A total of 50 000 Raw 264.7 cells/well (26 000 cells/ cm2 ) were seeded in 12-
well plates and cultured for 24 h at 37°C. The cells were then incubated with 100 uM fluorescent
SQRho NPs diluted in cell culture medium. At the end of the incubation period, cells were
washed with 1 mL of PBS and then treated with 300 pL of 0.25% trypsin solution for 5 min at
37 °C and 5% COZ2. Trypsin solution was diluted by adding 0.7 mL of medium, and the
fluorescence of the cells was recorded using a flow cytometer C6 (Accuri Cytometers Ltd.). For
fluorescence detection of SQ-Rho labeled NPs, excitation was carried out using all four available
channels. 10 000 cells were measured for each sample. The results were expressed as the mean

fluorescence intensity (MFI) + SEM.

Confocal Microscopy. A total of 200 000 RAW cells/well (100 000 cells/cm2 ) were seeded on
12 mm glass coverslips in 6-well plates. Cells were grown for 24 hours in order to adhere to the
glass slip, and then incubated with 100 uM of SQ-Rho labeled fluorescent SQAd NPs diluted in
culture medium. At the end of the incubation period, cells were washed with 1 mL of PBS and
fixed with 4% PFA for 15 min. Residual PFA was then neutralized by NH4Cl 50 mM for another
15 min before mounting on microscopy slides. Slides were imaged with an inverted LSM510
Zeiss confocal microscope using a PlanApochromat 63X objective lens (NA 1.40, oil immersion)
and lasers at 488 nm (green NAs) or 543 nm (red NAs). Pinhole was set at 61 pm giving an
optical section thickness of 0.6 pm. Numerical images were acquired with LSM 510 software

version 3.2 and further image analysis was made using Image] software
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4. Invivo experiments

The targeting efficacy of SQRho NPs was evaluated in vivo in a ApoE-/- knockout mouse model
of atherosclerosis. 8 week-old male C57BL/6] ApoE~/- mice were fed with Western Diet chow
for at least 12 weeks for the development of atherosclerotic lesions and used aged 52 weeks.
Wild-type C57BL/6] 8-12 week old mice were used as controls. At the onset of the experiment,
SQRho diluted at 4 mg/mL in 5% dextrose solution were intravenously injected at a dose of 15
mg/kg through the suborbital vein. After 24 hours, the mice were euthanized by intraperitoneal
injection of a lethal dose of sodium pentobarbital, organs and aortas were harvested and
immediately imaged using a IVIS Lumina LT Series III system (Caliper Life Science) using 540
nm excitation and 620 nm emission filters. Images and measures of fluorescence signals were

acquired and analyzed with Living Imaging software (Caliper Life Sciences).

5. Immuno fluorescence stainings

To evaluate the targeted cells by the SQRho NPs, anti-alpha smooth muscle actin, anti-CD64 and
anti-CD36 antibodies (BioLegend) were respectively used as markers of activated smooth
muscle cells, macrophages or endothelial cells. Anti-CD36 antibody was diluted at 1/200, anti-
CD64 and anti-alpha smooth muscle actin antibodies were diluted at 1/100, and corresponding
secondary antibodies were diluted at 1/1000. For all the conditions tested, a negative control

was performed by omitting the primary antibody.

Following IVIS imaging, the collected aortas were divided in small samples (from 2 to 10mm),
fixed with 4% PFA solution for 24h and then frozen and stored at -80°C. The frozen samples
were then cut in 5pm thick histological sections. Tissue sections were rehydrated in PBS,
treated with 0.2% triton solution for 3 min at room temperature (RT) for membrane
permeabilization, and blocked with 1% Bovine Serum Albumin (BSA) for 30min at RT. Then,
diluted primary antibodies in TBS were applied for 2h to 3h at RT, followed by diluted
secondary antibodies for 1h30 to 2h at RT. A gentle washing of the slides for 2 x 5min was
performed between each steps and the slides were kept in the dark during all the treatments
incubation times. Finally, slides were mounted using compatible mounting medium and

coverslip.
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III. Results and Discussion

1. Nanoparticle synthesis

Nanoparticle-based carriers enable target-specific drug delivery or imaging in a number of
conditions. Previous studies from our lab have shown that squalene bioconjugate-based
nanoparticles display unique LDL-targeting properties which could be exploited to accumulate
these nano-vectors at sites of atherosclerotic plaque development. Fluorescent squalene
nanoparticles were synthesized using a nanoprecipitation technique after synthesis of a
squalene-rhodamine (SQRho) bioconjugate. Efficient conjugation of Rhodamine to squalene
was achieved after functionalization of rhodamine with piperazine, affording Rhodamine-
piperazine, which could then be coupled to squalene-acetic acid in satisfying yield (56%)
(Figure 1A). SQRho does not form on its own nanoparticles with satisfying stability and
physico-chemical features and needs to be stabilized by coprecipitation with squalenic acid
(SQCOOH). In this approach, SQCOOH and SQRho were solubilized in an ethanolic solution at
different ratios, and then nanoprecipitated in a 5% dextrose solution under vigorous stirring.
Upon mixture of the different solutions, instatenous self-assembly of NPs occurred.
Nanoparticle size was controlled by carefully modifying SQRho:SQCOOH ratios. Thus, SQRho
NPs could be produced with a substantial hydrodynamic size range. By varying the
SQRho:SQCOOH ratio from 50-90% we were able to synthesize stable nanoparticles ranging
from 210 to 58 nm (Figure 1B). Zeta potential of the nanoparticles was also determined and
ranged from +2.4 mV to + 40 mV (Figure 1C). This could be explained by the fact that, at
physiological pH, SQCOOH bears a negative charge offsetting the positive charge of Rhodamine.
With increasing SQCOOH content in the nanoparticles, the positive rhodamine charge is offset,
leading to a lower absolute zeta potential and poorer colloidal stability. A ratio of
SQRho:SQCOOH 82:18 wt% was found to be satisfying to obtain stable formulations of the
desired mean hydrodynamic diameter and size distribution (thereafter named SQRho NPs). SQ-
Rho nanoparticles stability was evaluated in PBS over 5 days by DLS (Figure 1D). Therefore,
and as we have done previously, stable multi-bioconjugate nanoparticles were obtained and

could allow to study squalene biodistribution.
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Figure 1 : (A) Scheme of rhodamine-piperazine coupling with squalenic acid. (B) Hydrodynamic size

of SQRho:SQCOOH NPs (diameter, nanometers) measured by dynamic light scattering (DLS). (C)

Measurement of surface ¢-potential of SQRho:SQCOOH Nps. (D) Stability study of SQRho: SQCOOH

(82:18 wt %) in PBS over 5 days. (E) Supposed LDL interation of squalene-bioconjugate based

nanoparticles with endogenous LDL.

found to gradually accumulate inside of cells over time (Figure 2C). This was confirmed by

confocal imaging which showed pockets of fluorescence inside of RAW 264.7 cells where

endosomes accumulate the fluorescent endocyted material (Figure 2A-B). When cells were

incubated with SQRho at 4 °C instead of 37°C, cell fluorescence intensity dramatically decreased

pointing to endocytosis as the major pathway of cell internalization for SQRho NPs.
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Figure 2: (A) Phase contrast confocal microscopy image of RAW 264.7 macrophages incubated

with 100 pM of SQRho for 30 min. Scale bar= 10 pm. (B) Phase contrast confocal microscopy image

of RAW 264.7 macrophages incubated with 100 uM of SQRho for 4 hrs. Scale bar= 10 pm. (C) Flow

cytometry of RAW 264.7 microphages incubated with 100 uM of SQRho at different time intervals

at37 °Cand 4 °C.
the LDL receptor expressed at the surface of macrophages, and are then endocytosed and
trafficked to lysosomes, where cholesteryl ester is hydrolyzed to free cholesterol by acidic
lipase. Here, we showed that SQRho bioconjugates accumulated inside of macrophages.
Although other nanoparticle types are scavenged by macrophages, the structural similarity of
squalene with cholesterol and its ability to specifically interact with endogenous LDL makes it
an interesting candidate to target plaque resident macrophages. Another factor that remains to
be evaluated is whether SQRho accumulated in macrophages as whole nanoparticles or after

partition into LDL.

3. Invivo plaque targeting
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To assess whether SQRho nanoparticles accumulated in atherosclerotic lesions and were taken
up by plaque macrophages in vivo, we conducted a biodistribution study on a mouse model of
atherosclerosis. ApoE/-mice are a common model for human atherosclerosis, which features
apparition of fatty streaks in atherosclerosis-prone regions and chronic inflammation of the
lesions with monocyte infiltration(13, 14). In an initial experiment, the detection limit of our
imaging system was evaluated by imaging directly the SQRho NPs in a DXT 5% solution or free
SQRho bioconjugates in EtOH solution as % of initial dose (ie. the initial injected dose in a 25g
mouse with 2 mL of blood ~ 200pg/mL). In DXT 5% the SQRho NPs fluorescence was found to
be detectable to up to 0.01% of the initial dose. In EtOH fluorescence was found to be detectable
up to 0.001% of the initial dose (Figure 3A). This pointed to possible quenching phenomena
occurring in SQRho NPs as the fluorescent moieties are packed so close together compared to
free SQRho bioconjugates in EtOH. Nevertheless-and as quenching might not occur once SQRho
bioconjugates disperse in LDL- 0.01% of the initial dose seemed like an acceptable detection
limit and we went forward with the in vivo experiment.

Wild type C57BL/6] mice or ApoE~/- mice were injected with SQRho nanoparticles and the
biodistribution of the nanoparticles at atherosclerosis prone areas (namely the aorta) was
investigated. The hypothesis was that if SQRho could accumulate in atherosclerotic plaque, an
increase of fluorescence in the aortas of ApoE-/-mice would be observable. Thus, 24 hours post-
injection, the mice were euthanized, their aortas excised and directly imaged on a IVIS Lumina
imaging system. The ex vivo imaging showed that, in comparison with the control wild-type
mice, an increase of up to 3 times in the aorta radiant efficiency could be detected after
intravenous injection of SQRho NPs in ApoE-/- mice (Figure 3B-C). These data together point to

a possible accumulation of SQRho bioconjugates at the sites of atherosclerotic plaque lesion.
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Figure 3: (A) Detection limit experiment. SQRho NPs were dispersed at 200 pg/mL in 5%
DXT (top row) or EtOH (bottom row) and at different dilution factors. The plate was imaged
in the IVIS Lumina system with excitation filter set at 540 nm and emission filter set at 620
nm. (B) Measured total radiant efficiency in the region of interest. n=3 mice per group. (C)
Biodistribution of SQRho NPs in the aortas of ApoE~- mice or wild type animals 24 hrs post-

injection. Data are mean #* SD. *P<0.05, **P<0.01 (Student’s t-test).

histochemistry experiment on harvested aortas. After washing with PBS, aortas were freezed,
cut in histological sections, and stained with DAPI and an anti-CD36 or anti-alpha smooth
muscle actin antibody, used to determine whether NPs could accumulate in activated
monocytes/macrophages or in activated smooth muscles. The experiment confirmed that
substantial quantities of SQRho NPs could be found inside the atherosclerotic plaque but did
not show significant co-localization of SQRho NPs with CD36-marked macrophages, or
activated smooth muscles. Rather the SQRho NPs appeared to accumulate in the fatty region of

the atheroma.
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Figure 4: (A) Histology slide of a ApoE-/-aorta at x10 magnification. Atheroma clearly visible and
reducing vascular lumen. (B-E) x40 or x80 magnification of atheroma with yellow fluorescence filter
showing SQRho bioconjugates, blue filter showing DAPI staining, red fluorescence showing a-actin
or CD36 staining.

131



Chapter 2

IV. Conclusions

In this study, a proof-of-concept of atherosclerotic plaque targeting with SQ-based

bioconjugates was investigated. Our preliminary results highlight a significant accumulation of

SQRho NPs in the atherosclerotic plaque of ApoE-/- mice. Histological study confirmed the

presence of fluorescent SQRho in the plaque but not that SQRho colocalized inside activated

plaque resident macrophages.

Further studies will aim at confirming our initial result and conduct ex-vivo blood localization

studies of SQRho NPs like the experiments that were undertaken with SQAd and SQGem

bioconjugates (see General Discussion).
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Translation of Nanomedicines from Lab
to Industrial Scale Synthesis: The Case
of Squalene-Adenosine Nanoparticles

Abstract

A large variety of nanoparticle-based delivery systems have become
increasingly important for diagnostic and/or therapeutic applications. Yet, the
numerous physical and chemical parameters that influence both the biological
and colloidal properties of nanoparticles remain poorly understood. This
complicates the ability to reliably produce and deliver well-defined
nanocarriers which often leads to inconsistencies, conflicts in the published
literature and, ultimately, poor translation to the clinics. A critical issue lies in
the challenge of scaling-up nanomaterial synthesis and formulation from the
lab to industrial scale while maintaining control over their diverse properties.
Studying these phenomena early on in the development of a therapeutic agent
often requires partnerships between the public and private sectors which are
hard to establish.

In this study, through the particular case of squalene-adenosine nanoparticles,
we reported on the challenges encountered in the process of scaling-up
nanomedicines synthesis. Here, squalene (the carrier) was functionalized and
conjugated to adenosine (the active drug moiety) at an industrial scale in order
to obtain large quantities of biocompatible and biodegradable nanoparticles.
After assessing nanoparticle batch-to-batch consistency, we demonstrated
that the presence of squalene analogs resulting from industrial scale-up may
influence several features such as size, surface charge, protein adsorption,
cytotoxicity and crystal structure. These analogs were isolated, characterized
by multiple stage mass spectrometry, and their influence on nanoparticle
properties further evaluated. We showed that slight variations in the chemical

profile of the nanocarrier’s constitutive material can have a tremendous
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impact on the reproducibility of nanoparticle properties. In a context where
several generics of approved nanoformulated drugs are set to enter the market
in the coming years, characterizing and solving these issues is an important

step in the pharmaceutical development of nanomedicines.
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I. Introduction

Nanostructured drug delivery systems have emerged over the last several decades as an
important field of academic research and are set to bring momentous advances to human health
through clinical and industrial developments. While a first generation of nanocarriers were
successfully brought to market, notably in the oncology field, new classes of therapeutic agents
making use of polymers, proteins, polysaccharides and other biomolecules have emerged for
the treatment of numerous diseases(1, 2). Unfortunately, these new types of nanocarriers are
facing difficulties in their translation to the clinics due to an absence of realistic industrial
production, lack of reproducibility and insufficient cost-effectiveness(3). Part of the problem
lies in the fact that nanostructured drug delivery systems have grown into increasingly complex
structures with poorly understood biological fates(4). Size(5), surface charge(6),
morphology(7), drug release profiles(8) and interaction with blood components(9) have all
been shown to be key parameters that influence the biomedical outcome of nanocarriers in vivo.
Controlling these numerous parameters in a reproducible manner over intricate structures can
be problematic, as well as difficult to bring to industrial standards. Accordingly, recent studies
have highlighted the importance of developing simple and robust manufacturing methods that
ensure the proper formulation of nanomaterials in large scales(10, 11).

Another critical issue lies in the challenge of scaling-up the synthesis of a nanocarrier’s
constitutive materials. Guidelines from the pharmaceutical industry in terms of good
manufacturing practice and pharmaceutical quality can be applied, but the nature and
complexity of nanomaterials carry their extra set of challenges. Indeed, while any scale-up of
laboratory processes is difficult, nanomaterials production is made more challenging by the fact
that subtle variations in the synthesis and manufacturing processes can result in significantly
different products. The matter is further complicated when one considers that carriers (e.g.
polymers, lipids, dendrimers) often inherently do not have a single pharmaceutical identity, but
are constituted of a raft of different molecules which are difficult to individually characterize.
This is contrary to conventional small-drug therapeutics, where the active pharmaceutical
ingredient is the main concern. While regulations are still unclear regarding the plural identity
of nanomedicines, special care should be taken when considering production of nanomaterials.
Namely, there must be robust quality control systems in place, validating batch-to-batch
consistency and biological equivalence. Identifying critical parameters that might affect the

reproducibility of nanomaterial properties early on and monitoring these parameters on
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multiple batches is a good practice which can minimize the appearance of reproducibility issues
later on(12).

Recently, squalenoylation (i.e squalene loaded with active molecules) has emerged as a simple,
safe and efficient method to produce nanoparticles encapsulating a vast range of therapeutic
agents(13-15). Conjugating squalene, an endogenous, biocompatible and biodegradable lipid
to a drug candidate yields nanocarriers with high drug loading efficiency, low toxicity, and high
blood residence time(16). These nanoparticles have been used in pre-clinical models to treat a
host of afflictions from cancer(17) to ischemic stroke(18) and pain(19). As with other
nanomedicines, efforts now need to focus on the translation from lab-scale experiments to
semi-industrial batches, allowing eventual regulatory approval for clinical trials.

In this article, through the example of squalene-adenosine (SQAd) nanoparticles, we wish to
report on the challenges encountered in the process of scaling-up nanomaterial synthesis by
comparing two batches, one synthesized at the gram scale in the laboratory, the other at the
kilogram scale by an industrial partner. We highlight specific parameters which needed to be
closely monitored to ensure batch-to-batch consistency. Notably, we demonstrate that scaling
of lab scale synthetic processes can induce varying impurity profiles which can have
tremendous impact on the reproducibility of the biological and physico-chemical properties of

nanoparticle from batch-to-batch.

II. Materials and Methods

1. Materials

Squalene, adenosine, N-Bromosuccinimide (NBS), 1-hydroxybenzotriazole hydrate HOBt, 2-
(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate = (HATU),
tetrabutylammonium fluoride (TBAF), aluminium isopropoxide, propionic acid, triethyl
orthoacetate, triethylamine (NEt3), diisopropylethylamine (DIPEA), formic acid, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), penicillin streptomycin
solution, glutamine, norepinephrine, Claycomb’s Medium, Dulbecco’s Modifidied Eagle’s
Medium (DMEM) and dextrose (DXT) were purchased from Sigma-Aldrich (France). Ultra-pure
water was prepared using a MilliQ system (Millipore Corporation, Billerica, MA). Reagents and
HPLC grade solvents as ethanol, methanol, ethyl acetate, and acetonitrile were provided by

Carlo Erba (France). Ammonium acetate CH3CO2NH4 was from VWR.

139



Chapter 3

2. Industrial Scale Synthesis of SQAd (Ind SQAd)

Synthesis of 3-bromo-2,6,10,15,19,23-Hexamethyl-tetracosa-6,10,14,18,22-pentaen-2-
ol (squalene bromohydrine) 2.

To a stirred solution of squalene 1 (1000 g, 2.4 mol) in THF (5 L), H20 (200 mL) was slowly
added until the solution became opalescent. To this mixture, THF (100 mL) was slowly
introduced until solution became clear again. N-Bromosuccinimide (520 g, 2.9 mol) was then
added and the reaction mixture was stirred 90 min at room temperature after which THF was
removed and a liquid-liquid extraction was performed with 500 mL of brine and 1000 mL of
diethyl ether. The organic phase was separated and the aqueous phase extracted with diethyl
ether (3 x 800 mL). All the organic layers were combined, dried over MgSO4, filtered and
concentrated under reduced pressure. The resulting oily residue was purified by flash
chromatography over silica gel (cyclohexane/ethyl acetate : 8/1 v/v) to provide 2,3-
bromohydrine 2 (353 g, 29%) as a yellow oil. 1H NMR (300 MHz, CDCl3) 6: 5.25-5.10 (m,5H,
HC=C(CHs)), 4.01 (dd, j = 2.1, 11.3 Hz, 1H, CHBr), 2.32-2.35 (m, 1H), 1.95-2.19 (m, 18H, CHz),
1.77-1.88 (m, 1H), 1.70 (s, 3H, CHs), 1.63 (m, 15H, CH3), 1.37 (s, 3H, CHs), 1.36 (s, 3H, CH3s).

Synthesis of 2,3-epoxysqualene-2,2-dimethyl-3,7,12,16,20-pentamethylhenicosa-
3,7,11,15,19-pentaen-1-yloxirane (epoxysqualene) 3.

In a 10 L round bottom flask fitted with a mechanical stirrer and a calcium chloride guard tube,
squalene bromohydrine 2 (350 g, 0.69 mol) was solubilized in MeOH (5 L) and K2CO03 (2eq) was
added to this mixture. The reaction mixture was stirred 2 hours at room temperature and was
then concentrated in vacuo. The residue was treated with H20 and extracted with AcOEt (2 x 1
L). The combined organic layers were dried with MgS0s, filtered and the solvent removed under
reduced pressure to obtain a yellow oil (280 g, 95%) which was directly used in the next step
without any further purification. tH NMR (CDCI3) 6: 5.25-5.10 (m,5H, HC=C(CH3)), 2.69 (t, ] =
7.0 Hz, 1H, CH) 1.95-2.19 (m, 20H, CH2); 1.68 (s, 3H, CH3) 1.60 (s, 3H, CH3); 1.58 (m, 12H, CH3s)
1.28 (s, 3H, CH3); 1.24 (s, 3H, CH3).

Synthesis of 2,6,10,15,19,23-Hexamethyl-tetracosa-1,6,10,14,18,22-hexaen3-ol 4.

To a stirred solution of 2,3-epoxysqualene 3 (280 g, 0.66 mol) in toluene (2.5 L) was added
aluminium isopropoxide (430.8 g, 1.98 mol). The resulting mixture was stirred under reflux for
16 h. After cooling to room temperature, 1 N HCl was added until the whole solid was
solubilized. The organic phase was collected and the aqueous phase extracted with diethyl

ether (4 x 500 mL). The combined organic layers were washed with brine, dried over MgS0s4,
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filtered and concentrated under reduced pressure. The resulting oily residue was purified by
flash chromatographic purification over silica gel (petroleum ether/diethyl ether : 4/1 (v/v))
to provide allylic alcohol 4 (177.5 g, 63%) as a colourless oil. 1TH NMR (300 MHz, CDCl3) 6: 5.25-
5.10 (m, 5H, HC=C(CH3)), 4.96 (m, 1H, =CH2), 4.86 (m, 1H, =CH2), 4.05 (t, / = 6.5 Hz, 1H, CHOH),
2.20-1.95 (m, 20H, CH2), 1.75 (s, 3H, CH3), 1.70 (s, 3H, CHs), 1.64 (s, 3H, CH3), 1.63 (s, 12H, CH3).

Synthesis 0f 4,8,12,17,21,25-Hexamethyl-hexacosa-4,8,12,16,20,24-hexaenoic acid ethyl
ester (squalene acetic ethyl ester) 5.

A stirred solution of allylic alcohol 4 (175 g, 0.41 mol) and propionic acid (3.5 g, 0.047 mol) in
triethyl orthoacetate (1 L) was heated under reflux for 3 h. After cooling to room temperature,
triethylamine (7 g, 0.069 mol) was added and the mixture was concentrated under reduced
pressure. The residue was stirred for 5 min with 0.1 N HCI solution and extracted with diethyl
ether (4 x 500 mL). The combined organic phases were washed with brine, dried over MgS04,
filtered and concentrated under reduced pressure to provide the crude ester 5 (202 g,
quantitative) as a pale yellow oil which was directly used in the next step without further
purification. 1TH NMR (300 MHz CDCl3) 6: 5.20-5.02 (m, 6H, HC=C(CH3)), 4.09 (q,/ = 7.2 Hz, 2H,
OCH2CH3), 2.40-2.20 (m, 4H, CO2CH2CHz), 2.15-1.85 (m, 20H, CHz), 1.66 (s, 3H, CHs), 1.59 (s,
18H, CH3s), 1.23 (t,/ = 7.2 Hz, 3H, OCH2CH3).

Synthesis of squalenylacetic acid 4,8,12,17,21,25-Hexamethyl-hexacosa-
4,8,12,16,20,24-hexaenoic acid (squalenylacetic acid) 6.

Ina 10 L round bottom flask fitted with a mechanical stirrer, a reflux condenser and a calcium
chloride guard tube, was introduced ester 5 (200 g, 0.4 mol) solubilized 3000 mL of EtOH and
1000 mL of THF. After stirring, LIOH,H20 (92.5 g, 2.2 mol) was added at room temperature. The
mixture was heated to reflux for 24 h. After cooling, the reaction mixture was concentrated
under reduced pressure and MilliQ water was added. The mixture was acidified with HCI 3N to
pH = 3-4 and was then extracted by MTBE (3 x 1 L). The combined organic extracts were dried
over MgSO0s, filtered and concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (dichloromethane/petroleum ether: 1/1 (v/v)) to provide
squalenylacetic acid 6 (121 g, 65%) as a yellow oil. TH NMR (300 MHz CDCI3) &: 5.15 -5.0 (m,
6H, HC=C(CH3)), 2.49-2.30 (m, 4H, C 02CH2CH?2), 2.20-1.90 (m, 20H, CHz2), 1.70 (s, 3H, CH3), 1.62
(s, 18H, CH3).
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Synthesis of N-9-2,3-bis[(tert-butyldimethylsilyl)oxy]-5 -[(tertbutyldimethylsilyl)oxy]
methyloxolan-2-yl]-9H-purin-6-y1-4,8,12,17,21,25-hexamethylhexacosa-
4,8,12,16,20,24-hexaenamide(Tri-silylated Squalene Adenosine) 7.

To a stirred solution of squalenylacetic acid 6 (120 g, 0.25 mol) in anhydrous dichloromethane
(1L) and DMF (5 mL), was added under nitrogen HOBt (46 g, 0.3 mol), HATU (114 g, 0.3 mol),
tris-O-silylated adenosine (130.2 g, 0.25 mol) and DIPEA (9.35 g, 0.075 mol). The reaction
mixture was stirred 72 hours at room temperature and was then concentrated in vacuo.
Aqueous sodium hydrogen carbonate was added and the mixture was extracted with ethyl
acetate (3 x 500 mL) and dichloromethane (1 x 300 mL). The combined extracts were washed
with brine, dried on MgSO04, and concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel eluting with 10 % ethyl acetate in cyclohexane
to give tri-silylated Squalene Adenosine 7 as a colourless oil (119 g, 45%); 'H NMR (300 MHz,
CDCl3) 6:8.70 (s,1H, H8), 8.64 (s, 1H NHCO), 8.35 (s, 1H, H2), 6.10 (d,, /= 5.2 Hz, 1 H, H1"), 5.20
(t,/J=6.4Hz, 1 H, HC=C(CH3)), 5.20-5.10 (m, 5H, HC=C(CH3)), 4.67 (t,/ = 4.7 Hz, 1 H, H2"), 4.3 (t,
J=4.7Hz, 1 H,H2"), 4.15-4.11 (m; 1 H, H4"), 4.02 (dd,J = 11.2 Hz, ] = 3.9 Hz, 1H, H5’), 3.78 (dd, J
= 11.2 Hz, J = 2.7 Hz, 1H, H5’), 2.96 (t, ] = 7.8 Hz, 2 H, 02CCH2CH2), 2.45 (t, ] = 7.8 Hz, 2 H,
02CCH2CHz), 2.10-1.95 (m, 20 H, =C(CH3)CH2CH2), 1.67 (s, 6 H, C=C(CHs)2), 1.58 (s, 15 H,
C=C(CHs)), 0.95 (s, 9 H, t-BuSi), 0.93 (s, 9 H, t-BuSi), 0.78 (s, 9H, t-BuSi), 0.15 (s, 3 H, CH3Si), 0.14
(s, 3 H, CHsSi), 0.10 (s, 6H, CH3Si), =0.04 (s, 3 H, CHsSi), -0.24 (s, 3 H, CH3Si).

Synthesis of N-9-2,3-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-9H-purin-6-yl-
4,8,12,17,21,25- hexamethylhexacosa-4,8,12,16,20,24-hexaenamide (Squalene-
Adenosine) 8.

To a solution of tris-O-silylated Squalene Adenosine 7 (100 g, 0.94 mol) in dry THF (1 L) was
added TBAF (1M solution in THF, 340 mL, 0.34 mol) and the mixture was stirred for 3h at room
temperature. The reaction was then quenched with brine and the mixture was extracted with
ethyl acetate (3 x 500 mL). The combined extracts were dried on MgS04, and concentrated
under vacuum. The crude product was purified by chromatography on silica gel eluting with 5
% methanol in dichloromethane to give Squalene-Adenosine 8 as a colourless oil (37.1 g, 55
%); 'H NMR (300 MHz, CDCls) &: 9,39 (broad s, 1 H, NHCO), 8.41 (s, 1 H, H8), 8.21 (s, 1 H, H2),
598 (d,1H,J=5.4Hz H1"),5.32 (t, 1 H, /= 6.3 Hz, HC=C(CH3s)), 5.05-4.93 (m, 5 H, HC=C(CH3s)),
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4.61 (t, 1 H,J = 4.9 Hz, H2"), 4.18 (m, 1 H, H3"), 3.98 (m, 1 H, H4"), 3.69 (dd, 1 H,/ = 11.9 Hz, ] =
3.7 Hz, H5’),3.57 (dd, ] = 11.9 Hz, ] = 3.3 Hz, 1 H, H5’), 2.98 (t, 2 H, ] = 7.8 Hz, 02CCH2CHz), 2.45
(t, 2 H,] = 7.8 Hz, 02CCH2CHz), 2.11-1.93 (m, 20 H, =C(CH3)CH2CH>), 1.62 (s, 3 H, C=C(CH3)), 1.60
(s, 3 H, C=C(CH3)), 1.54 (s, 15 H, C=C(CH3))

3. Lab Scale Synthesis of SQAd (Lab SQAd)

SQAd was synthesized as previously reported(18) starting from 20 g of squalene and obtaining

700 mg of SQAd for a total yield of 2.1 %.
4. HPLC-UV-ESI-MS analysis.

Chromatography Apparatus: A high-performance liquid chromatograph Waters Alliance 1695
(Waters, Milford, MA), equipped with a Waters DAD 2996 photodiode array detector, Hewlett-
Packard computer with a Waters Empower 3 software and a Waters autosampler with a 50 uL.
loop was used, with simultaneous detection at 220 nm and 270 nm. The spectra (detection
wavelengths from 200-600 nm) were recorded for all peaks. The HPLC system was coupled on
line with a Waters TOF mass spectrometer.

Columns and Mobile Phase: A Waters Xselect LC-18 column (2.1 x 150 mm, 3.5 um) was used.
The solvents used were (A) 100% HPLC-grade acetonitrile (B) 0.1% formic acid in MilliQ water.
Flow rate: 0.25 mL/min. Solvents and samples were filtered through a 0.45 ym Millipore filter
type HA (Millipore Corp., Bedford, MA).

HPLC Conditions: SQAd and SQAd analogs phase (called Ph1) were separated using a gradient
over 10 min from 80% to 100% of A. Peak assignments were made based on spectral data.
Electrospray Mass Spectrometry (ESI-MS). Mass spectrometry was performed using
electrospray MS. The instrument was a Waters TOF LCT Premier mass spectrometer equipped
with an ion spray interface with a capillary voltage of 2800 V. The mass spectrometer was

operated in the positive-ion mode.

5. High Resolution HPLC-ESI-MS" analysis.

Chromatography Apparatus: A ThermoFisher Scientific (ThermoFisher, Waltham, MA)
chromatograph including a Dionex U-3000 RSLC system equipped with a WPS-3000
autosampler and a TCC-3000 column oven was used. The RSLC system was coupled on-line to
a hybrid mass spectrometer LTQ-Orbitrap Velos Pro (ion trap and orbital trap) from

ThermoFisher.
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Columns and Mobile Phase: A Macherey-Nagel Nucleodur 100-5 C18 EC column (2.1 x 125 mm)
was used. The solvents used were 50% HPLC-grade acetonitrile/ 50% HPLC-grade MeOH
(solvent A) and 0.1% formic acid in MilliQ water (solvent B). Flow rate was 0.3 mL/min.
Solvents and samples were filtered through a 0.45 um Millipore filter type HA (Millipore Corp.,
Bedford, MA).

HPLC Conditions: SQAd and SQAd analogs were separated using a solvent gradient over 10 min
from 80% to 100% of solvent A.

High Resolution Mass Spectrometry: Mass Spectrometry Full Scan analysis was performed in
the Orbital Trap with a resolution of 30 000 in positive mode. The instrument was a
ThermoFisher hybrid mass spectrometer LTQ-Orbitrap Velos Pro equipped with an
electrospray ion source with a capillary voltage of 3400 V.

MSn: MS™ was performed in the LTQ ion trap with Collision Induced Dissociation (CID) at an
energy of 35 (arbitrary unit). Fragment detection was performed in the orbitrap with a

resolution of 7500.

6. Preparative HPLC.

Preparative HPLC separation of Ph1 from SQAd was performed by injecting 1 mL of a filtered
solution of 10 mg/mL Ind SQAd sample in ethanol onto a Waters Xselect LC-18 (30 x 150 mm,
2.1 ym) HR C-18 column. Elution was performed using Waters model 501 pumps to deliver a
constant flow rate of 42 mL/min. The solvent system used was identical to prior HPLC
experiments. SQAd was detected by absorbance at 270 nm using a Waters UV DAD 2996
photodiode array detector. The first product impurity phase (Ph1) was collected between 13.6
min and 15.3 min and SQAd was collected between 19 min and 21 min.

Peak Extraction.

Fractions of eluates containing compounds of interest were combined, filtered through a 0.22
um Teflon filter, and concentrated at 50 °C under 0.01 hPa vacuum on a rotary evaporator to

obtain purified compound.

7. Preparation and Physico-Chemical Characterization of NPs.

SQAd nanoparticles (SQAd NPs) were prepared by nanoprecipitation, as previously
described[20,21] (Supp. Figure S1). Briefly, for both Lab SQAd and Ind SQAd, SQAd
bioconjugates were dissolved in 1 mL of absolute ethanol (6 mg/mL) and added dropwise

under moderate mechanical stirring to a 5% (w/v) dextrose solution (DXT 5%).The ethanol
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was then completely evaporated using a Rotavapor (90 rpm, 40 °C, 42 mbar) to obtain an
aqueous suspension of pure NPs (2 mg/mL). Ph1 nanoparticles were obtained from the analog
chromatographic fraction using the same protocol. NPs size (hydrodynamic diameter) and
surface charge (zeta potential) were measured using a Malvern Zetasizer Nano ZS 6.12 (173°
scattering angle, 25 °C, Material RI: 1.49, Dispersant Viscosity RI: 1.330, Viscosity 0.8872 cP).
For the size measurements by dynamic light scattering (DLS), a good attenuator value (7-9)
was obtained when suspending 50 pL of NPs in 1 mL of distilled water. The mean diameter for
each preparation resulted from the average of three measurements of 60 s each. For zeta
potential measurements, 70 puL of NPs was dissolved in 2 mL of KCl 1 mM before filling the
measurement cell. The mean zeta potential for each preparation resulted from the average of
three measurements in automatic mode, followed by the application of the Smoluchowski
equation. NP stability was assessed by measuring NP size by DLS at different time intervals

after initial formulation up to seven days.

8. Cryo-Transmission Electron Microscopy (cryo-TEM).

The morphology of SQAd nanoparticles was observed with cryo-transmission electron
microscopy. Drops of the solutions were deposited on electron microscope grids covered with
a holey carbon film (Quantifoil R2/2) previously treated with a plasma glow discharge. The
excess liquid on the grids was blotted out with filter paper, and the grids were quickly
immersed in liquid ethane to form a thin vitreous ice film. The whole process was performed
using a Vitrobot apparatus (FEI Company). Observations were conducted at low temperature
(-180°C) on a JEOL 2010 FEG microscope operated at 200 kV. Images were recorded with a

Gatan camera.

9. Small-Angle X-ray Scattering

SAXS experiments were performed on two different set-ups. Lab SQAd was studied at the
SWAXSLab in CEA Saclay with a Xeuss 2.0 apparatus (Xenocs) equipped with a GeniX3D X-ray
generator (A = 1.542A) and a PILATUS3 1M 2D detector. The detector to sample distance was
chosen to attain the 0.01-0.5 A1 g-range. Averaging and data treatment were performed with
PYSAXS software (https: i.org/project/pySAXS/). The sample Ind SQAd was studied at the
synchrotron SOLEIL (Saint-Aubin, France) on the SWING beamline. Data were recorded at
12keV with a 4M bi-dimensional Eiger detector in the chosen 0.014-1.9 A1 g-range. The data
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treatments were performed using FOXTROT software. For each set-up, the samples were
inserted in 1.5 mm diameter quartz capillaries sealed with paraffin wax and analyzed with a

counting time of 3600s and 250 ms for respectively the SWAXSLab and SWING beamlines.

10. Spiking experiment.

SQAd and Ph1 were separately dissolved in absolute ethanol (6 mg/mL). The SQAd and Ph1l
ethanolic solutions were mixed in varying ratios as to obtain different 0.1 %, 1 %, 5 %, 10 %
(w/w) solutions of Ph1 in SQAd. This organic solution was then nanoprecipitated as described
above in a 5% (w/v) dextrose solution.

11. Cell Culture.

MCEC (Mouse Cardiac Endothelial Cells, TebuBio, France) cells were grown in DMEM medium
supplemented with 10% FBS, 1% penicillin-streptomycin and 1% HEPES at 37 °C and 5% COz.
HL1 (Cardiac Muscle cells, Sigma, France) were grown in Claycomb’s medium supplemented
with 10% FBS, 1% penicillin-streptomycin, 1% glutamine and 1% norepinephrine at 37 °C and
5% CO2. HepG2 (Hepatocellular Carcinoma, Sigma, France), HUVEC (Human Umbilical Vein
Endothelial cell, ATCC, France) and MiaPaca (Human Pancreatic Carcinoma Epithelial Cells,
ATCC, France) cells were grown in DMEM medium supplemented with 10% FBS and 1%
penicillin-streptomycin at 37 °C and 5% CO2 atmosphere. For HL1 and MCEC cell lines, cells
were divided to the tenth every 3-4 days. For MiaPaca, HepG2 and HUVEC cells, cells were
divided to the fifth every 3-4 days.

12. Cytotoxicity of SQAd NPs.

Cytotoxicity ~was evaluated wusing an MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide) assay. For a typical 24 hours cytotoxicity study, cells were
seeded in a 96 well plate at 8 000 cells/well (30 000 cells/cm?) for 24 hours. Subsequently, cells
were treated with different concentrations of nanoparticles ranging from 1 uM to 200 uM in
200 uL of complete cell medium. Cells were incubated for 24 hours before the MTT assay was
performed. For the MTT assay, cells were washed with PBS, and incubated for 2 hours with
medium containing 0.5 mg/mL of MTT. The medium was removed after 2 hours and 100 uL of
DMSO were added to each well before measuring absorbance reading on a Perkin Elmer

absorbance reader at 570 nm.
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13. Rat Plasma Samples.

Rat blood samples were obtained from healthy male Sprague Dawley rats by cardiac puncture
and collected into heparinated collection tubes. Plasma was obtained by centrifuging the blood
samples at 2000 rcf for 10 min. Plasma samples were pooled, split into 5 mL aliquots and stored
at -80 °C until further use. For protein binding experiments, the aliquots were thawed at room

temperature and then incubated at 37 °C.

14. Protein Assay.

Plasma protein binding to SQAd nanoparticles was studied by incubating 250 uL of NP
suspension (4 mg/mL) in DXT 5% with 250 uL of rat plasma. Incubation was carried onat 37 °C
for 1 h to promote protein adsorption. The amount of adsorbed proteins on SQAd NPs after
incubation in plasma was quantified using the Protein Assay reagent (Pierce, Thermo Scientific,
Waltham, MA, USA) according to manufacturer’s protocol. Briefly, after incubation, NP-protein
complexes were centrifuged at 16 000 rcf for 10 min to pellet NP- protein complexes. The
supernatant was removed and the pellet was resuspended in 500 uL of PBS. This procedure
was repeated twice to remove any loosely bound proteins until final suspension in 500 uL of
PBS. A plasma aliquot not incubated with nanoparticles was subjected to the same procedure
as control. For the assay, 25 uL of each sample were placed in a 96-well plate and 200 uL of
Protein Assay working solution were added. The measures were performed in triplicate. The
plate was covered, mixed on an orbital plate shaker, and incubated at 37 °C for 30 min. The
absorbance of each sample, standard and blank was measured with a Perkin Elmer absorbance
reader at 570 nm. The protein concentration was calculated using interpolation with the

standard curve obtained from PBS solutions of Bovine Serum Albumin.

15. Protein Separation by 1D-PAGE.

Proteins were separated by 1D-PAGE according to Laemmli(20) with some modifications.
Proteins were desorbed from SQAd NPs by adding SDS-PAGE sample buffer to the pellet and
heating the solution to 95 °C for 5 min. A Biorad Mini-PROTEAN® TGX Stain-Free™ 4%-
15% Bis-Tris polyacrylamide gel was used as separating gel. Electrophoresis was carried out
at a constant voltage of 300 V in electrophoresis buffer, until the dye front reached the lower
end of the gel (20 min). Separated proteins were imaged using a Biorad ChemiDoc Imaging

system and analyzed with Biorad Image Lab software. For quantification, total lane
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fluorescence was measured and for each detected band the band fluorescence count was
normalized over total lane fluorescence yielding the normalized percentage of fluorescence

count (NpFIC %).
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III. Results and Discussion

1. Scale-up and Reproducibility of NPs properties.
a) Synthesis of SQAd

At the onset of this study was a need to scale up the synthesis of the SQAd bioconjugates for use
in multi-lab pre-clinical trials evaluating SQAd efficacy in different animal models. Starting from
squalene, SQAd was first synthesized at a lab scale in limited amounts (ie. 100 mg) with a total
yield of ~2 % (Lab SQAd) and then by an industrial partner in large scale using the same
synthetic process (Ind SQAd). SQAd synthesized from industrial batches was obtained in a
higher total yield (~5 %) through industrial optimization of the synthesis process. The
synthetic route to SQAd 8 is illustrated in Figure 1A. Because of its lack of functional groups,
conjugation to squalene 1 can only be achieved after functionalization of the squalene aliphatic
chain. This functionalization process starts with the selective hydroxybromination of the
terminal double bond with NBS in wet THF according to the method of Van Tamelen(21). The
bromohydrine 2 pathway shows a proclivity for the formation of the terminal 2,3-
bromohydrine which has been attributed in part to conformational changes of the squalene
chain in a water containing solution. This hypothesis is strongly supported by the numerous
observations that most epoxidation reactions performed in apolar organic solvents using
peroxy acids or dimethyldioxirane give a mixture of internal epoxidation products(22, 23). The
chemoselectivity of NBS/H20 for the terminal double bond was, however, not perfect and the
crude material needs to be thoroughly purified by silica gel chromatography before engaging
the bromohydrine in the next step. Nevertheless, this synthetic path was considered preferable
to other oxidative methods as the process didn’t require the involvement of toxic reagents or
heavy metals which would further complicate regulatory approval. As depicted in

Figure 1A, once the crucial terminal functionalization was obtained, 2,3-oxydosqualene was
easily derived from the 2,3-bromohydrine by potassium carbonate treatment (b). The one
isoprene-unit homologation was then achieved by sequential aluminium isopropoxide ring
opening reaction (c) followed by Claisen-Johnson rearrangement with triethylorthoacetate
(d)(24). After saponification, the obtained squalenyl acetic acid was coupled to 2’,3’,5-
trisilylated adenosine using HATU /HOBt as coupling agent with moderate yield. After extensive
purification, the silyl protecting groups were removed upon TBAF treatment. Although the

lipidic nature of squalene precluded crystallization of the
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Figure 1: A. Scheme of SQAd synthesis: a) Squalene and NBS in THF/H20, 29%. b) 2 and K»>CO3 in
MeOH, 95%. c) 3, aluminium-isopropoxide in Toluene, reflux, 63%. d) 4, propionic acid in triethyl
orthoacetate, reflux. e) 5, LiOH,H»0 in EtOH/THF, reflux, 65%. f) 6, HOBt, HATU and DIPEA in DCM,
45%. g) 7 and TBAF in THF, 55%. B. DLS measurement of NPs sizes for Lab SQAd and Ind SQAd
batches. For measurements performed in cell medium, NPs were dispersed at a concentration of 50
pg/mkL or 150 pg/mL in complete DMEM medium. C.Zeta-potential measurements of Lab SQAd and
Ind SQAd. D. Stability of SQAd NPs in water determined by DLS monitoring of NP size

chromatographic conditions for both Lab SQAd and Ind SQAd. NMR analysis of both batches
yielded spectra consistent with SQAd (Supp. Figure S2). Nanoparticles of both Lab SQAd and
Ind SQAd were then formulated to evaluate the influence of industrial scale-up on NPs

properties.
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b) NP formulation and physico-chemical characterization

SQAd NPs were prepared by nanoprecipitation(18) of an ethanolic solution of SQAd in a 5%
(w/v) aqueous dextrose solution. Once formulations of different SQAd batches were obtained,
size and polydispersity index (PDI) of the NPs were measured by dynamic light scattering (DLS)

(Figure 1B). The resulting measurements showed substantial differences in the colloidal
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Figure 2: A. Small-angle X-ray diffraction patterns NPs recorded at room temperature. B. Selected
Cryo-TEM image of Lab SQAd NPs obtained by nanoprecipitation of an ethanolic solution in DXT 5%.
C. Selected Cryo-TEM image of Ind SQAd NPs obtained by nanoprecipitation of an ethanolic solution
in DXT 5%.

behavior of formulations originating from different SQAd batches. Indeed, small variation in the
mean size were observed (83 nm/ 99 nm for respectively Ind SQAd and Lab SQAd) while larger
differences in the mean zeta potential were measured (from -25mV to -15mV for respectively
Ind SQAd and Lab SQAd) (Figure 1C). Both formulations were stable for at least 7 days in water
as measured by DLS (Figure 1D), while in cell culture medium Ind SQAd NPs were found to be
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more stable than Lab SQAd NPs. This difference was most probably due to their stronger
surface charge which inhibited NPs aggregation in a solution of high ionic strength such as cell
medium. In addition, cryo-TEM imaging (Figures 2B-C) showed substantial differences
concerning the NPs internal structure. Lab SQAd demonstrated apparent internal ordering
while Ind SQAd produced NPs with less apparent structure. To further investigate this
observation, the internal structure of SQAd NPs was studied by Small-Angle X-ray Scattering
(SAXS) (Figure 2A). For Lab SQAd, the SAXS pattern displayed three Bragg reflections at qo =
0.091 A1, g1 = 0.158 A1 (qoV3) and g2 = 0.182 A1 (2q0). These peaks indexed as the reflections
of an inverse two-dimensional hexagonal phase with lattice parameter a = 78.0 A. For Ind SQAd,
however, SAXS data showed only one smooth Bragg peak without high order reflections, in
agreement with a lower ordering of the internal structure, as observed by cryoTEM. The low
ordering of Ind SQAd NPs suggested that some constituents of the SQAd NPs batches may
influence NPs colloidal behavior and warranted further studies to evaluate if these physico-

chemical differences may impact the biological behavior of NPs.

c) Cytotoxicity of Lab SQAd and Ind SQAd batches

In this study, HepG2, HUVEC, HL1 and MiaPaca cells lines were chosen as in vitro models of the
influence of SQAd to account for cell subtype-specific variations. The cytotoxicity of different
batches of SQAd NPs was determined after incubation with the various cell lines by performing
an MTT assay (Figure 3). Ind SQAd batches were consistently found to be more toxic than lab
SQAd NPs with ICso values in the 100 uM range while Lab SQAd did not induce a strong
cytotoxicity even at concentrations of 200 uM. This tendency was confirmed on the four tested
cell lines and with NPs incubation times ranging from 24 to 72 hours. Also, the presence of

dextrose in the formulations did not to influence the cytotoxicity of SQAd NPs (Supp. Figure S3).
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Squalene is an endogenous precursor of cholesterol which is non toxic to cells. Once
functionalized into squalenylacetic acid 6, it has been shown to induce a moderate inhibition of
cell proliferation in certain models with ICso concentrations in the 180-200 uM ranges on
HUVEC and MiaPaca cells(25). Adenosine, on the other hand, has a more controversial effect on
cell proliferation(26-28). While it can induce apoptosis and cell death in certain types of
cardiomyocytes(29) and neutrophils(30), adenosine provides important cytoprotective

functions in the heart and brain tissue during ischemia, hypoxia or ischemia reperfusion (31,
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Figure 3: MTT assays of Lab SQAd and Ind SQAd on HUVEC, HepG2, MiaPaca and HL1 cell lines.
Viability was expressed as % of viability of non treated cells as measured by formazan dye absorbance

at 570 nm. Concentrations ranging from 5 uM to 200 uM were studied over 24 h, 48 h and 72 h of

incubation.

32). A number of studies have reported that cell specific purinergic receptors contribute to the
dual effects of adenosine on cell viability(33-35). SQAd has been shown not to be a direct
agonist of these purinergic adenosine receptors but rather to act through accumulation of
adenosine intracellularly(36). In any case, these subtle cytotoxic and cytoprotective effects of

adenosine can hardly explain the gross differences displayed in the cytotoxicity profiles of the

different SQAd batches observed in this study.
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d) Plasma protein adsorption

Current understanding of nanoparticles interactions in vivo suggests that the protein corona
(ie surface adsorbed proteins) formed on nanoparticles greatly influences their biological

fate(37, 38). Consequently, plasma protein adsorption on Ind SQAd NPs and Lab SQAd NPs was
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Figure 4: A. Concentration of protein corona isolated from different batches of SQAd NPs as
measured by Pierce protein assay. For plasma control, the same procedure as for NPs corona
evaluation was used but without the presence of nanoparticles. B. 1D-PAGE from two independent
experiments of Lab SQAd and Ind SQAd protein corona. Molecular weight ladder was migrated with
a pre-stained Biorad Precision Plus sample which is shown alongside the stain-free gel
electrophoresis. C. Normalized percentage of fluorescence count for proteins found in the hard
corona of Lab SQAd and Ind SQAd nanoparticles. Proteins were grouped following molecular

weight expressed in kDa.

evaluated after incubation in rat plasma for 1 h at 37 °C. NP-protein complexes were isolated
from excess plasma, washed thoroughly, and the amount of adsorbed proteins was quantified

for each formulation. Lab SQAd formulations afforded an average of 37.4 pg/mL (i.e. 93.5
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pug/mg NPs) adsorbed proteins, while Ind SQAd afforded an average of 12.8 pg/mL (i.e. 32
ug/mg NPs) adsorbed proteins (Figure 4A). These values refer to those proteins which strongly
interacted with the nanoparticles surface, the so called “hard corona”, which essentially confer
the NPs their biological identity. Although previous studies have shown that strongly negative
NPs had a tendency to adsorb higher amount of proteins(39), the main driving force in protein-
NP interactions is not simply electrostatic but revolves also around complex colloidal and
biochemical interactions which characterize the NPs in vivo(40, 41). For instance, it is possible
that the crystal lattice of the Lab SQAd nanoparticles allowed greater access and interaction
with the small proteins of the plasma. To better identify the influence of the industrial scale-up
on the nature of the adsorbed proteins at the surface of the NPs, stain-free 1D-PAGE was
performed on the hard corona isolated from NPs of both Lab SQAd and Ind SQAd batches
(Figure 4B). 1D-PAGE resolves the corona proteins according to their molecular weight and
afforded a basic evaluation of the different fractions of protein adsorbed to the NPs and their
relative amounts. The relative abundance of each protein fraction on the surface of the
nanoparticles was evaluated by Normalized Percentage of Fluorescence Count (%NpFIC,
equivalent to the fraction of total fluorescence for all proteins found in the corona). The protein
corona compositions shown in Figure 4C varied in subtle ways between the two SQAd batches.
Mainly, low molecular weight protein fractions appeared to be significantly reduced in Ind
SQAd and could account for the smaller quantities of protein corona found on Ind SQAd NPs.
On the contrary, proteins of larger molecular weight (above 60 kDa) were found to be present
consistently among the tested nanoparticles samples (lane profiles can be found in Supp.
Figures S4-S5). While the determinants of corona composition are often underappreciated and
hardly characterized, they are critical in determining the subsequent fate and effects of NPs in
both in vitro and in vivo situations. Studies have shown that variations of less than 10 % in the
makeup of a NP’s protein corona could result in an alteration of the pharmacokinetic profiles

a n d b i o d i s t r i b u t i o n ( 3 8 )
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2. Identification and characterization of impurities

a) Chromatography studies

Our previous physico-chemical and in-vitro studies seemed to point to the presence of formerly
undetected impurities, especially in the Ind SQAd batches. As such, a more sensitive HPLC-MS
approach of the different SQAd samples was carried out in order to identify and characterize
eventual impurities responsible for batch-to-batch discrepancies. The results, shown in Figure
5, indicate that other than SQAd (peaks 3 and 4) a small quantity of detectable impurity phase,
from now on named Ph1, corresponding to a mass of elution peaks around 20.8 min (peaks 1,2
and 5), was present in Ind SQAd batches. UV integration at 270 nm showed Ph1 peaks present
at 1-2% in Ind SQAd and hardly detectable (<0.5%) in Lab SQAd. ES-MS data showed Ph1 as
being composed of a mixture of SQAd analogs with major components having measured masses
of 734.48 g/mol and 750.47 g/mol. Two minor impurities were also found in shoulder 6 for

which a MS study can be found in Supp. Figure Sé.

2100 .
T i IndSQAd /
S 11005 3
3 3
2 3
S 5x10%3 i
S z 1-2 6
3 : \ \
< g3
0.00 500 1000 1500 2000  25.00  30.00
2x100% -~ Time {min)
S ixigos] LabSQAd /
2
S 5x10053 Phl
o 3
2 s
< of N
0.00 500 1000 1500 2000 2500  30.00

Time (min)

Figure 5: UV-HPLC spectra of Ind SQAd and Lab SQAd. UV spectra was recorded at 270 nm,
corresponding to the maximum absorption peak of SQAd. At the end of the HPLC system, ES mass

spectrometry was performed and the results reported in Table 1.
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izak Identification tz (min) :’or::)osal Measured mass (m/z) Eli)r\nngilon UV Integration (%)
1 SQAd OH, 2022 [M-H]* 75047 C4:HesNsO; 0.5

2 SQAd OH 2087  [M-H]* 73448 CHesNsO, 15

3 SQAd 2500  [M-H)* 71849 C4:HeaN:<O¢ 98

4 SQAd 2473  [M-H) 71849 CasHesN;Os 99.5

5 SQAd OH 20.52 [M-H]* 734.48 C42HesN:Og 0.5

Table 1: Spectrometry data for Lab SQAd and Ind SQAd HPLC peaks.

This corresponded to SQAd (m/z = 718.49) with one or two additional oxygen atoms which we
inferred to be -OH substituents present on the aliphatic squalene chain of SQAd. To elucidate
this further, a collision induced dissociation (CID) MSn study of these compounds was carried
out (Table 2 and Supp. Figures S7-S9). CID of SQAd in the conditions used for this study usually
yields a single major product ion with m/z = 586.44, corresponding to the fragmentation of a
ribose residue from the adenosine moiety. When CID was carried out on Ph1, it showed that
both compounds with m/z = 734.48 and m/z = 750.47 first demonstrated the usual pathway of
parent ion fragmentation observed with secondary allylic alcohols, corresponding to a [3-
elimination of the hydroxyl group, resulting in CID products of m/z =716.47 and m/z = 732.47
respectively (Figure 6A).

:;ak Identification tz (min) }’;:fosa] Measured mass (m,z) g:::;:i::??ilon UV Integration (%)
1 SQAd OH, 2022 [M-H) 750.47 C4:HeN:0, 05

2 SQAdOH 20.87 [M-H]* 734.48 CisHeaN:0y 1.5

3 SQAd 2500  [M-H]* 718.49 C43HesN:O; 98

! SQAd 24.73 [M-H] 718.49 CyHggN:04 99.5

5 SQAdOH 20.52 [M-H]* 734.48 CizHeaN: 0y 0.5

Table 2: Collision induced dissociation of the different SQAd compounds detected by MSn.
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Figure 6: A. Presumptive structures for the detected SQAd analogs and their collision-induced product
ions are shown. Upper box shows product ions for single -OH substituted SQAd analogs, lower box
corresponds to double -OH substituted products. Exact masses were calculated with the ChemDraw
software and fitted the experimental data. B. Chromatograms of the different SQAd analogs obtained

during HPLC-ESI-MSn
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This was followed by the expected product ions induced by SQAd ion fragmentation and loss of
the ribose residue. Of note, chromatograms obtained from the high resolution HPLC-ESI-MS»
study additionally showed that slightly different elution peaks corresponded to compounds
having identical molecular masses (Figure 6B). For single -OH substituted compounds SQAdOH,
we found five elution peaks corresponding to the five possible substitution products over the
available isoprenyl subunits, while double -OH substituted compounds SQAdOH2z gave 10
elution peaks corresponding to the combination of two substitutions out of a set of five
available isoprenyl subunits. This indicated that the SQAd analogs most probably existed as a
mixture of isomers in Phl, suggesting that the oxidative side-reaction which led to the
additional hydroxyl groups occurred unselectively over all five isoprenyl subunits. Although, in
the absence of an exact structural determination, the mechanism of formation of these minor
byproducts remains speculative, it can be suggested that they result from the ring-opening
reaction with aluminum isopropoxide of internal epoxides produced by over oxidation with
NBS. Previous studies have shown that the main side product in the Van Tamelen procedure is
the BRE-bis-bromohydrine(42, 43). During the purification process, using chromatography on
silica gel, only the main side product corresponding to the BEE-bis-bromohydrine could be
separated, while minor less polar internal bromohydrines are much more difficult to eliminate
and could remain with the main product. Once formed, these highly hindered allylic alcohols
would not act as substrates in the Claisen-Johnson transposition and thus would remain as
minor components in the bulk main product.

b) Cytotoxicity of hydroxylated SQAd impurities

To elucidate the impact of Ph1 impurities on the observed batch-to-batch discrepancies in NPs
properties, a preparative HPLC separation (HPLC-Prep) was performed to isolate Ph1 from
SQAd. Practically, two series of experiments were performed (Figure 7). First, NPs were
prepared from Ph1l only (Figure 7A) and tested as such for their cytotoxicity and physico-
chemical properties. When prepared by nanoprecipitation, Ph1 yielded stable NPs and DLS data
showed a strongly negative zeta potential of -35 mV and sizes of ca. 100 nm (Figure 7B). Further
studies focused on the biological effects of Ph1l NPs which were found to be dramatically
cytotoxic, with ICso values around 5 uM, compared to isolated SQAd which barely induced
cytotoxicity in the tested concentration ranges (Figures 7D-E). The influence of minor
impurities on cytotoxicity was also studied and data reported in Supp. Figure S10. Later, a series
of additional experiments were performed in which pure SQAd fractions from HPLC prep

experiments were spiked with increasing concentrations of Ph1 (from 0.1 % w/wto 10 % w/w).
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Remarkably, the amount of Ph1l was proportionally linked to cytotoxicity in

nanoformulations (Figure 7F).
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Figure 7: A. Representative scheme of spiking experiments, where isolated Ph1 and pure SQAd were

combined in varying ratios. B. Zeta-potential measurements of SQAd and Ph1 NPs. C. DLS size

measurement of SQAd and Ph1l NPs. For measurements performed in cell medium, NPs were

dispersed at 150 pg/mL in complete DMEM medium. D-E. MTT assays of SQAd and Ph1 NPs on MCEC

and HepG2 cell lines. Cell viability was measured as % viability of non treated cells. F. Cell viability

after 24 hours incubation with 100 uM of SQAd eluate NPs or NPs of SQAd spiked with increasing

concentrations of Ph1 from 0.1%-10% w/w.

These experiments confirmed that the Ph1 impurity, even when present in small quantity, was

responsible for both the biological and physico-chemical alteration of SQAd NPs properties. It

is not surprising that Ph1l forms a stable colloidal phase when nanoformulated, as other

terpenoid derivatives of squalene have been shown to do so[46]. Ph1 yields NPs demonstrating

low zeta potential and high toxicity which can help to explain the properties observed with Ind
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SQAd batch NPs. We postulate that the observed cytotoxic effect of Ph1 is likely due to the
aberrant squalene chains altering the cell membrane integrity. Indeed, squalene strongly
interacts with lipid bilayers because of its structural similarity with cholesterol as well as
through binding to LDL receptors on the cell surface(44-46). Additionally, it is also possible that
hydroxylated SQAd analogs can participate in oxidative stress signaling through their
similitude with lipid peroxidation by-products.

Ultimately, nanoparticle-based delivery systems are unique structures capable of accumulating
bioactive molecules inside tissues and cells. This makes them a class of materials that is
especially sensitive to the presence of residual manufacturing components or variations in
purity from batch-to-batch(47-49). This has often lead to misjudgments concerning NP
toxicities and poor reproducibility of results(50, 51). Here, even though special precautions
were taken in using biocompatible reagents and formulation strategies, scaling-up the
manufacturing process resulted in varying quantities of analogs of the lipid carrier chain which
in turn were responsible for an unexpected cytotoxicity of SQAd NPs. These findings highlight
the complexity of nanotechnology and the escalating level of expertise required to successfully
generate safe and efficient nanomedicines. Not only does it require a thorough understanding
of the chemistry and biocompatibility of compounds used for the initial formulation of the
nanoparticles, but also full comprehension of the synthesis process and its implications on the
aforementioned properties. In a context where the reproducibility of nanoformulations is put
into question(52) and several generics of approved nanoformulated drugs are set to enter the
market in the coming years(53), special care and regulatory oversight over these issues is of

outmost importance.

IV. Conclusion

In this study, we showed that the scale-up of the bromohydrine synthetic pathway to SQAd can
alter the impurity profile of the squalene bioconjugate which results in critical variations in
SQAd NPs properties. Here, close analogs of the carrier lipid chain were found to be highly
cytotoxic and strenuous to separate from SQAd bulk by conventional chromatographic methods.
Surprisingly, these minor impurities had a strong impact on the colloidal properties, internal
structure and biological properties of SQAd NPs. Identifying these issues was crucial in finally
obtaining batches of SQAd that yield nanoparticles with consistent properties, which has now
been achieved by the industrial partner.

Failure to properly characterize a material has afflicted the nanotechnology field for many years,
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regularly leading to misjudgments about the properties of nanoparticles. The matter is often
made worse in the case of nanocarriers because of the inherent polydispersity of their physico-
chemical properties as well as their plural chemical identity. Identifying which parameters are
most important for establishing the therapeutic and biological equivalence of two nanoparticle
formulations is therefore important. As the field matures and a growing number of products
seek regulatory approval, an especially careful approach in terms of toxicity and
pharmaceutical development should be adopted in the maturation process of these innovative
materials. Ultimately, understanding and solving these issues is a crucial part of the

advancement of nanomedicines, and one which cannot be left for the industry to deal with alone.
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Supplementary Materials

Organic phase:
* Ethanol
* SQAd

Dextrose 5%/ Evaporation Colloidal
H20 dispersion

Figure S1: Overview of SQAd NP synthesis. Bioconjugates are dispersed in Ethanol at the concentration
of 6 mg/mL. The organic phase is nanoprecipitated in an acqueous DXT 5% solution under vigorous

stirring. The ethanol is evaporated under reduced pressure leaving a colloidal dispersion of SQAd NPs.
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Figure S3: Cytotoxicity of Lab SQAd vs Ind SQAd at 100 puM on HepG2 cells over 24 hrs with different

formulations methods to control for DXT influence.
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Figure S4: 1D-PAGE experiment lane profiles from Image Lab software analysis of Lab SQAd gel
electrophoresis of two independent Lab SQAd protein corona isolation experiments. Intensity peaks
indicate presence of protein in the gel for a given elution ratio (Rf). Higher elution ratios correspond to

lower molecular weight proteins. Peak numbers correspond to user defined band numbers.
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Figure S5: 1D-PAGE experiment lane profiles from Image Lab software analysis of Ind SQAd gel
electrophoresis of two independent Ind SQAd protein corona isolation experiments. Intensity peaks
indicate presence of protein in the gel for a given elution ratio (Rf). Higher elution ratios correspond to

lower molecular weight proteins. Peak numbers correspond to user defined band numbers.
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Figure S6: MS of minor impurities found in Lab SQAd shoulder 6. The compound with m/z= 798.40
g/mol is a Br containing SQAd analog recognizable by its characteristic “dual” MS peaks caused by the
similar abundances of Br isotopes 7°Br and 81Br. The compound found at m/z= 716.47 g/mol is most
probably a triene derivative of SQAd with an additional insaturation on the aliphatic chain.
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Figure S7: ESI-MSn of SQAd ( m/z= 718.49) with full scan ions (top) MS CID product (middle) and MS2

CID products (bottom).
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General Discussion

The goal of this doctoral thesis was to evaluate the pharmacological potential of squalene-
adenosine based therapies in inflammatory disorders. The hypothesis was that the specific
micro-environment reigning in inflamed tissues would allow our nanoparticular formulations
to differentially target the foci of inflammation and provide a promising adenosine based

therapeutic intervention. This was supported by several arguments.

In a seminal study published by our laboratory, SQAd NPs were shown to have promising
therapeutic properties against cerebral ischemia and reperfusion injuries in a murine carotid
ligation model. At the time, the main protective effects were thought to have been provided by
the action of adenosine on the vascular endothelium. However, some early signs of lowered
inflammation were detected and indication of a lower inflammatory response in this model was
encouraging for future work on the use of SQAd derived nanoparticles in inflammatory

disorders.

In another recent study evaluating Squalene-Leu-enkephalin (SQ-LENK) nanoparticles as
efficient painkillers to bypass the use of central opioid receptors antagonists, SQ-LENK
nanoparticles were first observed to accumulate at local sites of inflammation. This
accumulation occurred in a carrageenan-induced paw inflammatory pain model and enabled
the nanoparticles to enact a targeted analgesic action without inducing measurable side effects.
Although inflammatory micro-environment targeting was not the main point of this study, we
considered that the accumulation of the SQ-LENK derivatives at the site of inflammation was
interesting enough to warrant further exploration in more pathological expressions of

inflammation such as sepsis or endotoxemia.

In this general discussion, we will discuss first the use of adenosine in inflammatory disorders
and what advantages or limitations the squalenoylation technology affords for endogenous

purine therapy. Secondly, we will discuss multidrug nanoparticles, their potential use in
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inflammatory disorders and important developments and limitations. Thirdly, how the
different results of SQ NPs biodistribution studies present in this work can be interpreted in
light of recent literature, what they mean for the understanding of squalene-based targeting
technology and potential investigation avenues. Finally, we will discuss the industrial scale-up
of nanomedicines, its stakes and challenges for the eventual successful application of

nanoparticle-based technologies in the clinics.
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I. Adenosine in the treatment of inflammatory disorders

Adenosine immunomodulation

The adenosine receptor system has evolved as both a rapid sensor of tissue injury and the major
‘first-aid’ machinery of tissues and organs(1). Adenosine receptor activation thus preserves
tissue function and prevents further tissue injury following an acute insult, hyper inflammation
or reperfusion injury, conditions in which the immune system has a paramount role(2). During
these inflammatory phases, adenosine plays an important role in regulating inflammation. It
can be formed endogenously in response to metabolic stress through the extracellular action of
two key ectoenzymes CD39 and CD73 which sequentially dephosphorylate pro-inflammatory
ATP into pro-resolving adenosine. Inhibition of the final step of this cascade by genetic
depletion of CD73 in mice is associated with a pro-inflammatory phenotype showing
exacerbated severity in numerous rodent models of inflammatory diseases(3). In macrophages
and neutrophils, adenosine inhibits the release of pro-inflammatory cytokines such as TNF-«a
while stimulating production of anti-inflammatory cytokines such as interleukin 10 (IL-10).
Four ubiquitous G protein-coupled receptors (A1, A2a, A2s and As) are responsible for mediating
adenosine signaling. Recent advances in understanding the role of the distinct adenosine
receptors and the complex network of cellular players that determine the adenosine response
to tissue injury have helped identify novel pharmacological targets to restore tissue function in
various inflammatory conditions(4, 5). Although adenosine receptor subtypes play complicated
and sometimes opposing roles in inflammation, central administration or continuous
intravenous infusion of adenosine have generally been shown to be protective against
inflammatory insults(6). However -and despite progress in the development of several specific
agonists of adenosine receptors- these approaches remain largely limited by the side-effects
that unchecked adenosine receptor activation affords, as well as rapid metabolization(7).
Hence, any modification in adenosine delivery that may alleviate adverse reactions without

losing its immunomodulatory action may prove beneficial.

Squalenoylation
Systemic injection of adenosine usaully causes arterial hypotension and a baroreceptor reflex
tachycardia mediated in part by withdrawal of vagal tone from the sinoatrial node(8). In this

work, we showed that squalenoylation can protect against adenosine-related cardiodepressive
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side effects (Figure 1B).
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Figure 1: (A) Daily food intake of SQAd treated animals comparatively to controls.(B) Systolic

blood pressure determination as % of control. n=3 animals per group, five measurements per

animal. (C-F) Work done by A.Gaudin evaluating the acute (day 1 and day 7) and long term (day

28) toxicity of the SQAd upon systemic administration were then assessed. SQAd administration

did not induce any increase nor decrease of the white (C, data are presented as mean (x103/uL) +

SD, N = 5 animals/group) and red blood cells counts (E, data are presented as mean (x106/uL) +

SD, N = 5 animals/group). Similarly, no differences in aspartate aminotransferase (D, data are

presented as mean (UI/L) + SD, N = 5 animals/group) and creatinine (F, data are presented as

mean (mg/dL) = SD, N =5 animals/group) were observed between the animals injected with SQAd

and the controls (dextrose 5%).

This adds itself to previous work from our laboratory showing that SQAd did not induce
significant variations in white blood cell counts, red blood cells, food intake or markers of
hepatic or renal stress. Essentially, SQAd nanoparticle administration caused no measurable
side-effects, contrary to administration of the free drug. To refine this data, and in an additional
study with collaborators at University of Namur, we evaluated the influence of SQAd and
SQAd/VitE NPs on hematologic parameters. Both formulations were found to induce no toxicity,
as measured by hemolysis, and did not induce platelet aggregation or coagulation (Figure 2-3).

In the presence of platelet aggregation inducers, adenosine showed an anti-aggregation effect,
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in accordance with the literature. This anti-aggregation effect was diminished after

encapsulation of adenosine in SQAd nanoparticles.
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Figure 2: Washed red blood cells from 3 healthy donors were incubated in presence of SQAd/VitE
NPs during 1h, 3h or 24h at 37°C in presence of 5% CO.. After centrifugation, supernatant is
collected and hemoglobin content is determined by spectrometric detection at 540nm.
Formulations were tested at concentrations ranging from 100 ug/ml to 1ng/ml. No hemolysis of
the tested formulations was observed from 100pg/ml to 1ng/ml, in washed red blood cells, Triton

X100 1% is the positive control, inducing 100% of red blood cell lysis.
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Figure 3: Platelet aggregation following incubation with platelet aggregation inducers.
Aggregation was studied using a chronometric aggregometer by measuring the optical density at
620 nm in a glass cuvette (at 37°C under continuous stirring (1,000 rpm). Platelet-rich plasma
(PRP) at 300,000 platelets/puL were incubated with SQAd/VitE NPs in presence or absence of
platelet aggregation inducers (ADP, collagen or arachidonic acid). Data were collected with the

Chronolog two-channel recorders connected to a computer. PRP were obtained from healthy
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donors and used freshly within 3 hours to maintain platelet reactivity. A significant anti-
aggregation effect is observed with SQAd/VitE NPs at concentration of 100 pg/mL when platelet
aggregation is induced by ADP, Collagen or Arachidonic Acid. n=6 Data are mean + SD. ns: non

significant,*P<0.05, **P<0.01,***P<0.001 (Student’s ¢t-test).

Taken together, these data paint the picture of a highly improved therapeutic index for
adenosine, and represent a significant step forward in the use of adenosine for inflammatory
conditions. Along with the added targeting afforded by the nanoparticle formulation, and the
possibility to co-encapsulate different drugs to synergize with adenosine therapy, SQAd NPs

appear as a truly promising platform for purinergic based inflammation therapy.

Further studies
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Some elements to consider remain in the above mentioned contradictory effects of unspecific
activation of the adenosine receptor system. Indeed, it has been recognized that adenosine
receptor subtypes play complicated and sometimes opposing roles in inflammation (Figure 4).
Activation of one or the other receptor systems seems to be predicated, in part, on extracellular
adenosine concentrations. Indeed, adenosine can induce signaling through all four of its
cognate receptors, however, it does so with varying effective concentrations (ECso). While A1
and As are high affinity receptors with ECso values that are between lower than 1 uM, A2a and
A2p receptor activation generally requires adenosine levels that between 1-10 pM. Because
physiological adenosine concentrations are lower than 1 uM, physiological levels of adenosine
cannot activate Az receptors which require pathophysiological conditions. Prolonged exposure
of cells to elevated levels of adenosine is thus often associated with tissue stress and induces a
response which aims at reestablishing homeostasis. Perhaps, the high local doses that SQAd
therapy allows to attain could be the key that afforded the important therapeutic improvements
observed in our endotoxemia models. An interesting perspective which could be explored using

squalenoylation technology would be the use of specific adenosine receptor agonists such as
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NECA, CGS21680 or DPMA. These compounds could gain from the squalene based

nanoformulation in terms of improved bioavailability, all the while activating only a specific

subset of adenosine receptors with higher affinity.
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Figure 4: Overview of adenosine regulation of neutrophils.
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II. Multidrug nanoparticles

In this section, we will discuss multidrug nanoparticles and their use in therapeutic
interventions. Here, the term ‘multidrug nanoparticles’ will be used to describe those
nanomaterial based systems that encapsulate multiple drugs for a synergistic pharmacological

effect but exclude theranostic devices.

Where multidrug nanoparticles have a role to play
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Figure 5: Number of publications related to multidrug nanoparticles in the pharmacology field

from the past ten years as referenced by Web of Science.

Over the last ten years, nearly 20 000 research articles were published in the field of
pharmacology describing the use of nanoparticles. Among these, about 700 mentioned
multidrug therapies, which represent about 3.5% with a declining trend in the last two years
(Figure 5). In fact, despite their interesting design, it is becoming increasingly difficult to
publish multidrug-based studies because of their inherent complexity. Multidrug nanoparticle
studies make the assumption that not only two particular drugs will act at their intended sites
with the intended mechanism, but that their action will be synergistic and that the
encapsulation of both drugs in the same nanoparticular system facilitates this synergistic action.
This markedly enhances the number of hypothesis that need to come true for a certain system
to work, and the number of experiments and controls that need to be used to prove the studies’
main points with any kind of significance.

With this in mind, where do multidrug nanoparticles have a role to play? Historically, the first

studies evaluating multidrug nanoparticle systems were undertaken in the context of oncology
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and antibiotics, evaluating their effect against the appropriately named, multi-drug resistant
cancers or organisms. If these cancers were resistant to different drugs maybe tackling them
with different drugs simultaneously could be the key to overcome their pharmacological
resistance. Following this idea, for instance paclitaxel has been delivered to cancer cells in vivo
with different co-drugs to overcome drug resistance(9, 10). One could ask, what is it about these
particular types of cancer that makes the use of multidrug nanoparticles adequate? Their
properties could be surmised as follows: (i) Precise spatial location that NPs can (ideally) target
(ii) Resistance to single drug treatments that can be improved by multidrug formulation (iii)
Importance of spatial and temporal delivery of drugs together for synergistic action. (iv)
Existence of a particular micro-environment that allows differential accumulation of

nanoparticles in the disease space or specific targeting.

This, in essence, gives us a roadmap for the development of relevant multidrug nanoparticle
formulations. Indeed, if all of the above conditions are met, then multidrug nanoparticles could
and should be developed for the disease and may improve therapeutic outcomes. Here, we
would argue that these conditions are met in acute, uncontrolled inflammatory disorders which
provide the following:

1. Resistance to single drug treatments due to multifactorial influence (inflammatory cascades,
ROS, pathogens)

2. A specific enzymatic, chemical and biological microenvironment (inflammatory
microenvironment with increased endothelial permeability)

3. Importance of spatial and temporal co-distribution of drugs (especially for countering ROS
which act very quickly at the sites where they are produced)

4. Precise location of inflammation foci.

Recognizing the first parameter, ie the multifactorial pathogenesis of uncontrolled
inflammatory processes and the importance of oxidative stress, other groups have started to
develop multidrug antioxidant and anti-inflammatory based therapies(11).

Recognizing the other three parameters prompted us to study a multidrug nanoparticle system
in the context of sepsis. As far as we know, our study was the first to evaluate such a
combination of anti-inflammatory and antioxidant agents with a nanoparticle based system.
Because of the pro-drug based design of SQ based nanoparticles, another drug could easily be
incorporated in the nanoparticle and actually augment total drug loading, which is one the

particularities of squalenoylation technology (Figure 6).
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Figure 6: Total drug loading of SQAd monodrug nanoparticles vs VitE encapsulated in squalene-

only nanoparticles vs SQAd/VitE nanoparticles
Further Studies

Another condition in which multidrug nanoparticles could be of use is in ischemia-reperfusion
injuries. After an ischemic event, reperfusion induces a rush of blood and nutrients to ischemic
tissue and cells which triggers a host of abnormal reactions leading to mitochondrial
respiratory chain dysfunction(12), oxidative stress(13), apoptotic cell death(14) and an
inflammatory reaction(15, 16). The ischemic endothelium is also characterized by increased
permeability and some groups have shown that this can be exploited by nanoparticles to target
the diseased tissue after reperfusion(17). As we can see, this meets all the criteria that we
articulated above for the use of multidrug nanoparticles. Reperfusion injuries are localized,
multifactorial events that are often difficult to treat and induce a specific micro-environment

that can be target by nanoparticles.

Accordingly, in collaboration with the group of Pr. Maria José Blanco Prieto at the University of
Navarra, a rat model of ischemia-reperfusion injury was developed to test these hypotheses.
Briefly, rat left anterior descending artery was transiently occluded with a polyethylene (PE-
10) tube for one hour to induce ischemia. Reperfusion was afforded by removing the PE-10
tube, at which point SQAd/VitE NPs, SQAd NPs, dextrose 5% controls were injected right after
reperfusion. In a first experiment, SQAd nanoparticles were fluorescently labelled to evaluate
whether these could accumulate at the site of ischemia-reperfusion. The animals were
sacrificed 24 hours after NP treatment. As can be seen in Figure 7, some fluorescence signal can

be detected in the heart infarcted area, which confirmed accumulation of the NPs.
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Infarcted
area

Heart

Figure 7: Study performed by L.Saludas evaluating the biodistribution of SQAd nanoparticles
to infarcted myocardium. Fluorescent nanoparticles were injected 4 hours after reperfusion
and animals sacrificed 24 hours after NP injection. Heart tissue was collected, frozen and

included in OCT. Sections were stained with DAPI for cell marking.

To evaluate the effect of NP treatments on heart function, the ejection fraction and fractional
shortening parameters were evaluated using a non-invasive echocardiography apparatus.
Figure 8 represents the measured ejection fraction and fractional shortening of the left
ventricular diameter between diastole and systole at two days after ischemia and three months.
The larger the values of these two important parameters, the healthier the animals are. The
important thing to observe here being the difference between these values at three months
compared to two days, which describe the recovery of the animal after initial trauma. In the
case of both SQAd and SQAd/VitE groups, we see that a significant improvement of cardiac
function was observed, while the DXT 5% control treat group did not display any significant

improvement of cardiac function over the three month period.
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One important caveat to not here is that in multidrug SQAd/VitE NPs system, contrary to our
endotoxemia studies, the dose of SQAd was twice lower than in the SQAd group, which could
partly explain the observed results. Further studies at the therapeutic doses that were found in
chapter 2 should be undertaken. For now these data allow us to simply say that the multidrug

system is as efficient as single drug SQAd at 2x lower dose, which is still a promising result.
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Figure 8: Heart function of rats after ischemia reperfusion injury measured by non-invasive
echocardiography. The left graph represents ejection fraction EF% of SQAd/VitE NPs treated
group, SQAd treated group and DXT 5% treated group. N=6 animals/group. Right graph

represents the fractional shortening FS%

These interesting studies indeed confirmed the potential of multidrug squalene based
nanoparticles, which opens the way to a myriad of drug combinations to be explored. Some
interesting developments for multidrug SQAd based therapy could be found in drugs that slow
metabolization of adenosine, such as adenosine deaminase inhibitors like dipyridamole, which
allow the accumulation of adenosine. Used in a multidrug nanoparticular system, this
compound could limit local breakdown of adenosine while avoiding common side-effects of

dipyridamole (flushing, nausea, dizziness).
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I11/Differential SQ-based nanoparticles biodistribution in
inflammatory disorders

As presented in Chapters 1 and 2, SQ-based nanoparticles biodistribution was evaluated in
three murine models of inflammation: A local LPS induced paw inflammation model, a systemic
LPS induced endotoxemia model and an ApoE -/- knockout atherosclerotic vascular
inflammation model. In each model, an augmented accumulation of SQ based nanoparticles in

the inflamed area was observed (Figure 9).
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Figure 9: (A) Analysis of the measured total radiant efficiency in the paw. n=3 mice per group.
(B) Analysis of the measured total radiant efficiency in the different organs. n=3 mice per
group. Data are mean = SD. *P<0.05, **P<0.01 (Student’s t-test). (C) Analysis of measured
total radiant efficiency in aorta of ApoE -/- atherosclerotic mice vs wild type mice.

Possible mechanisms of accumulation

There are essentially three mechanisms that could explain this differential accumulation of SQ
based NPs at the sites of inflammation:
i. Accumulation in LDL and indirect targeting by LDL accumulation at the
site of inflammation.

il. Capture by the immune system and localization at inflammation site
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iii. EPR effect caused by leaky vasculature at the site of inflammation

1. Accumulation in LDL

In a previous paper from our laboratory, squalene-based bioconjugates were found to be
efficient targeting moieties for LDL endogenous lipoproteins(18). In an interesting study, both
Squalene-Gemcitabine (SQGem) and SQAd nanoparticles were found to accumulate into LDL
(Figure 10), indirectly conferring a targeting capacity towards LDL-receptor (LDLR) expressing
cells. This targeting approach was validated in another study where SQGem nanoparticles were
used to specifically target MDA-MB-231 breast cancer cells in vivo, which overexpress
LDLR(19). Interestingly, the LDLR synthesis pathway is also upregulated in immune cells
during conditions of acute inflammation and in the metabolic disorders involved with the
pathogenesis of atherosclerosis(20, 21). It followed that squalene-based nanoparticles could
preferentially accumulate at the sites of acute inflammation and atherosclerotic plaque
development, warranting further studies in this context. This led us to extend our investigations
on inflammation to targeting atherosclerotic plaque, via the observed accumulation of SQ
bioconjugates in LDL particles and their subsequent accumulation in atherosclerotic plaques.
This was the main hypothesis behind our atherosclerosis study. The study seemed to confirm
that SQ based NPs accumulated inside atherosclerotic plaque. Current work in our lab is aimed
at establishing whether this accumulation is due to the specific nature of our squalene
nanoparticles or occurs through a more passive mechanism common to other nanoparticular
systems. Another question that remains is whether all SQ NPs accumulate in LDL, and if not,

what fraction remains as “free NPs”.
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Figure 10: Work by Dunja Sobot on distribution of SQNPs in the blood. 3H-SQGem, 3H-
SQAd, 3H-Ad and 3H-Gem distribution in plasmatic fractions - in vivo. Radioactivity (green
and yellow curves) and cholesterol (violet and blue curve) distribution among the
collected fractions of plasma obtained from rats treated with 3 H-SQGem (solid green
curve), 3 H-SQAd (solid yellow curve), free 3H-Ad (dashed yellow curve) or free 3 H-Gem
(dashed green curve)), 5 min post administration. Results are expressed as relative

radioactivity compared to total plasma (mean values, n=6).

An important concept here, is the importance of the relative concentration of LDL to NPs. LDL
usually have a concentration of around ~1.3 uM in the blood, which is almost 100x lower than
the usual initial dose injected with SQ based nanoparticles of around 100 puM. Even given an
initial capture by the reticular endoplasmic system (RES), one can easily imagine a rapid
saturation of LDL capacity to transport SQ based treatments. There probably exists an
equilibrium between stable nanoparticles in the circulation and accumulated SQ bioconjugates

inside of LDLs, with further studies that are being undertaken to evaluate this hypothesis.

2. Capture by immune system

If SQ NPs remain in the circulation then capture by the immune system can be another eventual
outcome. This phenomenon has been exploited by different research groups to forward
nanoparticles to the sites of inflammation by “hitchhiking” on neutrophils for instance(22, 23).
This kind of system usually requires nanoparticles that are recognized by immune cells with
specific targeting motifs and induce some kind of inflammatory response of their own. While
SQAd NPs did not induce an inflammatory response on their own, they do get recognized by

RAW 264.7 macrophages in vitro and after i.v. injection a certain amount can be detected in the
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spleen. As of now, further studies are needed to conclude on this question.

3. EPR Effect in inflammation

In acute inflammation, vascular hyperpermeability dominates and numerous research groups
have demonstrated the use of this leaky vasculature to deliver therapeutic agents in
inflammatory disorders ranging from rheumatoid arthritis to hepatitis. The increase in
endothelial permeability has also been unequivocally demonstrated in sepsis and
atherosclerosis, where it allows the migration and accumulation of different macromolecules
in cells at the sites of inflammation(24-27). For these reasons, there is little doubt that increased
endothelial permeability is at the root of the targeting mechanism observed in our studies.
Whether squalene-nanoparticles diffuse out of the circulation as whole nanoparticles or after
capture by different structures such as LDL or immune cells is still unknown. The question then
is whether a significant amount of SQ NPs can stay stable in the circulation long enough to
efficiently accumulate at the site of inflammation through this mechanism. Our in vivo data
presented in chapter 1 showed that SQ NPs displayed significant accumulation in the inflamed
tissue two hours after i.v. injection (Figure 11). Although we could not test in vivo the stability
of the SQAd and SQAd/VitE NPs evaluated in that study, our ex vivo data showed that for at
least the two hours needed for initial tissue accumulation, a certain amount of nanoparticles
could remain stable as measured by DLS. Whether this is relevant for in vivo experiments is
debatable.
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Figure 11: IVIS Lumina scan of mice after intravenous administration of fluorescent
SQAd/VitE NPs or control fluorescent dye solution (ventral view). (A) Biodistribution of
fluorescent SQAd/VitE NPs in mice with inflamed right hind paw and non-inflamed left
hind paw. (B) Biodistribution of the free dye in mice with inflamed right hind paw. (C)
Zoom of group A at 4 hours. (D) Zoom of group B at 4 hours.
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IV. Industrial Scale up of Nanomedicines

The challenges and stakes of scaling up nanomaterial synthesis

Scaling up the production of any chemical entity be it small drug molecule, polymer or protein
has always been a challenge with its own dedicated fields of process engineering, materials
engineering, or industrial engineering. Numerous guidelines from different regulatory agencies
have been set in place for the industrial production of molecules selected for use in humans.
Agencies such as the FDA ensure the quality of drug products by carefully monitoring drug
manufacturers’ compliance with its Current Good Manufacturing Practice (CGMP)
regulations. The CGMP regulations for drugs contain minimum requirements for the methods,
facilities, and controls used in manufacturing, processing, and packing of a drug product. The
regulations make sure that a product is safe for use, and that it has the ingredients and strength

it claims to have.

These form a base from which the field of nanomedicine needs to elaborate to develop a
common framework of guidelines for the successful translation from laboratory work to
industrial production. This is now a key issue for the field which is starting to be viewed as an
infertile playground for chemists and biologists rather than a productive incubator for the
medicines of the future. Simplicity, efficiency, consistency, reproducibility these are all essential
attributes which are for now lacking from the usual formulations churned out by the hundreds
of nanomedicine labs around the world, which limit their industrial translation and the

probability of one ever making it to the market.
So what has been lacking?

When a putative nanomedicine first shows initial positive results, it has to be produced in large
scale for eventual study by different labs and for toxological evaluation in different animal
models. While rodent models are still usually within the means of laboratory production, non-
murine models such as dogs or pigs usually require 100x of active pharmaceutical ingredient
(API) quantity than what rodents do and currently, very few nanomedicines ever make it to this
stage. Indeed, to attain these types of trials, a scale up in both chemical synthesis and

formulation processes has to be set up. When achieved, quality evaluation is performed to test
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the drug formulation. However, due to the novel nature of nanomedicines, their manufacturing
is challenged by potential issues related to: (i) scalability complexities; (ii) incomplete
purification from contaminants (such as by-products or starting materials); (iii) high
production costs; (iv) low yield; (vi) insufficient batch-to-batch reproducibility; (vii)
consistency and storage stability of the final compound; (viii) lack of infrastructure and
expertise; (ix) low interest from venture funds and pharmaceutical industry investment.
Therefore, an essential requirement for clinical translation is to have access to a preparation
method that allows the production of large, scalable quantities of nanomedicine, which is also
consistently manufactured at the same high level of quality from batch-to-batch. It follows that
the careful rational design of nanomedicines from the early phase of material selection,
production method optimization, and product purification is of fundamental importance to
increase their clinical translation potential. Any grant for the development of new
nanomedicines should be accompanied by a crude economical and process design feasibility
study to assess ease of industrial translation. This would force researchers, not only to think
about the issue, but also design materials and projects which have a chance to make it to the

clinics one day.

Regulatory oversight

Even when all these challenges are met, new nanomedicines are faced with somewhat of a
regulatory void. As of now, regulatory agencies have issued no specific guidelines for
nanomedicines, which could give a common framework of drug development. Indeed, there is
a regulatory need for validated, sensitive and standardizable assays incorporating in vitro, ex
vivo and in vivo protocols to appropriately assess the nanotoxicology of nanomedicines during
the early stages of clinical development. Protocols should be in place to detect any toxicity
caused not only by the encapsulated therapeutic compounds, but also novel mechanisms
unique to nanotechnology. For example, the effects of nanomedicine accumulation in RES
organs (liver, kidneys, spleen) should be investigated for each new formulation to ensure its
safety. This is complicated further by the fact that nanomedicines often do not have a single
chemical identity but are formed of numerous different molecules. For example, polymers have
been widely investigated as an effective platform for nanomedicine strategies; however, their
safety and efficacy is highly dependent on the polymer molecular weight, polydispersity,

molecular structure, and conjugation chemistry.
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Nanomedicines encompass such a large array of materials and structures that it is still unknown

whether it will ever be possible to develop standardized testing protocols. Effective clinical

translation will most probably require an interdisciplinary approach to ensure GMP

manufacturing, characterization, toxicology evaluation and trial design. An effective way to fast-

track promising novel nanomedicines would be the use of laboratories and centres that have

expertise in nanoparticle characterization or scale up according to regulatory and industrial

standards.
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Annexes

Introduction Générale

Les syndromes auto-inflammatoires, marqués par une réaction excessive du systeme
immunitaire, sont associés a de nombreuses conditions pathologiques comme le sepsis, les
accidents d’ischémie/reperfusion ou l'athérosclérose. En effet, une réponse inflammatoire
excessive a I'encontre des tissus caractérise souvent I'apparition et la pathophysiologie de ces
maladies complexes pour lesquelles ils manquent toujours des traitements efficaces. Ainsi, la
plupart des thérapies disponibles pour adapter la réponse inflammatoire sont limitées la
plupart du temps par des effets secondaires indésirables, une mauvaise spécificité et par

I'apparition d’états d'immunodéficience.

Des avancées en délivrance de médicaments ont permis le développement de nombreux outils
qui aident a adapter la stratégie d’administration d’agents pharmaceutiques. Notamment, les
“nanomédecines” ont permis d’obtenir de nombreuses innovations en oncologie et en
technologie diagnostique. En améliorant le ciblage des médicaments et en protégeant I'agent
pharmaceutique d’'une métabolisation précoce, les nanomedicines permettent d’améliorer
I'index thérapeutique de certaines molécules, résultant en une amélioration du prognostic
patient. Néanmoins, avec ces promesses viennent des limitations notables, comme le faible taux
de chargement en drogue de certaines nanoformulations, un développement industriel

compliqué ou un mauvais controle du relargage.

Pour répondre a ces limitations, 'équipe du Pr. Couvreur développe depuis 2004 une nouvelle
stratégie d’encapsulation des médicaments, appelée « squalenoylisation ». Ainsi, le couplage
d’agents actifs avec des dérivés du squalene, un lipide endogene, biocompatible et
biodégradable, permet d’obtenir des nanoparticules stables, avec haut taux de chargement et
faible toxicité. Les nanoparticules obtenues présentent dans de nombreux cas une
pharmacocinétique plus avantageuses ainsi que distribution plus ciblée aux zones pathologique.
L’application de cette technique a l'adénosine, une molécule au potentiel thérapeutique
important mais limité par un temps de demi-vie plasmatique extrémement court, a fourni des
résultats particulierement prometteurs dans le cadre du traitement de I'ischémie cérébrale et

du traumatisme de la moélle épiniere.
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Un autre avantage des nanoparticules a base de squaléne est qu’elles rendent possible
I'encapsulation de plusieurs agents thérapeutiques au sein d'un méme systéme, permettant
ainsi des traitements multi-drogue. Ceci est un outil important dans le contexte d'une réponse
excessive du systéme immunitaire, ou convergent souvent plusieurs facteurs pour faire
progresser la maladie. Par exemple, il a été établi que l'auto-inflammation est souvent
maintenue par des cercles vicieux entre stress oxydant et cascades pro-inflammatoires, ces
deux voies de signalisation contribuant I'une a I'autre et inhibant le retour a 'homéostasie. Il
n’'existe pour l'instant pas de thérapies efficaces contre ce couplage pathologique. Part
conséquent, un des objectifs de cette these était de développer et de tester sur de modeles
précliniques d’inflammation excessive, des nanoparticules a base de squaléne encapsulant deux
agents thérapeutiques : 'adénosine, comme médiateur endogene des réponses inflammatoires
et un antioxydant comme inhibiteur du stress oxydant. Notre hypothése étant qu'une thérapie
multi-drogue pourrait étre avantageuse pour contrer les nombreux processus pathogenes qui
se renforcent mutuellement lors des réponses inflammatoires ; mais aussi qu'une formulation

sous forme de nanoparticules pourrait fournir des propriétés de ciblage intéressantes.

Dans une introduction bibliographique, nous décrivons dans un premier temps les différents
systémes qui ont été étudiés jusqu’aujourd’hui pour mitiger les processus inflammatoires non
controlés qui se produisent lors du sepsis. Nous y résumons brievement la pathogénese de la
maladie, évaluons ou les thérapies actuelles ont échoué et examinons les différentes avancées
faites en nanomédecine dans le domaine. Dans un second chapitre bibliographique, nous
évaluons 'utilisations de biomatériaux dans le contexte des maladies cardiovasculaires, qui
présentent souvent des désordres inflammatoires sous-jacents. Cette revue étudie les
nanosystémes qui ont été évalués pour la prévention de 'athérosclérose ainsi que le traitement
de sa manifestation aigué, I'ischémie cardiaque. Nous y analysons comment ces deux maladies
évoluent, ou et comment les nanomatériaux peuvent jouer un réle thérapeutique et des pistes

de recherche prometteuses dans le domaine.

Notre partie expérimentale est divisée en trois chapitres.

Dans le premier chapitre expérimental, nous décrivons le développement d’'une nouvelle
formulation de nanoparticules multidrogues a base de squalene pour 'atténuation de réponses

inflammatoires excessives. En encapsulant I'adénosine et le tocopherol dans un méme agent
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therapeutique, ces nanoparticules ont le potentiel de lutter efficacement contre le couplage en

inflammation et stress oxydant tout en limitant les effets secondaires liés a 'administration de
fortes doses d’adénosine. Apres avoir caractérisé les propriétés physico-chimiques de notre
formulation, ses effets anti-inflammatoires et anti-oxydants ont été évalués dans des modeéles
in vitro sur cellules tissulaires ou immunitaires. En paralléle, nous avons évalué la
biodistribution de ces nanoparticules de squaléne in vivo qui s’est révélée posséder une forte
capacité de ciblage pour les tissus inflammés. Par conséquent, le potentiel thérapeutique de ces
nanoparticules de squaléne-adénosine/tocophérol (SQAd/VitE) a été évalué dans deux
modeles in vivo d’inflammation systémique suite a une infection par endotoxine. Nos résultats
montrent que les animaux traités avec les nanoparticules SQAd/VitE ont une survie
significativement améliorée a '’endotoxémie générée et souffrent moins d’effets secondaires

néfastes que les animaux traités avec les controles drogue libre.

Dans le deuxieme chapitre expérimental, nous étudions si la capacité de ciblage des
nanoparticules de squalene pour les tissus inflammés peut étre translaté a d’autres modeéles de
maladie inflammatoire. Pour cela, nous avons étudié une preuve de concept la biodistribution
de nanoparticules de squaléne fluorescentes dans un modele in vivo d’athérosclérose sur souris
ApoE-/-. Nos résultats initiaux montrent que les nanoparticules de squalene s’accumulent bien
dans les zones riches en lipide de la plaque d’athérome et pourrait interagir avec les
macrophages résidents. Des études en cours cherchent a élucider plus précisément ce

meécanisme d’accumulation.

Enfin, dans un troisieme chapitre expérimental, nous évaluons la faisabilité du scale-up
industriel de la synthese de bioconjugués a base de squalene. En effet, bien que les
nanomédecines puissent apporter de nombreuses avancées dans le traitement de diverses
maladies, elles sont encore limitées par une production industrielle irréaliste, et par la création
de systéemes qui sont devenus trop complexes ou trop onéreux a produire a grande échelle.
Dans l'optique de faciliter la translation des nanoparticules de squalene d'une échelle de
laboratoire a I’échelle industrielle nécessaire aux larges études multicentriques inéluctables
pour une éventuelle mise sur le marché, nous nous sommes associés a un partenaire industriel
pour produire en grande quantité des bioconjugués de squaléne-adénosine (SQAd). Nos
analyses ont démontré que des faibles différences dans la composition des profils d'impuretés
de SQAd pouvait engendrer des propriétés physicochimiques et biologiques radicalement

différentes, résultant en une mauvais reproductibilité des résultats d’études précliniques.
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L’ensemble de ces travaux constitue une avancée dans le développement pharmaceutique des
nanoparticules d’adénosine-squaléne et ouvrent de nouvelles perspectives de recherche en
démontrant comment les propriétés de ciblage que cette formulation nanoparticulaires octroie

peuvent améliorer le traitement de réactions inflammatoires excessives.
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dans des modeles précliniques

Des avancées en délivrance de médicaments ont
permis le développement de nombreux outils qui
aident a adapter la stratégie d’administration

d’agents pharmaceutiques. = Notamment, les
“nanomédecines” ont permis d’obtenir de
nombreuses innovations en oncologie et en

technologie diagnostique. En améliorant le ciblage
des médicaments et en protégeant I'agent
pharmaceutique d’'une métabolisation précoce, les
nanomedicines permettent d’améliorer l'index
thérapeutique de certaines molécules, résultant en
une amélioration du prognostic patient. Néanmoins,
avec ces promesses viennent des limitations
notables, comme le faible taux de chargement en
drogue de certaines nanoformulations, un
développement industriel compliqué ou un mauvais
contrdle du relargage. Les nanoparticules a base de
squaléne ont été développé pour répondre a ces
limitations. Un autre avantage des nanoparticules a
base de squaléne est qu’elles rendent possible
I'encapsulation de plusieurs agents thérapeutiques
au sein d'un méme systeme

Titre : Développement de nanomédicaments pour les troubles inflammatoires: évaluation de I'effet protecteur

Mots clés : Inflammation, nanoparticules, adénosine, squaléne

permettant ainsi des traitements multi-drogue. Ceci
est un outil important dans le contexte d’'une réponse
inflammatoire excessive, ou convergent souvent
plusieurs facteurs pour faire progresser la maladie.
Part conséquent, un des objectifs de cette thése était
de développer et de tester sur de modéles
précliniques d’inflammation, des nanoparticules a

base de squaléene encapsulant deux agents
thérapeutiques I'adénosine, comme médiateur
endogéne des réponses inflammatoires et un

antioxydant comme inhibiteur du stress oxydant.
Notre hypothése étant qu'une thérapie multi-drogue
pourrait étre avantageuse pour contrer les nombreux
processus  pathogenes qui se renforcent
mutuellement lors des réponses inflammatoires,
mais aussi qu'une formulation sous forme de
nanoparticules pourrait fournir des propriétés de
ciblage intéressantes. Au cours des travaux de cette
thése, nous avons également la faisabilité de
translation industrielle de la synthese des
bioconjugués a base de squalene.

Titre:
nanoparticles in pre-clinical models

Advances in drug delivery have led to the
development of many tools that help tailor the drug
delivery strategy. In particular, “nanomedicines”
have made it possible to obtain numerous
innovations in oncology and diagnostic technology.
By improving drug targeting and protecting the
pharmaceutical agent from early metabolism,
nanomedicines improve the therapeutic index of
certain molecules, resulting in improved patient
prognosis. However, with these promises come
notable limitations, such as the low drug loading rate
of certain nanoformulations, complicated industrial
development or poor release control. Squalene-
based nanoparticles have been developed to meet
these limitations. Another advantage of squalene-
based nanoparticles is that they make it possible to
encapsulate several therapeutic agents within the
same system, thus allowing multi-drug treatments.

Development of nanomedicines for inflammatory disorders: evaluation of squalene-based

Mots clés : Inflammation, nanoparticules, adenosine, squalene

This is an important tool in the context of an
excessive inflammatory response, where many
factors often converge to advance the disease.
Therefore, one of the objectives of this thesis was to
develop and test on preclinical models of
inflammation, squalene-based nanoparticles
encapsulating two therapeutic agents: adenosine, as
an endogenous mediator of inflammatory responses
and an antioxidant as an inhibitor of oxidative stress.
Our hypothesis is that a multi-drug therapy could be
advantageous to counter the many pathogenic
processes which reinforce each other during
inflammatory responses, but also that a formulation
in the form of nanoparticles could provide interesting
targeting properties. During the work of this thesis,
we also have the feasibility of industrial translation of
the synthesis of squalene-based bioconjugates.
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