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ABSTRACT

Lung disorders are becoming a heavy burden for global health both in terms of mortality,
morbidity and for the burden for caregivers and increased patient management costs.
Among lung pathologies, pulmonary fibroses play a main role on their total incidence.
It is interesting to underline that a broad range of clinical disorder, such as tumour,
toxicant agent exposure, cardiac impairment, autoimmune diseases, infections, share a
common downstream process associated with progressive fibrosis. This common pattern
is extremely important in the field of pharmacology because a strategy aimed at
delivering anti-inflammatory and/or anti-fibrotic drugs in lungs could strongly reduce
the clinical worsening occurring in many different disorders. The clinical progression of
fibroses induces parenchymal injury, inflammation and collagen accumulation.
Fibrogenesis is a dynamic process characterized by extracellular matrix production,
activation of myofibroblasts, and epithelial mesenchymal transition (EMT) induced by
inflammatory cytokines. During EMT, the protective layer facilitating oxygen and
carbon dioxide exchange gradually diminishes, resulting in respiratory impairment that
often leads to patient mortality. Diminishing the signalling associated with cytokine
release emerges as one of the primary approaches to impede or at least slow pulmonary
dysfunction. One potential target in this regard is modulating the functional expression
of activated macrophages, which play a pivotal role in fibrosis by acting as tissue
sentinels and producing numerous pro-fibrotic factors. Unfortunately, nearly all
therapies commonly employed in clinical practice, especially anti-inflammatory and
immune-modulatory agents, have failed in clinical trials due to their low specificity and
side effects associated with the spread of these drugs to off-target organs. To overcome
this impasse, in my thesis project, | first developed and fully characterized a reliable
model of bleomycin-induced acute fibrosis in mice. | systematically compared different
fibrogenesis protocols, selecting the one that most closely resembled human pathology
in terms of clinical and pathological features. | also examined macrophage responses
during the progressive stages of fibrosis. After establishing a reliable model replicating
the human disorder, | compared the effects of steroid treatment when administered freely
or incorporated into biodegradable and biocompatible nanocarriers. 1 also evaluated their

kinetics depending on the route of administration (Systemic or via inhalation).
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Parameters such as lung tropism, distribution in other organs, penetration into
macrophages, and drug release were carefully investigated. The results demonstrated
that the use of nanocarriers via intranasal administration was the optimal approach to
reach the target. Finally, | applied this approach to test an innovative method for
delivering angiotensin-converting enzyme 2 (ACE2) as a decoy system for preventing
SARS-CoV-2 infection. Before conducting in vivo studies, we established the in vitro
ability of the nanodecoy to reduce viral infectivity by 80-90% within minutes. In vivo
studies confirmed the safety and affinity of these decoys for lung parenchyma and
macrophages. Overall, this work represent a starting point for the treatment of lung
disorders and pave the way for the next steps: 1) the chronic treatment with
nanoassemblies functionalized with corticosteroids for the evaluation of therapeutic
efficacy and amelioration of the clinical symptoms in the mouse model and 2) the and
determination of in vivo efficacy in the prevention of SARS-CoV-2 infection in infected
mice. The advancement of nanotechnology-based strategies will provide innovative
solutions in the management of major lung diseases that affect millions of people

worldwide every year.
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ACRONYMS AND ABBREVIATIONS

2,3-DPG 2,3-diphosphoglycerate

a-SMA Alpha smooth-muscle actin
ACE2 Angiotensin-converting enzyme 2
AECs Alveolar epithelial cells

AEC1 Alveolar type I cells

AEC2 Alveolar type 1l cells

AMs Alveolar macrophages

ANANAS Avidin-Nucleic Acid Nano ASsemblies

ARDS Acute respiratory distress syndrome
ATP Adenosine Triphosphate

BBS Biotin binding site

BLM Bleomycin

BPD Bronchopulmonary dysplasia

BSC Basal Stem cell

CCL Chemokine (C-C motif) ligand

CCR Chemokine receptor

CF Cystic fibrosis

CME Clathrin-mediated endocytosis

CO: Carbon Dioxide

COL1lal Collagen lal

COPD Chronic obstructive pulmonary disease
CT Computed tomography

CTD-ILD Connective tissue diseases-Interstitial lung disease
DAB 3,3 - Diaminobenzidine

DC Dendritic cells

DEX Dexamethasone

DNA Deoxy ribonucleic acid
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MHC-11 Major histocompatibility complex class 11

MMP Matrix metalloproteinase

MPS Mononuclear phagocyte system
MRI Magnetic resonance imaging

NK Natural killer cells

NO Nitric Oxide

NPs Nanoparticles

NSCLC Non-small-cell lung cancer

PAMPs Pathogen-associated molecular patterns
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SD Standard deviation

SEM Standard error mean

TAMs Tumor associated macrophages
TEM Transmission electron microscopy
TGF-B Tumour growth factor

Th T helper cells



TIMPs
TLR
TMPRSS2
TNF-a
UIP
VEGF

Tissue inhibitors of metalloproteinases
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1.1 The Respiratory System

The human lungs pump vital oxygen through airways and into the bloodstream every
second of every day. Without this ability, humans could not survive on Earth. The
respiratory system is the network of organs and tissues that provides the fundamental
ability to breathe. The circulatory system, which is made up of the heart and blood
vessels, supports the respiratory system by bringing blood to and from the lungs. It
helps deliver nutrients and oxygen from the lungs to tissues and organs throughout the
body. These parts work together to move oxygen and clean out waste gases like carbon
dioxide. These actions encompass not only muscular movements but also cellular and

chemical processes.

The respiratory system consists of two divisions: upper airways and lower airways. The
transition between these two divisions is located where the pathways of the respiratory
and digestive systems cross, just at the top of the larynx (or voice box). The upper airway
system comprises the nose and the paranasal cavities (or sinuses), the pharynx (or throat),
and the larynx. The lower airway system is further divided into the proximal (trachea,
bronchi and bronchioles) and distal airway (respiratory bronchioles and alveoli). All the

airways branch extensively within the lungs (Figure 1.1).

Nasal cavity

Pharynx

Oropharynx
L

respiratory tract
Laryn and glotis

| Lower
respiratory tract

Figure 1.1 Schematic diagram of the respiratory system. Image source: clinicalgate.com
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1.1.1 Morphology of the Upper Airways

The upper airways, including the nose, sinuses, pharynx, and larynx, play a crucial role
in filtering and warming the air that enters the respiratory tract. This process is essential
for removing dust and debris from inhaled air, safeguarding the lungs from potentially
infectious foreign agents.!

1.1.1.1 The Nose

The nose is the external protuberance of an internal space, the nasal cavity. The external
nose is a visible pyramidal structure, situated in the midface, with its base on the facial
skeleton and its apex projecting anterior. The inferior surface of the nose is pierced by
two piriform openings, the nares (nostrils, anterior nasal apertures), which are bound
laterally by the alae of the nose. The superior bony part of the nose, including its root, is
covered by thin skin.2 The nasal structure consists of paired nasal bones forming the
upper part of the external nose and paired cartilage forming the lower part. It connects
the external environment through the vestibule, divided into left and right canals by the
nasal septum. Each canal opens through a nostril on the face and into the pharynx via
the choana. These nasal spaces connect with air-filled cavities in the skull called
paranasal sinuses, which are present in the maxilla, frontal, ethmoid, and sphenoid
bones. Additionally, they connect with the lacrimal apparatus in the eye's corner through
the nasolacrimal duct (Figure 1.2). Sinus cavities in the skull have two main functions:
they help maintain a manageable weight for the head due to their air-filled nature, and

they function as resonance chambers for the human voice.'?

19



Nasal cavity ethmoid bone
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y, spine
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Figure 1.2 Sagittal view of the human nasal cavity. Image source: Encyclopadia Britannica, Inc.
2012

The nasal lining has a mucosal epithelial layer with an underlying submucosal layer. The
respiratory mucosa consists of pseudostratified columnar epithelium containing goblet
cells, ciliated and nonciliated columnar cells with microvilli, and, occasionally,
intraepithelial mast cells, eosinophils, and lymphocytes.* They clean, moisten, and warm
the inspired air, preparing it for intimate contact with the delicate tissues of the gas-
exchange area. During expiration through the nose, the air is dried and cooled, a process
that saves water and energy. Two regions of the nasal cavity have a different lining. The
vestibule, at the entrance of the nose, is lined with stratified squamous epithelium that
bears short thick hairs called vibrissae. In the roof of the nose, the olfactory organ with
its sensory epithelium checks the quality of the inspired air. About two dozen olfactory
nerves convey the sensation of smell from the olfactory cells through the bony roof of

the nasal cavity to the central nervous system.!?

1.1.1.2 The Pharynx

The pharynx is the superior expanded part of the alimentary system posterior to the nasal
and oral cavities, extending inferiorly past the larynx. The pharynx extends from the
cranial base to the inferior border of the cricoid cartilage anteriorly and the inferior
border of the C6 vertebra posteriorly. The pharynx is widest (approximately 5 cm)

opposite the hyoid and narrowest (approximately 1.5 cm) at its inferior end, where it is
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continuous with the esophagus. The flat posterior wall of the pharynx lies against the

prevertebral layer of deep cervical fascia.

The pharynx is divided into three parts (Figure 1.3):

» Nasopharynx: posterior to the nose and superior to the soft palate. The nasopharynx
has a respiratory function. The nose opens into the nasopharynx through two choanae
(paired openings between the nasal cavity and the nasopharynx). The roof and posterior
wall of the nasopharynx form a continuous surface that lies inferior to the body of the
sphenoid bone and the basilar part of the occipital bone. In the posterior wall of the

nasopharynx is located a lymphatic organ, the pharyngeal tonsil.?

* Oropharynx: posterior to the mouth. The oropharynx has a digestive function, in
particular in the compless process of deglutition. It is bounded by the soft palate
superiorly, the base of the tongue inferiorly, and the palatoglossal and palatopharyngeal
arches laterally. It extends from the soft palate to the superior border of the epiglottis.
The palatine tonsils are collections of lymphoid tissue on each side of the oropharynx in

the interval between the palatine arches.?

» Laryngopharynx: posterior to the larynx, extending from the superior border of the
epiglottis and the pharyngo-epiglottic folds to the inferior border of the cricoid cartilage,
where it narrows and becomes continuous with the esophagus. Its posterior and lateral
walls are formed by the middle and inferior pharyngeal constrictor muscles. Internally,
the wall is formed by the palatopharyngeus and stylopharyngeus muscles. The
laryngopharynx communicates with the larynx through the laryngeal inlet on its anterior
wall.? It represents the site where the pathways of air and food cross each other: air from
the nasal cavity flows into the larynx, and food from the oral cavity is routed to the
esophagus directly behind the larynx. The epiglottis, a cartilaginous, leaf-shaped flap,
functions as a lid to the larynx and, during the act of swallowing, controls the traffic of

air and food.!
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Figure 1.3 Anterior wall of pharynx. Image source: Moore, Clinically oriented anatomy. 2014

1.1.1.3 The Larynx

The larynx is a complex organ located in the front of the neck, above the trachea and
below the pharynx. It has dual functions, serving as a pathway for air to reach the lungs
and as the organ responsible for producing sound. The larynx is made up of nine
cartilages connected by membranes and ligaments, including four major cartilages
(thyroid, cricoid, paired arytenoids, and epiglottis) and three sets of minor cartilages
(cuneiform, corniculate, and triticeal) (Figure 1.4).2 The major cartilages provide
structural support, while the minor cartilages allow flexibility for protecting the airway
during swallowing. The hyoid bone, although not technically part of the larynx, is
involved in muscular attachments. The vocal cords, located behind the thyroid cartilage,
span the laryngeal lumen and are connected to the arytenoid cartilages. The vocal cords
are elastic ligaments that can change shape, length, and tension. The epiglottis is attached
to the back of the thyroid cartilage and helps protect the airway. The cricoid cartilage,
situated below the thyroid cartilage, has a signet-ring shape and is joined to the thyroid
cartilage through ligaments.® The laryngeal muscles can be classified into two groups:

intrinsic muscles, which directly or indirectly affect the shape and tension of the vocal
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cords, and extrinsic muscles, which move the entire larynx up or down. The intrinsic
muscles are attached to the skeletal components of the larynx, while the extrinsic

muscles connect the laryngeal skeleton to the hyoid bone, pharynx, and sternum.*

Epiglottis

Cioikes S _ Lesser hom of hyoid Tip of groater | Epiglottic cartilage
of hyoid ~ hoen of hyoid _ Laryngeal infet
[ A T Body of hyod \
Tritcoal -~ Triticeal carslage . v
catiage 74 Vs by o B Superior hom of .\ { ' Thyrotyoxs
hyrohyoid tyroid caniage \ mombrane
membrane \ \ |}
p Cuneiform -\ | Ary-epigiottic
. cartilage i \ A 4‘ Igament®
[ Supedor Corniculate : Quadranguiar
hom Laryngeal cartilago*® : \ mombrano
::'y‘:oid Obiique line prominence Posteror
Inferior Arytenoid ;";""‘“I‘ Capsute of
hom -y cartilage uscular ! ‘ crico-arytenod
: \\ ( Medan process ,r’ joint "
\ cricothyroid . / \ 4 ,
AT | Bgament Infence homn of & Lamina of cricoid
apsule O thyroid cartlage "o ! Cricothyroid
cricothyroid joint e o Cricotracheal 7\ joint
: P Sgament Keratocricoid (unusual 7 ’
Cricoid | Lamina -~ . band of muscle) B Cncotracheal
canilage | Arch = - 18t igament
2nd Tracheal Posterior froo ends [
& e cartilages of tracheal rings *Form boundaries
of laryngoal inlet
A B :

Figure 1.4 Skeleton of larynx. A) Right lateral view. B) Posterior view. Image source: Moore,
Clinically oriented anatomy. 2014

1.1.2 Morphology of the Lower Airways

The major structures of the lower airways include trachea, the stem bronchi, and all the
airways and lungs. The first two of these provide a canal for the passage of air to the
lungs, while the lungs themselves receive the air and facilitate the process of gas

exchange.

1.1.2.1 The Trachea and the airway tree

The sub-laryngeal airway constitutes the tracheobronchial tree. The trachea, extending
from the larynx into the thorax, terminates inferiorly as it divides into right and left main
bronchi, one each for the left and right lung passing inferolaterally to enter at the hila. It
transports air to and from the lungs, and its epithelium propels debris-laden mucus
toward the pharynx for expulsion from the mouth. The trachea is a fibrocartilaginous
tube, supported by incomplete cartilaginous tracheal cartilages (rings), that open toward

the back and are embedded in a dense connective tissue occupying a median position in
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the neck.® The dorsal wall contains a strong layer of transverse smooth muscle fibres that
spans the gap of the cartilage. At its lower end, the right main bronchus has a larger
diameter, is oriented more vertically, and is shorter than the left main bronchus. The
structure of the stem bronchi closely matches that of the trachea (Figure 1.5). The interior
of the trachea is lined by the typical respiratory epithelium. The mucosal layer contains

mucous glands.!?
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Figure 1.5 Anterior view of the anatomy of the trachea and primary bronchi. Image source:
Pearson education. 2015

Functionally, the intrapulmonary airway system can be subdivided into three zones: a
proximal, conducting zone; a terminal, gas-exchanging zone; and a transitional zone in
between, where both functions grade into one another. Just below the level of the aortic
arch, the tracheal carina marks the bifurcation of the right and left main bronchi. Within
the lungs, the bronchi branch in a constant fashion to form the branches of the
tracheobronchial tree. The branches of the tracheobronchial tree are components of the
root of each lung (consisting of branches of the pulmonary artery and veins as well as
the bronchi). Each main primary bronchus divides into secondary lobar bronchi, two on
the left and three on the right, each of which supplies a lobe of the lung. Each lobar

bronchus divides into several tertiary segmental bronchi that supply the
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bronchopulmonary segments. Beyond the tertiary segmental bronchi, there are 20 to 25
generations of branching conducting bronchioles that eventually end as distal
bronchioles, the smallest conducting bronchioles.? A bronchus becomes a membranous
bronchiole when cartilage completely disappears from its wall. This occurs when the
diameter of the airway decreases to about 1 mm. The terminal membranous bronchiole
leads into the acinus, the functional unit of the lung, which consists of the respiratory
bronchiole, alveolar ducts, alveolar sac, and grape-like clusters of alveoli. Each
respiratory bronchiole gives rise to 2-11 alveolar ducts, each of which gives rise to 5-6
alveolar sacs, sorrounded by four or more alveoli formed by multifaceted and cup-shaped
compartments with diameters of 150 to 500 pum. The orifices of alveoli along the alveolar
ducts and alveolar sacs are formed by thick elastic and collagen bundles that are the
continuum of bronchial and bronchiolar elastic bundles. In the alveoli, the respiratory
epithelium gives way to a particularly flat lining layer that permits the formation of a
thin air-blood barrier (Figure 1.6).”
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Figure 1.6 Internal structure and organization of the tracheobronchial tree. Image source: Moore,
Clinically oriented anatomy. 2014

1.1.2.2 The Lung

Humans have two lung organs, a right and a left, which are located in the thoracic cavity

and are responsible for adding oxygen to and removing carbon dioxide from the blood.
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The thoracic cavity is divided into three compartments: right and left pulmonary cavities,
bilateral compartments that contain the lungs and pleurae (lining membranes) occupying
the majority of the thoracic cavity, and the mediastinum, a compartment between the
two pulmonary cavities, which contains essentially all other thoracic structures (the
heart, thoracic parts of the great vessels, thoracic part of the trachea, esophagus, thymus
and lymphonodes). Each lung is connected with the trachea by its main bronchus, with
the heart by the pulmonary arteries and bordered inferiorly by the diaphragm, dome-

shaped muscle plate that separates thoracic and abdominal cavities.?

Each pulmonary cavity is lined by a pleural membrane (pleura) that also reflects onto
and covers the external surface of the lungs occupying the cavities. The pleura is a
membrane of fibrous tissue containing a single layer of mesothelium. It aligns the
interior of the thoracic cavity and is arranged into two layers, parietal and visceral, that
are continuous at the hilum of the lung via the pulmonary ligament. Depending on the
subjacent structures, the parietal pleura can be subdivided into three portions:
mediastinal, costal, and diaphragmatic pleurae. The pulmonary ligament hangs inferiorly
from the hilum of each lung as a double fold of pleura and creates an empty space that
allows for the expansion of vessels in the lung hilum as the diaphragm descends with
inspiration. The pleural space contains a small amount of serous fluid between its outer

parietal and inner visceral layers to maintain apposition during respiration (Figure 1.7).2
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Lungs fully occupy the pulmonary cavities and each lung has: an apex, the blunt superior
end of the lung ascending above the level of the first rib into the root of the neck, a base,
the concave inferior surface of the lung, opposite the apex, resting on the diaphragm,
two or three lobes, created by one or two fissures, three surfaces (costal, mediastinal,
and diaphragmatic) and three borders (anterior, inferior, and posterior).2 The right lung
is divided into three lobes (upper, middle, and lower) that are demarcated from one
another by a diagonal (major) fissure that separates the lower from the upper and middle
lobes, and a horizontal (minor) fissure that separates the middle from the upper lobe. The
left lung is composed of an upper and lower lobe separated by a single oblique fissure
and features a marked cardiac notch in its anterior border owing to the asymmetrical
placement of the heart. The lingula, which represents the anterior-inferior division of the
left upper lobe, overrides the left cardiac ventricle, and is the counterpart of the right
middle lobe.” The lung lobes are subdivided into smaller units, the pulmonary segments.
There are 10 segments in the right lung and 8 to 10 segments in the left lung, depending
on the classification. Unlike the lobes, the pulmonary segments are not delimited from
each other by fissures but by thin membranes of connective tissue containing veins and
lymphatics (Figure 1.8).! The general name for the functional tissue of the lungs is

parenchyma. The vast majority of the volume is alveolar tissue surrounding air spaces.®
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Figure 1.8 A) Anterior view and B) lateral views of the lobes and fissures of the lungs. Image
source: Moore, Clinically oriented anatomy. 2014
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The lung has two distinct but not completely separate vascular systems: a low-pressure
pulmonary system and a high-pressure bronchial system. The pulmonary (or lesser)
circulation is responsible for the oxygen supply of the organism. Blood, low in oxygen
content but laden with carbon dioxide, is carried from the right heart through the
pulmonary arteries to the lungs. The pulmonary trunk arises from the right ventricle and
quickly divides into left and right main pulmonary arteries, which further divide into
lobar arteries.” On each side, the pulmonary artery enters the lung with the stem
bronchus and then divides rapidly, branching simultaneously and running parallel
courses following the airway tree with a similar diameter at each level.1° After numerous
divisions, small arteries accompany the alveolar ducts and split up into the alveolar
capillary networks. The oxygenated blood from the capillaries is collected by venules
and drained into small veins. These do not accompany the airways and arteries but run
separately in narrow strips of connective tissue delimiting small lobules. The interlobular
veins then converge on the intersegmental septa. Finally, near the hilum the veins merge
into large venous vessels that follow the course of the bronchi.! Two pulmonary veins,
a superior and an inferior pulmonary vein on each side, carry oxygen-rich blood from
corresponding lobes of each lung to the left atrium of the heart. The pulmonary veins
run independently of the arteries and bronchi in the lung, coursing between and receiving

blood from adjacent bronchopulmonary segments as they run toward the hilum.?

The bronchial circulation has a nutritional function for the walls of the larger airways
and pulmonary vessels, making up the root of the lungs, the supporting tissues of the
lungs, and the visceral pleura. The two left bronchial arteries and the right bronchial
artery originate from the aorta or from an intercostal artery. They split up into capillaries
surrounding the walls of bronchi and vessels and also supply adjacent airspaces. Most
of their blood is naturally collected by pulmonary veins.! The most distal branches of the
bronchial arteries anastomose with branches of the pulmonary arteries in the walls of the

bronchioles and in the visceral pleura (Figure 1.9).2
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Figure 1.9 The vasculature of the lung. Image source: Encyclopadia Britannica, Inc. 2010

1.1.2.3 Pulmonary gas exchange

The gas-exchange tissue proper is called the pulmonary parenchyma, while the
supplying structures, conductive airways, lymphatics, and non-capillary blood vessels
belong to the non-parenchyma. The gas-exchange region begins with the alveoli of the
first generation of respiratory bronchioles. The lungs are a collection of some 300 million
small gas-filled alveoli, comprising a surface area of 130 m?! the walls of which are
made up of little more than a rich capillary network supported by a very thin interstitial
matrix. Each alveolus expands with fresh gas (high in Oz and low in CO,) that has flowed
down the bronchial tree from the mouth during inspiration. The alveoli then reduce in
volume during expiration, returning gas (lower in O, and higher in CO>) up the bronchial
tree to the mouth in a process called ventilation.!? Gas exchange between the alveolar
gas and blood takes place largely across the alveolar epithelium and pulmonary capillary
bed after which the blood flows into venules, which are almost indistinguishable in
structure from arterioles,'® and it occurs by simple passive diffusion. There is no active
transport involved in alveolar gas exchange, and the process of diffusion requires no
energy expenditure by the organism (Figure 1.10).
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Figure 1.10 Schematic representation of the O2/CO- transport pathway.

Pulmonary gas exchange is considered as a continuous process involving ventilation,
diffusion (physical diffusion across the pulmonary barrier and subsequent chemical
reactions (between O, and hemoglobin, a protein contained within red cells, and for
carbon dioxide (CO;) conversion to bicarbonate) and perfusion.'? Hemoglobin is
composed of four iron-containing ring structures (hemes) chemically bonded to a large
protein (globin). Each iron atom can bind and then release an oxygen molecule.
Hemoglobin binds not only to oxygen but to other substances as well, including
hydrogen ions (which determine the pH of the blood), carbon dioxide, and 2,3-
diphosphoglycerate (2,3-DPG; a salt in the red blood cells that plays a role in liberating
oxygen from hemoglobin in the peripheral circulation). Transport of CO; in the blood is
considerably more complex. A small portion of carbon dioxide, (about 5%), remains
unchanged and is transported dissolved in blood. Some carbon dioxide binds to blood
proteins, principally hemoglobin, to form a compound known as carbamate. About 88%
of carbon dioxide in the blood is in the form of bicarbonate ion. Less than 10% of the
total quantity of carbon dioxide carried in the blood is eliminated during passage through
the lungs. Complete elimination would lead to large changes in acidity between arterial
and venous blood. As carbon dioxide enters the blood, it combines with water to form
carbonic acid (H.CO:s), a relatively weak acid, which dissociates into hydrogen ions (H*)
and bicarbonate ions (HCOs-). The change in molecular configuration of hemoglobin
that accompanies the release of oxygen leads to increased binding of carbon dioxide to

oxylabile amino groups. Thus, release of oxygen in body tissues enhances binding of
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carbon dioxide as carbamate. Oxygenation of hemoglobin in the lungs has the reverse

effect and leads to carbon dioxide elimination.!

1.1.2.4 Pulmonary epithelium

Cellular activity of viable tissue allows physiologic functioning of mammalian organ
systems that are incredibly complex, responsive, interactive, and adaptable; collectively,
multiple systems support a complex organism’s life. To accomplish successful
respiration, the respiratory tract uses approximately 40 different resident cell types and
their products to make this occur.'® The respiratory system in its totality is composed of
multiple branched tissue systems, including the airways and blood vessels, and is lined
with epithelial cells.

The larger airways of the respiratory system, including the trachea, are underlaid with
bands of smooth muscle and in larger mammals, cartilaginous rings, both of which
provide support and tone to airway flow. The branched structure of the airways is
paralleled by the pulmonary vasculature, which eventually intersects with cells in the

alveolus to form the gas diffusible interface.'

e Airway Epithelium
Airway epithelial cells line the conducting airways of the trachea and proximal airways
(bronchi and bronchioles) in humans as well as in the mouse and consist of a
pseudostratified respiratory epithelium, which contains multiple cell lineages, including
multiciliated cells, secretory cells, goblet cells and basal stem/progenitor cells (BSCs).
Each is functionally specialized to moisturize the air, clear inhaled particles, serve as
progenitors in repair, or sense aerosolized signals creating a mucosal barrier to

pathogens.?®

@ Basal cells. Epithelial cells that underline luminal cells. They serves as
progenitors for other airway epithelial cells in homeostasis and repair and are defined by
the expression of transformation-related protein (TP63) and cytokeratins 5 and 14
(KRT5/14).1® These cells reside in the basal layer of airway epithelium and aside from
trachea and extrapulmonary bronchi, basal cells are also found in the intrapulmonary

airways, with diminishing number toward respiratory bronchioles (in mouse are rare in
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intrapulmonary airways that are without cartilage). These cells can be involved in
chronic obstructive pulmonary disease (COPD) and can serve as precursors for non-

small-cell lung cancer (NSCLC).%®

i
o

°| Secretory Club cells (Clara cells). Columnar or cuboidal luminal epithelial cells
fﬁét contain secretory granules. They are located in the luminal layer of airway
epithelium expressing SCGB1A1 as marker.™® These cells have been shown to secrete
surfactant apoprotein (secretoglobins) into airway lumen to decrease the surface tension
in this area of the lung and prevent alveolar collapse. Club cells also serves as the reserve
and reparatory cell in the small airways.” In diseases, such as asthma and COPD they

can produce mucin.

Ciliated cells. Multi-ciliated cells that display multiple motile cilia on the apical
surface. They are located in the luminal layer of airway epithelium expressing FOXJ1
and acetylated tubulin as markers.’® The main function is to reject and clear foreign
particles via the mucociliary clearence mechanism.” Disruption of ciliated cell function

is observed in primary ciliary dyskinesia, COPD, cystic fibrosis (CF) and asthma.

% Goblet cells. Most common non-ciliated cells that contain mucus granules in the
apical region. They are located in the luminal layer of airway epithelium from the larger
to the smaller bronchi but absent in the bronchioles (rare in mouse). The main protein
markers are MUCS5AC and AGR2.® These cells secrete mucus (acidic
glycosaminoglycans) to the luminal surface by the fusion of the membranes of the
granules and the cell to trap inhaled particles. Together with ciliated cells, they facilitate
effective mucociliary clearence. Excessive goblet cells hyperplasia can disrupt the
continuity of ciliary flow which is a key feature of many airway diseases (COPD, asthma

and CF).”

‘ Pulmonary neuroendocrine cells (PNECSs). Rare airway and tracheal epithelial
cells with dense core vescicles that contain neuropeptides and neurotransmitters. Present
either as solitary cells or in clusters in neuroepithelial bodies (NEBs), they express GRP"
and CGRPM as markers. Solitary cells are spindle-like in morphology while clustered
cells are wedge-like in morphology with wider apical than basal surface. These cells act

as airway sensor; when stimulated by signals such as allergen, nicotin and mechanical
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stretch they secrete neuropeptides and neurotransmitters wich is a key feature of the

allergen induced asthmatic response.’®

In the airway epithelium, are also identified other rare cells: Tuft cells, spindle-shaped
cells presenting microvilli on the apical surface that have a chemosensory function,
lonocytes, columnar epithelial cells involved in maintaining the airway fluid balance,
and Bronchioalveolar stem cells, cuboidal epithelial cells that act as progenitor cells to
both airway and alveolar cells during repair.*®

e Alveolar Epithelium
Alveolar epithelial cells (AECs) line the alveoli of the distal airways. There are two types
of alveolar lining cells: Alveolar type I cells, that constitute 95% of the surface area and
40% of the alveolar cells, and Alveolar type Il cells that covers only 5% of the alveolar
surface and constitute 60% of the cells. Together they perform the core function of gas

exchange.”!®

/ Alveolar type | (AEC1) cells. Large and squamous flattened epithelial cells
localized in the alveoli and expressing AGER and HOPX as protein markers. These cells
are essential for oxygen-carbon dioxide exchange by forming large and thin gas-
diffusible interface in proximity to capillary endothelium. AEC1 cells are reduced in

number and function in COPD and Bronchopulmonary dysplasia (BPD).*®

-' Alveolar type 11 (AEC2) cells. Cuboidal alveolar epithelial cells with lamellar
bodies and specialized microvilli in the apical surface, localized in the alveoli and
expressing SFTPC and ABCA3 as protein markers. AEC2 cells produce surfactant, a
glycoproteins and phospholipids (dipalmitoyl lecithin) mixture that reduces surface
tension to allow lung expansion during inhalation and promotes host defense by assisting
the killing of pathogens.®® These cells can act also as reserve cells, maturing into type |
cells. Surfactant deficiencies leads to respiratory distress syndrome and AEC2
dysfunction and senescence are associated with pulmonary fibrosis!” and NSCLC.’

In summary, the entire respiratory tract, which is lined with polarized airway epithelium

(apical side facing air/lumen, basolateral side facing the internal milieu), is structurally
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diverse and fulfills multiple functions, depending on the anatomical location.
Pseudostratified ciliated columnar epithelium continues throughout the pharynx, larynx,
trachea, all bronchi, and larger bronchioles. Moving further down the respiratory tree,
the epithelium changes to simple cuboidal epithelium with an increased number of club
cells. In contrast, goblet cells become increasingly less frequent until they can no longer
be found in the alveoli, mainly composed of AEC1 and AEC2 cells. While the proximal
conducting airways function as a gas transport system and barrier to pathogens, alveoli
of the distal airway facilitate air exchange and respiration. Additionally, cells of the
immune system (e.g., macrophages) are present to eliminate the intruding pathogen
(Figure 1.11).1819
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Figure 1.11 Organization and cellular characteristics of the human respiratory airway. Image
source: Biorender - Human Histology - A Text and Atlas for Physicians and Scientists, 2023.

1.1.2.5 Other cell types in the lung microenvironment

In addition to epithelial cells, other important cell lineages are found in the lung
parenchyma. In particular mesenchymal and immune cells play a fundamental role in

physiological conditions but are often involved in important pulmonary diseases.
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e Mesenchyme
Starting from early development, the lung mesenchyme provides instructive cues to the
epithelium to control proliferation, differentiation, and patterning along the proximal-
distal axis. Reciprocal paracrine signaling between the mesenchyme and epithelium
coordinates the growth and differentiation of both cell populations. In the adult lung,
several mesenchymal cell types serve as niches and provide signals and extracellular
matrix (ECM) support for epithelial progenitors and their function in tissue

regeneration.®

The main mesenchymal cells found in lung parenchyma: Airway smooth muscle cells
(ASMCs), Vascular smooth muscle cells (VSMCs), Chondrocytes, Alveolar fibroblast
1 (AF1) cells, Alveolar fibroblast 2 (AF2) cells, Secondary Crest Myofibroblasts
(SCMF), Pericytes and Mesothelial cells.®®

Resident mesenchymal cells of the lung, including resident fibroblasts, pericytes, and
resident mesenchymal stem cells, appear to be important sources of activated scar-
forming cells called myofibroblasts in murine models of lung injury and fibrosis.
Myofibroblasts contribute to tissue repair during wound healing, but that can severely

impair organ function when contraction and ECM protein secretion become excessive.?

e Immune Cells
Cells of the immune system are also critical components of the lung with innate immune
cell types taking up residence early in development. The lung constitutes the largest
surface of the body that is exposed to the outside environment. Pathogens can enter the
lung either with inhaled air through the epithelial layer or via bloodstream through the
endothelium. The cells involved are both resident immune cell types in the lung
interstitium and circulating immune cell types in the lung vasculature, ready to be
recruited in response to infection or injury. Lung immune cells belong to either the innate
or adaptive immune systems. In addition to defense against infection or injury, immune

cells also play critical roles in tissue homeostasis.*®

Alveolar macrophages (AMs). Largest immune cells in lung, cytoplasm filled

with lipid from surfactant localized in the luminal surface of alveoli in close proximity
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to epithelial cells. They express CD45, CD11b, CD64, CD163, CD206, HLA-DR as
protein markers.'® These cells have important roles in surfactant turnover, phagocytosis
of inhaled pathogens and particles. AMs inhabit a unique position at the interface
between the pulmonary mucosa and the external environment, where they directly sense
immunological stimuli and perform a crucial role in maintaining immune tolerance.
They participate in the onset of several lung diseases (infection, fibrosis, asthma, COPD

and lung cancer) and are crucial for maintaining airway homeostasis.?

Interstitial macrophages (IMs). Smaller in size than AMs, with smoother
surface, irregularly shaped nucleus and numerous cytoplasmic vacuoles, this cells are
localized in the lung interstitium around airways, vessels, and nerves.'® They express
MerTK, CD11b, CD64, MHC Il, and CD206 as protein markers.?* IMs have a regulatory
function. These cells have high levels of expression of genes related to the positive
regulation of leukocyte chemotaxis, response to wounding and receptor-mediated
endocytosis acting as key factors in presenting antigens and inducing adaptive

immunity.?

AMs and IMs are tissue resident macrophages fulfilling the homeostatic, metabolic and
repair functions while simultaneously acting as sentinel phagocytic immune cells. Since
these cells have significant protective roles, they are involved in important lung

disorders.

In the lung parenchyma, are also identified other important immune cells: Inflammatory
monocytes (iMONSs), Patrolling monocytes (pMONSs), Dendritic Cells (DCs),
Neutrophils, Basophils, Mast Cells, Innate lymphoid cells (ILCs), Natural Killer cells
(NK cells), T cells and B cells.®®

1.2 Macrophages role in immune system

Metchnikoff first described macrophages in 1892 on the basis of their ability to

phagocytose microorganisms. These cells are a component of the primary innate immune

36



response playing a critical role against foreign pathogens and cellular debris.?? They are
found in various tissues throughout the body and are involved in a range of physiological
processes, including tissue repair, regulation of immune responses, and maintenance of
homeostasis. Macrophages are highly heterogeneous and can adopt a range of functional

phenotypes depending on their local microenvironment.?*

The origin and development of macrophages is complex, with different populations
arising from different sources, including embryonic yolk sac, fetal liver, and bone
marrow-derived precursors.?* Circulating peripheral-blood mononuclear cells (PBMCs)
that develop from a common myeloid progenitor cells in the bone marrow differentiate
into monocytes that are released into the bloodstream. Monocytes are a heterogeneous
population that continue to develop and mature in the blood and finally migrate into
different tissues in the steady state or in response to inflammation where they can
differentiate in tissue-specific macrophages (osteoclasts (bone), alveolar macrophages

(lung), histiocytes (interstitial connective tissue) and Kupffer cells (liver)).24?°

Macrophages are characterized by their phagocytic activity, as well as their capacity to
produce cytokines and chemokines in response to endogenous stimuli. Upon activation,
macrophages can polarize into distinct functional phenotypes, which have distinct gene

expression profiles and functions.

1.2.1 Polarization of macrophages

The current macrophage nomenclature is complex due to the macrophage functional
plasticity mediated by microenvironment signals. The two main functionally polarized
macrophage subsets, named according to external stimuli and cytokine profile that they
deliver, are: classically activated macrophages (M1 macrophages) and alternatively
activated macrophages (M2 macrophages). This paradigm oversimplify the pattern of
macrophages because they can exhibit overlapping and mixed functional phenotypes

depending on their local microenvironment.?%2

e Classically activated macrophages (M1)
M1 macrophages, also known as classically activated macrophages, are induced by the

pro-inflammatory cytokines interferon-gamma (IFN-y), tumor necrosis factor alpha
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(TNF-a) and lipopolysaccharide (LPS), a component of the outer membrane of Gram-
negative bacteria. These macrophages produce high levels of pro-inflammatory
cytokines such as interleukin-1 beta (IL-1p), interleukin-6 (IL-6), TNF-a, and mediators
such as reactive oxygen and nitrogen species.® They express high levels of main
histocompatibility complex class 1l (MHC-II), CD68 marker, and CD80 and CD86
costimulatory molecules. M1 macrophages upregulate the expression of intracellular
protein called suppressor of cytokine signalling 3 (SOCS3) and activate the inducible
nitric oxide synthase (NOS2 or iNOS) generating nitric oxide (NO) (Figure 1.12).%
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Figure 1.12 Classically activated macrophage (M1).

M1 macrophages are involved in cell-mediated immune responses, in particular in host
defence against intracellular pathogens such as bacteria, viruses, and parasites.?® These
cells are able to phagocyte large numbers of pathogens and kill intracellular bacteria
through microbicidal mechanisms by the synthesis of NO, the restriction of iron or

nutrients for microorganisms and acidification of the phagosome.

IFN-y is produced by both innate and adaptive immune cells. NK cells produce IFN-y in
response to stress and infections, activating macrophages with an increased killing
ability to secrete pro-inflammatory cytokines. However, sustained production of IFN-y

by T helper 1 (Th1) cells, which are antigen-specific, is usually necessary to maintain
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classically activated macrophages and confer stable host defence against many
intracellular microorganisms.?® LPS generates M1 macrophages through the interaction
with toll-like receptor 4 (TLR-4), by inducing phosphorylation of both STAT1a and
STAT1p.%®

Classically activated macrophages play a crucial role in the host defence mechanisms,
in the pro-inflammatory activity and in tissue damage. However, their activation needs
to be regulated carefully as the cytokines and mediators they produce can cause host-
tissue damage. In fact, these macrophages are key players in the immunopathology that

occurs in various autoimmune diseases.?

e Alternatively activated macrophages (M2)
M2 macrophages, also known as alternatively activated macrophages, are induced by
Th2 cytokines such as interleukin-4 (IL-4), interleukin-10 (IL-10), and interleukin-13
(IL-13), as well as by anti-inflammatory cytokines such as transforming growth factor-
beta (TGF-B), fungi and helminth infections. These macrophages produce high levels of
anti-inflammatory cytokines such as IL-10, and TGF-B, as well as growth factors
involved in tissue repair and remodelling such as vascular endothelial growth factor
(VEGF), insulin-like growth factor-1 (IGF-1), and platelet-derived growth factor
(PDGF). M2 macrophages are characterized by the expression of the macrophage
mannose receptor (CD206), CD200R and CD163 in combination with the transcription
factor CMAF. Additionally, MGL1, MGL2, RGC-32, Arginase-1 (Argl), FIZZ1, and

chitinase 3-like 3 (Ym1) have also been suggested as potential M2 markers.?

M2 macrophages are involved in tissue repair and wound healing, as well as in the
resolution of inflammation and immunoregulation. IL-4 is one of the first innate signals
released during tissue injury by basophils, mast cells, and other granulocytes. IL-4
stimulates arginase activity in resident macrophages, allowing them to convert arginine
to ornithine, contributing to the production of the ECM that leads to wound healing and
tissue remodelling. They are also involved in the regulation of the Th2-type immune

response and in the induction of immune tolerance.?
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M2 macrophages are a heterogeneous population that can be subdivided into different

subsets based on the stimuli that induce their activation and their functional

characteristics. Four subsets have been described: M2a, M2b, M2c, and M2d (Figure
1.13).%

M2a. induced by IL-4 and 1L-13, which are produced by T helper 2 (Th2) cells
and other immune cells. These macrophages are involved in tissue repair,
angiogenesis, and extracellular matrix remodeling. They express high levels of
CD206, Argl, resistin-like molecule alpha (RELMa), and Ym1.%

M2b. induced by immune complexes and TLR ligands, such as LPS and CG
DNA. These macrophages are involved in immunoregulation and tissue repair.
They express high levels of CD86, iNOS, IL-10, and TGF-B.%

M2c. induced by IL-10, glucocorticoids, and TGF-B. They are involved in the
resolution of inflammation and tissue repair. They express high levels of CD163,
IL-10, TGF-B, and the scavenger receptor CD36.%

M2d. induced by IL-6, TLR-ligands and adenosine, which is produced by
tumors and damaged tissues. They promote tumor growth, angiogenesis, and
immunosuppression. They express high levels of IL-10, VEGF, and C-C motif
chemokine ligand 22 (CCL22).242527.28

M2a macrophage M2b macrophage M2c macrophage M2d macrophage
5 g + Promote Th2 differentiation " pagrn
+ Enhance endocytic activity  Promote parasitic, « Phagocytosis of apoptotic « Proangiogenic ability _
+ Promote cell growth, Bacterlaliand fungél cells * Promote tumor progression
tissue repair infection's
IL-4, 1L-13 Immune complex, Glucocorticoids, TLR agonists
g TLR ligands, IL-1B IL-10, TGF-B 9
IR A{F“ )5.221 Lion IL12R ;nas TLRA Aﬁg“ 750206 ILJ\(%R IL)-’WR
cozo(l\ *( /’ym]/z g ‘{\ ;( —~ }(CL»GR TLR—?_\ ‘( )‘00163
J >N
{ (
/7 )
C /
[ (
A Y
= Y/
N—
TNF-q, IL-1q, IL-1B, IL-6, IL-12,
g TNF-q, IL-1B, IL-6, IL-10, TGF-B, CCL16, 5
IL-23, CXCL9, CXCL10, 1L10, CeLY CCL18, CXCL13 1L-10, VEGF

CXCL11, CXCL16, CCLS

Figure 1.13 Different subsets of alternatively activated macrophages (M2). Image source:
Biorender
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These different subsets of M2 macrophages have distinct gene expression profiles and
functional characteristics. The classification of M2 macrophages into different subsets
has been useful to better understand their roles in different physiological and

pathological conditions.

1.2.2 Macrophages role in lung pathologies

Macrophages, a key component of the innate immune system, play a pivotal role in
maintaining lung homeostasis and immune defense. These immune cells reside in the
lung tissue, where they actively participate in immune responses to protect against
pathogens and respond to tissue damage. However, in the context of lung disorders,
macrophages can exert both beneficial and detrimental effects, depending on their

activation state and the microenvironment.?

In chronic lung disorders such as chronic obstructive pulmonary disease (COPD) and
asthma, macrophages are involved in persistent inflammation. M1 macrophages
contribute to the inflammatory response by releasing pro-inflammatory mediators, which
exacerbate tissue damage and airway remodelling. In these conditions, an imbalance
between M1 and M2 macrophages may lead to chronic inflammation and tissue

destruction.?®

In pulmonary fibrosis, macrophages play a crucial role in orchestrating fibrotic
responses. Injured lung epithelial cells release chemokines and cytokines that recruit
macrophages. M2-like macrophages are thought to contribute to fibrotic tissue
remodelling by promoting ECM production and inhibiting matrix degradation. Their
uncontrolled activation can lead to excessive collagen deposition, impairing lung

function.®

In infectious lung diseases like tuberculosis and pneumonia, macrophages serve as a
primary defense mechanism. They are responsible for phagocytosing and clearing
invading pathogens. The activation of AM results in increased concentrations of pro-
inflammatory cytokines and chemokines. However, the intracellular survival of

pathogens, like Mycobacterium tuberculosis, is often linked to the ability of certain
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strains to manipulate macrophage activation states, leading to granuloma formation and

tissue damage.*

In the tumor microenvironment of lung cancer, tumor-associated macrophages (TAMS),
play a multifaceted role. TAMs, often displaying an M2-like phenotype, support tumor
progression by secreting growth factors, cytokines, and chemokines that enhance tumor
cell proliferation, angiogenesis, and metastasis. Moreover, they foster an
immunosuppressive microenvironment that shields tumor cells from immune
surveillance, aiding tumor growth. These macrophages also hinder the activation of
cytotoxic T cells and natural Killer cells, leading to immune evasion. They can express
immune checkpoint molecules like PD-L1, which binds to PD-1 on T cells, further

suppressing the anti-tumor immune response.®

Given the pivotal role of macrophages in lung disorders, therapeutic strategies that target
these cells are being explored. Modulating macrophage polarization and function offers
potential approaches to control inflammation and promote tissue repair. Various
preclinical and clinical studies are investigating the use of immunomodulatory agents,
such as corticosteroids and immune checkpoint inhibitors, to influence macrophage

activation and function in lung diseases.

Their functional plasticity and complex involvement in lung diseases make them
attractive targets for therapeutic intervention. A better understanding of the mechanisms
that regulate macrophage activation in specific lung disorders is essential for the

development of effective treatments.

1.3 Pulmonary pathology

The lungs are vital organs responsible for exchanging oxygen and carbon dioxide
between the air and the blood. Several diseases can affect the lungs, causing respiratory
problems and impacting overall health. Lung diseases can be broadly categorized into
four main groups: obstructive lung disease, restrictive lung disease, infectious disease

and neoplastic disease.*
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1.3.1 Obstructive lung diseases

Obstructive lung diseases are characterized by airflow limitation due to partial or
complete obstruction of the airways. The key clinical aspects are the forced expiratory
volume at one second (FEV1), the reduced forced vital capacity (FVC) ratio and the
trapping of air in the parenchyma. The main obstructive lung diseases include COPD

(emphysema, bronchiectasis and chronic bronchitis) and asthma.

1.3.1.1 Chronic obstructive pulmonary disease (COPD)

Chronic Obstructive Pulmonary Disease (COPD) is a chronic, multifactorial and
progressive lung disease that affects millions of people worldwide.®® It is primarily
caused by the inhalation of noxious particles or gases, particularly cigarette smoke, and
is characterized by persistent and progressive airflow limitation that is not fully
reversible. COPD encompasses several respiratory conditions, including chronic
bronchitis (small airway disease), emphysema (parenchymal and alveoli destruction,
dilation of terminal airways) and narrowing of the airway. The underlying
pathophysiology of COPD involves chronic inflammation, oxidative stress, and
remodelling of the airways and lung parenchyma, leading to structural changes and
functional impairments.®* The inflammatory response is characterized by the infiltration
of immune cells, such as neutrophils, macrophages and T lymphocytes, which release
pro-inflammatory mediators and proteases that contribute to tissue damage and lung
function decline. In COPD, there is an increase in the number of macrophages in various
areas of the lungs, likely due to increased recruitment of monocytes from the circulation.
These macrophages, particularly the pro-inflammatory M1 subset, release more
inflammatory mediators and reactive oxygen species (ROS) than macrophages from
non-smokers and smokers without COPD. The oxidative stress response results from an
imbalance between oxidant and antioxidant agents, leading to the generation of ROS that
cause cellular damage and trigger inflammation. The remodelling response involves
changes in the airway and lung structure, including thickening of the airway wall, loss
of alveolar attachments, and destruction of lung parenchyma, leading to airflow

limitation and gas exchange impairment (Figure 1.14).2°
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Figure 1.14 Development of chronic obstructive pulmonary disease. Image source: Biorender

The diagnosis of COPD is based on a combination of clinical symptoms, lung function
tests, and imaging studies. The main symptoms include dyspnoea, cough, sputum
production, and wheezing, which may vary in severity and frequency.*

Treatment options for COPD include pharmacotherapy, pulmonary rehabilitation,
oxygen therapy, and surgery, depending on the severity and stage of the disease. The
main goals of treatment are to relieve symptoms, improve lung function, prevent
exacerbations, and enhance quality of life. Pharmacotherapy includes bronchodilators,
such as beta-agonists and anticholinergics, and anti-inflammatory agents, such as

corticosteroids and phosphodiesterase-4 inhibitors.3*

1.3.1.2 Asthma

Asthma is a chronic inflammatory disease of the airways characterized by wheezing,
shortness of breath, chest tightness and coughing.® It affects over 300 million people
worldwide and is associated with significant morbidity and mortality. In asthma, there
is infiltration of inflammatory cells, such as eosinophils, mast cells, and T cells, into the
airway walls and surrounding tissues, resulting in airway hyper-responsiveness and
airway remodeling.?® Traditionally, two forms of asthma have been defined in the clinic,
allergic and non-allergic. The inflammatory response is triggered by exposure to

allergens or non-specific irritants, such as smoke or air pollution, which activate the
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immune system and induce the release of cytokines and chemokines that recruit
inflammatory cells to the lungs. The resulting inflammation leads to mucus

overproduction, airway wall remodelling and narrowing, making it difficult to breathe.

Treatment options of asthma aims to reduce airway inflammation and improve airway
function through the use of inhaled corticosteroids, bronchodilators, and other
medications. A personalized approach to treatment, based on the underlying
inflammatory phenotype, may improve outcomes for asthma patients. %

1.3.2 Restrictive lung diseases

Restrictive lung diseases are characterized by reduced lung volume and capacity due to
damage to the lung tissue or chest wall. Restrictive lung disease is categorized into
extrapulmonary and intrapulmonary forms. Extrapulmonary causes, such as obesity and
kyphoscoliosis, lead to a restrictive lung disease by externally impairing lung filling.
Intrapulmonary restrictive lung disease can be further divided into acute and chronic

subcategories.*

Acute restrictive lung disease is predominantly associated with acute respiratory distress
syndrome (ARDS). It is a rapid-onset condition occurring within minutes to days as a
result of a severe systemic insult like sepsis or shock. It is characterized by hypoxemic
respiratory failure with oxygen levels below 60 mm Hg and diffuse pulmonary
infiltrates. The pathogenesis of ARDS involves diffuse alveolar damage, with damage
to the alveolar epithelium and endothelium, leading to increased alveolocapillary
permeability, loss of diffusion capacity, and protein leakage into the alveoli. The
progression of diffuse alveolar damage occurs in three stages: exudative, proliferative,

and fibrosis.%’

Chronic forms can be subdivided by aetiology (i.e., work related, drug-related,
autoimmune, and idiopathic). They are characterized by chronic diffuse lung injury with
inflammation and fibrosis, impaired gas exchange (low diffusing capacity of lung for
carbon monoxide), decreased FEV1 and FVC, and normal FEV1/FVC ratio. Examples

of restrictive lung diseases include interstitial lung disease (ILD) and sarcoidosis.*?
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1.3.2.1 Interstitial Lung Disease (ILD)

Interstitial lung disease is a broad term that encompasses a group of lung disorders
characterized by inflammation with infiltration of inflammatory cells and scarring
(fibrosis) of the interstitial tissue that surrounds and supports the alveoli in the lung
parenchyma. ILD is an umbrella term that includes various specific conditions, one of
which is pulmonary fibrosis.*® Pulmonary fibrosis refers specifically to the progressive
and irreversible accumulation of scar tissue in the lungs, leading to decreased lung
function and respiratory failure. It involves the abnormal accumulation of collagen and
other fibrous proteins in the interstitial space, leading to thickening and stiffening of the
lung tissue. Pulmonary fibrosis primarily affects the alveoli and the surrounding
interstitial spaces, impairing lung function and gas exchange. Interstitial lung disease are
classified on the basis of a known underlying disease, an inciting agent or the absence
of a known cause and can be broadly sub-grouped into idiopathic, autoimmune-related,
caused by external agents (hypersensitivity pneumonitis), sarcoidosis and others (Figure
1.15). Each of these conditions may have distinct clinical features, causes, and treatment

approaches.®
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Figure 1.15 Classification of interstitial lung diseases. (I11Ps: idiopathic interstitial pneumonias).
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Idiopathic pulmonary fibrosis (IPF) is the most common chronic, progressive, fibrotic
ILD. IPF is characterized by an imaging and pathological pattern of usual interstitial
pneumonia (UIP) which includes fibroblastic foci, dense collagen deposition, and
honeycombing without an identifiable cause or association with a disease known to be
associated with pulmonary fibrosis. It occurs more commonly in men than in women
(sex ratio, 7:3) and is more common in people older than 60 years of age than in younger
people. IPF is a chronic and irreversible disease, usually progressing to respiratory

failure and death.*°

While each specific fibrosing ILD is considered rare, the combined impact of these
conditions on patients is significant, representing a substantial burden of disease. The
overall prevalence of ILDs is estimated to range from 76 cases per 100,000 individuals
in Europe to 74.3 cases per 100,000 in the United States. Among the fibrotic ILDs,
sarcoidosis, ILD associated with connective tissue diseases (CTD-ILD) and IPF are the

most common.*®

Pathogenesis Several risk factors contribute to the pathogenesis of IPF, including
environmental exposures, particulate inhalation, smoking, chronic viral infections, and
specific comorbidities. Increasing evidence indicates that also genetic factors play a
significant role. Studies of familial interstitial pneumonia have identified rare genetic
variants. Although these studies do not indicate a direct causal link, the potential
importance of alterations in genes associated with surfactant dysfunction (SFTPC,
SFTPAZ2), telomere biology (TERT, TERC, PARN, RTEL, OBFC1), in host defence
(MUC5B, ATP11A, TOLLIP) and epithelial barrier function (DSP, DPP9) was
identified. Age is the most influential demographic risk factor for IPF, suggesting that
the lung aging process is a driving force in its development. Notably, IPF exhibits an
exaggeration or premature occurrence of nearly all cellular and molecular hallmarks

associated with aging.*

The lungs are constantly exposed to the external environment and possess remarkable
regenerative abilities, coordinated by a precise sequence of biological processes, to
counteract various injuries that can occur. With inhalation, the alveolar surface area

interacts with various microparticles, including pollutants, microorganisms, and
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oxidants. These elements have the potential to directly damage the delicate structure of
the alveolar epithelium that acts as a physical barrier and possesses pathogen-sensing
capabilities. To protect the lungs, both the innate and adaptive immune systems play

crucial roles in the wound-healing response.*?

The pathogenesis involves multiple cellular compartments, including the epithelium,
lung fibroblasts, and the innate and adaptive immune system. However, the exact
mechanisms underlying the interplay of these factors in disease pathogenesis remain
unclear. Most ILDs are characterized by inflammation, fibrosis, or a combination of
both, with initial inflammation often progressing to fibrosis. Additionally, some ultra-
rare ILDs have distinct disease mechanisms and unique phenotypes.*?

The alveoli in the lungs are lined by AEC1 and AEC2. AEC2 cells have the ability to
differentiate into both AEC1 and AEC2. The interstitial space between these cells and
the capillaries contains macrophages and fibroblasts. When there is an injury to the
alveolar epithelium, AEC2 cells trigger the proliferation of fibroblasts, which
differentiate into myofibroblasts. These cells secrete collagen fibres that maintain the
structure and elasticity of the lungs. In normal conditions, myofibroblasts undergo
apoptosis and restore normal lung function. However, the repetitive exposure of alveolar
epithelium to micro-injuries in genetically susceptible individuals during the aging
process can trigger pro-fibrotic epigenetic reprogramming. This, in turn, leads to
premature and persistent senescence of epithelial cells, aberrant epithelial-fibroblast
communication, excessive production of pro-fibrotic mediators, and ongoing activation
of mesenchymal cells, resulting in a maladaptive response, considerable ECM
accumulation and eventual development of a range of disorders. Dysfunctional AEC2
cells should regenerate damage cells, but their ability to re-establish normality is
seriously impaired indicating the initiation of the maladaptive repair process with
inflammation that contribute to cellular damage and tissue destruction. the apoptosis of
myofibroblasts is disturbed, leading to abnormal wound healing and progressive

fibrosis.* This results in ventilation issues and imbalances in oxygen supply to the body.
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The wound-healing response in pulmonary fibrosis can be divided into three phases:
injury, inflammation, and repair. While not all fibrotic conditions follow this pattern, it

serves as a useful model to understand the mechanisms involved.

- Phase I: Injury. Various factors such as autoimmune reactions, allergies,
environmental pollutants, infections, or mechanical damage can disrupt normal tissue
architecture, triggering a healing response. Inflammation that occurs after the injury can
further damage cells and tissues. Damaged epithelial and endothelial cells need to be
replaced to maintain barrier function and prevent blood loss. Acute damage to
endothelial cells leads to the release of inflammatory mediators and initiates a
coagulation cascade, forming a temporary clot to plug the damaged vessel. Pulmonary
fibrotic conditions show continuous activation of clot-forming responses, and the
presence of thrombin confirms the activation of the clotting pathway. Thrombin can
directly activate fibroblasts, leading to their proliferation and differentiation into
collagen-producing myofibroblasts. Damage to the airway epithelium, particularly
alveolar pneumocytes, triggers an anti-fibrinolytic cascade, causing interstitial edema,
acute inflammation, and separation of the epithelium from the basement membrane.*
For the crucial role that AECs play in the initiation and progression of the disease, IPF

has been considered an “epithelium driver disease”.*

Platelet recruitment and clot formation progress to vasodilation and increased
permeability, allowing leukocytes to be recruited to the injured site. The basement
membrane, which forms the ECM underlying the epithelium and endothelium, acts as a
barrier to damaged tissue. Matrix metalloproteinases (MMPs), specifically MMP-2 and
MMP-9, cleave ECM constituents, facilitating the extravasation of cells into and out of
damaged sites. MMP-2 and MMP-9 are upregulated in fibrotic conditions, highlighting
their role in tissue destruction and regeneration.*” These MMPs are necessary for the
successful clearance of inflammatory cells from inflamed tissue into the airspaces. The
balance between MMPs and inhibitory mechanisms determines the level of
inflammation and the amount of collagen deposited during the healing response.*® These
enzymes are upregulated in fibrotic conditions, contributing to tissue destruction and

regeneration processes.*®

49



The dysfunctional epithelium's inability to regenerate after repetitive injury plays a
crucial role in disease progression. The damage to the epithelium disrupts the basement
membrane, leading to the breakdown of the alveolar capillary barrier. This results in the
leakage of proteins, including fibrin and fibronectin, into the interstitial and alveolar
spaces. The activated epithelial and endothelial cells create an environment that
promotes an abnormal communication between the epithelium and mesenchymal cells.
This leads to the recruitment, migration, proliferation, and differentiation of fibrocytes
and fibroblasts, primary source of collagen-producing cells in the lungs during fibrosis
development. However, a small population of bone marrow-derived fibrocytes may also

contribute to the cell population at the injury sites.*

- Phase II: Inflammation. Once access to the site of tissue damage is established,
chemokine gradients attract inflammatory cells such as neutrophils, eosinophils,
lymphocytes, and macrophages. These cells clear cell debris and areas of necrosis
through phagocytosis. The role of specific inflammatory cells in downstream fibrosis,
particularly in IPF, is still debated. Anti-inflammatory agents have shown limited
efficacy in treating IPF and usual interstitial pneumonia patients, suggesting that
inflammation may not be a significant contributing factor. However, this controversy
originates from the incomplete understanding of the causative agents and mechanisms
involved in IPF. The absence of inflammation observed in IPF patients and the

interpretation that inflammation is not involved may be a matter of timing.*

The nature of the insult or causative agent determines the type of inflammatory response.
Exogenous stimuli, such as pathogen-associated molecular patterns (PAMPS), are
recognized by pathogen recognition receptors and influence the response of innate cells
to invading pathogens. Endogenous danger signals also affect local innate cells and
orchestrate the inflammatory cascade. The immune responses can be classified into Type
1 (pro-inflammatory), Type 2 (wound-healing), and Type 17 (associated with pro-

inflammatory conditions) based on T helper cell-dominant cytokine responses.*

Various cytokines are involved throughout the wound-healing and fibrotic response,
with specific groups of genes activated in different conditions. For example, chronic

allergic airway disease in asthmatics is associated with elevated Type-2 cytokine
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profiles, while IPF patients often exhibit pro-inflammatory cytokine profiles. Cytokines
such as IL-4, IL-13, and TGF-pB play significant roles in pulmonary fibrotic conditions
by recruiting, activating, and proliferating fibroblasts, macrophages, and

myofibroblasts.*

Moreover, epithelial-mesenchymal transition (EMT) is a process in which epithelial
cells acquire characteristics of mesenchymal cells. It involves significant changes in
transcriptional machinery and cellular reprogramming. While EMT is a normal process
in embryological tissue, it is a rare occurrence in normal wound healing and is triggered
by sustained inflammation and injury. TGF-B1 is considered a key cytokine involved in
initiating this process. In IPF, there is evidence suggesting that epithelial cells acquire
some mesenchymal features, but it is unclear whether a complete EMT occurs, as there
are no definitive specific fibroblast cell markers. The most characteristic maker of these
transitional cells is alpha smooth-muscle actin (aSMA).*

Inflammatory monocytes and tissue-resident macrophages are key regulators of tissue
fibrosis, playing important roles in the initiation, maintenance and resolution of tissue
injury. Monocytes and macrophages are recruited to areas of tissue injury. Pro-fibrotic
macrophages play a significant role in coordinating scar formation by interacting with
fibroblasts. Macrophages are in close proximity to contractile fibroblasts for effective
communication. Contracting fibroblasts generate deformation fields in the fibrillar
collagen matrix, which serve as physical cues for macrophages. Within these collagen
deformation fields, macrophages migrate towards the source of force generated by
fibroblasts and the presence of a dynamic force source is necessary to initiate and guide
macrophage migration.®® Macrophages play a crucial role in lung homeostasis and
immune response following injury, making them potential targets for future therapeutic

interventions.*®

M1 macrophages are activated during the early inflammatory phase and are involved in
clearing pathogens and promoting inflammation. They release MMPs and pro-
inflammatory cytokines, contributing to tissue damage. On the other hand, M2
macrophages are associated with anti-inflammatory responses and are more prevalent in

interstitial lung diseases, including IPF. M2 macrophages produce chemokines, TIMPs
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and fibronectin, which regulate the development and progression of fibrotic lung
diseases. They can also differentiate into fibrocyte-like cells that express collagen. The
polarization of macrophages towards the M2 phenotype is believed to inhibit the
inflammatory response and regulate fibrotic processes. M2 macrophages secrete
cytokines that attract and stimulate the proliferation, survival, and migration of
fibroblasts, which contribute to the development of fibrosis. Inhibition of M2

macrophage polarization has shown promise in reducing fibrosis in animal models.*!

Several signaling pathways have been implicated in the involvement of macrophages in
pulmonary fibrosis. These include TGFp/Smad, Wnt/B-catenin, interleukin signaling,
Lrp5/B-catenin, MAPK, Notch, PI3BK-AKT-mTOR, STAT1, NFkB, IGF-1 receptor, 4-
1BB, NRG-1/ErbB4, and M-CSF/M-CSFR pathways. These pathways regulate various
aspects of macrophage activation and fibrotic processes.®!

The interplay between M1 and M2 macrophage phenotypes is considered crucial in the
development and progression of lung fibrosis. Understanding the molecular mechanisms
underlying macrophage involvement in pulmonary fibrosis is essential for identifying
potential therapeutic targets to mitigate the disease. Inhibiting specific signaling
pathways or modulating macrophage polarization may hold promise for future

interventions in fibrotic lung diseases.

The inflammatory response significantly affects tissue-resident and inflammatory cells
and further propagates inflammation through the secretion of chemokines, cytokines,
and growth factors. Various cytokines are involved in wound healing and fibrotic

responses, with specific groups of genes activated in different conditions.

Cytokines such as IL-1a, IL-1B, TNF-a, TGF-B, and PDGF are frequently observed in
PF patients. IL-1p plays a central role by stimulating collagen expression and promoting
tissue destruction, inflammation, and collagen deposition. Uric acid and ATP released
from injured lung cells activate the NALP3 inflammasome, leading to IL-1 production
and lung fibrosis. 1L-4, IL-13 and TGF-p are directly linked to the pathogenesis of PF
through the mobilization, activation and proliferation of fibroblasts, macrophages and

myofibroblast, respectively.*®
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The innate acute-phase pro-inflammatory cytokines IL-1, IL-6, and TNF-a, together
with TGFp, which are produced by macrophages, tissue fibroblasts and other local cell
populations, promote the development of IL-17-secreting cells. IL-17A potentiates
neutrophil responses that contribute to tissue injury through the production of ROS,
induces inflammation while increasing the expression of TGF-f receptors on fibroblasts
and thereby facilitating the production of ECM in response to TGF-f. Cytokines such as
IL-17A and IL-22 have been identified as fibrosis triggers. IL-17A signaling contributes
to fibrosis in multiple tissues, and it enhances fibroblast sensitivity to TGFp. IL-22 also
enhances TGF-f signaling in fibroblasts. The IL-17A-TGF-p axis is activated by
upstream activators such as Caspase 1, NLRP3 inflammasome and Nuclear factor-kappa
B (NF«xB). Their sustained activation and signaling may involve stimulation of Toll-like
receptors by microorganisms, leading to the production of pro-inflammatory cytokines

and chemokines that exacerbate inflammation and fibrosis.>

Type 2-associated cytokines IL-4 and IL-13 are important inducers of fibrosis. In this
case, eosinophils and M2 macrophages play a prominent role. Alarmin cytokines from
epithelial cells and damaged tissues, such as thymic stromal lymphopoietin, IL-25, and
IL-33, initiate type 2-dependent fibrosis by triggering the production of IL-4 and IL-13
in various immune cells. IL-4 receptors are present on lung fibroblasts increasing extra
cellular matrix proteins and collagen deposition. Moreover, IL-4 promotes the
alternative activation of macrophages that can produce TGF-B, PDGF and, through
arginase upregulation, modulate polyamine and proline biosynthesis, cell growth, and
collagen formation. IL-4 promote the differentiation of T cells into Th2 cells, providing
a source of many type-2 cytokines in this inflammatory axis (IL-5, IL-9, IL-13, and IL-
21) and propagating wound healing and potentially pro-fibrotic responses. 1L-13 shares
many properties with IL-4, due to common receptor subunits (IL-4Ra), signal
transduction pathways and transcription factors (STAT-6). IL-13 has been identified as
a key fibrogenic cytokine in many fibrotic conditions triggering the differentiation of
fibroblasts into aSMA expressing myofibroblasts and PDGF-producing cells with

significant mitogenic properties.***°

Cross-regulation between IL-17A and IL-13 has been observed, suggesting that targeting

one pathway may lead to upregulation of the other. Therefore, successful antifibrotic
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strategies may need to target the dominant mechanism or reduce both pathways

simultaneously (Figure 1.16).%°

Furthermore, myofibroblasts produce the cytokine IL-11, stimulating the production of
ECM in response to various pro-fibrotic mediators, including TGFpB and type 2
cytokines.>°
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Figure 1.16 Cytokines-mediated regulation of fibrosis. Image source: C. Henderson et al, 2020

Growth factors like TGF-f, PDGF, VEGF, and fibroblast growth factor (FGF) are
involved in the fibrotic changes. These growth factors act through various signalling
pathways, such as TGFB-SMAD, WNT-Catenin, sonic hedgehog, Notch, and FGF-

FGFR, which play a role in the interaction between AECs and myofibroblasts.*>°

TGF-B is a key mediator in IPF and is involved in cellular activities such as proliferation,
differentiation and programmed cell death. Fibronectin, VEGF, and PDGF are also
involved in the activities of TGF-B. It is secreted in a latent form (latency-associated
protein — LAP) and is activated by many agents commonly found in fibrotic conditions,
including cathepsins, plasmin, calpain, thromombospondin, integrin av6 and MMPs.
Once active, it gains growth and chemotactic properties, stimulates fibroblast
proliferation and the synthesis of ECM recruiting inflammatory cells through MCP-1

(CCL2) and suppressing T-cell responses. Interestingly, unlike 1L-13 overexpression,
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TGF-B did not recruit inflammatory cells or enhance mucus secretion in the lung,
suggesting that this cytokine can directly induce fibrosis in the absence of significant

inflammation.*%52

FGFs are proteins that regulate cell proliferation, survival, migration, and differentiation.
Fibroblast growth factor receptor (FGFR) plays a role in the repair process. Nintedanib,
a triple kinase inhibitor, blocks the activities of VEGF, FGF, and PDGF. It decreases the
levels of ECM proteins and inhibits myofibroblast differentiation mediated by TGF-p1.

Another target for IPF treatment is WNT5A, a signalling protein of the WNT family.
WNTS5A induces the proliferation of lung fibroblasts and is elevated in IPF fibroblasts.
WNT signalling is involved in epithelial cell proliferation, myofibroblast differentiation,

and collagen synthesis (Figure 1.17).
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Figure 1.17 The roles of TGF- in pathological pathways. Image source: R. Li et al, 2022

Understanding these signalling pathways and their manipulation can contribute to drug
discovery for the treatment of PF. Several inhibitors of cytokines, chemokines, and
growth factors are being tested in clinical trials for fibrosis treatment. These include
inhibitors of 1L-13, IL-4, TNF, CCR2, CCRS5, IL-1, IL-6, CCL2, and follistatin.?®

- Phase Ill: Tissue repair and contraction. It is the final phase of wound healing.

Various cellular processes occur to reorganize the tissues, promote wound closure, and
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restore normal function. The process of tissue repair and contraction involves the

formation of a fibrin-rich scaffold, wound contraction, and re-epithelialization.

In this phase, myofibroblasts play a crucial role in producing collagen and contractile
proteins. They contribute to the formation of a provisional extracellular matrix known
as granulation tissue. Fibronectin, derived from macrophages, platelets, and fibroblasts,
forms a key component of this matrix. Studies indicate that fibronectin production is
elevated in patients with IPF, and it may be resistant to steroid treatment.*> Activated
fibroblasts and myofibroblasts form fibroblastic foci (FF), which are involved in
excessive ECM deposition. This leads to progressive lung remodelling, architectural
distortion, and fibrosis (Figure 1.16).4

Other components of the provisional extracellular matrix include glycoproteins,
glycosaminoglycans, proteoglycans and elastin. Growth factors and TGF-§3 activate
fibroblasts, promoting their migration along the extracellular matrix to repair the wound.

TGF-B also induces a contractile response, regulating collagen fibre orientation.*®

Myofibroblasts attach to the extracellular matrix at specialized sites called fibronexus or
super mature focal adhesions. This attachment allows them to exert contractile forces,
leading to wound contraction and reduction in the size of the wound. The balance
between MMPs and tissue inhibitors of metalloproteinases (TIMPs), as well as collagens
and collagenases, influences collagen deposition. The removal of inflammatory cells and

myofibroblasts is crucial to terminate collagen deposition.*548

Re-epithelialization involves the restoration of the epithelial layer at the wound site.
Epithelial cells migrate, proliferate, and spread to cover the damaged area. Factors such
as TGF-p and MMP-7 play important roles in regulating re-epithelialization. The degree
of inflammation, angiogenesis, and extracellular matrix deposition determines the
overall collagen deposition and the potential development of a fibrotic lesion.
Therapeutic interventions targeting fibroblast activation, proliferation, or apoptosis

require a comprehensive understanding of the wound repair phases.*>“®

It is important to note that these three phases of wound healing often occur sequentially,

but in chronic or repeated injury situations, they may function concurrently, posing
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challenges for regulatory mechanisms (Figure 1.18). Understanding these diverse
mechanisms is important as they can provide insights into prognosis and guide the

selection of appropriate pharmacotherapy options.
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Figure 1.18 Cellular pathogenesis of fibrotic lung injury. Fibrosis develops in response to lung
injury and cellsin the epithelial, endothelial and interstitial compartments, together with
components of the innate and adaptive immune system are implicated in pathogenesis. Image
source: U. Wells et al, 2014

Diagnosis They are characterized by common clinical features such as dyspnoea, cough,
fatigue and restrictive pulmonary function abnormalities. Diagnostic evaluation
typically involves a combination of clinical assessment, pulmonary function tests,
radiographic imaging (such as high-resolution computed tomography), and, in some
cases, histopathological examination following surgical lung biopsy.*® Histopathological
findings show that the usual interstitial pneumonia pattern is characterised by interstitial
fibrosis with spatial heterogeneity and patchy involvement of lung parenchyma, areas of
marked fibrosis, architectural distortion, and microscopic honeycombing (cystic

airspaces lined by bronchiolar epithelium, typically filled with mucin). At the interface
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between fibrotic and normal lung tissue are aggregates of proliferating fibroblasts and
myofibroblasts (fibroblastic foci) within a myxoid-appearing matrix. Fibroblast foci are
a key histopathological feature of UIP pattern, which represent areas of active disease,
and their absence excludes a definite histopathological usual interstitial pneumonia

diagnosis (Figure 1.19).

Usual interstitial pneumonia Non-specific interstitial pneumonia Organising pneumonia

Typical

image
Honeycombing (*) with or without peripheral Ground-glass opacities (+) with traction Peripheral consolidation with air bronchograms
traction bronchiectasis (+), in a subpleural and bronchiectasis (+), often peribronchovascular (>) | (<), bronchocentric distribution, a perilobular
basal predominant, often heterog predomi ith subpleural sparing (+) pattern, reversed halo sign (=), and band-like
distribution consolidations (*) can also be seen.

Typical

pathology

Marked fibrosis, architectural distortion with or Diffuse alveolar wall thickening by uniform Patchy distribution, filling of the distal airways,

without honeycombing (*) in predominant fibrosis (pale pink) with preservation of the and adjacent alveoli with fibromyxoid plugs (=)
subpleural or paraseptal distribution, presence of | alveolar architecture and mild interstitial of granulation tissue with temporal uniformity.
patchy , and areas of pi d fl (purple). Relative preservation of the underlying

normal lung tissue (+). Presence of fibroblast foci pulmonary architecture. Mild to moderate

(>) and absence of features suggesting an interstitial inflammation can be present

alternate diagnosis

Figure 1.19 ILD histological and radiological patterns. Image source: M. Wijsenbeek, et al, 2022

Treatment options vary depending on the specific ILD subtype and may include

immunosuppressive agents, anti-fibrotic drugs and lung transplantation.

Non pharmacologic management strategies are crucial for patients to lead healthier lives
and are quitting smoking, administration of appropriate vaccines, including influenza
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and pneumococcal vaccines and supplemental oxygen, that is strongly recommended for
IPF patients, as it reduces breathlessness and improves exercise tolerance. Pulmonary
rehabilitation, a structured exercise program, has shown to enhance exercise capacity
and quality of life, while lung transplantation can be an option for selected candidates,

but it is only available to a minority of IPF patients.>®

Regarding pharmacologic management strategies, significant progress has been made in
the treatment of ILDs in the past decade. Treatment strategies are divided in
immunomodulatory or anti-fibrotic drugs. Most ILDs were presumed inflammatory, at
least in their early phases, and thus likely to respond to corticosteroids and other
immunosuppressives. Immunomodulatory drugs used in ILDs characterized by an
inflammatory driver are connective tissue disease-associated ILD, hypersensitivity
pneumonitis, and sarcoidosis, that often benefit from immunosuppressive therapy or
disease-specific treatments.> In sarcoidosis, prednisone is generally recommended as
first-line therapy, followed by other agents like methotrexate or azathioprine.
Hypersensitivity pneumonitis may benefit from corticosteroids in non-fibrotic forms and
mycophenolate mofetil or azathioprine in fibrotic forms. For drug-induced ILDs,

corticosteroids are often used if discontinuing the causative agent is insufficient.*

Anti-fibrotic drugs are mainly used in IPF. Randomized controlled trials have led to the
development of anti-fibrotic drugs for IPF and have shown that immunosuppressive
therapy is detrimental for this condition. Anti-fibrotic therapy with Pirfenidone or
Nintedanib is recommended, as they slow down lung function decline and provide a

survival benefit.*®

Nintedanib is a tyrosine kinase inhibitor that targets growth factor pathways involved in
fibrosis. Diarrhea is a common side effect that can be managed with antidiarrheal agents.
Nintedanib has also shown a positive effect on annual decline in FVC in systemic
sclerosis-associated ILD. Liver function should be monitored regularly due to reported
cases of drug-induced liver injury. Nintedanib is associated with a small increase in
bleeding risk and should be used cautiously in patients on full-dose anticoagulant therapy
or with cardiovascular risk factors. Atheroembolic events, including myocardial

infarction, have been reported.>
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Pirfenidone has anti-inflammatory and anti-fibrotic effects. It is prescribed in an
escalating-dose manner over a 14-day period. Common side effects include anorexia,
nausea, vomiting and photosensitive rash. These can be managed with antacids and

antiemetic agents. Liver function should be monitored periodically.®

Regular monitoring for adverse events is necessary with these medications due to the
strong gastro-intestinal side effects. Prompt initiation of treatment is essential for IPF,
as the disease is irreversibly progressive from diagnosis.

Advances in understanding the pathogenesis and classification of ILDs have improved
the management of these complex conditions. Further research is ongoing to enhance

diagnostic accuracy and develop targeted therapies.

1.3.3 Infectious diseases

Infectious diseases are a significant cause of illness and death worldwide, with various
factors contributing to their prevalence. These factors include the emergence of new
pathogens, the resurgence of known infectious diseases, increasing microbial resistance
to drugs, global environmental changes, ease of international travel, and a growing
population with weakened immune systems. Lung biopsies often become the primary
material for diagnosing infectious diseases. Once the infectious nature is established,
identifying the causative agent becomes important for the treatment (antibiotics,
antifungal and surgery). Routine staining techniques like Hematoxylin and Eosin (H&E)
can reveal many organisms or their effects, but additional studies such as histochemical
stains, immunohistochemistry, in situ hybridization, or molecular techniques may be

necessary for organism identification and characterization.®®

There are seven main categories of pulmonary infections, although they are not entirely
distinct from each other. It is possible for one type of infection to increase the risk of
developing another or for multiple types to coexist simultaneously. These seven
categories include community-acquired typical pneumonia, community-acquired
atypical pneumonia, nosocomial pneumonia (hospital-acquired), aspiration pneumonia,
necrotizing pneumonia, chronic pneumonia, and pneumonia in immunocompromised

patients.®2
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Infectious diseases (pneumonia) can also be divided by the causative agents in bacterial,

parasitic, fungal and viral infections.

1.3.3.1 Bacterial Infections

Bacterial pneumonias are common infectious diseases caused by various
microorganisms. Invasion and propagation of the bacteria into lung parenchyma at the
alveolar level causes an inflammatory response, the clinical syndrome of pneumonia.
They can range from mild to severe illness, with high mortality rates in some cases. The
diagnosis of common bacterial pneumonias, such as those caused by Streptococcus
pneumoniae, Haemophilus influenzae, and Klebsiella species, is typically based on a
combination of clinical history, physical examination, radiographic imaging and
microbiological cultures. Invasive surgical techniques are rarely needed for diagnosis in
these cases. Among the bacterial agents, Mycobacteria are classically divided into two
clinically important groups: Mycobacterium tuberculosis complex and non-tuberculous
mycobacteria. However, there are a few bacterial pneumonias known as
"pseudomycoses"” that closely resemble fungal diseases clinically and radiologically.
These pseudomycoses can raise suspicion of primary lung cancer, leading to surgical
resection for definitive diagnosis. Among the pseudomycoses, actinomycosis,
nocardiosis, and botryomycosis are bronchopulmonary infections that can be mistaken
for bronchogenic carcinoma and are more commonly encountered by surgical

pathologists.>®

1.3.3.2 Fungal Infections

The incidence of pulmonary fungal infections has increased due to the growing number
of immunocompromised patients, including those with malignancy, hematologic
disease, HIV, and organ transplant recipients on immunosuppressive medication. While
these infections can also occur in immunocompetent individuals, they are rare in this
population. Advances in serologic and molecular testing have improved the diagnosis of
pulmonary fungal infections, but culture and microscopic examination remain important
diagnostic methods. New antifungal agents, such as potent azole compounds, lipid forms

of amphotericin B, and echinocandins, have expanded treatment options for physicians,
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replacing the previously used amphotericin B as the standard therapy. However, surgical

intervention may still be necessary for certain fungal infections or complicated cases.*®

The main types of fungal infections are Aspergillosis, Hstoplasmosis, Cryptococcosis,
Coccidioidomycosis and Blastomycosis. Severe acute pulmonary infection can occur
after inhalation of a large amount of fungus spores and lead to fever, chills, malaise,
dyspnoea, chest pain, and cough and may culminate in acute respiratory distress

syndrome.>®

1.3.3.3 Parasitic Infections

Parasitic diseases continue to be a significant cause of illness and death worldwide.
While most parasitic infections are endemic to tropical and subtropical regions, there has
been an increased recognition of parasitic lung infections in other parts of the world in
recent decades. Factors such as global climate change, population growth, immigration,
travel practices, HIV/AIDS, immunosuppressive drug use, and organ transplantations
have contributed to the spread of parasites to humans. The pulmonary system can be
affected by various parasitic organisms, either during their migration phase or through
embolic spread or direct invasion during generalized disease.>® Parasitic pulmonary
infections may be caused by a variety of organisms, which can be divided into three main
categories: those caused by protozoa, helminths (worms), and arthropods. Parasitic
infections can cause a variety of histopathologic patterns in the lung, including
eosinophilic lung disease (eosinophilic pneumonia), eosinophilic abscess,
granulomatous inflammation, vasculitis, pleuritis, empyema, and acute lung injury
patterns (diffuse alveolar damage, organizing pneumonia, fibrinous pneumonia).
Examples include pulmonary schistosomiasis, dirofilariasis, paragonimiasis,

strongyloidiasis, and echinococcosis.®

1.3.3.4 Viral Infections

Viruses are responsible for a greater number of infections compared to other
microorganisms and frequently affect the respiratory tract. The incidence of viral
pneumonia has increased in the past decade, mainly due to improved diagnostic

techniques such as sensitive nucleic acid amplification tests and the growing population
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of immunocompromised patients.>” Clinically, viral pneumonia in adults can be
categorized into two groups: atypical pneumonia in individuals with normal immune
function and viral pneumonia in immunocompromised individuals. In
immunocompetent adults, influenza virus types A and B are the main causes of viral
pneumonia, while cytomegalovirus, herpesviruses, measles virus, and adenovirus pose
a risk for pneumonia in immunocompromised patients. Immunocompromised patients
generally experience longer and more severe infections, with lung infection being the
most common form of tissue-invasive infection in this population. Viral infections are
typically mild and self-limiting in healthy individuals but can be life-threatening,
especially in immunocompromised patients and infants. Co-infections involving either
bacterial and viral pathogens, or multiple viral infections, are common in adults and can
exacerbate the severity of viral pneumonia. Viral pneumonias can exhibit various tissue
reaction patterns, including bronchitis, bronchiolitis, interstitial pneumonia, diffuse
alveolar damage, giant cell reaction, or minimal pathological changes. The detection of
characteristic virus-induced cellular alterations, known as cytopathic effect (CPE), can
provide useful clues in identifying the causative viral agent. Several methods are
available for detecting respiratory viruses, including viral culture, rapid antigen
detection, serology, and nucleic acid amplification methods (nasopharyngeal and throat
swabs). Nucleic acid amplification tests, particularly polymerase chain reaction (PCR),
offer improved sensitivity and specificity with rapid results and are often preferred for
diagnosis.® While viral pneumonia in immunocompetent patients is often diagnosed
based on clinical, radiological, and laboratory findings, more invasive techniques are
commonly employed in the diagnostic workup of viral pneumonia in
immunocompromised individuals due to atypical symptoms and the presence of
characteristic CPE. The main types of viral infective agents are Adenovirus, Measles
virus, Cytomegalovirus, Herpes simplex virus type I, Varicella zoster virus and

Coronavirus.®

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a novel coronavirus,
has emerged as a global public health threat, causing the ongoing COVID-19 pandemic.
This enveloped RNA virus belongs to the Betacoronavirus genus and is closely related

to SARS-CoV and MERS-CoV.* It primarily spreads through respiratory droplets,
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leading to a range of clinical manifestations, from mild respiratory illness to severe
pneumonia and ARDS. SARS-CoV-2 exhibits high transmissibility, allowing for
efficient human-to-human transmission. This enveloped RNA virus primarily targets
the respiratory system and gains entry into host cells through the interaction between its
spike (S) protein and the angiotensin-converting enzyme 2 (ACE2) receptor present on
the surface of target cells. The S protein is composed of two functional subunits: S1,
which contains the receptor-binding domain (RBD), and S2, responsible for membrane
fusion. The binding of the RBD to ACE2 triggers a conformational change in the S
protein, allowing the virus to fuse with the host cell membrane.®® This fusion process is
facilitated by host cell proteases, including transmembrane protease serine 2
(TMPRSS2) and cathepsin L, which cleave the S protein and activate its membrane
fusion activity. Once inside the host cell, the viral RNA is released and serves as a
template for the synthesis of viral proteins and replication of the viral genome. The virus
hijacks the host cell machinery to produce viral proteins, including the replicase-
transcriptase complex, which is responsible for viral RNA replication. The newly
synthesized viral RNA and structural proteins are then assembled into new viral particles
within the host cell. These viral particles are released either by budding from the host
cell membrane or by cell lysis, leading to the spread of the virus to other cells and tissues
(Figure 1.20).6162
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Figure 1.20 Mechanism of SARS-CoV-2 viral entry. Image source: Biorender
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In addition to respiratory epithelial cells, SARS-CoV-2 can also infect other cell types
expressing ACE2, including cells in the gastrointestinal tract, kidneys, heart, and blood
vessels. The widespread expression of ACE2 in various tissues may contribute to the

diverse clinical manifestations observed in COVID-19 patients.

In summary, COVID-19 infection within the lungs can be divided into three phases. The
early infection phase involves viral replication and mild symptoms. The second phase,
known as the pulmonary phase, is characterized by respiratory dysfunction due to lung
injury and hypoxemia, as well as the activation of adaptive immunity. The most severe
cases progress to a third phase called systemic hyper-inflammation, where a combination
of direct viral injury, uncontrolled cytokine release, and microvascular inflammation can
lead to multi-organ failure, ARDS, haemorrhage/coagulopathy, and secondary bacterial
infections. Epithelial damage and vasculopathy are typical in the early infection phase,
while fibrotic changes typically occur around three weeks after symptom onset. The
presence of interstitial fibrosis has been observed in histological examinations of
COVID-19 lung samples, suggesting ongoing fibrotic changes. Lung fibrosis can result
in impaired lung function and long-term respiratory complications for individuals

recovering from severe COVID-19.%

Efforts to understand the pathogenesis, epidemiology, and immune responses to SARS-
CoV-2 are crucial for effective control and prevention strategies. Potential antivirals
target the different steps of SARS-CoV-2 replication, ranging from receptor binding,
entry and fusion to replication. Furthermore, immunoglobulin-based and
immunomodulatory drugs (Dexamethasone - Dex) are potential therapeutics as well
(Figure 1.21). Diagnostic methods, including RT-PCR-based assays targeting viral
RNA, emerged to identify infected individuals. Vaccines have also been rapidly
developed, such as mRNA-based vaccines and vector-based vaccines, to mitigate the
impact of COVID-19. Ongoing research continues to explore potential therapeutics and
antiviral agents to combat SARS-CoV-2. Targeting the viral entry process, such as
blocking the interaction between the S protein and ACE2 or inhibiting host proteases
involved in membrane fusion, represents potential strategies to prevent viral infection

and spread.®*
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Figure 1.21 SARS-CoV-2 replication and potential therapeutic targets. Image source: B. Hu, et
al, 2021

1.3.4 Neoplastic diseases

Lung cancers are traditionally divided into non—small cell carcinoma (NSCC) and small
cell carcinoma (small cell lung carcinoma, SCLC), with the former accounting for 80%
of the cases and the latter accounting for the remaining 20%. NSCC are divided in
squamous cell carcinoma, adenocarcinoma and large cell carcinoma. SCLCs behave
aggressively and are treated non-surgically in most cases with radiation and
chemotherapy, whereas NSCCs are managed by a combination of surgery and adjuvant

therapy.%

About 85-90% of lung tumors arise in active smokers or those who have recently
stopped smoking, air pollution, occupational and radiation exposure, and the favoured

sites of metastases for pulmonary neoplasms are liver, brain, and bone.®?
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Complications of pulmonary neoplasms are: partial obstruction of airway, predisposing
to pneumonia, complete obstruction of airway, suppurative bronchitis that can lead to

bronchiectasis, abscesses and local extension can also cause pleuritis and pericarditis.

The main signs and symptoms are cough, haemoptysis, dyspnoea, obstructive
pneumonia, wheezing and stridor due to airway obstruction, chest wall pain due to
infiltration of chest wall and nerves, and hoarseness due to involvement of recurrent
laryngeal nerve. Symptoms of metastases are seizures, bone pain, weight loss. Diagnosis
methods are computed tomography (CT) scan and biopsy.*

Macrophages are critical players in a range of physiological and pathological processes,
including inflammation, tissue repair, and cancer. Their role in these processes is highly
context-dependent, and their dysregulation can lead to a range of diseases, including

chronic inflammation, autoimmune disorders, and cancer.

Moreover, most drugs used in clinics have low solubility, their concentration in blood
fluctuates widely, they are not easily eliminated from the organism and they distribute
in other healthy tissues and cells, causing adverse effects. Any intervention needs to
consider an optimal dose, time and specific targeting in relation to the stage of the

disease.®

To address all this disadvantages, nanomedicine has offered promising strategies to
overcome the current limitations in medicine, providing a more efficient platform.
Nanocarriers can potentially be very sensitive and small changes in their size, shape and
coating can significantly affect their properties with a greater chance to improve
biostability and solubility of encapsulated drugs, promote transport across membranes
and prolong circulation times to increase safety and efficacy.®” Despite the progress in
understanding the lung development, metabolism and repair, pulmonary disorders
continue to have a significant global morbidity and mortality burdens. Understanding
the complex biology of macrophages is therefore essential for the development of novel

therapeutic strategies targeting these cells, including nanovectors systems. New
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approaches to overcome the side effects of some current drugs can be pursued thanks to

the advances in nanomedicine.

1.4 Nanoparticles for biomedical applications

Nanotechnology is the engineering and manufacturing of materials at the atomic and
molecular scale. In its strictest definition from the National Nanotechnology Initiative
(NNI) in 2000, nanotechnology refers to the intentional design, characterization,
production, and applications of materials, structures, devices and systems by controlling
their size and shape in the nanoscale range (1-100 nm size regime in at least one
dimension). Despite this size restriction, nanotechnology commonly refers to structures
that are up to several hundred nanometres in size and that are developed by top-down or
bottom-up engineering of individual components.® Nanotechnology can be classified in
two main categories: nanodevices, miniature devices at nanoscale including microarrays
and some intelligent machines, and nanomaterials that contain particles in the nanoscale

range.®

The term nanomaterial identifies particles that have a well-defined chemical
composition, with their own organization and internal or external structures on the
nanoscale dimension, making them comparable with sub-cellular entities.”
Nanomaterials generally consist of metal atoms, non-metal atoms, or a mixture of both,
commonly referred to as metallic, organic, or semi-conducting particles, respectively.
The surface of nanomaterials is usually coated with polymers or bio-recognition
molecules for improved biocompatibility and selective targeting of biologic molecules.
The final size and structure of nanomaterials depend on the synthesis protocols (salt and
surfactant additives, reactant concentrations, reaction temperatures and solvent
conditions). A common feature of all nanomaterials is their large ratio of surface area to

volume and in this dimensional range, the properties of matter change drastically.™

Nanomedicine is an interdisciplinary field, which combines technology, engineering,
biomedical and pharmaceutical science for the improvement of diagnosis, treatment of

diseases and for the evaluation of toxic effect played by many drugs.™
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Nanotechnology could help overcome the limitations of conventional delivery
(biodistribution and intracellular trafficking) through cell-specific targeting, molecular
transport to specific organelles and other approaches. For that reason, due to their
nanoscale level, nanoparticles (NPs) are a key component in nanomedicine. NPs used in
biomedical research are highly diverse in structure, chemical composition, size,
morphology, electrostatic charge, hydrophobicity, surface chemistry and other

properties (Figure 1.22).7
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1.4.1 Advantages of the use of nanoparticles

NPs are the essential component of nanotechnology and acquire a great potential in
medical applications. Formation of stable interactions with ligands, variability in size
and shape, high carrier capacity and the possibility of binding of both hydrophilic and
hydrophobic substances make nanoparticles adaptable platforms for the specific and
controlled delivery of micro- and macromolecules in disease therapy.®® Moreover, the
NPs larger ratio of surface area to volume, with dimension-related properties that differ
from the bulk materials out of the nanoscale range, make them comparable and able to
interact with sub-cellular entities. Modern medicine has recently started to take
advantage of these unique properties concerning the availability of biomedical
applications, from diagnostics to new therapies and biopharmaceuticals, leading to the

development of nanomedicine.

One of the major obstacles in the treatment efficiency of various disease is the delivery

of therapeutic agents to the target area. Conventional therapeutic agents often has
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limitations such as non-selectivity, serious side effects, low efficiency, low solubility
and poor biodistribution.®®” Drugs, to have a plasma therapeutic effect, must be
absorbed in the targeting area and dissolved in an aqueous solution, independently of the
route of administration. In the case of a low solubility, drugs are often poorly absorbed,
leading to a lower bioavailability. Association of therapeutic agents with nanoparticles
exhibiting unique physicochemical and biological properties and designing their
pathways for suitable targeting is a promising approach in delivering a wide range of
molecules to certain locations in the body increasing the drug solubility.®® Therapeutics
can be encapsulated within the NPs core, entrapped in the polymer matrix, chemically
conjugated to the polymer or bound to the NPs surface. This enables delivery of various
payloads including hydrophobic and hydrophilic compounds, as well as cargos with
different molecular weights such as small molecules, biological macromolecules,

proteins and vaccines (Figure 1.23)."

'®

Figure 1.23 Strategy of drug association with NPs. In order to improve drug solubility and
delivery, the active compounds can be encapsulated within the NPs core, entrapped in the matrix
or chemically conjugated to the polymer or bound to the NPs surface.

The aforementioned association strategies improve the concentration of therapeutic
agents within specific cells or tissues. This allows for the use of lower doses during
therapy, especially when there is a conflict between the therapeutic activity and the
agent's toxic effects. By increasing the concentration of therapeutic agents at the target
site, their therapeutic index is enhanced, leading to improved effectiveness and/or
increased tolerability within biological systems. The use of NPs as delivery systems can
improve drug pharmacokinetics. Moreover, water-insoluble therapeutic agents can
also be conjugate to nanoparticles, which can protect them from physiological barriers

and improve their bioavailability.®®
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One of the main advantages in the use of NPs is the targeted therapy that allow the
delivery of appropriate amounts of drug for a prolonged period to the specific affected
site in the organism. By decorating the nanoparticles surface with polyethylene glycol
(PEG), carbohydrates, acetyl groups and protein moieties (RGD peptide, albumin) it is
possible to regulate the retention time in the blood circulation and in the body.®® Surface
modification of nanoparticles with long-chain polymers, for example PEG, was shown
to minimize non-specific protein absorption onto the nanoparticle surface. Due to its
intrinsic physicochemical properties, PEG is a favourable polymer for therapeutic
nanoparticles, which decreases their phagocytic uptake and reduces their accumulation
in non-target organs, enhancing their biostability and half-life circulation in the
bloodstream giving more probabilities of reaching the targeting point. Factors such as
length, shape, and density of PEG chains affect surface hydrophilicity and
phagocytosis.” Designing a surface functionalization with the conjugation of targeting
ligands (antibodies, sugars) able to interact with specific receptors expressed in
biological barriers can improve the target-specific delivery of nanoparticles; however,
surface modification can affects their biodistribution and recognition ability. This
opportunity enhance their efficacy, as they increase the drug permeability by an active
passage. Moreover, the association of therapeutic nanoparticles with contrast agents
provides a way of tracking their pathway and imaging their delivery location in in vivo

systems.°

The possibility of decorate and functionalize the NPs surface could favour the passage
and accumulation of active compounds to their target, reducing off-targeting effects
caused by the penetration into other organs. An example is doxorubicin, an
antineoplastic agent for targeting a wide variety of cancers that cause cardiac toxicity,
producing congestive heart failure. Its encapsulation into liposomal NPs, Doxil®,

reduced toxicity and promote the enrichment in the selected tissue.”

NPs must contain a stabilizing agent (citrate or CTAB), to reduce the probabilities of
aggregation and formation of clusters before administration, increasing colloidal
stability’’.
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The size of therapeutic nanoparticles plays a crucial role in their circulation and
distribution within the body. Nanoparticles smaller than 10 nm can be easily eliminated
through kidney filtration, while particles larger than 200 nm may be cleared by
phagocytic cells in the reticuloendothelial system (RES).®” The shape of nanoparticles
also affects their biodistribution and cellular uptake. For example, rod-shaped cationic
nanoparticles are more likely to be taken up by endosomes compared to cationic
nanoparticles of other shapes, potentially due to their resemblance to rod-shaped
bacteria.®® The surface charge of therapeutic nanoparticles influences their clearance
and targeted delivery. Positively charged nanoparticles generally induce a stronger
immune response compared to neutral or negatively charged ones. Nanoparticles with a
surface potential ranging from -10 to +10 mV are less prone to phagocytosis and non-
specific interactions. However, the optimal range may vary depending on the
nanoparticle material. Surface charge also relates to the pH sensitivity of nanoparticles,
allowing them to be designed to recognize and locate in specific cellular compartments.
For example, acidic nanoparticles can be targeted to endosomes or lysosomes, which
have a pH below 6.0, for cargo release.®®’* The modulation of these three important
parameters give the opportunity to predict and control the biodistribution and the fate of
the NPs within the body.

Moreover, the combination of more than two drugs with different physicochemical or
pharmacological properties can be achieved in the nanomaterial surface, offering the
opportunity of a co-delivery. An example of this strategy is the development of a cell-
mediated lung-targeted delivery platform carrying dual combined therapies, an
antioxidant agent and a kinase inhibitor that suppresses the activation of myofibroblast,

in order to reverse IPF."®

NPs have the potential to improve the stability and solubility of encapsulated cargos,
promote transport across membranes and prolong circulation times to increase safety and
efficacy. For these reasons, NPs research has been widespread, generating promising

results in vitro and in animal models.™
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1.4.2 Types of therapeutic nanoparticles

Nanomaterials can be classified in two main categories: Nano-structured, sub-
categorized into inorganic, lipid-based and polymeric nanoparticles, and nanocrystalline,
particles formed by the combination of therapeutic agents in crystalline form.°

1.4.2.1 Inorganic nanoparticles

Inorganic materials such as gold, iron and silica have been used to synthesize
nanostructured materials for various drug delivery, diagnostic and imaging applications,
including carbon nanotubes, nanodiamonds, metallic nanoparticles, quantum dots, and
silica-based nanoparticles. These inorganic NPs are precisely formulated and can be
engineered to have a wide variety of sizes, structures and geometries. Moreover they
possess unique physical, electrical, magnetic and optical properties from the base
material itself.®*’* Their small dimensions and well-established synthesis, allows the
tuning of their size, shape and functionalization for specific targeting, making them very
promising nanomaterials for theranostics (Figure 1.24). Gold NPs have been used in
preclinical studies for photothermal therapies to kill cancer cells due their plasmonic
properties”. Quantum dots and magnetic iron oxide (magnetite or maghemite) NPs
possess superparamagnetic properties and are used in bioimaging as contrast agents for
magnetic resonance imaging (MRI) as a diagnostic tool for tumour diagnosis, damaged
tissues and neurological disorders, intensifying the contrast between tissues®. The main
disadvantages in their clinical application is the low solubility and toxicity, especially

with heavy metals.”*8!
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Figure 1.24 Most common types of inorganic nanoparticles with main advantages and
disadvantages.
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1.4.2.2 Lipid-based nanoparticles

Lipid-based NPs can be divided into liposomes and solid-lipid NPs.%® These structures
are most typically spherical comprising at least one lipid bilayer surrounding an internal
aqueous compartment (Figure 1.25). Lipid-based NPs are characterized by formulation
simplicity, self-assembly ability, biocompatibility, high bioavailability, ability to
encapsulate big amount of drug molecules and a range of physicochemical properties
that can be controlled to modulate their biological characteristics. For these reasons,
lipid-based NPs are the most common class of Food and Drug Administration (FDA)-
approved nanomedicines. Moreover, they give the opportunity of design surface
modification (PEG) and decoration, thanks to the use of soft-materials like
phospholipids, to extend their circulation and improve the drug delivery releasing the
active molecules in the target site and reducing toxic effects in other healthy organs.”*8?
Liposomes are typically composed of phospholipids that arrange in unilamellar or
multilamellar structures separated by aqueous spaces. This allows the liposome to carry
and deliver hydrophilic, hydrophobic and lipophilic drugs and also combined in the same
system.®® One of the most important advantages of liposomes is their ability to fuse with
cell membrane and release their contents into the cytoplasm, which makes them suitable
intelligent carrier systems for targeted delivery.® Solid-Lipid NPS are aqueous colloidal
dispersions comprised of a lipid matrix that is solid at room and body temperatures.
Surfactants improve their stability, whereas the choice of lipid affects the drug delivery
characteristics. The size of SLNs varies from 10 to 1000 nm. These NPs can be decorated
or loaded with various moieties (antibodies, magnetic nanoparticles, pH sensitive
lipids/polymers) to modulate targeted delivery and stimuli-responsive drug release. They
are shown to be effective carriers for cancer, pulmonary and oral drug delivery
purposes.®®# One of the most important lipid-based NPs, recently approved by the FDA,
is the Pfizer/BioNTech and Moderna mRNA Covid-19 vaccine.®
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Figure 1.25 Most common types of lipid-based nanoparticles with main advantages and
disadvantages.

1.4.2.3 Polymeric nanoparticles

Polymeric NPs include dendrimers, micelles, nanogels, nanospheres, protein
nanoparticles and drug conjugates (Figure 1.26). They can be synthesized from synthetic
(polycaprolactone, polylactic acid and their monomers) or natural (chitosan, albumin,
gelatin and alginate) materials, providing NPs with therapeutic applications
characterized by biocompatibility and biodegradability. Moreover, natural polymer-
based materials seems to overcome toxicity issues with significant improvement in the
therapeutic agents efficiency.® Polymeric NPs also have variable drug delivery
capabilities. Therapeutics can be encapsulated within the NPs core, entrapped in the
polymer matrix, chemically conjugated to the polymer or bound to the NPs surface. This
enables delivery of various payloads including hydrophobic and hydrophilic compounds,
making polymeric NPs ideal for co-delivery applications. By modulating properties such
as composition, stability, responsivity and surface charge and functionalization, the
loading efficacies and release kinetics of therapeutics can be precisely controlled.” They
can be classified as nanocapsules, a unique polymer membrane that encloses therapeutic
agents, or nanospheres, in which therapeutic agents are directly dispersed throughout or
within the polymer matrix.2® Existence of a multitude of preparation methods of
polymeric nanoparticles can control the release characteristics of incorporated
therapeutic agents, which allows the delivery of a higher concentration of agents to the
target location.®® Moreover, their surface could be easily modified and functionalized
with a specific recognition ligand allowing them to deliver drugs, proteins and genetic

material to targeted tissues, which makes them useful in cancer medicine, gene therapy
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and diagnostics. There are also protein nanoparticles made of protein polymers, which
are isolated from animal or plant origin (collagen, gelatin, silk, albumin, elastin, and
soy), that are self-assembled into functional drug delivery carriers with advantages of
polymer-based nanoparticles.®” However, disadvantages of polymeric NPs include an

increased risk of particle aggregation and toxicity.”

Advantages

+ Precise control of particle characteristics
+ Payload flexibility

+ Easy surface modification

Disadvantages

Polymersome Dendrimer  Polymer micelle Nanosphere  * Possibility of aggregation and toxicity

Figure 1.26 Most common types of polymeric nanoparticles with main advantages and
disadvantages.

1.4.3 Delivery and biodistribution of nanoparticles

The biological barriers that NPs encounter depend on the route of administration as well
as the patient’s disease type and progression.®” Although local delivery methods may
allow NPs to bypass some of the obstacles faced by systemic delivery, they often involve
more invasive procedures and complex techniques that present other limitations.
Furthermore, local delivery may only be useful in diseases where the pathology is
restricted to known, accessible sites (solid cancers, traumatic injuries) so systemic

administration is more common.’™

Circulation, stability and opsonisation - NPs in blood circulations have to face a
complex series of biological barriers that limit site-specific bioavailability. Moreover,
obstacles such as excretion, blood flow, opsonisation and subsequent interaction with
the mononuclear phagocytic system (MPS - or reticuloendothelial system, RES) can
influence their stability and delivery and these factors depend on the physicochemical
properties of the nanomaterial itself. RES consists of a system of phagocytic cells,
predominantly resident macrophages, in the spleen, lymph nodes and liver, that
sequesters nanoparticles immediately after injection.® The process of sequestration

begins with opsonization of nanoparticles with the adsorption of plasma proteins (serum
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albumin, apolipoproteins, complement components and immunoglobulins) onto the
surface of circulating nanoparticles, forming the protein corona and masking the
functionalization of groups coated on the NPs surface.® The formation of protein corona
can be divided in two different layers, an inner layer called hard corona, which is formed
by high affinity binding proteins, with a very slow exchange rate and it is considered
irreversible, and the upper layer, the soft corona. This soft corona has low affinity
proteins with weak protein-protein interactions among them and between the proteins of
the hard corona, which allows to a very fast exchanging and substitution of proteins
depending on the biological environment. This process depends on several factors,

including nanoparticle size, surface charge, hydrophobicity and surface chemistry.%%:

To prevent the protein absorption on the NP surface and rapid excretion, polymers such
as PEG are widely used due its stealth effect. When NPs are PEGylated, the high level
of hydration of the hydrophilic polyether backbone, prevents the protein adsorption on

the hydrophobic polymer surface by steric repulsion.®

In the bloodstream, NPs are subjected to vary flow rates that induce shear stress and may
damage the platforms or their cargo and prevent extravasation. These fluid forces can
strip NPs of their surface coatings and can prevent NPs from localizing to vessel walls
to extravasate to reach target tissues. Larger particles and ellipsoids, discoid shapes and
nanorods with higher aspect ratios localize to blood vessels walls better than spheres,
making them better internalized into epithelial cells. This is due to the flow-induced
rolling in shapes with high ratios, which results in edge margination at a speed
proportional to the NP aspect. Clearance of NPs from the circulation can be influenced
by their physicochemical properties, but often results from interactions with the MPS.
Phagocytes (predominantly macrophages), monocytes and dendritic cells take up NPs
and accumulate in the spleen and liver. This clearance tends to happen more rapidly in
stiffer NPs. In terms of surface charge, cationic NPs are generally rapidly cleared,
followed by anionic NPs, whereas neutral and slightly negative NPs have the longest
half-lives in circulation. Nanocarrier size also affects its in vivo fate, with larger particles
(>200 nm) shown to accumulate in the liver and spleen while NPs with a diameter less

than 10 nm are rapidly eliminated by the kidneys.®”"*
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Cross of biological barriers - To protect organs and tissues from physical, chemical and
biological damage and maintain homeostasis in tissues, only small molecules with
specific properties or ligands are able to cross some of the biological barriers in the
organism using specific binding receptors. Extravasation is the first step for a NP in
circulation to reach the target tissue, but this process leads to a non-specific
distribution.” One of the first barriers that nanomaterials must be able to cross is the
endothelium, which has a limited pore size.* The best way for the NPs to cross is through
leaky blood vessels with an increase permeability, such as in tumours (enhanced
permeation and retention effect- EPR), liver, spleen and bone marrow, where most of
the administered NPs can be found. Other biological membranes are the intestinal tract
or lung epithelium. However, optimizing the administration route and adding targeting
moieties to the surface can improve biodistribution in the target site.” For example,
intraperitoneally or intravenously injected NPs tend to accumulate in the liver and
spleen, while NPs administrated by intratracheal or intranasal route are able to reach the

lungs.%%

e Uptake from RES organs

One of the main issues when NPs are administered into biological systems is their uptake
by RES organs such as liver and spleen. Those organs express a high number of
mononuclear phagocytic cells, which act as scavengers to eliminate cell debris, damaged
cells and external materials from the bloodstream, as a clearance signal. The removal of
NPs from the circulation is due to their phagocytic capacity that cause their accumulation

in liver, spleen, bone marrow or lymph nodes®*.

Particles of =10 nm size, tend to accumulate inside the hepatobiliary system, with a little
or no renal clearance® and particles over 200 nm tend to accumulate inside the spleen®.

NPs that are smaller than 10 nm are eliminated by renal clearance®1%.

PEGylation can increase the half-life circulation of NPs avoiding the RES organs uptake,
due the reduction of the opsonisation of proteins in the NP surface. The higher is the
number of proteins absorbed in the NP surface, the faster will be the uptake into liver

and spleen®%,
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e Pulmonary administration and deposition
Pulmonary drug delivery is an effective and efficient method for local and systemic
effects but it is hindered by the fact that the respiratory tract has defense mechanisms to
keep inhaled materials out of the lungs. °* However, high vascularization, large
epithelial surface area, high solute exchange capacity, and thin alveolar absorptive
membranes are the factors that make the pulmonary system an ideal delivery target.
Inhalation, intranasal and intratracheal treatments are therefore valid routes of
administration for lung targeting. Once inhaled, NPs have to cross different types of

barriers, namely, mechanical, chemical, immunological and behavioural barriers.%

- Mechanical barriers: The lungs are composed of a complex bronchial tree network
through which NPs must pass without being deposited in order to reach and penetrate
the alveolar region. This allows them to gain access to the target site, which is the large
epithelial area. Drug absorption is regulated by a thin alveolar—vascular permeable
barrier. This barrier gets more pronounced in pathological conditions because of the
narrowing of the airway (bronchoconstriction, mucus hypersecretion, inflammation, or

mucus plugs).102

The ideal aerosol size for delivering drugs to the entire lung is typically below 5 pum in
aerodynamic diameter. To target the alveolar epithelium specifically, even smaller
particles with an aerodynamic diameter in the range of 1 um to 5 um are deposited in the
deep lungs, while particles >10 um are generally deposited in the oropharyngeal region
(Figure 1.27). However, the deposition of particles is a complex process that also relies
on inhalation parameters, particularly the flow rate, lung volume, and breath-hold pause
during inhalation.'®® Additionally, the presence of bifurcations in the airways creates a

constantly changing flow field.
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Figure 1.27 Schematic diagram showing the size-dependent deposition of particles at the
different levels of the lungs. Image source: S.H. van Rijt, et al, 2014

Particle deposition (Figure 1.28) occurs through four main mechanisms, depending on

particle size, airflow and location in the respiratory system:

1.

Impaction: When the airflow changes at airway bifurcations, particles tend to
continue along their original path due to inertia and may collide with an airway
surface. This mechanism is more significant for larger particles near the first
airway bifurcations, particularly in the bronchial region. Impaction accounts for

the majority of particle deposition based on mass.02104

Sedimentation: Sedimentation refers to the settling of particles in the smaller
airways of the bronchioles and alveoli, where airflow is low and airway
dimensions are small. The rate of sedimentation depends on the particles’
terminal settling velocity, making it more relevant for particles with larger
aerodynamic diameters. Hygroscopic particles, which increase in size in warm

and humid air passages, are more likely to deposit through sedimentation, 02104

Interception: Interception occurs when a particle contacts an airway surface due
to its physical size or shape. Unlike impaction, particles deposited by
interception do not deviate from their airflow. Interception is most likely to

happen in small airways or when the airflow is close to an airway wall. Fibrous
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particles, especially, have a higher chance of intercepting due to their length and

small aerodynamic diameters relative to their size.102104

4. Diffusion: It is the primary mechanism for particles with diameters less than 0.5
pum and is determined by geometric size. It involves the net movement of
particles from areas of high concentration to areas of lower concentration due to
Brownian motion, random movement of particles caused by constant collisions
with air molecules. Diffusional deposition is more prevalent when particles have
just entered the nasopharynx and is also likely to occur in the smaller airways of

the alveolar region with low airflow.102104

The pulmonary membrane allows for the permeation of small molecule drugs, as well as
certain peptides and proteins. The thickness of the lung epithelium varies throughout the
respiratory system, being thicker in the trachea (50-70 um) and thinner in the alveoli (0.2
um). The lungs have greater permeability to macromolecules compared to other entry
portals in the body and the effectiveness of absorption depends on various factors.%
Certain endogenous molecules present in lung fluids, such as albumin,
immunoglobulins, and transferrin, have specific receptor-mediated transport
mechanisms in alveolar epithelial cells, resulting in higher absorption rates. Inhaled
proteins can aggregate, stimulating opsonization and subsequent phagocytosis and
enzymatic destruction by alveolar macrophages. Proteins, due to their structure and size,
are generally resistant to peptidases, but can be hydrolyzed by proteases in specialized
organelles. Small peptides and proteins are rapidly absorbed after inhalation, while
lipophilic small molecules have extremely fast absorption rates. Inhalation allows for the
control of absorption rates, with insoluble molecules remaining in the lungs for extended
periods and encapsulation in slow-release particles aiding in absorption regulation,101.104
The pulmonary route offers significantly higher bioavailability for peptides and proteins
compared to other non-invasive routes. The lung's absorptive surface, small volume of
fluid, and the presence of a capillary network near the air interface contribute to this high

bioavailability.

The lungs contain also a gel layer of lung mucus above a periciliary liquid layer where

cilia beat. Mucociliary clearance, a natural defence mechanism of the lungs, clears
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deposited materials from the conducting airways and transports them to the oropharynx,
where they are either swallowed or expectorated. In healthy lungs, the tracheobronchial
airways are completely cleared of deposited material within 24 hours. Mucociliary
clearance can have both negative and positive impacts on drug delivery, as it can either
move drugs away from target sites or facilitate the movement of deposited drugs toward

more favourable areas.'®
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Figure 1.28 Different fate of nanoparticles after deposition in the lung. Human lung have 3
generations of branching airways, 16 generations of conducting airways and 7—23 generations of
respiratory region. The main clearance mechanisms for NPs in the conducting airways and
respiratory region is mucociliary clearance and alveolar macrophage clearance, respectively.
Nanoparticles that cross epithelial cells to the interstitial space can translocate into the systemic
circulation or lymph. Image source: Q. Liu, et al, 2020

- Chemical and immunological barriers: Particles deposited within the lungs are
expected to dissolve in lung fluids, although the understanding of this process remains
incomplete. If not removed by mucociliary clearance, the drug should be available to
exert a local effect in the tissue or be absorbed into the systemic circulation. However,
deposited drugs may face challenges from various factors, including proteolytic enzymes
and surfactant. Proteolytic enzymes, such as neutral endopeptidase and cathepsin H, can
hydrolyze peptides and proteins in the lungs, leading to their inactivation.'> Undissolved
drug particles may come into contact with alveolar macrophages, which are the primary

phagocytic cells responsible for defending against inhaled particles. Alveolar
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macrophages form an immunological barrier that can ingest drug particles and remove
them from the lungs through the lymph system or by transferring them to the mucociliary
system.1%? Nanoscale particles, measuring 200 nm or less, have the ability to penetrate
cellular barriers without the need for energy and are only minimally engulfed by
macrophages. On the other hand, particles in the micron scale range, between 1 and 5
um, are effectively engulfed by macrophages. This suggests that when small particles
are deposited in the deep lung, they can successfully evade macrophage clearance.
Although these cells are generally regarded as a barrier for nanomedicine-mediated drug
delivery in the lung, they constitute an important target for pulmonary pathologies with
an inflammatory component. Consequently, nanoparticles possess favorable deposition
characteristics, making them suitable for targeted delivery to the alveolar regions of the
lung. However, in the deep lung, the monolayer of the alveolar epithelium is extremely
thin and the surface liquid lining the alveoli is much thinner than in the bronchial tree
and therefore represents less of a hindrance for particle uptake. The air side of the
alveolar cells is patrolled by macrophages, which engulf and digest insoluble particles
that are deposited there quite rapidly.'®

Surfactant plays a crucial role in lung drug release by affecting the behaviour of drugs
and their interaction with the pulmonary membrane. Surfactant is a mixture of lipids and
proteins that lines the inner surface of the alveoli in the lungs. Its primary function is to

reduce surface tension and maintain the stability of the alveoli during breathing.%

In the context of drug delivery, surfactant can impact the release and absorption of
inhaled drugs through the formation of fine droplets or particles of inhaled drugs, the
dissolution and solubilization of certain types of drugs, the penetration of drugs across
the pulmonary membrane and the adherence to the mucus layer lining the airways,
prolonging drug residence time and enhancing local drug concentration. This can be
particularly advantageous for sustained drug release and localized therapy. Moreover,
surfactant can protect drugs from enzymatic degradation and physical degradation
caused by the lung environment. It forms a protective layer around the drug particles,
shielding them from enzymatic reactions and maintaining drug integrity until absorption
occurs.'%” Surfactant, on the other hand, may prevent the adhesion of inhaled particles to

lung surfaces, making them more accessible to macrophages.*#1% Due to this properties,

83



recently, bio-inspired pulmonary surfactant-modified nanocarrier have been

formulated.'®®

- Behavioral barriers: In case of an inhalation therapy, the effectiveness of pulmonary
drug delivery depends significantly on how patients use their inhaler devices.
Adherence, which refers to the number of doses taken compared to the prescribed
number, is a critical factor. Unfortunately, non-adherence to the prescribed regimen is
common and can be intentional or unintentional, leading to a suboptimal and variable

drug deposition in the lungs. 101102

NPs uptake and internalization - Once nanomaterials escape retention in RES organs or
cross pulmonary barriers, they accumulate in the desired tissue and interact with the cell
membranes and through which process will be internalized in the cytoplasm.

The corona formed around NPs can influence their interaction with cells and affect
cellular uptake. The cellular membrane, consisting of a selectively permeable
phospholipid bilayer, plays a crucial role in these interactions. NPs covered by the corona
interact with the negatively charged cell surface, which contains various biomolecules
in a fluid mosaic structure. The characteristics of NPs, such as hydrophilicity and charge,

altered by the corona, can impact cellular uptake in different cell types.°

The charge of NPs also plays a significant role in their interaction with cells. Anionic
NPs may struggle to make contact with the cell surface due to repulsive forces, while
highly cationic NPs can damage the cell membrane and cause cytotoxicity. Regarding
shape and size, spherical NPs have improved uptake over rod-shaped particles in non-
phagocytic cells, while others show the opposite effect. The size of NPs also influences
their uptake, with smaller NPs generally internalizing better, but possibly causing

cytotoxicity. !

Cellular uptake can occur through passive and active mechanisms. Passive diffusion is
limited to small, uncharged molecules, while NPs predominantly rely on active transport
to cross the cell membrane. NPs commonly utilize endocytic pathways, where the

plasma membrane engulfs NPs on the cell surface by invagination and releases them
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intracellularly. The type of endocytosis a NP undergoes depends on factors such as cell
type, NP size, and receptor interactions. Non-specific interactions lead to phagocytosis
or macropinocytosis, while specific interactions, particularly with negatively charged
NPs, may involve caveolin-mediated or clathrin-mediated endocytosis (Figure
1_29).74,110
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Figure 1.29 Routes of internalization of NPs: 1. Micropinocytosis/Phagocytosis, 2. clathrin-
mediated endocytosis and 3. Caveolae-mediated endocytosis. Image source: Biorender

- Phagocytosis is a process primarily carried out by professional phagocytes
(macrophages, monocytes, neutrophils, and dendritic cells), responsible for defense
against pathogens and the removal of dead cells and debris. Other cell types, such as
fibroblasts, epithelial cells, and endothelial cells, also have phagocytic activity but to a
lesser extent and are called para-phagocytes.

The process is initiated by opsonization, where opsonins like antibodies, complement
proteins, or other blood proteins are absorbed onto the surface of NPs. Opsonized NPs
are recognized and attached to phagocytes through specific ligand-receptor interactions.
This triggers a signalling cascade that leads to the engulfing and internalization of the

particles, forming a structure called phagosome. Phagocyte receptors involved in this
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process include Fc receptors, complement receptors, mannose/fructose receptors, and

scavenger receptors. !

Larger particles (250 nm to 3 pm) are more efficiently taken up by phagocytes. Surface
properties of NPs play a critical role in their uptake by phagocytes. NPs functionalized
with hydrophilic polymers like PEG can repel opsonization and prevent protein
adsorption, leading to increased circulation half-life and reduced uptake by phagocytes.
On the other hand, NPs with charged or hydrophobic surfaces attract complement
proteins and undergo greater uptake by phagocytes. The opsonization of NPs can lead to
their accumulation in the liver and spleen, which can be advantageous for the selective
treatment of diseases affecting these organs.!!

- Clathrin-mediated endocytosis (CME) is another mechanism by which cells internalize
substances. It involves the formation of clathrin-coated pits on the plasma membrane,
which leads to the internalization of substances via specific receptors or non-specific
interactions. CME is important for the uptake of nutrients and plasma membrane
components. NP uptake through CME can be influenced by surface charge, with

positively charged particles being more strictly subject to CME.1°

- Caveolae-dependent endocytosis is a process mediated by caveolae, which are flask-
shaped membrane invaginations present in various cell types. Caveolae play a role in
cell signalling, transcytosis, and regulation of lipids.*® NPs with the size range of 120—

150 nm are internalized via clathrin- or caveolin-mediated endocytosis.*

- Clathrin/caveolae-independent endocytosis occurs in cells lacking clathrin and

caveolae and involves other pathways for internalizing cargos.!*

- Macropinocytosis is a unique form of pinocytosis where large membrane extensions or
ruffles are formed, which then fuse back to the plasma membrane, creating large vesicles
that engulf extracellular fluid. This process allows for non-specific bulk fluid uptake and

can be important for the uptake of larger nanoparticles.**

During endocytic processes, the vesicles (endosomes) undergo changes in composition
and pH, eventually becoming lysosomes. Lysosomes have low pH, high ionic strength,

and proteolytic enzymes that can affect NP stability and cargo. For effective delivery,
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NPs typically need to escape from these compartments before they become acidic.
Responsive NPs, such as ionizable NPs that acquire a charge in low-pH environments,
facilitate endosomal escape (proton sponge effect) and enable intracellular delivery. In
contrast, unresponsive NPs often remain trapped within the endosomes and are
eventually degraded by the acidic environment and proteolytic enzymes present in
lysosomes. After endocytic escape, NPs may need to reach specific intracellular
environments or organelles, which may require crossing additional intracellular
membranes. On the other hand, pH-responsive NP systems and complex NP shapes have

been explored to facilitate precise delivery to intracellular environments,’4110.111

NPs clearance and degradation — NPs clearance occurs through a combination of the
renal and hepatobiliary systems. In the hepatobiliary pathway, NPs accumulated in the
liver are processed by hepatocytes and eliminated through bile excretion in the feces.
The renal pathway involves the filtration of small NPs through the kidneys, allowing
their excretion in urine. Small NPs (less than 10 nm) are usually cleared through renal
pathways, while NPs in the range of 10-200 nm may be eliminated through the
hepatobiliary system. Larger NPs (more than 200 nm) might be filtered by the spleen's
sinusoidal system. However, hepatobiliary elimination is a slower process because when
NPs are taken up by macrophages in the liver, they are sequestered within lysosomes.
Lysosomes have an acidic environment with a pH around 4.5 and contain enzymes called

acid hydrolases that degrade exogenous substances.®?

Another important consideration is the presence of PEGylation on the NP surface. PEG,
a non-biodegradable polymer, has a tendency to accumulate in the body. If PEGylated
NPs are used for treating chronic diseases and are systemically administered over a
prolonged period, there may be unwanted side effects, such as the activation of the
complement system. Therefore, careful attention must be given to the presence of

PEGylation when designing NP-based therapies.®

Despite having a lower metabolic capacity compared to the liver, the lung possesses
enzymes that play a role in maintaining its physiological function. Enzymes like
antitrypsin, proteases, and trypsin can be found on the surface of bronchial and alveolar

epithelial cells, as well as pulmonary smooth muscle cells. These enzymes contribute to
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the breakdown of nanoparticles. However, there is limited research available on how the

physicochemical properties of particles affect their degradation in the lung.!2

1.4.4 From preclinical studies to clinical translation

Pulmonary lung diseases include asthma, COPD, cystic fibrosis, pulmonary
tuberculosis, and IPF. These diseases often have fatal outcomes, and there is currently
no effective treatment for fully restoring lung function. Traditional therapies are
administered systemically or locally through inhalers. However, inhaling free drugs in
aerosol form can lead to rapid release, resulting in potential lung toxicity. Additionally,
the size of aerosol particles affects drug efficiency: particles larger than 5 um cannot
pass the upper respiratory tract, particles between 1-5 um settle in the lower respiratory
tract, and particles smaller than 1 um remain suspended in the air and are exhaled.

To address these challenges, nanoparticle-based delivery systems offer advantages such
as improved bioavailability, controlled release, and reduced dosage and application
frequency. For the efficient targeted delivery, the NPs-loaded system should be retained
in the physiological system for the necessary time, target specific cell/tissue and release
the loaded therapeutic agent. The pulmonary route of drug administration holds
significant importance as it allows for the direct delivery of drugs to the lungs for both

regional and systemic therapeutic needs.%°102

Various lipid nanocarriers have been extensively studied. These carriers offer
advantages such as sustained release, low toxicity and improved stability during
nebulization compared to conventional drug delivery systems. These NPs showed and
efficient delivery of anticancer drugs and siRNA directly to the lungs, resulting in
preferential accumulation in lung cancer cells.*® The possibilities for more effective
utilization of aerosol-based therapies in the treatment of various pulmonary diseases
have been expanded by the development of liposomal formulations that can be delivered
through jet nebulizers. Liposomes used as aerosol delivery vehicles offer several
potential advantages for clinical development. These include compatibility with agueous
solutions, enabling intracellular delivery, particularly to alveolar macrophages and

lymphocytes. They also provide sustained release within the lungs to maintain
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therapeutic drug levels. However, the effects of these factors on the human lung have

not been extensively studied.%

Natural polymers like gelatin, chitosan, and alginate, as well as synthetic polymers such
as poloxamer, PLGA, and PEG, are widely utilized for the development of nanomedicine
inhalation formulations. Polymeric micelles have also gained attention for their ability
to solubilize hydrophobic drugs, biocompatibility, and increased drug retention time in
the lungs.''? Polymer-drug conjugates have the potential to modify the pharmacokinetic
profile of drugs delivered to the lungs and enable sustained release. Conjugation of
paclitaxel (PTX) with PEG of different molecular weights prolonged PTX retention in
the lungs and enhanced its antitumor efficacy. Intratracheal administration of these
conjugates increased the maximum tolerated dose of PTX in mice.!**

Inorganic nanoparticles, such as magnetic nanoparticles and mesoporous silica
nanoparticles have also been investigated for lung delivery. Magnetic nanoparticles, in
combination with a target-directed magnetic gradient field, can facilitate site-specific
drug delivery to specific lung regions. Thanks to their large pore and surface area, it is
possible to load a significant amount of drugs. However, safety remains a major concern

when using these drug delivery systems.13

Regarding IPF, the current FDA-approved treatments only slow down its progression

without providing a cure. Therefore, more effective treatments and strategies are needed.

One approach is the development of dual drug-containing nanoparticle formulations to
achieve synergistic effects of anti-fibrotic agents. It was demonstrated the synergistic
effect of liposomes containing Nintedanib and colchicine for IPF treatment. These
liposomes, modified with a matrix metalloproteinase 2 (MMP-2) responsive peptide,
exhibited stability, enhanced cellular uptake, and improved cell targeting.**> Similarly,
it was developed an inhalable nanostructured lipid carrier encapsulating siRNA and

prostaglandin E, showing successful treatment of IPF.116

Inhalational delivery of drugs as aerosols has been explored to provide localized therapy
for IPF. Nebulized Tacrolimus (Tac) possesses anti-fibrotic properties but has

inflammatory side effects when taken orally. Nebulized Tac loaded-NPs demonstrated
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improved survival rates and reduction in fibrotic lesions in the lungs compared to
injected Tac.!'” Moreover, Tac-loaded chitosan-coated PLGA NPs, which were
administered via direct inhalation and showed a reduction in inflammation and collagen

deposition in lung tissue.!®

Recent studies have demonstrated the versatility and potential of intranasal and
intratracheal delivery of nano-formulations for the treatment of IPF. PLGA NPs
containing pirfenidone, administered intratracheally to mice, effectively maintained
higher levels of drug in the lungs compared to the free drug for up to one week, resulting
in significantly reduced hydroxyproline levels and enhanced anti-fibrotic effects.''®

In addition to pirfenidone and nintedanib, other novel therapeutics in various stages of
preclinical and clinical development are also being explored for IPF therapy using
nanoformulations. It was developed an intranasal hydrogel containing IL-10 trapped in
a mixture of Hyaluronan, to retain moisture, and heparin, to bind IL-10. In vivo treatment
with these hydrogels in a mouse model of bleomycin-induced fibrosis demonstrated
significant preservation of lung architecture, as evidenced by minimal fibrosis, reduced

collagen content, and decreased levels of a-SMA 120

Comparisons have also been made between inhalation delivery and other administration
routes. It has been tested an endotracheal administration of Tetrandrine (TET)
encapsulated in hydroxy propyl-p-cyclodextrin for IPF treatment. In vivo studies on a
fibrotic rat model demonstrated the superior efficacy of inhaled TET complexes
compared to intravenous administration of free TET, hydroxyproline content and

histopathology analysis.*?

These findings highlight the promising potential of intranasal and intratracheal delivery
routes for IPF treatment using nanoformulations. Encapsulation of new therapeutic
agents within NPs offers opportunities for targeted and sustained drug delivery, leading
to improved efficacy and therapeutic outcomes. Further research and clinical studies are

needed to explore the full capabilities and optimize these methods for PF therapy.5!

Overall, these studies highlight the potential of NPs formulations for combination

therapies in the site-specific and effective treatment of lung disorders. Inhalation
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delivery appears to offer advantages in terms of localized therapy and improved
outcomes compared to other routes of administration. However, further extensive studies

are required to fully evaluate and validate these approaches.

1.5 Avidin-Nucleic Acid Nano-ASsembly (ANANAS)

Among protein-based NPs, a particular type of nanocarrier, exclusively made of soft
biodegradable and biocompatible components, called Avidin-Nucleic Acid Nano-
ASsembly has been developed in the last decade.’??12* The term “ANANAS” refers to
a “poly-avidin” nanoformulation originating from the high affinity interaction of avidin

with the nucleic acids, leading to a spontaneous self-assembly.

1.5.1 Avidin and biotin

The avidin protein has been firstly isolated from chicken egg white in early 1940 by
Eakin, and it is characterized by a high avidity for biotin.?? It has been found in different
vertebrate species (birds, amphibians and reptiles), while in humans and mammals in
general, it is not present, but it is instead taken through the diet. Avidin is localized above
all in the female reproductive tract and in the egg-white of many oviparous animals,
suggesting a role in ovum survival and embryonic development. This may be due to
three different mechanisms: an antimicrobial action against biotin requiring bacteria and
yeasts, an immunomodulatory action during the ovum passage in the oviduct, and a
metabolic effect by controlling the availability of biotin for enzymes dependent on it.*?®
However, the role of avidin is not restricted to the reproductive system. Its function more
widely regards the acute phase of host defence, caused by injurious factors such as

microbes, viruses, toxic molecules or tissue trauma.

Avidin is a 76 kDa tetrameric glycoprotein, and the amino acid sequence of each subunit
is reported in Figure 1.30 A. The avidin tetramer consists of four identical subunits, all
bearing 128 amino acids and composed of eight antiparallel -strands that form a -
barrel. The protein is basically charged (pl~10.5), and each of its monomers possesses 8

arginine and 9 lysine residues.'?” The polypeptide chain also contains a glycosylation
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site at residue Asn-17. The carbohydrate moiety accounts for about 10 % of the
molecular mass of avidin, and contains terminal N-acetyl glucosamine and mannose
elements. The quaternary structure of avidin consists of a dimer of dimers (Figure 1.30
B).12® The strong interaction at the 1-4 interface is a product of the cooperativity among
more than two-dozen hydrogen bonds. In contrast, the dimer-dimer interface is less

intricate and involves two types (i.e., the 1-2 and 1-3) of monomer-monomer interfaces.

A
B1 B2 B3

_  — —

ARKCSLTGKWTNDLGSNMTIGAVNSRGEFTGTYITAVTATSNEIK

B4 B5 B6

_  —s —

ESPLHGTONTINKRTQP TFGFTVNWKFSESTTVFTGQCFIDRNG

B7 g8

_—_— —

KEVLKTMWLLRSSVNDIGDDWKATRVGINIFTRLRTQKE

Figure 1.30 A) Avidin primary sequence. The secondary-structure elements are indicated by
arrows. B) X-ray crystallography structures of avidin tetramers. The molecular surface is shown
in transparent grey, the secondary-structure elements are indicated as cartoons and bound ligands.
Four D-biotin molecules are shown in van der Waal’s spheres.

Each subunit possesses one biotin binding site (BBS). Highly conserved tryptophan and
lysine residues of avidin are implicated in the active site,’?!30 while the glycosidic
component does not influence this process. In the absence of the ligand, five water
molecules are situated in the biotin binding pocket and serve to emulate to some extent
the shape and hydrogen-bonding capacity of biotin. The five water molecules abandon

the pocket upon admission of the biotin ligand.

Biotin is a small molecule (244.31 Da) also known as vitamin H, vitamin B7 or co-
enzyme R and it is composed of a tetrahydrothiophene ring fused to an ureido
(tetrahydroimidizalone) ring. It plays a key role in cell signalling and acts as a cellular
growth promoter.t¥* One of the most interesting features of avidin is the high affinity for
biotin. The complex (K4 = 101°M) is the most specific and stable non-covalent binding

known in nature, about 10%-10° times greater than an antigen-antibody interaction. The
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high affinity ensures that, once formed, the complex is not disturbed by changes in pH,
temperature, chaotropic agents, proteolytic enzymes or manipulations. When introduced
into biologically active macromolecules, in most cases biotin does not affect their
biological function, thus, biotinylation does not usually alter many properties of avidin.
Interestingly, the binding of biotin by an isolated avidin monomer is characterized by a
relatively low affinity constant (Kq = 10’M). This proves that the tetrameric assembly
of avidin is essential to the establishment of the extremely high affinity towards biotin.?
On the other hand, this strong interaction may pose a limitation in releasing the tagged
biotinylated biomolecules from avidin. Reversibility or reduction of this affinity can be
achieved by: 1) the addition of a highly concentrated biotin solution; 2) the use of biotin
analogues with a slightly low affinity toward avidin;'*213 3) the insertion of a cleavable
linker, such as a stimuli-responsive linker, between biomolecules and the biotin or
avidin, but this chemical modification may compromise their activities. In conclusion,
avidin can be used as “molecular bridge” to bring together different chemical entities
(provided they have been biotinylated) for biomedical, nanotechnological, diagnostic
and therapeutic applications. However, one limitation of the avidin-biotin technology is
the “low” number of BBS per protein, so that only up to 4 biotinylated moieties can be
linked together in one protein. A possibility to overcome this limit is to obtain
polymerized forms of avidin (Figure 1.31).

Figure 1.31 Simplified schematic representation describing A) the single avidin functionalized
with only four biotinylated moieties compared to B) the poly-avidin system that allows an
exponential signal amplification.
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1.5.2 Avidin-nucleic acid interaction

An additional property of avidin has been recently brought to light, namely its ability to
bind the nucleic acidic with high affinity (Kq = 10"1°M). Nucleic acids (DNA and RNA)
are fundamental “molecules of life” as they play essential roles in gene heredity,
regulation and expression. Beyond their biological functions, they also possess peculiar
properties that make them versatile materials for nanoengineering. DNA double helix is
indeed a nanoscale object. It has a diameter of approximately 2 nm, a helical repeat of
3.4 nm (10.5 base pairs) and a persistent length of approximately 50 nm.*** For this
reason, DNA can be exploited to build nanomaterials, thus avoiding the use of the more
chemically labile RNA.

The high basicity of avidin is claimed to be the cause of the interaction with DNA.
Crystallographic data reveals a region at the base of the avidin 3-barrel where 11 residues
of arginine and lysine are confined. Non-specific electrostatic interactions might be
responsible for the initial docking of the DNA, while these basic regions may provide
sites for further hydrogen bonding or van der Waals interactions. Avidin is able to bind
both single (SS) and double (DS) strands, even if it shows a higher affinity for the last
one. In SS DNA guanine and cytosine-rich sequences are probably involved in the
interaction with avidin surface, while for DS DNA the main interactors with avidin are
phosphate groups, since the bases pair up with each other. This binding is stable even at
high dilutions and in physiological buffers and apparently does not directly involve the
BBS. The avidin conformational change induced by biotin presence probably exposes a
DNA binding motif thus improving the affinity between the protein and the nucleic

acid.t?

It is known that several poly-cations can induce DNA condensation neutralizing the
phosphodiester negative charges and form small particles characterized by a size of
approximately 50-100 nm with different morphology (spheres, rods, toroids).!®
Condensation occurs when the large volume occupied by a DNA molecule in its
extended random coil conformation decreases dramatically, leading to compact
structures with finite size and ordered morphology. Ultrastructural and light scattering

studies showed that avidin assembles on the DNA molecule in an organized manner. The
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Avidin-Nucleic Acid Nano-ASsemblies (ANANAS) lead to the formation of NPs that
are about 100 nm in size (DNA~5 kb) and can have a rod-like or toroidal shape. In these
particles, the DNA is highly condensed and one avidin is bound to 18+4 DNA base pairs,
without recognizing a specific sequence. The ANANAS shape differs according to the
type and length of the used DNA. With a circular plasmid, the formation of toroidal

structures is favoured, while rods are obtained using linearized plasmids (Figure 1.32).12

Figure 1.32 Transmission electron microscopy images of A) linear and B) circular plasmid DNA
surrounded by rows of avidins.

In addition, it was shown that, in a salt-free environment and under specific
concentration and ratio of the two elements, a single nucleic acid molecule is surrounded
by several avidins. In this condition, ANANAS are well monodispersed and their size
depends solely on the type and length of the nucleic acid used. However, in a buffered
solution, the assembly process gives rise to agglomerates of large size (>1 pum), poorly
soluble, highly polydispersed, with undefined geometry, and therefore unusable for
practical purposes.'?® One possibility to prevent the aggregation in physiological buffer
is to protect their surface with PEG (Figure 1.33). Interestingly, covalent PEGylation
partially reduces the affinity for DNA, whereas PEG anchoring through the BBS does
not. This strategy to modify the ANANAS surface allows to improve not only the

solution properties, but also the pharmacokinetic and immunogenic profiles.
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Figure 1.33 Nature-driven self-assembly mechanism. Initially, a nucleic acid molecule acts as a
central element around which several avidins (1 each 14 base pairs) nucleate, leading to
ANANAS toroidal assemblies. In a second step, a defined amount of biotinylated PEG is also
added to permit buffer solubility and increase stability.

As compared to other poly-avidin systems described in the literature,**! the ANANAS
particles have the additional advantages of being stoichiometrically defined, having only
biocompatible or biodegradable soft elements, and preserving the full biotin binding
potentials. Moreover, they are poorly immunogenic. In fact, the avidin in the particles is
highly shielded by the polymer layer and it is able to evade the immune system that
recognizes only the degradation products, not the nanoassemblies. These are
fundamental features that allow the potential application of ANANAS in further areas

of investigation, among which drug delivery.

1.5.3. ANANAS-Dex synthesis and characterization

The synthesis and characterization of ANANAS were conducted by Dr. Margherita
Morpurgo from the Department of Pharmaceutical and Pharmacological Sciences at the
University of Padova. The in vivo fate and cellular internalization of ANANAS were

then investigated at the Mario Negri Institute.

To achieve an effective therapeutic strategy, it has been developed a dexamethasone, a

corticosteroid, -carrying nanoformulation based on ANANAS.

Corticosteroids, a class of steroid hormones, derived from cholesterol metabolism and
produced by the adrenal cortex, exert their physiological effects through a complex
mechanism of action involving intracellular receptor activation. Upon entering the target
cell by diffusion through cell membranes, corticosteroids bind to cytoplasmic

glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs), leading to the
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formation of hormone-receptor complexes. These complexes then translocate to the cell
nucleus, where they dimerize and modulate gene transcription by interacting with
specific regulatory regions of the DNA, known as glucocorticoid response elements
(GRES). This process results in altered gene expression, leading to various biological
responses. In the case of glucocorticoids, their primary actions include the regulation of
immune responses, inflammation and metabolism, while mineralocorticoids play a
crucial role in electrolyte balance and blood pressure regulation. Corticosteroids inhibit
genes responsible for expression of cyclooxygenase-2, inducible nitric oxide synthase,
and pro-inflammatory cytokines, including tumor necrosis factor alpha and various
interleukins. The overall impact of corticosteroids on cellular function has significant
implications in various physiological and pathological conditions, making them essential
therapeutic agents in the management of inflammatory, autoimmune, and allergic
diseases. However, their systemic use warrants careful consideration due to potential

side effects resulting from the broad range of affected cellular processes.*%

The assembly process requires a biotinylated and PEGylated Dexamethasone with
ANANAS core using an acid-reversible hydrazone bond (Hz), generating the ANANAS-

Dex nanoassembly (Figure 1.34).137138
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Figure 1.34 Process of ANANAS-PEG-Dex assembly.
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Each NP contains about 350 avidins, which are available for docking any kind of
biotinylated moiety. To maximize the PEG layer necessary for surface protection
concomitantly with Dex loading, it has been introduced a 5KDa poly(ethylene glycol)
spacer between the biotin and the drug hydrazo moiety (biotin-PEG-Hz-Dex). Dex
carrying ANANAS were prepared by mixing biotin-PEG-Hz-Dex with empty NP
previously obtained in freeze-dried form. These NPs contain also a small amount of a
biotin-PEG-methoxy to guarantee colloidal stability during preparation. It has been
evaluated in a preliminary experiment the maximum NP loading capacity for the Dex
derivative. A mix of core NP and biotin-PEG-Hz-Dex have been generated and analyzed
for their content of unbound PEG reagent by gel permeation chromatography. The results
coming from this study indicate that a maximum of 410 units of biotin-PEG-Hz-Dex can
be loaded in each ANANAS and that this amount corresponds to a BBS coverage of
about 30%. Based on this result, all ANANAS-Dex have been later prepared following
this procedure by mixing drug and NPs at 30% BBS coverage and without purification
to do not saturate the BBS or the available surface area. Upon addition of the Dex-
carrying reagent, the size of the NPs increased from 128+ 1.2 nm to 132.9+ 2.9 nm.
Dynamic light scattering experiments also showed that the Dex-loaded formulations are

colloidally stable for at least 48h after preparation.

1.5.4 ANANAS interaction with organ and cells in healthy mice

The biodistribution of both  ANANAS and ANANAS-Dex after intraperitoneal
administration was first investigated in healthy mice to assess their behavior in
physiological conditions.?® For this part of the analysis, the two formulations were
fluorescently labeled with biotin-alexa633 covalently linked to ANANAS. Whole-body
longitudinal tracking (30 min, 4 and 24h) showed a similar profile for the two
formulations of NP regarding permanence and biodistribution in the body (Figure
1.35A). The signal associated with the two formulations remains in the abdominal cavity
for a long time (about 40% of the signal recorded 30 min after injection is still present
at 24 h). To exclude that the signal was related to the free circulation of dye detached
from the ANANAS, they administered the same concentration of low molecular-weight

biotin-alexa633, but the signal related to the free fluorophore rapidly disappeared over
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time. Thus confirming the more lasting permanence of the NPs in the body compared to
the dye. Ex vivo analysis showed that, 4h after administration, the fluorescent signal
associated with ANANAS was well detectable in all selected organs, including the lungs
and the brain. However, 1 day after treatment, the pattern of fluorescence showed almost
selective tropism for the liver and the spleen and was much slower in other organs
(Figure 1.35B).

A Alexa633 ANANAS  ANANAS-Hz-Dex Alexa633 ANANAS  ANANAS-Hz-Dex
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Figure 1.35 In vivo and ex vivo nanoformulation biodistribution A) In vivo optical imaging of
mice treated with alexa633, ANANAS, or ANANAS-Dex and scanned 30°, 4h, and 24h after
treatment. B) Ex vivo optical imaging of excised organs from animals sacrificed 4 and 24h after
vehicle, alexa633, ANANAS, and ANANAS-Dex administration. Li. = liver, Sp. = spleen, Ki. =
kidneys, Lu. = lungs, Br. =brain.
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To see whether the ANANAS formulations selectively interact with Kupffer cells in the
liver, they used confocal laser to analyze the liver tissue of treated healthy mice and
assessed the extent of NPs and KCs colocalization using a fluorescent marker for
macrophages (anti-CD68) (Figure 1.36). Thirty minutes after injection, the red
fluorescent signal associated with the drug-free ANANAS is mainly confined around the
vessels and do not overlap with the CD68 marker (green) (Figure 1.36A). On the other
hand, the Dex-carrying nanoformulation leads to a faster tropism for KCs at 30’, because

its signal almost overlaps with the CD68 signal in the liver parenchyma (Figure 1.36B).
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24h after treatment the alexa633 signal related to both formulations was closely
associated with that of KCs. The difference between the two formulations at the two
time-points was quantified by measuring the percentage of NPs and CD68-associated
signal colocalization, thus confirming the qualitative analysis (Figure 1.36C). These
results indicate that CD68-positive cells play a key role in the sequestration of
ANANAS, independently of the nature of the NPs cargo. The presence of Dex on the
NP surface might facilitate the NPs interaction with the cell membrane, either because

of its hydrophobic nature or by “hijacking” an interaction with steroid receptors.'*
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Figure 1.36 Localization of ANANAS and ANANAS-Dex in the liver of healthy mice. Confocal
microscope images (A and B) from healthy mice sacrificed 30 min and 24h after ANANAS (A)
and ANANAS-Dex (B). The blue signal refers to the nuclei (Hoechst 33258 staining), green
corresponds to the lysosomal compartment of macrophages (CD68 antibody), red is associated
with the alexa633 dye linked to the NPs. C) Quantification of the area occupied by ANANAS
overlapping the area of CD68 staining of liver sections from healthy mice. Data are reported as
scatter plots. Statistical analysis is performed by one-way ANOVA followed by Tukey’s post hoc
test ***p<0,0001.

The ability of cells to internalize ANANAS was further demonstrated in an in vitro test
in which NP accumulation in HeLa cells upon incubation for 2, 6, and 24h was monitored
by confocal microscopy (Figure 1.37). The kinetics observed along this experiment
suggest that ANANAS can be efficiently internalized in cells in a time-dependent
manner. After 24h of incubation, NPs primarily localized within the cytoplasm where

they appear as separate spots, resembling clusters of internalization vesicles.*
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Figure 1.37 Representative confocal images of HeLa cells incubated with PEG-FITC-ANANAS-
alexa633. In the upper panel, untreated and treated cells for 2 and 6h can be observed. In the
lower panel, low and high magnification images and a 3D reconstruction of cells incubated with
ANANAS for 24h are reported. The merge among the fluorescent channels associated with the
NPs (red for alexa 633, green for FITC) is visible in yellow, with the nuclei are blue after staining
with Hoechst 33258.

Treatment with chlorpromazine, a selective inhibitor of clathrin-dependent endocytosis,
strongly reduces NPs entry, while incubation with amyloride, which selectively inhibits
micropinocytosis, does not lead to significant alteration on NPs uptake. This strongly
suggests that a vesicle-dependent process of endocytosis occurs, secondary to clathrin-

dependent vesicle formation (Figure 1.38).14

A B

Figure 1.38 HelLa cells upon 24h incubation with ANANAS (in red) in the presence of
chlorpromazine (A) or amyloride (B). Scale bar: (A, B) 5 um
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As shown above, when in close contact with cells, ANANAS were internalized through
an endocytic pathway, and this also occurs in the liver parenchyma following systemic
administration.'®® Therefore, is has been decided to exploit the low pH reversible
hydrazone bond to promote the release of the drug only in the endosome/lysosome acidic
compartment. The ability of ANANAS-Dex to release free drug selectively at acidic pH
(Figure 1.39A) was demonstrated in vitro (Figure 1.39B). The formulation has been
examined after incubation at three pH values (7.4, 5.0, and 4.0) at 37°C until 96 h. At
neutral pH, the drug remains stably attached to the biotin linker, while at pH below 6.0,

drug release occurs with a kinetics that increases in correlation with the decrease of pH.
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Figure 1.39 A) Scheme of pH-dependent release of Dex from ANANAS-Dex B) In vitro drug
release at (A) pH 7.4, (0) pH 5.0, and (e) pH 4.0.

These previous studies suggest a promising therapeutic potential of this
nanoformulation. Moreover, ANANAS-Dex have also been tested in a murine model of
autoimmune hepatitis.*® The specific organ targeting and the incorporation of the steroid
to ANANAS-Dex make this nanoformulation extremely convincing also in terms of
biosafety for future translational aims. Moreover this system can be also extended to

other therapeutic targets, such as lungs, for the treatment of pulmonary disorders.
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AIM OF THE THESIS

Pulmonary fibrosis is a chronic disorder involving lung parenchyma. It is characterized
by the deposition of extracellular matrix leading to lung remodelling. Although this
alteration can be due to different factors (i.e. environmental exposure, viral infections,
genetic factors), it always impairs respiratory function and, in idiopathic forms, is fatal.
Activated macrophages play a key role in the initiation and perpetuation of fibrosis since
they can secrete numerous factors leading to epithelial-mesenchymal transition. These
cells are found in proximity to collagen-producing myofibroblasts, highly responsive to
cytokines, indicating that inflammation and immune mechanisms contribute to
fibrogenesis. The lack of efficient anti-fibrotic therapies prompted the scientific
community to find alternative strategies to improve the lung tropism. My PhD project
was aimed at investigating the targeting of intranasally-injected steroid-loaded
(Dexamethasone) Avidin-Nucleic Acid-Nanoassemblies (ANANAS-Dex) in healthy
mice and in a murine model of pulmonary fibrosis. The biodistribution of this
nanoformulation towards the pulmonary system and specific internalization in lung
macrophages has been assessed. To correlate the carrier biodistribution and the release
of the drug by ANANAS-Dex, the levels of dexamethasone in lungs in off-target organs
after a single administration were measured. Moreover, Avidin-Nucleic Acid
Nanoassemblies are a versatile platform and can be functionalized with different
compounds of interest in order to respond to various medical purposes, provided they
are biotinylated with stoichiometric control, thanks to their intact biotin-binding
capability and high affinity for biotin ligands. Indeed, Angiotensin converting enzyme 2
(ACEZ2) was attached to these NPs for the evaluation of a potential preventive activity
against SARS-CoV-2 infection.

Thus, the following objectives were defined and pursued in Chapters 2-4, respectively:

1) Generation and characterization of a reliable murine model of pulmonary

fibrosis.
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2)

3)

Assessment of the impact of Avidin-Nucleic Acid-Nanoassemblies loaded with
Dex in healthy and in pathological conditions such as in a pulmonary fibrosis

murine model induced with bleomycin (BLM) and the effect in lung uptake.

Assessment of the impact of Avidin-Nucleic Acid-Nanoassemblies loaded with
ACE?2 as nanodecoy system for the prevention of COVID-19 infection and the
effect in lung biodistribution and toxicity.

115



CHAPTER 2

Infranasal bleomycin instillation in
anesthetized mice induces a process of
pulmonary fibrosis: a comparative

evaluation to reduce the animal distress

Annalisa Morelli*, Martina B. Violatto, Giulia Yuri Moscatiello, Anita Salmaso,

Veronica Codullo, Patrizia Morbini, Federica Meloni and Paolo Bigini*

Manuscript submitted to The Journal of Pathology

116



Abstract

Pulmonary fibrosis is a chronic, progressive and deadly lung disease. Fibrogenesis is a
dynamic process characterized by extracellular matrix production and myofibroblast
activation, which leads to alveolar remodelling, disrupted gas exchange and ultimately
respiratory failure and death. In humans is a consequence of intensive and repeated
inflammatory or dis-immune injuries to alveolar and bronchiolar epithelium in a
favourable genetic background. No current animal model recapitulates all of these
cardinal manifestations of the human disease. However, investigations using
experimental models such as the one that requires administration of bleomycin by
intravenous or intratracheal route, have led to the identification of many pathological
cells and mediators that are believed to be important in human disease as well. However,
these models are often hardly reproducible, and the administration route of the injurious
drug is invasive and does not resemble human exposure. Thus since animal models are
crucial to understand pathogenic mechanisms and to preliminarily test new therapeutic
strategies, this work was aimed at developing a reliable and feasible mouse model to
study the evolution of fibrotic responses, which is based on bleomycin
administration via intranasal route and to analyze whether its histological and
biological features mirror human disease. A single dose of bleomycin with different
routes of administration was tested in 10-week-old C57BL6/J male mice. Our results
demonstrate that intranasal administration of bleomycin induced pulmonary injury,
inflammation and subsequent fibrosis, resembling many features of the human disease.
This preliminary result will be pivotal for the evaluation of the possible impact of new

pharmacological treatments for lung disorders.
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2.1 Introduction

Interstitial lung diseases (ILDs) represent a diverse spectrum of pathologies impacting
the pulmonary parenchyma, characterized by extensive inflammation and diffuse
fibrosis. Pulmonary fibrosis (PF) is distinguished by a persistent and progressive tissue
repair response, resulting in irreversible scarring, lung remodelling, and compromised
gas exchange. An overabundance of extracellular matrix (ECM) proteins leads to the
accumulation of fibrotic tissue, alveolar destruction, and irreversible loss of pulmonary
function.? Idiopathic pulmonary fibrosis (IPF) is the most prevalent ILD, with an
estimated incidence ranging from 2-8 to 30 cases per 100,000 individuals annually in
Europe and North America. Predominantly affecting individuals over 50, with a median
age at diagnosis of approximately 65 years, IPF exhibits a variable and somewhat
unpredictable disease course, with a median survival time of 3-5 years post-diagnosis.*
Although ILDs differ for etiology, age of onset and clinical severity, they share many
pathological and cellular hallmarks and, very often a poor prognosis. Currently, there is
no effective treatment capable of arresting or reversing disease progression to improve
clinical outcomes. The pathogenesis of ILDs, particularly IPF, involves complex
interactions across various cellular compartments, including the epithelium, lung
fibroblasts, and the innate and adaptive immune systems. Despite substantial research
efforts, the precise mechanisms underlying the interplay of these factors in disease
development remain elusive. This underscores the critical necessity for reliable
experimental models that faithfully replicate the complex disease manifestations
observed in humans.®

To gain insights into the pathogenesis of this complex disease and to explore potential
therapeutic interventions, animal models are still indispensable. Among the various
experimental models available (exposure to radiation, silica or asbestos, fluorescein
isothiocyanate and transgenic mice or gene transfer employing fibrogenic cytokine), the
bleomycin (BLM)-induced animal model represents one of the most widely employed
due to its ability to mimic several aspects of human fibrotic lung disease.>® The
complexity deepens when considering IPF, given the uncertain origins and progression
of the disease. No singular cause has been identified that definitively triggers this

condition in animals. Various models of pulmonary fibrosis have emerged over time,
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attempting to replicate certain aspects of human IPF. However, these models often fail
due to the complex pathogenesis, particularly its severe and irreversible course and often
the off-side accumulation.®

BLM, a glycopeptide antibiotic and antineoplastic agent, exerts its effects through the
generation of reactive oxygen species (ROS), induction of single and double-strand
DNA breaks and the inhibition of DNA metabolism, thereby disrupting the progression
of the cell cycle. This process results in the chelation of metal ions, which in turn
catalyzes the reaction of the resulting pseudo-enzyme with molecular oxygen.
Consequently, this molecular interaction triggers the generation of DNA-cleaving
superoxide and hydroxide free radicals.’® BLM is primarily used in clinic for the
treatment of various carcinomas and lymphomas.1!12

Notably, the enzymatic activity of BLM hydrolase, an enzyme responsible for its
inactivation, plays a pivotal role in modulating the drug's effects across diverse tissues.
Lungs, skin and mucous membranes exhibit relatively low levels of this enzyme, making
them more susceptible to BLM exposure. The excessive accumulation of ROS in lungs
can initiate an inflammatory cascade and fibroblast activation leading to pulmonary
toxicity.® Among patients receiving BLM, approximately 10% may develop lung
toxicity, which clinically presents as cough, dyspnoea, fever, cyanosis, and a decline in
lung function metrics. This acute response may subsequently evolve into pulmonary
fibrosis in approximately 1% of patients within a span of weeks to months.®

Although in preclinical settings the induction of fibrosis by BLM has been widely
reported in literature®!3, some controversies still remain. It is however important to pay
attention on the phenotype generated by BLM induction comparing doses, posology and
ways of administration. Therefore, the primary aim of this study was to establish and
rigorously characterize a murine model of pulmonary fibrosis using BLM as the inducing
agent, focusing on the optimization of the route of administration protocol. Through
comprehensive histological and biochemical evaluations combined to an observational
study, we assess the fidelity, suitability and reproducibility of this model. This research
provides a crucial platform with a well-validated and reliable animal model for further
elucidating the underlying mechanisms of pulmonary fibrosis pathogenesis and

evaluating potential therapeutic targets for these debilitating lung disorders.
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2.2 Materials and Methods

e Animals
The Mario Negri Institute for Pharmacological Research IRCCS adheres to the
principles set forth in the following laws, regulations, and directives concerning the care
and use of laboratory animals: Italian law (D.lgs 26/2014; Authorization No. 19/2008-A
issued on March 6, 2008 by the Ministry of Health); the Mario Negri Institutional
Regulations and Policies—which provide internal authorization for persons conducting
animal experiments (Quality Management System Certificate, UNI EN ISO 9001:2015,
Reg. No. 6121); the NIH Guide for the Care and Use of Laboratory Animals (2011
edition); and the EU Directives and Guidelines (EEC Council Directive 2010/63/UE).
This work was reviewed by the IRCCS-IRFMN Animal Care and Use Committee
(IACUC) and subsequently approved by the Italian “Istituto Superiore di Sanita” (Code:
558/2021-PR). Ten-week-old C57BL/6 male mice (Charles River) were used throughout
the study. Mice were maintained under specific pathogen-free conditions in the
Institute’s Animal Care Facilities; they received food and water ad libitum and were
regularly checked by a certified veterinarian who is responsible for animal welfare

supervision and experimental protocol review.

e Bleomycin-Induced Pulmonary Fibrosis in mice and treatment
A total of 33 C57BL/6J animals were used for the routes of administration study and for
the establishment and characterization of the animal model. For the intravenous
administration (i.v.), mice were injected with 100 mg/kg of Bleomycin sulfate (TCI,
Tokyo) in saline (0.9%) or vehicle (saline 0.9%) in a volume of 200 ul. The animals
were allowed to recovery immediately afterwards and sacrificed 21 days post
administration. For the low dose intranasal administration (i.n.), mice were short-term
anesthetized with isoflurane (3-5%) and 1 mg/kg of Bleomycin sulfate (TCI, Tokyo) in
saline (0.9%) or vehicle (saline 0.9%) was instilled with a micropipette (12,5 pl per
nostril with a total volume of 25 pul). The animals were sacrificed at 7, 14, 21, and 28
days post administration. For the high dose i.n. administration, mice were anesthetized
with medetomidine (Domitor®) at a dose of 0,4 mg/kg b.w. and ketamine (Lobotor®)
at a dose of 36 mg/kg injected intraperitoneally and 5 mg/kg Bleomycin sulfate (TCI,
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Tokyo) in saline (0.9%) or vehicle (saline 0.9%) was instilled with a micropipette (25 pl
per nostril with a total volume of 50 ul). Animals were allowed to recover immediately
afterwards (Antisedan® - 0,8 mg/kg injected intraperitoneally). The animals were

sacrificed at 2, 7, 14, 21, and 28 days post administration.

e Tissue Collection and Histological analysis
Lungs were removed from BLM-treated animals at different timepoints (7-14-21-28
days) and fixed overnight in 10% formalin (BioOptica, Italy). Tissues were processed
for paraffin embedding, cut with Leica RM55 microtome (Leica Microsystem, Italy) into
4 um-thick sections and dried into the oven at 37°C overnight. Slices were deparaffinised
in xylene and rehydrated through a series of alcohols to water. Hematoxylin-Eosin
(BioOptica, Italy) staining method was used to investigate alveolitis and fibrosis.
Picrosirius Red (0.5 g Sirius Red F3B (C.I. 35782) + 500 ml picric acid solution — Sigma
Aldrich) and Masson’s trichrome (Trichrome stain kit — Sigma Aldrich — HT15-KT)
staining methods were performed to reveal collagen deposition following
manufacturer’s instructions. Samples were dehydrated through an alcohol scale, dried

under the hood and mounted with xylene-based mounting medium (DPX, Sigma).

To achieve integrated detection of protein expression, sections obtained from paraffin-
embedded samples were immunoassayed using Vectastain Elite ABC (Vector
Laboratories, Burlingame, CA, USA). Antigen retrieval was performed in citrate buffer
(pH 6) in a boiling pot for 15 minutes, followed by endogenous peroxidase inhibition
with H,0; 3% for 10 min at RT and incubation with blocking solution (PBS-NGS 10%-
Tween 20 0.05%) for 30 min at RT. For subcellular localization, 1bal (clone 019-19741,
Wako; 1:500) was used to label macrophage calcium binding protein and fibroblast
activation was marked by a-SMA (thermoscientific, 1:100). Sections were stained with
3,3 - Diaminobenzidine (DAB, Sigma Aldrich) and counterstained with Mayer’s
hematoxylin (Bioptica, Italy). Samples were dehydrated through an alcohol scale, dried
under the hood and mounted with xylene-based mounting medium (DPX, Sigma). For
immunofluorescence analysis, at the moment of sacrifice, lungs from untreated and
BLM-mice were collected, frozen in dry ice and stored at -80°C until

immunofluorescence staining. Cryostat sections were cut at 20 um and mounted on glass
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slides. Slides were postfixed in 10% formalin (BioOptica, Italy) for 20 minutes, washed
three times in phosphate-buffered saline (PBS) for 5 min and incubated for 1 h with a
blocking solution (PBS-NGS 10%-Triton X-100 0.1%) then washed again with PBS.
For subcellular localization, the antibody anti-CD68 (specific for lysosome and
endosome membranes of macrophages) was used: primary rat anti-CD68 monoclonal
antibody (1: 200, Serotec, Kidlington, UK) + Triton X -100 0.1% + NGS 3% in 1X PBS
overnight at 4 ° C. After washing with 1X PBS, the slides were incubated with the
Alexad88 conjugated secondary antibody (1: 500, Invitrogen) for 1 hour at room
temperature in 1% 1X-NGS PBS solution. After this step, the slides were incubated with
the Hoechst nuclear marker 33258 (2 pug / mL in 1X PBS, Sigma Aldrich) for 10 minutes.
Fluoromount Aqueous Mounting Medium (Sigma Aldrich) was used for mounting with
cover glass in order to preserve the tissue for long periods and prevent the decay of the

fluorescence.

The slides were then observed at the Virtual Slide Microscopy VS120 (Olympus, Japan),
a microscope that allows to obtain rapid scans of the organs in their entire volume, with

high anatomical resolution.

e Quantification of collagen deposition and lung damage
For the determination of collagen fibers, Sirius Red stained whole sections were
analysed in blind (3 mice per group). The percentage of collagen deposition area was
determined using Image J software. For the determination of lung damage, Masson’s
trichrome stained whole sections were analysed in blind (3 mice per group). Fibrotic
changes in each lung section were assessed as the mean score of severity from observed
microscopic fields. 24 fields within each mid lung section were observed at a
magnification of 20X. Scores from 0 (normal) to 8 (total fibrosis) were assigned
according to the predetermined Ashcroft scale.!*'> After examination of the whole

section, the mean of the scores from all fields was taken as the fibrotic score.

e Quantitative real-time polymerase chain reaction
Total RNA was isolated with TRIzol Reagent (Thermo Fischer Scientific) according to
the manufacturer’s instructions, and 1 pg total RNA was reverse transcribed into cDNA

using high-capacity cDNA reverse transcription kit (Applied Biosystems). cDNAs were
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mixed with Quantifast SYBR Green Master Mix (BiotechRabbit) according to the
manufacturer’s instructions and both forward and reverse primers (0.5 pM) for detecting
MRNA levels of mouse genes. qPCR was carried out using a QuantStudio 5 Systems
(Applied Biosystems) and the amplification steps were 50 °C for 2 min, 95 °C for 10
min and followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Relative mRNA
levels of the target genes were normalized to B-ACT mRNA expression and analyzed by

the 2722t method. Quantitative Rt-polymerase chain reaction primers:

5’- 3’ Forward 5’- 3’ Reverse
B-ACT GCCCTGAGGCTCTTTTCCAG TGCCACAGGATTCCATACCC
TNF-a AGACCCTCACACTCAGATCATCTTC TTGCTACGACGTGGGCTACA
IL-6 TCTCTGGGAAATCGTGGAAA TCTGCAAGTGCATCATCGTT
COL1al ACCTGTGTGTTCCCTACTCA GACTGTTGCCTTCGCCTCTG
EIBRONECTIN CACGGAGGCCACCATTACT CTTCAGGGCAATGACGTAGAT

Table 2.1 Rt-PCR primers sequence.

e Data calculation & statistical analysis
All statistical analyses were done using GraphPad Prism version 7.00 for Windows
(Graph-Pad Software, CA, USA). All data are expressed as mean * standard error of the
mean. The differences between groups were compared using one-way ANOVA analysis,
followed by Dunnet’s post hoc test analysis. P values <0.05 were considered statistically
significant and reported on graphs. For in vivo experiments, the number of animals

sacrificed at each data point was minimized according to the 3Rs principle.

2.3 Results and Discussion

Routes of administration, volume of injection and anaesthetic agent
determination

The experimental conditions used to administer BLM can profoundly influence its
biodistribution, pharmacokinetics and consequent systemic pathological and clinical
outcomes. The protocol of administration is pivotal in determining the drug's therapeutic
outcome and toxicity profile. In a first step, we compared the effects of diverse doses,
anesthetic agents and routes of BLM administration in a murine model. We aim to

provide critical insights into optimizing the use of BLM as inducing agent to obtain a
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reliable mouse model of pulmonary fibrosis, combining in vivo and ex vivo studies

during disease progression.

Ten-week-old C57BL6/J male mice were treated with a single i.v. administration of
BLM at the dose of 100 mg/kg in 200ul.** Animals were monitored and sacrificed at
different timepoints as reported in the experimental plan in figure 2.1A. Histopathology
revealed at 21 days post treatment only a slight infiltration in lungs causing endothelial
cell injuries (Fig 2.1B). Systemic administration is in fact thought to cause more diffuse
disease with slower time course for fibrosis development and requires high doses. For
this reasons, we investigated the i.n. administration as an alternative route for the
induction of lung fibrosis in mice. BLM was administered intranasally (1 mg/kg in
25ul)518 under light anaesthesia with 3-5% isoflurane and animals were monitored and
sacrificed at different timepoints as reported in the experimental plan in figure 2.1A. In
this case, no effect was seen after treatment (Figure 2.1B). This results is probably due
to fact that reduced administration volumes facilitate enhanced brain accumulation. The
nasal instillation of increasing volumes up to 50l of fluid in mice facilitate a greater
relative accumulation and persistence in lungs. Moreover, the presence of a deeper
anaesthesia, could affect the relative distribution of intranasally instilled substances
potentially facilitating their deposition within the more distal segments of the lungs when
compared to the isoflurane exposition, that preserves a reflex related to the detection of

fluid in the upper airways and restricts pulmonary aspiration.%2

In light of these considerations and findings, we decided to optimize the protocol of
induction and treat the animals with a single i.n. higher dose of BLM (5 mg/kg in 50pl)
under ketamine/medetomidine anaesthesia. Animals were monitored and sacrificed at
different timepoints as reported in the experimental plan in figure 2.1A. Histology
revealed at 21 days post treatment a strong infiltration of inflammatory cells and a
marked multifocal fibrosis as reported in figure 2.1B. With the use of this route of
administration, the dose of BLM, and anaesthesia conditions, we were able to obtain a
phenotype comparable to the one achieved with the most widely used protocols,
avoiding the related limitations. For example, the intratracheal dosing approach includes
the requirement for intubation and the use of a nose cone or additional ketamine sedation

together with isoflurane anaesthesia. In addition, some procedures require surgical
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intervention and post-surgery monitoring, making these protocols more invasive and

stressful for the animals.? Conversely, the use of a systemic route of administration

could be easier to perform but results in a more widespread BLM distribution with lower

lung accumulation and slower time course for fibrosis development.®® These findings

highlight significant pulmonary impairment, suggesting that this protocol holds potential

for establishing an animal model suitable for investigating pulmonary fibrosis. The i.n.

instillation may also produce a more uniform distribution due to gravity and natural

inhalation by the mouse resulting in an easy, efficient and reproducible approach.
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Figure 2.1 Bleomycin administration and histopathological evaluation. A) C57BL6/J mice,
ten-week-old male were randomly distributed (3 animals/group) and treated via a single i.v.
administration with BLM suspended in saline at a dose of 100 mg/Kg and sacrificed 21 days post
administration, single i.n. administration or non-treated. I.n. treatment was performed at a low
dose of 1 mg/Kg with isoflurane anesthetized animals or at a high dose of 5 mg/Kg with
ketamine/medetomidine anesthetized animals. Mice were sacrificed at different time points (7,
14, 21 and 28 days) to study the lung injury and fibrosis progression. B) Histopathological
evaluation by hematoxylin and eosin staining (H&E — upper panel) and Sirius Red staining (lower
panel) of lungs of untreated mice (CTR) or treated with BLM after a single i.v. (100 mg/kg) or
i.n. (1 or 5 mg/kg) administration. Representative images of lung sections of animals sacrificed
at 21 days after the treatment are reported. Scale bar=200um.

Histological characterization of the BLM animal model

Once established the protocol of administration, a deep histological characterization was
performed. After BLM (5 mg/kg in 50 pl) i.n. administration, ten-week-old C57BL6/J
male mice were monitored and sacrificed at different timepoints in order to follow the
model disease progression. The treatment did not induce lethality with a maximum
weight loss of 20% in the first two weeks followed by weight recovery (Figure 2.2A and
B). Other signs of lung injury in BLM-treated mice included decreased activity, hunched

posture and periods of dyspnoea.
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Figure 2.2 Health status in bleomycin mouse model of lung injury (i.n. - 5 mg/Kg). A) BLM
instillation causes decreased bodyweight (orange line) when compared to the untreated animals
(grey line) and B) an increase in weight loss with a maximum of 20% in treated mice.

The macroscopic examination of the lungs in BLM-treated mice revealed scattered

lesions within regions that appeared normal. As the disease advanced, certain foci
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merged, giving rise to larger, darker lesion areas. This pulmonary impact extended across
multiple lobes and occurred bilaterally. Histologic evaluation from H&E staining
showed at 7 days post instillation a slight to moderate infiltration of inflammatory cells,
including macrophages and neutrophils, and disruption of alveoli, indicating an initial
lung injury and acute inflammation. Between 7 and 14 days a transition phase
characterized by a fibroproliferation process, in which mesenchymal, inflammatory and
epithelial cells activate fibrotic repair pathways. Infiltration of inflammatory cells and
moderate multifocal fibrosis was observed. Pulmonary fibrosis and disruption of normal
lung architecture occurred at days 21 and 28. The presence of fibroblastic foci indicate
sites of active fibrogenesis (Figure 2.3 — upper panel). Sirius Red staining showed
expanded severe alveolar and interstitial fibrosis, abnormal collagen deposition and
alveolar destruction. After day 28, the fibrotic changes tend to be resolved and normal
situation restored (Figure 2.3 — middle panel). To confirm the fibrotic collagen
deposition, Masson’s trichrome staining was performed. It is highlighted in blue the
presence of physiological collagen fibres, while in light blue the newly synthetized
collagen, especially from day 14-21 post BLM administration, confirming the occurring
of the pathological fibrotic process (Figure 2.3 — lower panel). Using this approach, the
administration of a single i.n. dose of BLM induces a rapid development of injury and
acute inflammation followed by a chronic inflammatory phase with the instauration of

fibrosis over the subsequent weeks.
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Figure 2.3 Histopathological characterization in bleomycin treated animals.
Histopathological evaluation by H&E staining (upper panel), Sirius Red staining (medium panel)
and Masson’s trichrome (lower panel) of lungs of untreated mice (CTR) or treated with BLM
after a single i.n. administration (5 mg/kg). Representative images of lung sections of animals
sacrificed at 7, 14, 21 and 28 days after the treatment are reported. Scale bar=500 um (upper
panel) — 100 um (lower panels).

128



To better determine the extent of fibrosis, two different quantitative parameters were
evaluated. Regarding the collagen deposition, the percentage of positive Sirius Red
staining was determined through ImageJ software. As reported in figure 2.4A, the
guantification of collagen deposition revealed at 7 days no difference when compared to
the untreated group, indicating that no significant accumulation is detected. This
confirmed that the inflammatory phase occurs in the first week post BLM administration
where ECM is not still highly produced. Opposite, from day 14 to 28 a strong significant
accumulation is detected in lungs sections, with a peak of signal at 21 days after BLM
administration. This result confirmed that there is a progression peaked by an established
fibrosis at 3 weeks post induction. Since collagen deposition indicate enhanced stiffness
in the ECM, remodelling of lung architecture and, as a consequence, impairment in lung
functions?, it is important to correlate these results with a lung damage parameter. The
Ashcroft Scale assigns different score of fibrosis evaluating histological Masson’s
trichrome stained sections. The severity of lesions varied from one region to another,
ranging from normal lung to complete fibrosis. As reported in figure 2.4B, lung sections
from untreated animals showed predominately normal lung architecture. At 7 days a
strong increase in the score is detected, were gentle fibrotic changes, alveolar septa with
knot-like formations and single fibrotic masses are observed. Lung fibrosis, with
confluent and large contiguous fibrotic masses, was most prominent between 14 and 21
days after BLM administration and less severe at 28 days. These observations are
consistent with an acute inflammatory reaction with alveolitis in the first week. The
following weeks are characterized by proliferation of fibroblasts and ECM proteins
synthesis leading to perivascular, peri-bronchial and sub-pleural fibrosis. Moreover, in
both parameters there is the tendency of a gradual decrease at day 28 post administration.
It is known that BLM do not induce a progressive worsening of the symptoms and the
induced damage tend to revert, representing a criticism in terms of resembling human
IPF.2 Conversely, a significant chronic inflammation is evident and appears to be
important for the developing fibrosis, representing a fibrotic model after infection and
acute inflammation, where it is not the end-stage. The exact quantification of the fibrotic
lesions in histological section is therefore pivotal for the assessment of pathological

markers and the determination of the efficacy of possible new therapeutic treatments.
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Figure 2.4 Histopathological quantification in bleomycin treated animals. Histopathological
quantification of A) Sirius Red staining in lung section and B) representation of Ashcroft scale
grade obtained by Masson’s trichrome analysis of lungs of untreated mice (CTR) or treated with
BLM after a single i.n. administration (5 mg/kg). Data are reported as mean = SE. The data were
analyzed by One-way ANOVA using Dunnet’s test. **p < 0.01, ****p < 0.001.

Cellular characterization of the BLM animal model

The exact pathogenesis of IPF remains still not completely understood; however,
existing evidence indicates a breakdown or imbalance within several pathways,
ultimately culminating in the distinctive loss of alveolar epithelial cells and the
accumulation of differentiated fibroblasts characteristic of this condition. To better
understand the fibrotic process, the key factors involved in the pathogenesis and to assess

histological disease status, immunohistochemical markers were explored.

Myofibroblasts, possessing contractile properties and expressing a-smooth muscle actin
(a-SMA), play a pivotal role in the excessive collagen deposition and tissue remodelling
observed in pulmonary fibrosis. Potential origins of myofibroblasts are identified: (1)
the proliferation and differentiation of resident fibroblasts; (2) the recruitment of
circulating fibrocytes to areas of lung injury; and (3) epithelial-mesenchymal
transition.>?2 Moreover, environmental exposure to toxicants or airway diseases like
asthma, chronic obstructive pulmonary disease and cystic fibrosis can lead to
remodelling of airway smooth muscle (e.g., hypertrophy) and decreased lung function.?
Histology revealed extensive expression of a-SMA, particularly on days 14 and 21,
suggesting a strong fibroproliferation and the presence of collagen-producing areas. In
contrast, in control lungs the expression of a-SMA was found exclusively around blood

vessel (Figure 2.5 — upper panel). To characterize the cellular composition and lung
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infiltrates, immunohistochemical analysis for Ibal, marker of alveolar, interstitial and
circulating macrophages, and CD68, marker of macrophage lysosomes, were performed.
Ibal is upregulated during the activation of these cells in inflammatory conditions.
Macrophage infiltration into the lungs was significantly greater in the BLM group as
compared to the control group, at 7, 14 and 21 days (Figure 2.5 — middle and lower
panel). Notably, as highlighted with CD68 in green (Figure 2.5 — lower panel),
macrophages showed a peculiar and irregular shape thus indicating their activated state
when compared to the round and regular shape of the macrophages of the control group.
Moreover, the high expression of lung infiltrates of the BLM group tend to persist in all
timepoints, indicating that inflammation has a strong contribution in the progression of

the pathology in the experimental model.
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Figure 2.5 Histopathological evaluation of fibrotic and inflammatory markers. a-SMA
(upper panel), Ibal (middle panel) and CD68 staining (green - lower panel) obtained by
immunohistochemistry protocol of lungs of untreated mice (CTR) or treated with BLM after a
single i.n. administration (5 mg/kg). Representative images of lung sections of animals sacrificed
at 7, 14, 21 and 28 days after the treatment are reported. Scale bar=100 pum.
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Modulation of inflammatory and profibrotic markers after BLM treatment
To deepen the characterization of the BLM animal model in parallel to the histological
evaluation, the gene expression analysis was assessed. Interleukin 6 (IL-6) and Tumor
necrosis factor a (TNF-a), inflammatory cytokines also important in the instauration of
fibrotic changes, have been tested. IL-6 is crucial for the inflammatory phase and the
switch to a reparative environment during the resolution of wound healing.?* TNF-a. is a
potent inflammatory cytokine that promote ROS generation from pulmonary and non-
pulmonary tissues.? Since the effect of treatment on gene expression is an upstream
event, we decided to also include in this study an early time point (day 2). As illustrated
in the figure 2.6 (upper panel), from 2 days after administration of BLM, a notable
upregulation of proinflammatory cytokines is evident. This high expression is
maintained also at the latter timepoints, indicating that in this model the presence of
inflammatory cells and pathway persist also in the fibrotic stage and this result is in
accordance with what found in histological sections. Regarding the key fibrotic markers,
collagen 1al and fibronectin>2, pivotal in ECM composition, were also assessed (Figure
2.6 — lower panel). In this context, a diverse pattern emerges regarding gene expression
modulation. Specifically, the expression of both genes tend to increase at day 7 post
administration when compared to the untreated group, indicating that the biological
system is responding to the alveolar damage stimuli. Indeed, at 14 days post
administration a significant peak is observed and correspond to the start of the fibrotic
phase characterized by fibroproliferation and ECM synthesis. This signal tends to
decrease in subsequent timepoints, and this is probably due to fact that the damage repair
stimulus is important in this transition phase towards the established fibrotic phase and
then a partial restoration to the physiological conditions occurs (21-28 days). It is widely
known that key factors involved in pathogenesis are activated at the gene level during
specific phases of disease progression, so it is extremely important the determination of
their upregulation or downregulation for the experimental plan and, therefore, for
clinical intervention. The possibility of intervening in a specific phase, targeting either
inflammatory or fibrotic markers, can influence the success of a potential therapeutic
strategy. Collectively, these results hold significance for investigating pathological

markers and correlating them with histopathological evaluation.
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Figure 2.6 Modulation of inflammatory and profibrotic markers in lungs. A) mRNA
expression of IL-6, TNF-a, collagen 1al and fibronectin was evaluated by RT-gPCR in lungs of
mice (n =3 per group) treated with BLM and sacrificed at different timepoints. Genes were
normalized on B-ACT and the 2724 method was employed for relative quantification on an
external calibrator. Data are reported as mean + SE, and were analyzed with one-way ANOVA
followed by Dunnets' post hoc test. Significant differences compared to the untreated group
(CTR) are reported, *p< 0.1, **p <0.01.

2.4 Concluding remarks

The generation of animal models capable of recapitulating as faithfully as possible the
main pathological and clinical alterations of specific human pathologies is still of
fundamental importance in the field of biomedical research for both diagnostics and
therapy. Despite the enormous progress made in recent decades in alternative approaches
to the use of vertebrates (increasingly advanced computational studies, analysis of
increasingly sensitive biomarkers, use of organoids or invertebrates, high resolution non-
invasive imaging) in translational preclinical studies, there are still many aspects that
require its extensive use. However, it is the responsibility of researchers to adapt this

need to the ever-increasing demands of the community regarding the reduction,
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replacement and refinement of in vivo analysis techniques. The present study was born
precisely from this need, that is, to refine the method and select the technique that can
provide reliable and repeatable results and that can cause the least physical and
psychological suffering to the experimental subject. Our model summarizes important
characteristics of the evolution that various lung diseases have in common and which
are characterized by a first phase of inflammation and a second phase of fibrosis. The
combination of histological and molecular analysis is a useful tool for understanding the
mechanisms and consequences on the anatomical target of interest. The i.n. instillation
in anesthetized mice induces a reduction in handling stress, is less invasive and harmful
than an intratracheal treatment and requires a lower sample size due to the extremely
almost total percentage of survival. Additionally, it is also more suitable compared to
the systemic administration. It is indeed widely reported that, although BLM has as
preferential target the lungs, its effect is not limited to this organ but can also induce skin
redness, blistering, tenderness.

Furthermore, the method we have selected has the advantage of inducing the pathology
with a single treatment, further minimizing stress. The present study is limited to the
characterization, but several endpoints could be easily exploitable in future studies to
test the efficacy of therapeutic interventions or improving non-invasive methods of

diagnosis and peripheral markers discovery.
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Abstract

Pulmonary fibrosis is a chronic, progressive dynamic process characterized by
extracellular matrix production and myofibroblast activation. Fibrogenesis can be
activated by different stimuli but always leads to alveolar remodelling, gas exchange
impairment that cause first respiratory failure and, ultimately, death. The lack of
effective therapies has opened to new strategies including the use of targeted delivery
systems by nanodrugs. Here, we optimized a nanocarrier based on the Avidin Nucleic
Acid NanoASsembly (ANANAS) platform for the intracellular release of the anti-
inflammatory steroid dexamethasone (ANANAS-Dex) and we investigated its fate
following systemic or intranasally administration in mice. The nanoparticles
biodistribution and the pharmacokinetics of free and NP-linked dexamethasone were
investigated in both healthy and fibrotic mice. Intranasal administration showed a
specific lung targeting particularly in fibrotic conditions. In particular, we found that by
using this route of administration the NPs were able to penetrate in lungs rapidly and
segregate inside the tissue resident macrophages. NP intranasal administration allowed
to reduce drastically drug off-targeting compared to the administration of the free drug.
These findings highlight the potentials of using intranasal delivery of nanodrugs as a

promising approach for targeted and efficient treatment of lung disorders.
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3.1 Introduction

Interstitial lung diseases (ILDs) are a heterogeneous group of pathologies that affect the
lung parenchyma with wide inflammation and diffuse fibrosis. Pulmonary fibrosis (PF)
is a condition characterized by a chronic and progressive tissue repair response, which
leads to irreversible scarring, remodelling of the lung and impaired gas exchange.
Excessive deposition of extracellular matrix (ECM) proteins results in fibrotic tissue
accumulation, alveolar destruction and irreversible loss of lung function.*? Idiopathic
pulmonary fibrosis (IPF) is the most common ILD. Incidence of pulmonary fibrosis has
risen over time, and in Europe and North America is estimated to range between 2-8 and
30 cases per 100 000 people per year. It is more common in men and is rare in people
younger than 50 years (median age at diagnosis is about 65 years). Although disease
course is variable and somewhat unpredictable, the median survival time from diagnosis
is 3-5 years.># The pathogenesis involves multiple cellular compartments, including the
epithelium, lung fibroblasts and the innate and adaptive immune system. However,
despite extensive research efforts, the exact mechanisms underlying the interplay of
these factors in disease development remain unclear. The current standard clinical
treatment for lung fibrosis typically involves the administration of corticosteroids and
immunosuppressive agents to mitigate inflammation and anti-fibrotic drugs (nintedanib
and pirfenidone) to slow the progression of fibrotic tissue deposition.>® There is no
effective treatment able to halt or reverse disease progression and improve clinical
outcome. Moreover, the widespread distribution of steroids, facilitated by their ability to
readily cross biological barriers, presents a challenge for patients with PF, often
compelling them to discontinue therapy due to the severe complications associated with
prolonged steroid use (osteopenia leading to vertebral collapse, diminished bone density,
diabetes, hypertension, mood and cognitive disorders, as well as obesity).”® A potential
solution to this issue lies in the strategic accumulation of active drug specifically within
the lung, thereby reducing the total drug dosage and avoiding undesired systemic side

effects.

Currently available therapeutic strategies are focused on achieving tissue-specific

treatments through diverse approaches. For example, drug delivery systems, such as
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nanoparticles (NPs), are engineered to transport drugs within specific anatomical
locations. Notably, NPs possess the capacity to transport substantial drug quantities and
can accommodate the simultaneous incorporation of therapeutic, diagnostic and
targeting components when needed.®! Most types of NPs show natural tropism for
macrophages (both resident or recruited), which play a pivotal role in the initiation and
progression of inflammatory diseases and possess a robust capacity to identify,
internalize and degrade various types of NPs, making these systems the ideal drug

carriers for inflammatory-related diseases.'?*

The present study aimed to develop an innovative therapeutic approach for lung
disorders using a nanoformulation loaded with dexamethasone based on the Avidin-
Nucleic-Acid-Nano-Assemblies (ANANAS) platform. ANANAS are biodegradable and
biocompatible and non-immunogenic poly-avidin-based NPs obtained from the high-
affinity interaction between the egg-white protein avidin and a non-coding nucleic acid
filament.*1° Notably, thanks to the strong affinity (Kd ~10"-15 M) between avidin and
biotin, these NPs can be readily loaded with biotin linked bioactive or contrast agents
with stoichiometric control. In recent years, ANANAS-based formulations have shown
potentials in different biomedical applications, among which diagnostics and drug
delivery.® In this context, thanks to the strong tropism of these carriers for the liver upon
parenteral administration, two dexamethasone-carrying ANANAS (ANANAS-Dex, first
and second generation) formulations administered intravenously (i.v.) or
intraperitoneally (i.p.) have been recently investigated for their potential in treating liver

autoimmune diseases, showing efficacy and lack of off-target release of the drug.*"*8

In this work, we extended the investigation on ANANAS-Dex to explore its potentials
for the treatment of inflammatory lung disorders following a non-parenteral route,
namely nasal instillation. In ANANAS-Dex formulations, in order to prevent release of
the free drug in plasma and permit drug release within the acidic environment of target
tissue endosomes/lysosomes, the drug is loaded onto the carrier by means of a biotin
conjugate and an acid-reversible hydrazone linker. Along the investigation on first and
second generation ANANAS-Dex'"8 a number of linkers and spacers between biotin
and the drug have been tested, showing that the chemistry of the hydrazone (Hz) bond

and nature of the spacer between biotin the hydrazone impact on the NP behavior in vitro
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and in vivo.** The data generated with first and second generation ANANAS-Dex
allowed identifying composition/functionality relationships which were here used as
guidelines for the design of third generation ANANAS(Hz)-Dex, which was aimed at
maximizing loading capability, colloidal stability and tropism for tissue resident

macrophages.

Following in vitro pre-formulation studies, the novel third generation ANANAS-Dex
was evaluated on PF in the bleomycin (BLM) mouse model that reflects several key
aspects of human PF, including histological hallmarks such as intra-alveolar buds,
incorporation of collagen and obliteration of the alveolar space, as well as lung
infiltration and fibrosis.?® Before initiating the present study, we conducted an
investigation using the systemic route in healthy animals to compare their behaviour
with the first and second generations previously examined via the parenteral route.
Subsequently, we moved to the inhalation route in the pathological model.*® In this study,
optical imaging and confocal microscopy were performed to localize fluorescently
labelled ANANAS in the whole body and in lung sections. Additionally, high-
performance liquid chromatography mass spectrometry (HPLC MS/MS) was employed
to quantify free drug levels in plasma and various organs. Lastly, we assessed the clinical
manifestations of PF in mice through molecular biology and histological assays. Overall,
this study explores the therapeutic potential of ANANAS-Dex in the context of lung
disorders, providing a promising approach for targeted treatment with controlled drug

delivery and potential clinical translation.

3.2 Materials and Methods

Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU), N,N-
Diisopropylethylamine (DIPEA), triethylamine (TEA), Piperidine, and HCl 4M in
dioxane sand all solvents were purchased from Merck Sigma-Aldrich. Biotin-NHS was
purchased from Byosynth; dexamethasone was purchased from Metapharmaceutical.
Biotin-Poly-(Ethylene Glycol) (PEG)5kDa-SVA and biotin-PEG5kDa-methoxy (biotin-
MPEG) were purchased from Laysan Bio (Huntsville, AL, USA). Avidin was from
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E.protein (Belgium). NMR experiments were performed on a Bruker Avance Il 400
spectrometer (frequencies: 400.13 and 100.62 MHz for *H, and 3C nuclei, respectively)
equipped with a multinuclear inverse z-field gradient probe head (5 mm). For data
processing, TopSpin 4.0.8 software was used and the spectra were calibrated using
solvent signal (DMSO *H 2.50 ppm C 39.52, MeOD H 4.78ppm 3C 49.15 ppm).
Multiplicities are reported as follows: s, singlet; d, doublet; t, triplet; g, quartet; m,
multiplet; b, broad; dd, doublet of doublets. Mass spectra were recorded by direct
infusion ESI on a Thermo Fisher Scientific LCQ Fleet ion trap mass spectrometer.
Dynamic light scattering measurements were performed with a Malvern Zetsizer Nano-
ZS, UV-Vis spectra were recorded with an Agilent Cary 60 UV-Vis spectrophotometer.
Gel permeation chromatography was carried out on a Cytiva Akta purifier Fast Protein
liquid Chromatography (FPLC) system.

e Synthesis

The newly synthesized biotin hydrazone drug conjugates (compounds 6,7, Figure 3.1)
were obtained through classic synthetic chemistry techniques (data not shown). All
newly synthesized compounds were analyzed by High Resolution Mass Spectrometry
(HR-MS), NMR, Reverse Phase Chromatography (RP-HPLC) and UV-Vis
spectroscopy. The identity of Compound 7 was verified by a combination of assays,
namely UV-Vis spectroscopy analysis to confirm the presence of the Dex C3-Hz bond
which displays a typical chromophore at 300 nm, by quantification of biotin®, PEG?*
and total dexamethasone. The latter was quantified by reverse phase chromatography
(RP-HPLC, Phenomenex Kinetex C18 column, eluent A, H20 + TFA 0.1%; eluent B,
5% A in ACN; gradient from 10% to 95% B in 10 min) following acid-triggered (HCI
0.1M) release from the conjugate. Biotin-C6-Alexa633 was obtained as previously

described.'6
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Figure 3.1 Schematic representation of the formulations tested and the assembly process. A) assembly
of core nanoparticles; B) the biotin-dexamethasone synthesized for this work; C) functional assembly and
generation of ANANAS-Dex; D) acid triggered release of the free drug.

e Nanoparticle assembly

Core ANANAS containing the minimum amount of 5kDa methoxy-PEG (12.5% of
available biotin binding sites - BBS) to guarantee buffer solubility were prepared®® and
freeze-dried after purification. Core NPs were reconstituted in 10 mM phosphate, 150
mM NaCl, pH 7.4 (PBS) buffer and added of the biotinylated elements (compounds 6,7,
or biotin-mPEG) to the desired biotin/BBS molar ratios. When needed, biotin-C6-
alexa633 was also added at predefined biotin/BBS molar ratios (ANANAS-Dex-
Alexa).'

e Dexamethasone release in vitro

The release of dexamethasone from the novel PEO2-Hz- linker was measured using
compound 6 (B-PEO2-Hz-Dex, low MW conjugate). Release of dexamethasone from
this compound, as a free molecule and when linked to the NPs, was examined at three
pH values (100 mM phosphate pH 7.4, 100 mM Na acetate, pH 5.0, and 100 mM Na
acetate, pH 4.0). When tested as a free molecule, the release rate was assessed by UV-
Vis spectrophotometry. Samples were incubated (at 3*10° M) in the selected buffer at

the temperature of choice (50°C, 60°C and 70°C) and the disappearance of the Hz-related
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chromophore was quantified from the intensity of its specific absorption band at 300 nm.
The release rate at 37°C was then extrapolated from the Arrhenius plot generated with
the Kinetic constants (% Dex release/hour) obtained at the three temperatures. When
tethered to the NPs, the release was monitored, at 37°C only, by measuring via RP-HPLC
the concentration of the free drug liberated. Before HPLC analysis, the protein fraction

was removed from the solution by cold acetone precipitation.

e Animals

The Mario Negri Institute for Pharmacological Research IRCCS adheres to the
principles set forth in the following laws, regulations, and directives concerning the care
and use of laboratory animals: Italian law (D.lgs 26/2014; Authorization No. 19/2008-A
issued on March 6, 2008 by the Ministry of Health); the Mario Negri Institutional
Regulations and Policies-which provide internal authorization for persons conducting
animal experiments (Quality Management System Certificate, UNI EN ISO 9001:2015,
Reg. No. 6121); the NIH Guide for the Care and Use of Laboratory Animals (2011
edition); and the EU Directives and Guidelines (EEC Council Directive 2010/63/UE).
This work was reviewed by the IRCCS-IRFMN Animal Care and Use Committee
(IACUC) and subsequently approved by the Italian “Istituto Superiore di Sanita” (Code:
558/2021-PR). Ten-week-old C57BL/6 male mice (Charles River) were used throughout
the study. Mice were maintained under specific pathogen-free conditions in the
Institute’s Animal Care Facilities; they received food and water ad libitum and were
regularly checked by a certified veterinarian who is responsible for animal welfare

supervision and experimental protocol review.

¢ Animal model generation

Mice were anesthetized with medetomidine (Domitor®) at a dose of 0.4 mg/kg b.w. and
ketamine (Lobotor®) at a dose of 36 mg/kg injected i.p. and Bleomycin sulfate (TCI,
Tokyo), 5 mg/kg in saline (0.9%) or vehicle (saline 0.9%) was administered intranasally
with a micropipette (25 pl per nostril with a total volume of 50 pl). Animals were

allowed to recover immediately afterwards (Antisedan® - 0.8 mg/kg i.p.).
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e Exvivo fluorescence imaging

A total of 35 C57BL/6J male animals were used for the IV biodistribution study in
healthy animals. Sixteen mice per group were injected intravenously with 0.167 mg/kg
of Dex or linked to ANANAS (11.4 mg/kg - ANANAS-Dex) dissolved in 200 pul of
saline. The remaining three were treated with PBS and were used as controls. A total of
43 C57BL/6J male animals were used for the i.n. biodistribution study in healthy
animals. 20 mice per group were injected intranasally, with 0.167 mg/kg of Dex or linked
to ANANAS (11.4 mg/kg - ANANAS-Dex) dissolved in 50 ul of saline with a
micropipette (25 pl per nostril) after medetomidine (Domitor®) at a dose of 0.4 mg/kg
b.w. and ketamine (Lobotor®) at a dose of 36 mg/kg intraperitoneal injection. Animals
were allowed to recover immediately afterwards (Antisedan® - 0.8 mg/kg i.p.). The
remaining three were treated with PBS and were used as controls. A total of 43
C57BL/6J male animals were used for the i.n. biodistribution study in fibrotic animals.
20 mice per group were injected intranasally 7 days post bleomycin induction, as
reported above, with 0.167 mg/kg of Dex or linked to ANANAS (11.4 mg/kg -
ANANAS-Dex) following the same procedure used for healthy animals. Ex vivo optical
imaging was done 15 min, 30 min, 2 h, 24 h and 48 h after treatment. The remaining
three were treated with PBS and were used as controls. Fluorescence images were
acquired with an IVIS Lumina Il imaging system (PerkinElmer). The following
acquisition parameters were used: excitation filter range 680 to 740 nm, emission filter
(790 nm, exposure time 2 s), binning factor 4, and f/Stop 2. At the end of the study mice
were euthanized by decapitation. Liver, kidneys, spleen, lung and brain were removed
and scanned for ex vivo imaging. Organs were collected without perfusing the animal so
the signal also refers to their blood vessels. Spectral unmixing, image processing, and

analysis were done using Living Image 4.3.1 software (PerkinElmer).

e Tissue collection an Histological analysis

At the moment of sacrifice, tissues from untreated and bleomycin (BLM) treated-mice
were collected and directly frozen in dry ice. Cryostat sections were cut at 20 pm and

mounted on glass slides. Slides were post-fixed in 10% formalin (BioOptica, Italy) for
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20 minutes, washed three times in phosphate-buffered saline (PBS) for 5 min and
incubated for 1 h with a blocking solution (PBS-NGS 10%-Triton X-100 0.1%) then
washed again with PBS. For subcellular localization, the antibody anti-CD68 (specific
for lysosome and endosome membranes of macrophages) was used: primary rat anti-
CD68 monoclonal antibody (1: 200, Serotec, Kidlington, UK) + Triton X -100 0.1% +
NGS 3% in 1X PBS overnight at 4 ° C. After washing with 1X PBS, the slides were
incubated with the Alexa488 conjugated secondary antibody (1: 500, Invitrogen) for 1
hour at room temperature in 1% 1X-NGS PBS solution. After this step, the slides were
incubated with the Hoechst nuclear marker 33258 (2 ug / mL in 1X PBS, Sigma Aldrich)
for 10 minutes. Fluoromount Aqueous Mounting Medium (Sigma Aldrich) was used for
mounting with cover glass. The slides were then observed at the Virtual Slide
Microscopy (Olympus, Japan), a microscope that allows to obtain rapid scans of the
organs in their entire volume, with high anatomical resolution. For confocal microscopy
analysis, samples were acquired using Nikon Al Confocal microscopes and
pseudocolored (blue for Hoechst 33258, green for alexa488 and red for alexa633). For
the histopathological evaluation, lungs were removed from BLM-treated animals at 7
days post administration and fixed overnight in 10% formalin (BioOptica, Italy). Tissues
were processed for paraffin embedding, cut with Leica RM55 microtome (Leica
Microsystem, Italy) into 4 um-thick sections and dried into the oven at 37°C overnight.
Slices were deparaffinised in xylene and rehydrated through a series of alcohols to water.
Hematoxylin-Eosin (BioOptica, Italy) staining method was used to investigate alveolitis
and fibrosis. Picrosirius Red (0.5 g Sirius Red F3B (C.I. 35782) + 500 ml picric acid
solution — Sigma Aldrich) staining method was performed to reveal collagen deposition.
To achieve integrated detection of protein expression, sections were immunoassayed
using Vectastain Elite ABC (Vector Laboratories, Burlingame, CA, USA). Antigen
retrieval was performed in citrate buffer (pH 6) in a boiling pot for 15 minutes, followed
by endogenous peroxidase inhibition with H,O, 3% for 10 min at RT and incubation
with blocking solution (PBS-NGS 10%-Tween 20 0.05%) for 30 min at RT. For
subcellular localization, Ibal (clone 019-19741, Wako; 1:500) was used to label
macrophage calcium binding protein. Sections were stained with 3,3 - Diaminobenzidine

(DAB, Sigma Aldrich) and counterstained with Mayer’s hematoxylin (Bioptica, Italy).
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Samples were dehydrate through an alcohol scale. Glasses were mounted with xylene-
based mounting medium (DPX, Sigma). The slides were then observed at the Virtual

Slide Microscopy (Olympus, Japan).

e Pharmacokinetics

To quantify the levels of Dex, lung, plasma and liver from the group of healthy and
fibrotic C57BL/6J mice treated with free Dex (0.167 mg/kg) or ANANAS-linked were
used. For this analysis, animals in both groups (ANANAS-Dex and Dex) were treated
and sacrificed at different timepoints (15°, 30°, 2, 24 and 48 h) following the same
procedure. As a first step of the analytical methods, the internal standard, fludrocortisone
(10 ng) was added to the sample from treated mice, and Dex (0—100 ng) and
fludrocortisone (20 ng) were included for the calibration curve. Lung and liver slices
were digested with methanol (1:2 w/v) and acetonitrile (1:1 w/v), stirred and sonicated
for 20 min. Then water (1:10 w/v) was added and stirring and sonication were repeated.
The resulting samples were centrifuged at 7000g for 15 min at 4 °C. The supernatant
was further cleaned up with solid-phase extraction using Sep-Pak C18 1 cc Vac
Cartridges, conditioned before use with 1 mL of methanol, followed by 1 mL of water.
Samples were loaded on the SPE columns and passed through dropwise. Then cartridges
were rinsed with 1 mL of water/acetone (80:20) and then with 1 mL of water before
drying the columns under vacuum for 5 min. Samples were eluted with 1.8 mL of
acetonitrile into glass receiving tubes. Plasma aliquots were directly eluted with
acetonitrile (1:4v/v) and centrifuged at 7000g for 15 min at 4 °C. All the samples were
evaporated to remove the organic phase. Just before analysis, they were suspended in
100 pL of 0.05% acetic acid/ acetonitrile (80:20) in autosampler vials. Liquid
Chromatography (HPLC) and Tandem Mass Spectrometry (MS/MS). All experiments
were carried out on an Agilent 1200 series HPLC system interfaced to an Agilent 6410
triple-quadrupole mass spectrometer equipped with an electrospray ionization source
(Agilent Corporation, MA, USA). All data were acquired and analyzed using Agilent
MassHunter data processing software. Separation was performed with a Superspher 100
RP-18 (2.1 x 100 mm, Merck, Darmstadt, Germany) column, maintained at 30 °C. The

elution solvents were 0.05% acetic acid in water (mobile phase A, MP-A) and
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acetonitrile (mobile phase B, MP-B). The injection volume was 10 pL and the flow rate
was 200 pL/min. The autosampler temperature was 6 °C. Elution started with 80% of
MP-A and 20% MP-B for 2 min, followed by a 12 min linear gradient to 60% of MP-B,
and a 2 min linear gradient to 99% of MP-B, held for 4 min and a 1 min linear gradient
to 80% of MP-A, which was maintained for 6 min to equilibrate the column. Dex and
fludrocortisone, were analyzed using electrospray in negative ionization mode, with the
spray voltage set at 2000 V. Nitrogen was used as nebulizer gas at a pressure of 35 psi.
Desolvation gas (nitrogen) was heated to 250 °C and delivered at a flow rate of 7.5

L/min. Analysis data were acquired in the multiple reaction monitoring (MRM) mode.

e Quantitative real-time polymerase chain reaction
For the gene expression experiment, a total of 24 C57BL/6J male animals were used. 6
mice per group were injected intranasally 7 days post BLM induction, as reported above,
with 0.167 mg/kg of Dex or linked to ANANAS (11,4 mg/kg - ANANAS-Dex). Animals
were sacrificed 24 h after treatment and lung for molecular biology analysis were
collected. Total RNA was isolated with TRIzol Reagent (Thermo Fischer Scientific)
according to the manufacturer’s instructions, and 1 g total RNA was reverse transcribed
into cDNA using high-capacity cDNA reverse transcription kit (Applied Biosystems).
cDNAs were mixed with Quantifast SYBR Green Master Mix (BiotechRabbit)
according to the manufacturer’s instructions and both forward and reverse primers (0.5
pUM) for detecting mRNA levels of mouse genes. gPCR was carried out using a
QuantStudio 5 Systems (Applied Biosystems) and the amplification steps were 50 °C
for 2 min, 95 °C for 10 min and followed by 40 cycles of 95 °C for 15 s and 60 °C for 1
min. Relative mRNA levels of the target genes were normalized to B-ACT mMRNA

expression and analyzed by the 222t method. Quantitative Rt-PCR primers:

5’- 3’ Forward 5’- 3’ Reverse
B-ACT GCCCTGAGGCTCTTTTCCAG TGCCACAGGATTCCATACCC
TNF-a AGACCCTCACACTCAGATCATCTTC TTGCTACGACGTGGGCTACA
IL-6 TCTCTGGGAAATCGTGGAAA TCTGCAAGTGCATCATCGTT
COL1al ACCTGTGTGTTCCCTACTCA GACTGTTGCCTTCGCCTCTG
EIBRONECTIN CACGGAGGCCACCATTACT CTTCAGGGCAATGACGTAGAT

Table 3.1 Rt-PCR primers sequence.
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e Data calculation & statistical analysis
All statistical analyses were done using GraphPad Prism version 7.00 for Windows
(Graph-Pad Software, CA, USA). All data are expressed as mean + standard error of the
mean. The differences between groups were compared using one-way ANOVA analysis,
followed by Dunnet’s post hoc test analysis. P values <0.05 were considered statistically
significant and reported on graphs. For in vivo experiments, the number of animals

sacrificed at each data point was minimized according to the 3Rs principle.

3.3 Results and Discussion

Design of the biotin dexamethasone conjugates for ANANAS decoration

Drug loading of ANANAS relies on the use of reversible biotinylated drug conjugates,
which, upon binding to the avidin biotin binding sites (BBS), position the drug at the
nanoparticle surface, at a distance from the protein core that will depend on the length
of the spacer between the biotin and the drug moiety (Figure 3.1). If the drug is tethered
using a short-spaced biotin linker, it will position in proximity to the particle protein
surface (inner surface layer), whereas if a long-spaced linker (e.g. a 5kDa PEG) is used,
it will locate at the outer surface layer. Results generated with first and second generation
ANANAS-Hz-Dex formulations administered parenterally”® showed that that a) only
hydrazide-hydrazone (Hz-Hz) but not carbamate hydrazide-hydrazone (Cb-Hz) bonds
allow acid-selective release of the drug; b) the chemical environment surrounding the
dexamethasone-hydrazone link, which depends also on its distance from the NP protein
core, affects the conjugate hydrolytic stability and shorter spacers display longer lasting
drug release profiles; c) the presence of a 6-carbon atom spacer at the ® end of the SkDa
PEG reduces the conjugate solubility and has a negative impact on the polymer ability
to colloid protection; d) the ratio between the number of methoxy- or dexamethasone ®-
ending 5kDa biotin-PEGs at the NP surface affects the NP biodistribution pattern and
the interaction with macrophages: a higher percentage of methoxy-ending PEGs make
the NPs more stealth, while higher amounts of ®-dexamethasone-ending PEGs favor the

interaction with tissue resident macrophages, positive for CD68 staining.
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Keeping the above information in mind, a novel set of short- and long-spaced biotin-
hydrazo-hydrazone (Hz-Hz)-Dex conjugates was designed and synthesized to generate
third generation ANANAS-Dex (Figure 3.1) with optimized features. In the new
conjugates the drug was linked selectively at the carbonyl C3 via a Hz-Hz linker to an
amino-terminating PEO2 spacer (which is more water soluble than the 6-carbon atom as
previously described'®). The PEO2 conjugate was linked via an amide bond either
directly to biotin (compound 6) or to a m-carboxy, a-biotin-5kDa PEG (leading to
compound 7). Selective linkage of the drug at the carbonyl C3 was confirmed by NMR
'H-d6DMSO spectroscopy.t’ The identity and purity (94%) of the products was
confirmed by *H-NMR and Mass Spectrometry (data not shown). The UV-Vis spectra
show the formation of an absorption band with maximum at 300 nm (Figure 3.2), typical
of the dex-Hz conjugates at the drug C3 carbonyl,*® with a molar extinction value of
about 20.000 M cm™ at neutral pH. When purified by flash chromatography (Silica gel
F60), compound 6 elutes as two distinct products, which were initially isolated and
identified as the hydrazone cis/trans isomers. Following characterization, it was
demonstrated that the two isomers have superimposable behavior in aqueous media,

therefore they were used in mixture in all experiments.

A B

0.8+ 0.8+

Wavelength (nm) Wavelenath (nm)

Figure 3.2 UV-Vis Characterization of the biotin-dexamethasone conjugates. A) UV-Vis
spectra of compounds 6 (green full line), 7 (blue, dot-dashed line) and Dex (red, dashed line) at
neutral pH (pH 7.4). B) UV-Vis spectra of compounds 6 (green) and 7 (blue) in acidic pH (HCI
0.1 M) immediately after solution preparation (full lines) and after 3h incubation at 50°C (dashed
lines). Spectra were recorded from solutions at about 3x105 M concentration. The absorption
band at 300 nm in both acidic and neutral solutions indicates the presence of the hydrazone bond;
upon incubation in the acidic solution, the hydrazone-related band disappears yielding the typical
spectrum of free Dex.
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pH dependent release of dexamethasone

The pH-dependent hydrolytic stability of the PEO,-Hz-Dex linker was verified by testing
compound 6 at pH 7.4, 5.0 and 4.0 (Table 3.2). We observed high stability at neutral or
slightly acidic pH (pH 5.0) and slow but sustained drug release at pH 4.0 (6%
hydrolysis/hour), with no difference between the Cis and Trans isomers. Tethering the
short-spaced biotin conjugate to the ANANAS core improved the hydrolytic stability
(about 10 times higher with respect to the free molecule). The results are almost
superimposable to those obtained with a biotin-Hz-Hz-dexamethasone conjugate having
a 5-carbon atom aliphatic spacer instead of the PEO2.!® It was also previously
demonstrated that the presence of the 5kDaPEG between biotin and the C5-Hz-Hz-Dex
bond does not affect the hydrolysis pattern and that the buffering effect exerted by
attachment to core NPs occurs in short-spaced but not in PEG-spaced conjugates.
Therefore, compound 7 was not tested here and it is expected to behave similar to
compound 6 as a free compound, both when free in solution and when tethered to the
NPs.
Compound 6 hydrolysis% /h

PH ‘ free in solution (*) NP-bound
7.4 ‘ n.d. (**) 0.12
5 ‘ 1 0.26

4 ‘ 6 0.59

Table 3.2 Hydrolysis of compound 6 at pH 4.0, 5.0 and 7.4 at 37°C, both as free molecule and
tethered to the NPs. (*) Data for the free molecule are a prevision from an Arrhenius plot
generated from experiments carried out at 50°C, 60°C and 70°C; data for the NP-linked
compound were obtained directly at 37°C (Fig S.4.b); (**) For the duration of the
experimentation (27h @ 50 and 70°C, 48h @ 60°C), the bond was stable at pH 7.4 at all
temperatures tested.

Pre-formulation studies

The ideal formulation should guarantee a) high dexamethasone loading b) slow release
of the active element, and c) colloidal stability. Considering these three requirements,
we carried out a series of pre-formulation experiments to identify the most suitable
composition for later in vivo testing. For maximal drug loading, all of the available BBS

in the NPs should be tethered to a dexamethasone biotin conjugate. In core NPs, 12.5%
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of the total BBS are occupied by biotin-PEG5kDa-methoxy to guarantee colloidal
stability during preparation and freeze drying, and, in principle, the remaining 87.5% are
potentially available for tethering other biotinylated elements. However, considering that
steric factors may hamper the access of large MW biotin conjugates (as the PEG
derivatives),?? and the potential negative effects on colloidal stability exerted by
hydrophobic moieties at the NP surface,® it is fundamental to experimentally assess both
the loading capability for the different biotin conjugates and the colloidal stability of the

functionalized NPs.

In order to optimize the NP Dex loading, we initially quantified the maximal capability
of core NPs for each of the two biotin-Dex conjugates. To this end, core NPs were mixed
with different amounts of either compounds 6 or 7 and the number of unbound
conjugates was quantified by gel permeation chromatography (Figure 3.3).
Concurrently, the colloidal stability of the mixtures was assessed by performing dynamic
light scattering measurements one hour after mixing and 24 h and 48 h later (Figure
3.3D). The maximum capability for the high MW and low MW conjugate was reached
at about 27% or 60% of the total BBS, respectively, confirming that steric hindrance
plays a significant role in dictating NP loading when using bulky biotin conjugates.
Addition of the large PEG conjugate did not affect colloidal stability, while the presence

of the low MW conjugate alone made the system colloidally unstable.

A second set of experiments was carried out by mixing core NPs with both compounds
6 and 7 at 57.5% and 30% of total BBS, respectively. In these conditions, a fraction of
both conjugates remained free in solution (data not shown). Notably, no aggregation was
observed in the mixture indicating that the large PEG conjugate is capable of confer

colloidal stabilization also in the presence of the partially destabilizing compound 6.

Finally, a formulation loaded at 25% BBS with compound 7 and 40% BBS with
compound 6 was tested, showing both full retention of the two biotin conjugates (Figure
3.3C). This formulation was selected for the in vivo experiments. In this formulation,
each NP carries about 870 molecules of dexamethasone which corresponds to 15.8 g
of dex/mg of carrier. A second formulation was also optimized for the biodistribution

studies in which fluorescent biotin-C6-alexa633, necessary for tracking, was added at
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5% BBS coverage to the detriment of compound 6, which was added at 35% BBS
coverage. In this case each NP carries about 800 Dex moieties, corresponding to 14.6 ug
dex/mg of carrier. Based on the composition and the hydrolytic stability of the two
components, we calculated the drug release rate at pH 4.0 from these formulations to be
approximately about 2.7% and 2.5% / h, respectively.
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Figure 3.3 Nanoparticle pre-formulation studies. Gel permeation chromatograms of A) compound 6 and
B) compound 7 as free molecules (dashed, blue or green) and when mixed with ANANAS at theoretical
biotin:BBS ratio of 1:1 (solid, blue or green). The nanoparticles elute at about 8 mL; the peak eluting at 28
mL in panel A corresponds to the free compound 6; the peak eluting at 20mL in panel B corresponds to the
long derivative; C) Gel permeation chromatogram of the final formulation mixture (full line, red) (25% BBS
covered with compound 7 and 40% BBS covered with compound 6) and the free compounds 6 (dashed,
green) and 7 (dashed, blue) analyzed at the same concentration as in the mixture; D) Summary of the
colloidal stability studies: size of the assemblies (50pg/mL in PBS) measured 1h, 24h and 48h after mixing
core NPs as such (NPs) or added of either compound 6 alone (B:BBS = 0.575:1) (NP+6) or compound 7
alone (B:BBS = 0.3:1) (NP+7) or a mixture of compounds 6 (B:BBS= 0.575:1) and 7 (B:BBS = 0.3:1)
(NP+6+7), or a mixture of compounds 6 (B:BBS= 0.35:1) and 7 (B:BBS = 0.25:1) and B-C6-Alexa633
(B:BBS = 0.05:1) (NP-6+7+Fluo).

Routes of administration study in healthy animals

It is widely known how the treatment schedule can profoundly influence their

biodistribution, pharmacokinetics and consequently the interaction between drugs and
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hosts. In that context, the route of administration is a pivotal factor in determining the
drug's therapeutic outcome and toxicity profile. Another important factor is represented
by the presence of a carrier that can increase the stability of the drug, its permanence in
the host and also improve the organ tropism. In a first step, we investigated and compared
the fate of diverse routes of ANANAS-Dex administration in healthy animals in order
to obtain a strong tropism towards lung. By evaluating variations in fluorescence signal
localization and intensity in the ex vivo study, we aim to elucidate the effects of each
administration route and provide critical insights into optimizing the use of intranasal
administration as optimized protocol to obtain a reliable accumulation in pulmonary
tissue.

For fluorescence visualization, a spaced biotin Alexa633 conjugate was added. Animals
were monitored and sacrificed at different timepoints (30°, 4h, 24h and 48h) for the ex
vivo optical imaging analysis. Figure 3.4A shows the NPs’ biodistribution in lungs after
a single i.v. administration in ten-week-old C57BL6/J male mice of given freely Dex or
linked to ANANAS at the dose of 0.167 mg/Kg. Histograms of the ANANAS-related
signal measured by IVIS show a significant accumulation in the lungs at 30 minutes post
treatment and a rapid decrease in the latter timepoints (Fig 3.4B). Figure 3.4C shows the
quantification in off-target organs, indicating a transient signal in brain, spleen and
kidney comparable to the lungs-related signal. Notably, it is observed a strong
accumulation in liver, in particular at 30 minutes and at 4h after administration. NP-
based carriers appear to be highly suitable for liver targeting. Indeed, most NPs display
natural tropism for this filter organ in particular after systemic administration.

To assess the ability of the ANANAS—Dex to selectively release the steroid in the lung,
we performed a pharmacokinetics study to monitor the levels of free drug in plasma and
in the main target organs of healthy mice. It was previously demonstrated that the
hydrazone linker is stable at neutral pH, but the passage and interaction with biological
barriers in the body is more complex than an in vitro condition when exposed to the
saline buffer.'” Therefore, the quantification of the level of Dex is needed in order to
evaluate the drug release in the target organ. Figure 3.4D shows the results of the
pharmacokinetics study carried out in mice treated i.v. with either ANANAS—Dex or the

free drug (0.167 mg/Kg). The free drug penetrates the bloodstream rapidly reaching all
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major tissues, including liver and lungs, and being fully cleared 24 h after administration.
However, when mice are treated with ANANAS-Dex, the free drug was found
exclusively in the liver. Drug levels increased at 4 hours after administration and then
slowly decreased, suggesting that the drug release occurs faster than NP degradation.
One of the main issues when NPs are administered into biological systems is their uptake
by reticuloendothelial system organs such as liver and spleen. Those organs express a
high number of mononuclear phagocytic cells, which sequester NPs immediately after
injection acting as scavengers to eliminate external materials from the bloodstream. The
removal of NPs from the circulation, cause their accumulation in liver.®2* Taken
together these results and considerations, the systemic route of administration is not

optimal for lung targeting.
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Figure 3.4 Ex vivo biodistribution after intravenous administration and pharmacokinetics:
A) Ex vivo optical imaging of excised organs from healthy animals sacrificed 30’, 4h, 24 h and
48 h after vehicle or ANANAS-Dex i.v. administration. Br. = brain, Lu. = lungs, Li. = liver, Sp.
= spleen, Ki. = kidneys. B-C) Histograms related to the quantification of ex vivo optical imaging
signal. Data are reported as mean = SE. The data were analyzed by One-way ANOVA using
Dunnet’s test. *p < 0.1, ***p < (0.001, ****p < 0.0001. D) Levels of free Dex measured in lungs,
plasma and liver from healthy mice. Mice were sacrificed at different time points after i.v.
administration of Dex (grey line) or ANANAS—Dex (blue line) (0.4 mg/kg). Data are reported as
mean + SE. LoQ = Limit of quantitation of the HPLC MS/MS method: liver, 0.45 ng/g; brain,
0.8 ng/g; plasma, 1.2 ng/mL.

ANANAS-Dex biodistribution after intranasal administration

One of the main goals of NPs dependent drug delivery is to increase the tropism toward
the target organ. Despite the lung is a filter organ?, the systemic administration, as
reported above, did not show a strong accumulation and persistent signal in the
pulmonary tissue for the broader range of NPs with a mean diameter from 15 to 250 nm.
In order to improve the tropism to the lung, we hypothesized a more specific and direct
route of administration, exploiting the intranasal instillation (i.n.). The biodistribution of
both Dex and ANANAS—Dex after i.n. administration was first investigated in healthy,
immunocompetent, and specific pathogen-free mice to assess their behaviour in
physiological conditions. Healthy mice after a single i.n. administration of Dex given
freely or linked to ANANAS at the dose of 0.167 mg/Kg were sacrificed at different
timepoints (15°, 30°, 2h, 24h and 48h respectively) for the ex vivo optical imaging
analysis. Figure 3.5A shows the NPs’ biodistribution in lungs after a single i.n.
administration. Histograms of the ANANAS-related signal measured by VIS show the
ability of the NPs to penetrate the lungs rapidly reaching the maximum concentration at
30’ after treatment where it persists for longer than 48h (Fig 3.5B). Figure 3.5C shows
the quantification in off-target organs, indicating a transient signal in brain but much

lower when compared to lungs-related signal.
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Figure 3.5 In vivo biodistribution after intranasal administration: A) Ex vivo optical imaging
of excised organs from healthy animals sacrificed 15°, 30°, 2h, 24 h and 48 h after vehicle or
ANANAS-Dex administration. Br. = brain, Lu. = lungs, Li. = liver, Sp. = spleen, Ki. = kidneys.
B-C) Histograms represent the quantification of ex vivo optical imaging signal. Data are reported
as mean = SE. The data were analyzed by One-way ANOV A using Dunnet’s test. *p <0.1, ***p
<0.001, ****p < 0.0001.

These results suggest that direct nasal instillation, in this experimental condition, allow
a strong accumulation in the pulmonary tissue avoiding spread in off-target organs and
thus drug accumulation. Pulmonary drug delivery is an effective and efficient method
for local effects; high vascularization, large epithelial surface area, high solute exchange
capacity, and thin alveolar absorptive membranes are the factors that make the
pulmonary system an ideal delivery target.?>?® Inhalation, intranasal and intratracheal

treatments are therefore valid routes of administration for lung targeting. Furthermore,
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previous findings have indicated that the intranasal administration of progressively
increasing fluid volumes in anesthetized mice led to a more significant relative
accumulation within the lungs, as opposed to the brain. This suggests that an optimal
delivery volume falls within the range of 35-50 pl.?”?® Once optimized the
nanoformulation instillation protocol and obtained a strong persistent signal in the target
organ, we performed the same experimental plan in a murine model of pulmonary
fibrosis. Since the inflammation process and fibrosis can dramatically affect the organ
architecture, it is important to evaluate the nanoparticles’ biodistribution also in the
presence of a pathological condition. The biodistribution of both Dex and

ANANAS—Dex after i.n. administration was investigated in fibrotic mice.

Fibrosis was induced in ten-week-old C57BL6/J male mice with a single i.n.
administration of BLM at the dose of 5 mg/Kg. Seven days post induction, during the
inflammatory phase, mice were treated with a single i.n. administration of Dex given
freely or linked to ANANAS at the dose of 0.167 mg/Kg were treated. Animals were
monitored and sacrificed at different timepoints (15°, 30°, 2h, 24h and 48h) for the ex
vivo optical imaging analysis. The animal model of PF was obtained after i.n.
administration of BLM, glycopeptide antibiotic and antineoplastic agent that exerts its
effects through the generation of ROS, induction of single and double-strand DNA
breaks and the inhibition of DNA metabolism, thereby disrupting the progression of the
cell cycle and inducing alveolar damage. BLM treated mice show several features of
human PF, including fibrotic lesions, alveolar remodeling and dysregulated lung

function as well as lung infiltration and fibrosis.'*2%3

Figure 3.6A shows the NPs’ biodistribution in lungs after a single i.n. administration.
Histograms of the ANANAS-related signal measured by IVIS show the ability of the
NPs to penetrate the lungs rapidly reaching the maximum concentration at 15’ after
treatment where it persists for longer than 48 h (Fig 3.6B). Figure 3.6C shows the
quantification in off-target organs, indicating a transient signal in brain that rapidly
decrease at 30 minutes. These data suggest that, despite the pathological condition, the
nanoformulations are capable of reaching the lung parenchyma then follow the same fate

after administration, without any accumulation in other filter organs, such as liver and
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spleen. However, the fibrotic animals showed a similar but more rapid decrease in lung
fluorescence signal, indicating that the presence of cellular infiltrates, especially
macrophages, can influence the NPs biodistribution and thus their capture in phagocytic
cells. This is extremely important because it enables ANANAS, and consequently Dex,
to interact with macrophages’ lysosomes where the acidic environment allows the drug
release. Considering all these results, the i.n. administration route can be considered a

valid protocol for the lung targeting also in fibrotic conditions.
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Figure 3.6 In vivo biodistribution after intranasal administration in fibrotic conditions: A)
Ex vivo optical imaging of excised organs from animals sacrificed 15°, 30°, 2h, 24 h and 48 h
after vehicle or ANANAS-Dex administration at 7 days post BLM instillation. Br. = brain, Lu. =
lungs, Li. = liver, Sp. = spleen, Ki. = kidneys. B-C) Histograms represent the quantification of ex
vivo optical imaging signal. Data are reported as mean + SE. The data were analyzed by One-way
ANOVA using Dunnet’s test. **p <0.01, ***p <0.001.
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Intrapulmonar localization of ANANAS—Dex in the lungs of healthy and

fibrotic mice

The respiratory system in its totality is composed of multiple branched tissue systems,
including the airways and blood vessels, and is lined with epithelial cells. In humans, at
the end of a deep inspiration, over 80% of the total volume of the lung is air, and about
10% is blood. Thus, less than 10% is made of “real” tissue. The alveolar region
(parenchyma) of the lung comprises about 90% of its total volume. The remaining non-
parenchyma consists of conducting airways and larger vessels.*> To accomplish
successful respiration, the respiratory tract uses approximately 40 different resident cell
types including epithelial, endothelial, stromal and immune population. In particular,
tissue resident macrophages (alveolar and intestitial) and circulating immune cell types
have important homeostatic, metabolic and repair functions while simultaneously acting
as sentinel phagocytic immune cells, ready to be recruited in response to infection or
injury. Since these cells have significant protective roles, they are involved in important
lung disorders. Indeed, they can secrete several mediators of the inflammatory response
and thus control the early phase of lung inflammation. An aberrant activation of
macrophages can trigger inflammation contributing to both the start of disease and its
progression.t3* To see whether the ANANAS formulations selectively interact with
lung cell types, we used confocal laser microscopy to analyse the pulmonary tissue of
NPs treated mice and evaluate the co-localization using a fluorescent marker for
macrophages (anti-CD68). This experiment was carried out on both healthy and fibrotic
mice models (Figure 3.7), to evaluate if the NPs fate changes in inflamed lungs. The
nanoassemblies were effectively internalized by pulmonary macrophages, and this
selective targeting of ANANAS-Dex remained consistent irrespective of the underlying
pathology. Between 15 minutes and 2 hours post-administration, the red fluorescent
signal associated with ANANAS predominantly diffused within the lung parenchyma,
closely following the alveolar architecture and exhibiting no overlap with the
macrophage marker CD68 (in green). However, between 24 and 48 hours after treatment,
the Alexa633 signal closely coincided with that of macrophages (CD68). While we
cannot entirely rule out the possibility of an initial, transient interaction between the

nanoparticles and other cell populations (e.g., epithelial, endothelial cells), these findings
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strongly suggest that CD68-positive cells play a pivotal role in the sequestration of
ANANAS-Dex. Considering the pH-dependent stability of the hydrazone bond utilized
to link Dex with ANANAS, this co-localization assumes fundamental significance as it
allows the release of the drug from ANANAS. High-resolution images (Figure 3.7 —
right panel) provide a closer view, revealing the localization of ANANAS within the
mature acidic lysosomal compartments of macrophages in both healthy and fibrotic
mice. This observation holds promise as it suggests the potential for drug release in an

in vivo context.

ANANAS-Dex

BLM + ANANAS-Dex

Figure 3.7 Localization of ANANAS—Dex in the lung of healthy and fibrotic mice.
Representative images of the tissue distribution of ANANAS-Dex in lungs 15°, 30°, 2, 24 and 48
h after treatment in healthy (upper panel) and in BLM (lower panel) treated mice. The blue signal
refers to the nuclei (Hoechst 33258 staining), green corresponds to the lysosomal component of
macrophages (CD68 Antibody), red is associated with the alexa633 dye linked to the NPs, yellow
corresponds to co-localized red and green signals. Scale bar=100um. In the right panel,
representative images of confocal microscopy of lungs at 30” and 24h after administration. Scale
bar=10pm
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Dexamethasone levels in Healthy and Fibrotic Models

To evaluate the corticosteroid pulmonary release characteristics of ANANAS-Dex, we
conducted a pharmacokinetics study to monitor the concentrations of free Dex in both
plasma and key target organs of both healthy and fibrotic mice. While the stability of the
hydrazone linker at neutral pH had been established in vitro, the in vivo chemical
environment within the body is considerably more intricate than a saline buffer,
necessitating direct evidence regarding Dex levels within organs.

Figure 3.8 illustrates the outcomes of our pharmacokinetic study in mice, encompassing
both healthy and fibrotic animals, following i.n. administration of ANANAS-Dex or the
free drug (0.167 mg/Kg). The free drug exhibited rapid entry into the bloodstream,
subsequently conforming to the conventional pharmacokinetic profile of Dex (with a
half-life of 1.8—3.5 hours in humans, as per reference.medscape.com). It distributed
throughout major tissues, including the liver and lung, and was entirely eliminated within
24 hours of administration. However, when mice received ANANAS-Dex treatment,
free Dex was predominantly localized within the lung tissue. In healthy mice, drug
release levels initially increase in the hours immediately following administration,
followed by a gradual decline. Remarkably, in the lungs of fibrotic mice, both drug
accumulation and elimination kinetics were notably higher compared to healthy
counterparts. For instance, 24 hours post-administration, the levels of free drug were
tenfold higher in fibrotic animals than in healthy mice. This difference is presumably
attributed to altered metabolism or variations in bioavailability associated with
pathological changes occurring during disease progression, particularly the strong
cellular infiltration and lung architecture remodelling. Moreover, the levels of drug
released by ANANAS nanoparticles persisted at 48 hours post-administration, in
contrast to the free drug and the healthy condition. This sustained drug presence within
the tissue could confer pharmacological advantages by potentially reducing the

frequency of treatments required for patients.
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Figure 3.8 Pharmacokinetics study in filter organs. Levels of free dexamethasone measured
in lung, plasma and liver, after administration of the drug (0.167 mg/kg) as free molecule (grey
line), or formulated in ANANAS-Dex (blue line). Mice (n = 4 for each condition) were sacrificed
at 15 min, 30 min and 2, 24 or 48 h after a single i.n. administration (upper panel) or in BLM
treated mice (lower panel). Free Dex was measured by HPLC MS/MS with limit of quantitation
(LoQ) equal to 0.01 ng/mg for lung and liver, and 0.1 ng/mL for plasma. Data are reported as
mean + SE.

Modulation of inflammatory and profibrotic markers after ANANAS-Dex

treatment

Overall, the results shown above are promising regarding the potential efficacy for the
treatment of lung disorders. However, to gain a proof of this potential effect, an acute
treatment in affected mice has been carried out using the same doses as for
biodistribution study and pharmacokinetics to detect in gene expression analysis any
modifications in inflammatory and fibrotic markers 24 hours after treatment. It has been
evaluated two main inflammatory cytokines, Interleukin 6 (IL-6) and Tumor necrosis
factor a (TNF-a), both involved in the fibrotic process. IL-6 is crucial for the
inflammatory phase and the switch to a reparative environment during the resolution of
wound healing.3* TNF-a is a potent inflammatory cytokine that promote ROS generation
from pulmonary and non-pulmonary tissues.® As illustrated in the figure 3.9A (upper

panel), 7 days after administration of BLM, a notable upregulation of proinflammatory
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cytokines is evident. Treatment with free Dex effectively mitigates the expression of
these cytokines, confirming its anti-inflammatory efficacy. Conversely, under these
experimental conditions, treatment with ANANAS-Dex does not exert a significant
influence on this cytokine expression. This differential behaviour can be attributed to the
immediate availability of free drug to cellular targets, resulting in an anticipated anti-
inflammatory response, in contrast to the slower yet persistent release observed with the
NPs. The impact of these treatments on key fibrotic markers, notably collagen 1al and
fibronectin®3’ pivotal in ECM composition, was also assessed (Figure 3.9A — lower
panel). In this context, an opposite pattern emerges regarding gene expression
modulation. Specifically, free Dex does not exhibit a substantial effect, whereas
treatment with ANANAS-Dex diminishes the expression of both genes. This peculiar
outcome is challenging to elucidate. One hypothesis is the involvement of macrophages,
highly active in wound healing processes, as well as in the clearance of exogenous
materials and tissue surveillance. These diverse roles may potentially hijack
macrophages from releasing profibrotic signals, thereby reducing their contribution to
fibrosis. For a comprehensive assessment of the outcomes regarding the modulation of
gene expression related to inflammation and fibrosis, representative histological lung
sections of hematoxylin and eosin (H&E) and Sirius Red, respectively, are reported in
Figure 3.9B. Collectively, these results hold significance for the evaluation of the
potential therapeutic efficacy in the context of repeated treatments in a murine model of
PF.
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Figure 3.9 Modulation of inflammatory and profibrotic markers in lungs. A) mRNA
expression was evaluated by RT-gPCR in lung of mice treated with dex (0.167 mg/kg) as free
molecule or ANANAS-Dex at day 7 post BLM instillation. Mice (n = 6 for each condition) were
sacrificed at 24 h after a single i.n. administration. Genes were normalized on B-ACT and the
2744C method was employed for relative quantification on an external calibrator. Data are
reported as mean * SE, and were analyzed with one-way ANOVA followed by Dunnets' post hoc
test. Significant differences compared to the untreated group (CTR) are reported, * P < 0.1, **P
< 0.01, ***P < 0.001, ****P<0.0001. B) Representative images of H&E (upper panel), Sirius
Red staining (middle panel) and Ibal (lower panel) of lungs from untreated healthy animals
(CTR) or treated with BLM alone (post 7 days), or with Dex or ANANAS-Dex and sacrificed 24
h after treatments. Scale bar= 100 pm.
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3.4 Concluding remarks

Lung disorders represent a substantial burden for world human health. Respiratory
diseases worldwide are among the leading causes of mortality. According to the World
Health Organization (WHO), in the 28 European nations, they are responsible for
approximately 660,000 deaths and lead to at least 6 million hospital admissions annually.
Despite extensive research efforts, no effective treatment currently exists to arrest or
reverse disease progression and improve clinical outcomes. This study emerged from the
pressing need to explore alternative approaches for treating pulmonary fibrotic disorders,
with a particular focus on determining the optimal administration route for lung dosing.
In this context, the use of nanocarriers as delivery systems holds significant promise.
The effectiveness of nanomedicine relies on the precise control of nanomaterials'
chemical and physical properties, allowing the design of nanoparticles that respond to
specific stimuli to enhance drug release, thereby improving therapeutic outcomes while
minimizing off-target toxicity. Dexamethasone-loaded Avidin-Nucleic Acid
Nanoassemblies (ANANAS-Dex) offer a promising drug delivery system for pulmonary
fibrosis. These biodegradable, biocompatible nanoparticles exhibit low immunogenicity
and possess unique attributes, offering potential applications in diagnostics and
therapeutics. The choice of administration route plays a crucial role in determining how
compounds, including nanoparticles, distribute throughout the body. To enhance lung
targeting, we explored various routes for ANANAS-Dex administration in healthy mice.
Systemic injection did not result in significant pulmonary accumulation due to
phagocytic clearance. In contrast, intranasal instillation, a more direct route, showed
excellent lung delivery in both healthy and fibrotic mice. In the presence of pathological
conditions, such as inflammation and fibrosis, it's crucial to assess NPs' biodistribution.
ANANAS-Dex effectively reached the lung parenchyma while avoiding off-target
organs. Cellular infiltrates, particularly macrophages, played a crucial role in influencing
the biodistribution and drug release profiles of the nanoparticles. Histological analysis
confirmed efficient internalization of nanoparticles by pulmonary macrophages,
enabling them to interact with lysosomes, facilitating drug release. Importantly, free Dex
levels in fibrotic mice were tenfold higher, likely due to variations in bioavailability

during disease progression. Notably, no dexamethasone signal was detected in mouse
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plasma following nanoformulation administration, reducing the need for frequent
treatments and off-target accumulation. Furthermore, a possible therapeutic effect was
evaluated in a positive modulation in fibrotic markers. Although ANANAS-Dex did not
significantly affect pro-inflammatory cytokine expression, it did reduce fibrotic gene
expression, such as collagen 1al and fibronectin, in an acute treatment of affected mice.
The exact reasons for these outcomes necessitate further investigation. However, these
findings have significant implications for assessing the potential anti-fibrotic efficacy in
a murine model of pulmonary fibrosis, suggesting a potential path toward clinical

translation.

The present study is limited to an acute treatment, but several endpoints could be
explored in future studies to test the efficacy of a chronic therapy. The precise control of
physicochemical parameters achieved through high-affinity interactions that drive
functional assembly formation holds promise for future translation from preclinical to
clinical applications. These results can be translate into an inhaled nanoparticulate
therapy that holds great potential for treating diseases that require direct lung delivery
with reduced drug dosage and dosing frequency, leading to fewer systemic side effects

and improved patient compliance.
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Abstract

Nanodecoy systems based on analogues of viral cellular receptors assembled onto fluid
lipid-based membranes of nano/extravescicles are potential new tools to complement
classic therapeutic or preventive antiviral approaches. The need for lipid-based
membranes for transmembrane receptor anchorage may pose technical challenges along
industrial translation, calling for alternative geometries for receptor multimerization.
Here we developed a semisynthetic self-assembling SARS-CoV-2 nanodecoy by
multimerizing the biotin labelled virus cell receptor -ACE2-ectodomain onto a poly-
avidin nanoparticle (NP) based on the Avidin-Nucleic-Acid-NanoASsembly-ANANAS.
The ability of the assembly to prevent SARS-CoV-2 infection in human lung cells and
the affinity of the ACE2:viral receptor-binding domain (RBD) interaction were
measured at different ACE2:NP ratios. At ACE2:NP=30, 90% SARS-CoV-2 infection
inhibition at ACE2 nanomolar concentration was registered on both Wuhan and
Omicron variants, with ten-fold higher potency than the monomeric protein. Lower and
higher ACE2 densities were less efficient suggesting that functional recognition between
multi-ligand NPs and multi-receptor virus surfaces requires optimal geometrical
relationships. In vivo studies in mice showed that the biodistribution and safety profiles
of the nanodecoy are potentially suitable for preventing viral infection upon nasal
instillation. Viral receptor multimerization using ANANAS is a convenient process

which, in principle, could be rapidly adapted to counteract also other viral infections.
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4.1 Introduction

In the context of the fight against viral infections, "decoy" systems based on the use of
analogues of viral cellular receptors? as single molecules or assembled onto fluid lipid-
based membrane nanoparticles represent new tools potentially capable of
complementing classic therapeutic or preventive approaches based on antibodies,
hyperimmune sera and vaccines. Decoy systems are designed to act as “baits” for the
virus capable of diverting it from its target cells and blocking it before it infects them.
Compared to the preventive/treatment options currently available in the clinic, major
advantage of these systems stems from the fact that their efficacy is not affected by viral

mutations.

During the recent COVID-19 pandemic, the decoy concept, whose efficacy has been
initially demonstrated against the influenza virus? and HIV? has also been suggested to
develop new tools against SARS-CoV-2.

SARS-CoV-2 infection is triggered by the binding of its envelope - Spike (S”) - protein
to the cell target membrane angiotensin-converting enzyme 2 (ACE2).34 S* Protein—
ACE?2 binding allows viral attachment to cells, which is followed by viral S-protein
priming by the TMRSS2 protease, membrane fusion, and viral entry.® The interaction
with ACE2 is also responsible for increased angiotensin Il levels and activation of the
renin-angiotensin system, which further increases ACE-2 expression® and plays a critical

role in the severe acute lung injury induced by SARS-CoV viruses.

Decoy strategies against SARS-CoV-2 infection tackle the S’-protein/ACE2 interaction
using ACE2 analogues as baits for the virus. It was shown that a recombinant soluble
version of the ACE2 receptor (rh-s-ACE2) is capable to inhibit SARS-CoV-2 infection
in a concentration dependent manner® both in vitro and in clinical studies in a small
number of patients.” Following these landmark results, other ACE2-based viral decoy
systems have been proposed towards higher efficacy, either by inducing in vivo transient
rh-s-ACE2 mucosal expression by means of mRNA lipid-based nanoparticles® or by
engineering rh-s-ACE2 towards higher affinity for the S’ protein.®*! In addition, ACE2-
based nanodecoy systems based on membrane-anchored ACE2 membrane vesicles have

also been investigated'? ¢ showing high efficacy, likely due to the synergistic effect of
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multiple ACE2 units present at the vesicle membrane. However, despite the great
potentials demonstrated by these ACE2-carrying nano/extra vesicles, their clinical
translation may be hampered by the complexity in their production standardization.
Therefore, alternative synthetic or semisynthetic tools for ACE2 nano-multimerization
that reproduce the synergistic effect observed with the nano/extra vesicles, may

markedly accelerate the clinical translation of this therapeutic strategy.

In this context a semisynthetic convenient tool for protein multimerization is the Avidin-
Nucleic-Acid-Nano-ASsembly (ANANAS) platform. ANANAS are nanosized ( @ =
120 nm) colloidally stable poly-avidin toroids generated from the condensation of a non-
coding nucleic acid (NA) filament by the high-affinity interaction with egg-white
avidin.t"1® ANANAS can be decorated at their surface, in one pot solution with up to
1000 functionalities (provided that these can be biotinylated) at stoichiometric control
thanks to their intact biotin-binding capability and the high affinity for biotin ligands (Kd
10715 M1).2° Decoration occurs by simply mixing with biotinylated functional elements
at desired biotin:biotin binding sites (BBS) molar ratios and if neither the BBS become
saturated nor the surface area available is exceeded,*®® no purification is necessary. If
these two requirements are fulfilled, an infinite number of surface composition
combinations can be conveniently generated and screened so that, in principle, selection

of the best performing composition is facilitated.

Successful application of this platform has been demonstrated in in vitro and in vivo
diagnostics?>?2 and in drug delivery.?2* Thanks to the tolerogenic property of avidin,?>2
these nanocarriers show no toxicity and poor immunogenicity even after multiple
administration in mice for up to 30 days.?* When administered parenterally they circulate
freely in the bloodstream for more than 6 h and are later captured by scavenging organs
such as liver and spleen, from which they are degraded within 48 h. An additional
property that makes them suitable for pharmaceutical development is their highly

defined composition which makes them suitable for scaling up studies.

In this work ANANAS were used as scaffold to generate multimerized ACE2
ectodomain to improve the avidity for the SARS-CoV-2 S’ protein with the ultimate goal
of preventing SARS-CoV-2 cell invasion. To this end, a monomeric biotin derivative of

ACE2 ectodomain was optimized by recombinant DNA technologies. ACE2:NP
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assemblies were generated at different ACE2-biotin:NP molar ratios and compared for
size and affinity for the viral S” protein RBD of both the Wuhan and the new variant of
concern Omicron (BA.1) which emerged later on and became dominant worldwide.?"?
The ability to prevent SARS-Cov-2 infection of the two variants in human lung cells was
also tested as a function of ACE2 density at nanoparticle surface and compared to that
of the monomeric rh-sACE2-biotin. In vivo preliminary biodistribution and toxicity
studies in healthy mice were then performed to assess the possibility of nasal

administration.

4.2 Materials and Methods

ANANAS core nanoparticles were obtained in freeze dried form as described elsewhere
using avidin from e.protein Belgium) and biotin-PEG5kDa (Laysan Bio) for colloidal
protection®’; Biotin-diaminohexanamido-Alexa633 (biotin-C6-Alexa633) was obtained
in the lab according to published procedures;?? biotin-HRP (code BH-0101) and ELISA
Dilution buffer (DB) were from ANANAS nanotech (Padova, Italy). SARS-CoV-2
(COVID-19) Spike RBD (RBD) Wuhan-Hi-1 variant was produced recombinantly as
described elsewhere;? RBD B.1.1.7 / Alpha (English), and B.1.617.1 / Kappa (Indian)

variants were purchased from Genetex (Irvine, California, USA).

e Cell culture and virus

Vero E6 (ATCC® CRL-1586TM) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Thermo Fisher Scientific), Calu-3 cells (ATCC®, HB-55) were
maintained in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-
12, Thermo Fisher Scientific). Media were supplemented with 10% (v/v) fetal bovine
serum (FBS, Thermo Fisher Scientific) and penicillin/streptomicin (Thermo Fisher
Scientific). Cell cultures were maintained at 37°C and 5% CO, in humidified atmosphere
and routinely tested for mycoplasma contamination. For seeding and subcultivation,
cells were first washed with phosphate buffered saline (PBS) and then incubated in the
presence of trypsin/EDTA solution (Gibco, Thermo Fisher Scientific) until cells
detached.
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The SARS-CoV-2 Wuhan isolate SARS-CoV-2/human/ITA/CLIMVIB2/2020 was
provided by the Virology Unit of Ospedale Luigi Sacco (GenBank accession ON062195
MWO000351.1) (Milan, Italy). The SARS-CoV-2 UK and Delta isolates Human nCoV19
isolate/England/MI1G457/2020 and hCoV-19/Netherlands/NH-RIVM-27142/2021 P2,
respectively, were supplied by the European Virus Archive goes Global (EVAQ)
platform. The SARS-CoV-2 Omicron variant was provided by the Microbiology Unit of
the University-Hospital of Padova (Padova, Italy), and previously described (GenBank
accession ON062195). All viral stocks were prepared by propagation in Vero E6 cells
in DMEM supplemented with 2% FBS. Viral titre was assessed by plaque reduction
assay (PRA) and expressed as plague forming units (PFU) per milliliter (ml). All
experiments involving live SARS-CoV-2 were performed in compliance with the Italian
Ministry of Health guidelines for Biosafety Level 3 (BSL-3) containment procedures in
the approved laboratories of the Molecular Medicine Department of University of
Padova.

e Molecular cloning

The sequence encoding for human ACE2 ectodomain (Uniprot Q9BYF1 residues 18-
615) was amplified from a pCEP4-myc-ACE2 (Addgene plasmid # 141185)% using
polymerase chain reaction with oligonucleotides Bcll-ACE2-Fw
(aaaatgatcaTCCACCATTGAGGAACAGGCC) and ACE2-Notl-Rv
(aaaagcggccgcGTCTGCATATGGACTCCAGTC). The resulting sequence was
processed with 5’-Bcll and 3°-Notl restriction endonucleases for subsequent transfer into
a modified pUPE.107.03-BAP (U-Protein Express BV) expression vector bearing a C-
terminal 6xHis-tag followed by a Biotin Acceptor Peptide (BAP) sequence
(GLNDIFEAQKIEWHE??). All sequences underwent checking for their correctness
using Sanger sequencing (Microsynth). The plasmid used for in vivo biotinylation,
encompassing the E. coli BirA sequence (UniProt P06709) followed by a KDEL
sequence for retention in the endoplasmic reticulum (pUPE.107.03-BirA-KDEL) was a
kind gift from U-Protein Express B.V.

¢ Recombinant production of hACE2 ectodomain fragments
Recombinant hACE2 ectodomain (rh-s-ACE2) was produced using HEK293-F cells

(Invitrogen) cultivated in suspension using Freestyle medium (Invitrogen) as
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described.* Briefly, cells were co-transfected at a cell density of 1 million mL™" using
1.0 pg of pUPE.107.03-BAP-hACE2and 3 pg of polyethyleneimine (PEI; Polysciences).
For in vivo biotinylation, a DNA mixture composed of 0.2 ug of pUPE.107.03-BAP-
hACE2 and 0.2 pg of pUPE.107.03-BirA-KDEL was used. All cultures were
supplemented with 0.6% Primatone RL (Merck) 4 h after transfection. The cell media
containing secreted proteins were collected 6 days after transfection by centrifugation at
1000 x g for 15 min. The pH and ionic strength of the filtered medium were adjusted
using concentrated phosphate buffer saline (PBS). Samples were loaded onto a 5 mL
His-Trap Excel column (Cytiva) using a peristaltic pump and then eluted with a 0-250
mM imidazole gradient using a NGC fast protein liquid chromatography (FPLC) system
(Bio-Rad). lodoacetamide treatment to generate either rh-s-ACE2i or rh-s-ACEZ2i-biotin
was performed on the eluted samples (rh-s-ACE2 or rh-s-ACE2-biotin, respectively)
through incubation with 25 mM iodoacetamide (Merck) for 1 hour to block the reactivity
of free cysteine residues, followed by concentration with concomitant buffer exchange
with fresh PBS to remove imidazole using Amicon centrifugal filters (Merck). All
samples were concentrated to 1 mg mL ™!, flash-frozen in liquid nitrogen and kept at -80

°C until usage.

e Recombinant protein QC prior to usage
Quality control during protein purification was carried out using reducing and non-
reducing SDS-PAGE analysis and differential scanning fluorimetry (DSF) with a Tycho
NT.6 instrument (Nanotemper). Evaluation of effective biotinylation was assessed
through western blotting using HRP-conjugated streptavidin (Merck). For detection, the
membranes were incubated with Clarity ECL substrate (Bio-Rad) and imaged in a
ChemidocMP imaging system (Bio-Rad). Image processing and densitometry analyses

were carried out using the Image Lab software (Bio-Rad).

e rh-s-ACE2i-biotin:ANANAS assemblies
Non-functionalized ANANAS “core” assemblies were obtained in freeze-dried form
according to optimized procedures published elsewhere.'” For ACE2 decoration, core
nanoparticles were re-dissolved at 0.1-1 mg/mL in 10 mM phosphate, pH 7.4 + 0.0125%
tween20, and mixed with rh-s-ACE2i-biotin or ANANAS Diluent Buffer (DB,

ANANAS nanotech S.r.l., Padova,ltaly) at predetermined molar ratios. Assembly size
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was determined by dynamic light scattering (DLS) using a Malvern Ultrasizer apparatus.
To quantify the nanoparticle loading capacity for rh-s-ACE2-biotin, assembly solutions
generated at ACE2:NP molar ratios between 30 and 90 were analyzed by gel permeation
chromatography using a fast protein liquid chromatography system (FPLC, Akta
purifier, GE). Samples were eluted (1mL/min) using PBS in a Superose 6 prep® medium
(Tricorn®10/300 column) which allows to separate NP-associated rh-s-ACE2-biotin

from the one in solution.

o Affinity of rh-s-ACE2i-biotin for SARS-CoV-2 RBD
The affinity of rh-s-ACE2i-biotin (as free molecule or assembled onto ANANAS) for
the different SARS-CoV-2 RBD variants was tested by Enzyme Linked ImmunoSorbed
Assay (ELISA). Briefly, Nunc® Maxisorp 96-well plates were conditioned by overnight
(4°C) incubation with the RBD (0.2 pg/ml) in 50 mM carbonate buffer pH 9.5. After
blocking for 30 minutes with 3% BSA in 10 mM phosphate, 150 mM NaCl, pH 7.4 +
0.05% tween20 (PBST), wells were incubated for 2h at room temperature (RT) with
serial dilutions of rh-s-ACE2i-biotin from 0.625 to 3.18x10° pg/mL (between 9x10°°
and 3.5x10'M) in DB. When testing rh-s-ACE2-biotin as free molecule in solution,
detection was carried out after incubation with avidin-HRP (Sigma-Aldrich, 1pg/mL in
DB, 45 min, RT), followed by reaction with 100 pL of tetramethylbenzidine (TMB,
SureBlue Reserve, KPL immunoassays Reagents, Gaithersburg, MD USA) and blocking
with 100 pL of 1M H.SO4. When testing the protein assembled with ANANAS or mixed
with avidin, detection was carried out after incubation with biotin-HRP (1ug/mL in DB,
45 min, RT) followed by TMB detection as above. To determine the experimental
dissociation constants (Kds), the plots of absorbance at 450 nm versus rh-s-ACE2-biotin
concentration were fitted by the Graphpad-Prism® software using the One site - Specific
binding algorithm.
e Transmission Electron microscopy (TEM)

Solutions (in 10 mM HEPES buffer, pH 7.4) of ANANAS, ANANAS-ACE2-30, and
SARS-CoV-2 (Wuhan variant) - as such, or preincubated (10’ in ice) with ANANAS or
ANANAS-ACE2-R30 - were fixed with 4% PFA (in ice) for 60 min, and one drop (50
ML) was placed on a 400-mesh holey-film grid for 10 min. After washing with PBS,

samples were stained with 1% uranyl acetate for 2 min and washed with PBS. Finally,
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biotin functionalized gold nanoparticles (5nm) (Thermofisher-AlphaAesar) (dilution
1:5000) in water were added for ANANAS staining. Samples were observed with a
Tecnai G2 (FEI; Thermo Fisher Scientific, Waltham, MA, USA) transmission electron
microscope operating at 100 kV. Images were captured with a Veleta (Olympus Soft
Imaging System; Miinster, Germany) digital camera. The initial viral titer in all spotted
solutions was 2.8x10° PFU/ul. Mixtures with ANANAS or ANANAS-ACE2-30 were
generated a NP:PFU molar ratio = 100.

e Antiviral assays
Calu-3 cells (2.75x10* cells/well) were seeded in 96 well plates 24 h prior to infection.
The cell culture medium was removed and replaced with virus inoculum (MOI of 0.1
PFU/cell), previously incubated with rh-s-ACEZ2i-biotin in solution or assembled onto
ANANAS at ACE2:NP molar ratio equal to 0 (ANANAS), 15 (ACE2:NP-R15), 30
(ACE2:NP-R30) or 60 ACE2:NP-R60, or with vehicle (DB). Following 1 h adsorption
at 37 °C, the virus inoculum was removed and replaced with fresh 10% FBS DMEM/F-
12 media. Cells were incubated at 37 °C for 30 h before supernatants were harvested.

The viral titer (expressed as PFU/ml) was calculated by PRA in Vero EG6 cells.

e SARS-CoV-2 titration by plague reduction assay (PRA)

Vero E6 cells were seeded in 24-well plates at a concentration of 9 x 10* cells/well. The
following day, serial dilutions of the viral stocks or of the tested supernatants were
performed in serum-free DMEM media. After 1 h absorption at 37 °C, 2x overlay media
was added to the inoculum to give a final concentration of 2% (v/v) FBS/DMEM media
and 0.6% (v/v) methylcellulose (Merck Life science, Cat: M0512) to achieve a semi-
solid overlay. Samples were incubated at 37°C for 48 h next fixed using 5%
Formaldehyde in PBS (Merck Life Science, Cat: 252549). Plaques were visualized using
Crystal Violet solution (20% Ethanol, Merck Life science, Cat: C6158).

e Cytotoxicity
The cytotoxicity of the tested ANANAS nanoparticles was assessed and expressed as
cytotoxic concentration (CCso). Calu-3 cells (2.75x10* cells/well) were seeded in 96 well
plates and the tested nanoparticles or an equal volume of vehicle (Diluent Buffer,
ANANAS Nanotech S.r.l., Padova, IT) were supplemented to the medium. ANANAS

nanoparticles were incubated for 48 h and cell viability was determined by measuring
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the adenosine triphosphate (ATP) content of the cells using the ATPlite Kkit
(PerkinElmer, Waltham, MA, Cat: 6016941) according to the manufacturer’s

instructions. CCso values were calculated using the Reed and Muench method.*

e Animals
The “Mario Negri” Institute for Pharmacological Research IRCCS adheres to the
principles set out in the following laws, regulations, and policies governing the care and
use of laboratory animals: Italian Governing Law (D.lgs 26/2014; Authorization no. 19/
2008-A issued March 6, 2008 by Ministry of Health); Mario Negri Institutional
Regulations and Policies providing internal authorization for persons conducting animal
experiments (Quality Management System Certificate, UNI EN ISO 9001:2015, Reg.
No. 6121); the NIH Guide for the Care and Use of Laboratory Animals (2011 edition),
and EU directives and guidelines (EEC Council Directive 2010/63/UE). This work was
reviewed by the IRCCS-IRFMN Animal Care and Use Committee (IACUC) and then
approved by the Italian “Istituto Superiore di Sanita” (code: 49/2021-PR). Eight-week-
old female CD1 mice were maintained under specific pathogen-free conditions in the
Institute's Animal Care Facilities; they received food and water ad libitum and were
regularly checked by a veterinarian who is responsible for animal welfare supervision

and experimental protocol review.

e Biodistribution in vivo
Mice were anesthetized with medetomidine (Domitor®) at a dose of 0,4 mg/kg b.w. and
ketamine (Lobotor®) at a dose of 36 mg/kg injected intraperitoneally. Nanoformulations
(ACE2:NP-R30 or core ANANAS -ANANAS) or vehicle was administered intranasally
with a micropipette (25 pl per nostril with a total volume of 50 pl). Animals were
allowed to recover immediately afterwards (Antisedan® - 0,8 mg/kg intraperitoneally).
A total of 27 CD1 animals were used. Twelve mice were treated with 51,6 pug of
NPs/mouse (2 mg/kg) of ANANAS and twelve mice with ACE2:NP-R30 51,6 ug of
NPs/mouse (2 mg/kg) loaded with 0.2 mg/kg of ACE2 (5 pg rh-s-ACE2i-biotin/dose).
The remaining three mice were treated with PBS and were used as controls. At the end
of the study, mice were euthanized 15 min, 2, 24, and 72 h after treatment with cervical

dislocation. Liver, kidney, spleen and lungs were collected and scanned for ex vivo
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imaging. Spectral unmixing, image processing and analysis were done using Living

Image 4.3.1 software (PerkinElmer).

e Tissue Collection and Histological Analysis
For immunofluorescence analysis, at the moment of sacrifice, lungs were collected,
frozen in dry ice and stored at -80°C until immunofluorescence staining. Cryostat
sections were cut at 20 um and mounted on glass slides. Slides postfixed in 10% formalin
(Bioptica) for 20 minutes, washed three times in phosphate-buffered saline (PBS) for 5
min and incubated for 1 h with a blocking solution (PBS-NGS 10%-Triton X-100 0.1%)
then washed again with PBS. For subcellular localization, the antibody anti-CD68
(specific for lysosome and endosome membranes of macrophages) was employed as
follows: primary monoclonal rat antibody anti-CD68 (1:200, Serotec, Kidlington, UK)
+ Triton X-100 0.1% + NGS 3% in PBS O/N at 4 °C. For PEG staining: primary
monoclonal rabbit antibody anti-Polyethylene glycol (PEG) (1:165, Abcam RabMab
ab51257) + Triton X-100 0.1% + NGS 3% in PBS O/N at 4 °C. After washing with 1X
PBS, the slides were incubated with the Alexa488 conjugated secondary antibody (1:
500, Invitrogen) for 1 hour at room temperature in 1% 1X-NGS PBS solution. After this
step, the slides were incubated with the Hoechst nuclear marker 33258 (2 pg / mL in 1X
PBS, Sigma Aldrich) for 10 minutes. Fluoromount Aqueous Mounting Medium (Sigma
Aldrich) was used for mounting with cover glass in order to preserve the tissue for long
periods and prevent the decay of the fluorescence. Sections were visualised through
Olympus virtual slide microscope VS120 (Olympus, Japan). For confocal microscopy
analysis, samples were acquired using Nikon Al Confocal microscopes and
pseudocolored (blue for Hoechst 33258, green for alexa488 and red for alexa633). For
the histological evaluation, lungs were removed from treated animals at different
timepoints (15 min, 2, 24 and 72 h) and fixed overnight in 10% formalin (Bioptica, Italy).
Tissue were processed for paraffin embedding, cut with Leica RM55 microtome (Leica
Microsystem, Italy) into 4 pm-thick sections and dried into the oven at 37°C overnight.
Slices were deparaffinised in xylene and rehydrated through a series of alcohols to water.
Hematoxylin-Eosin (BioOptica) staining method was used to investigate lung and

kidney injury. Samples were dehydrated through an alcohol scale, dried under the hood
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and mounted with xylene-based mounting medium (DPX, Sigma). Sections were

visualised Olympus virtual slide microscope VS120 (Olympus, Japan).

e Cytokines measurements
Serum levels of IL-10, INF-y and TNF-a were measured using commercially available
AlphaLISA kits (#AL502C, #AL593C, #AL541C), as described by the manufacturer
(Perkin Elmer). AlphaLISA signals were measured using an Ensight Multimode Plate
Reader (PerkinElmer).

4.3 Results and Discussion

Optimizing biotinilation of rh-s-ACE2 ectodomain

The preparation of semi-synthetic multi-assemblies requires the use of components with
defined and reproducible properties. In particular, multi-assembly using the poly-avidin
ANANAS core necessitates the use of biotinylated ligands. Preliminary studies were
carried out to identify the best strategy for obtaining a recombinant human soluble ACE2
(ACE2 ectodomain, rh-s-ACE2) biotin derivative with suitable properties for ANANAS
tethering. SDS-PAGE and gel filtration chromatography analysis (Figure 4.1A and D)
highlighted the tendency of the recombinant ACE2 ectodomain to
multimerize/aggregate secondary to SS bond formation. In fact, while freshly prepared
rh-s-ACE2 elutes in gel permeation chromatography as a single peak at about 17 mL
retention volume, a second peak at lower retention appears after 24h storage at 4°C.
SDS-PAGE electrophoresis of the same sample showed the presence of large MW
aggregates, which reverted to the expected MW upon reductive treatment. Rh-s-ACE2
not only had the tendency to aggregate but also was found difficult to biotinylate through
classic bioconjugation tools. In fact, the product of reaction with 10 equivalents of a
biotin-N-hydroxy succinimide ester derivative was not retained by the ANANAS core.
A thiol-capped rh-s-ACE2 derivative was thus generated by S-iodoacetamide reaction
of cysteines. The resulting protein (rh-s-ACEZ2i) lost the tendency to aggregate but, again,
it was difficult to biotinylate by classic bioconjugation procedures, as less than 10 % of
the product of biotin conjugation was retained by the nanoparticles (Figure 4.1B).

Finally, a S-iodacetamide-capped biotin derivative (rh-s-ACEZ2i-biotin) was obtained by
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inserting the biotin acceptor peptide (BAP) tag (also known as AV tag) after the His-
tag (AAAHHHHHH-MS-GLNDIFEAQKIEWHE)®** at the protein C terminal using
recombinant DNA technologies. Usage of BAP tagging for localized protein
biotinylation is well established. This process typically relies on in vitro treatment of
purified BAP-tagged proteins with soluble E. coli BirA enzyme, which specifically
recognizes the BAP sequence attaching biotin to the free amino group found on the side
chain of the lysine residue. To minimize sample handling and ensure homogeneity, we
have relied on the possibility of applying the same strategy directly inside transfected
cells®, by co-transfecting HEK293-F cells with a plasmid encoding for rh-s-ACE2-BAP
and a second plasmid containing E. coli BirA preceded by a Cystatin signal peptide and
fused to a C-terminal retention signal for the endoplasmic reticulum. The resulting
product was stable against aggregation and was efficiently biotinylated, as demonstrated
by its ability to be completely retained by ANANAS (Figure 4.1C).
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Figure 4.1 Gel permeation chromatograms and SDS-Page analysis of different rh-s-ACE2
products. A) rh-s-ACE2, B) rh-s-ACE2i and C) rh-s-ACEZ2i-biotin, as prepared (full line) and
after 24 h storage at 4°C in PBS buffer (dashed lines). Rh-s-ACEi reacted with biotin-C6-NHS
and rh-s-ACE2i-biotin were also analyzed after mixing with ANANAS (ACE2:NP = 30
mole:mole) (dash-dot lines). Only if biotinylated the protein binds to ANANAS and elutes
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together with the nanoparticle fraction with a retention volume of about 8 mL; D) SDS-PAGE
(4-15%) analysis of the different rh-s-ACE2 products after 24 h storage at 4°C, conducted in
reducing (R) and non-reducing (NR) conditions. The expected protein (MW ~ 69500 Da) displays
a band at around 70 kDa. The high MW smeared signal in the NR rh-s-ACE2 sample corresponds
to protein multimers, which are reverted to the expected monomeric protein by the reducing (R)
treatment.

ACE:ANANAS pre-formulation

Pre-formulation studies were carried out to quantify the loading capability of the NPs
for rh-s-ACE2i-biotin and to assess the colloidal stability of the multimerized system as
a function of ACE2 density at the NP surface. To assess the NP capability for rh-s-
ACE2i-biotin, the protein was mixed with ANANAS at molar ratios varying between
15-120. Mixtures were analyzed by dynamic light scattering (DLS) and gel permeation
chromatography to evaluate the size of the assemblies and the amount of NP-
bound/unbound rh-s-ACE2-biotin, respectively. In addition, 3-potential measurements
were carried to measure the effect of ACE2 loading onto the NP surface charge. Core
nanoparticles displayed a size of about 114 nm and a rise in size up to about a maximum
of 128 nm was observed by increasing the ACE2:NP in solution (Figure 4.2A). This
increment is compatible with the build-up of a ~7 nm monolayer of rh-s-ACE2 around
core nanoparticles, in line with the protein dimensions registered by X-ray
crystallography.®® NP size increase was proportional to the amount of rh-s-ACEZ2i-biotin
in solution up to ACE2:NP ratio = 30; no further size increment was registered at higher
molar ratios. On the other hand, 3%-potential measurements and gel permeation
chromatography (Figure 4.2B) collectively indicate that the NP capacity for rh-s-ACE2i-
biotin is greater than 30. In fact, while NPs display (in PBS) a neutral to slightly negative
surface charge (-15.43 mV), the 3-potential becomes systematically less negative as the
ACEZ2:NP ratio increases, reaching a plateau at 60 ACE2:NP. In line with these data, gel
permeation chromatograms of mixtures obtained at increasing ACE2:NP ratio reveal that
the number of rh-s-ACEZ2i-biotin units bound/NP is 30, 53 and 71 at ACE2:NP ratios in
solution of 30, 60, or 90, respectively (Fig. 4.2C and D). Overall, these data demonstrate
that a maximum nanoparticle capacity for rh-s-ACEZ2i-biotin between 60 and 90,

consistent with what previously found with biotin ligands of similar molecular weight.*°
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Figure 4.2 Pre-formulation studies. A) Size of rh-s-ACE2i-biotin:ANANAS assemblies at
ACE2:NP molar ratio in solution between 15 and 120; B) Assemblies Z-potential as a function
of rh-s-ACE2i-biotin:NP molar ratio in solution mixture. Values were measured in PBS buffer,
where core ANANAS exhibit a slightly negative value of -15.43 mV; C) Gel permeation
chromatograms of rh-s-ACE2i-biotin (5 pg/run) as such or when mixed with ANANAS at molar
ratios ACE2:NP equal to 30, 60 and 90. The peak at retention volume of about 17 mL corresponds
to the free protein, the peak at 8 mL corresponds to the nanoassembly; D) Number of rh-s-ACE2i-
biotin molecules linked onto the NPs as a function of the ratio of ACE2i-biotin:NP in solution
mixtures. Values were calculated from the chromatograms of panel C by comparing the areas of
the rh-s-ACE2i-biotin peak in the assembly mixtures with that of the protein in the absence of the
nanoparticles.

The affinity of rh-s-ACE2i-biotin for SARS-CoV-2 RBD is affected by its
multimerization onto the ANANAS core

We investigated if and how the multimerization of ACE2 on the nanoparticles and the
density of its packing affect its ability to recognize the Spike protein RBD. To this end,
the interaction between rh-s-ACEZ2i-biotin and RBD was studied using an ELISA assay
in which plate-immobilized RBD (Wuhan and Omicron: BA.1) was incubated with serial
dilutions of rh-sACEZ2i-biotin in either monomeric form - as such or complexed with
avidin (ACE2:avi =1:1 mole:mole) - or multimerized onto ANANAS at different surface
densities. Assemblies were tested at up to a maximum of 60 molecules/NP (ACE2:NP =
15, 30 and 60 mole:mole — ACE2:NP-R15, ACE2:NP-R30, ACE2:NP-R60), namely the
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highest molar ratio in solution which led to almost quantitative loading of the soluble
protein onto the NP so that no need for purification to remove the unbound fraction was
necessary prior to testing. The results (Figure 4.3) showed that, despite the presence of
the C-terminal biotin tag and iodoacetamide thiol capping, rh-s-ACEZ2i-biotin maintains
high affinity for RBD. The dissociation constants were in the nanomolar range (Wuhan:
Kd = 1.34x10°M, Omicron Kd = 6.57 x10°M) in agreement with the literature.®’
Despite the documented higher infectivity of the Omicron variant, the affinity recorded
for its RBD variant (BA.1) was almost 5 times lower than the original variant, in
agreement with what measured by other authors through a reverse ELISA assay (plate-
immobilized RBD added of serial dilution of ACE2).%8
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Figure 4.3 Affinity of rh-s-ACE2-biotin in solution or multimerized onto the NP surface.
Representative curves of binding to RBD of rh-s-ACE2-biotin in free form, and multimerized
onto the surface of nanoparticles at ACE2:NPs molar ratios between 15:1 and 60:1 measured by
ELISA; A) Wuhan, B) Omicron variants, C) Dissociation constants calculated from the ELISA
curves; D) dissociation constants of the rh-s-ACEZ2i-biotin:RBD interaction for ACEZ2i differently
formulated relative to the protein in solution. An R value >1 indicates lower affinity. Kds were
computed using the GraphPad-Prism® software and the one site specific binding equation. Data
indicate mean + SD of 2-4 independent experiments each performed in duplicate.
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The rh-s-ACE2i-biotin: RBD interaction is negatively affected (Kd = 7.57x10°M -
Wuhan RBD only) by complexation of rh-s-ACE2i-biotin with monomeric avidin. This
effect may be due to electrostatic repulsion, since both avidin® and RBD* are positively
charged at neutral pH. Accordingly, this negative effect was not seen when rh-s-ACEi-
biotin was complexed with the avidin in the nanoparticles, which have a net negative
charge (in ANANAS the positive charge of avidin is neutralized by the nucleic acid of

the nucleating plasmid).

More interestingly, the interaction is affected by the ACE2 packing density at the NP
surface, with some differences and similarities amongst the two RBD variants. In the
case of less densely packed ACE2:NP-R15 and ACE2:NP-R30 assemblies, the
ACE2:RBD affinity was similar to that of the free molecule for the Wuhan variant, and
higher for the BA.1 Omicron. Consistently for both RBDs, the highest ACE2 surface
density tested (ACE2:NP-R60) showed the lowest affinity amongst the nanoassembled

series.

rh-s-ACE2 inhibits SARS-CoV-2 infection more efficiently when
multimerized onto the ANANAS core

To test if and how any of the different ACE2:NP formulations exerted antiviral activity
against the SARS-CoV-2 virus, we used the Wuhan variant of the virus and studied its
infection in Calu-3 cells. Calu-3 is a human lung epithelial cell line that expresses both
the ACE2 receptor and the TMPRSS2 cofactor on the cell membrane and, thereby, is
susceptible to SARS-CoV-2 infection.® We incubated the SARS-CoV-2 virus with the
recombinant biotinylated ACE2 (rh-s-ACEZ2i-biotin) or different ACE2:NP formulations
for 10 minutes prior to infection of Calu-3 cells. Thirty h post infection, which is the
time required for the virus to complete the first round of replication,** we measured the
amount of newly infectious viruses produced, using vehicle-treated virus as control. We
used multiplicity of infection (MOI) of 0.1, which, in our assays corresponded to
2.75x10° infectious particles. This assay allowed us to compare the viral progeny
produced by a fixed number of infectious particles, treated or untreated with the soluble
ACE?2 or the ACE2:NP formulations, upon infection of Calu-3 cells. We measured to
which level the soluble-ACE2- or the ACE2:NP-treated virus impaired infection of
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human cells by measuring the amount of newly infectious virus produced after the first

viral replication cycle, compared to vehicle-treated (control) virus.

First, we evaluated the inhibitory effect of increasing concentrations (0.025-2.5 pg/ml)
of soluble rh-s-ACE2i-biotin on the SARS-CoV-2 infection of Calu-3 cells (Figure
4.4A). Under these conditions, rh-s-ACE2i-biotin reduced the SARS-CoV-2 infectious
cycle in a dose-dependent manner, reducing the viral titre by up to 33% at the highest
tested concentration (i.e. 2.5 pug/ml). These data are consistent with a recent report® and
also in line with the ELISA results obtained when challenging the SARS-CoV-2 RBD
with the rh-s-ACE2i-biotin. We further investigated the efficacy of the rh-s-ACE2i-
biotin coupled to ANANAS nanoparticles in inhibiting the SARS-CoV-2 infectious
cycle. We tested different ACE2:NP ratios (i.e. 15, 30 and 60) and obtained a very strong
viral inhibition when using ACE2:NP-R30, which displayed the best antiviral activity
(91.5 % of virus reduction). Also ACE2:NP-R60 displayed a good potency, albeit less
(80 % of virus reduction) than ACE2:NP-R30 (Figure 4.4B).

Of note, rh-s-ACE2i multimerization on the ANANAS nanoparticles improved
inhibition of the SARS-CoV-2 infection by about 10-fold, with respect to the use of the
soluble monomeric protein. We observed no antiviral activity when we incubated core
nanoparticles with the virus prior to viral infection, indicating that the antiviral effects
depended on the presence of ACE2 on the surface of the ANANAS nanoparticles. We
next measured the antiviral activity on both Wuhan and Omicron variants at increasing
concentrations of ACE2:NP-R30 (Figure 4.4C) up to a maximum 5 pg/mL in ACE2 titer
and obtained a dose-dependent reduction. In the case of the Wuhan variant, the
maximum efficacy was reached at 2.5 pg/mL, with no additional effect at higher
concentrations (about 80% inhibition at both 2.5 and 5.0 pg/mL). In case of the omicron
Variant (Figure 4.4D) the efficacy was slightly superior: the Omicron infectious cycle
was hampered up to 92% at the highest ACE2:NP-R30 dose tested, confirming the high
antiviral potential of ANANAS coupled to the ACE2 receptor in the impairment of
SARS-CoV-2 virus.

In parallel, we observed that the nanoparticles neither alone nor coupled to rh-s-ACE2i-
biotin (at 30 and 60 ACE2:NP ratio) exhibited cytotoxic effects on human cells (data not
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shown), indicating that the observed antiviral effect depends on the effect of ACE2:NP
on the SARS-CoV-2 virus.
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Figure 4.4 Inhibition of SARS-CoV-2 infectivity by monomeric and nanoassembled rh-s-
ACE2i-biotin. A) Inhibition of SARS-CoV-2 infection in Calu-3 by rh-s-ACEZ2i-biotin in
monomeric form as a function of its concentration. Infection (Wuhan variant) was performed at
MOI (multiplicity of infection) of 0.1. The virus was pre-incubated for 10 minutes with rh-s-
ACE2i-biotin prior to Calu-3 cells infection; B) Efficacy of inhibition of SARS-CoV-2 infection
(Wuhan variant) by rh-s-ACE?2i-biotin at 2.5 pg/mL in monomeric or multimerized form on the
ANANAS core at different ACE2:NP molar ratios. To keep the concentration of ACE2 in the
assay constant at 2.5 pug/mL, the concentration in nanoparticles was different in the different
samples (12.9, 25.7 and 51.5 pg/mL for ACE2:NP-R60, ACE2:NP-R30 and ACE2:NP-R15,
respectively). Non-functionalized nanoparticles were therefore tested as control at these three
concentrations, together with rh-s-ACE2i-biotin at 2.5 pg/mL in monomeric form; C/D)
Efficiency in viral (Wuhan/Omicron Variants) cycle inhibition of increasing ACE2:NP-R30
concentrations (0-5 pg/ml). Bars indicate the mean of n=2 biological replicates. Each condition
was tested in triplicate per replicate. Individual data points are shown as dots.

We employed transmission electron microscopy (TEM) to directly visualize the effect
exerted by the multimerized rh-s-ACE2i on the virus, (Figure 4.5). To this end,
nanoassemblies and virus were mixed in buffer at the same ratio as for the infection

inhibition experiments. Samples were then treated with PFA to inactivate the virus and
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negatively stained with uranyl acetate. To confirm the identity of the poly-avidin based
nanoparticles a second staining with biotinylated gold nanoparticles (5 nm) was
performed. The virus alone shows the expected circular membrane structure, with a
diameter of about 90 nm, surrounded by S’ proteins. The ACE2:NP-R30 assemblies
appear as toroids, in line with the shape of the ‘core’ NPs reported in the literature.'® The
addition of 30 rh-s-ACE2i-biotin molecules did not noticeably change the appearance of
the NPs, in agreement with the colloidal stability demonstrated by the DLS data (Figure
4.2) The ACE2:NP-R30:virus mixture shows agglomerates in which several viral
particles are “wrapped” within ANANAS-based multi-protein structures. Notably, the
location of the NP:virus contact points are in line with the S’ protein distribution at the

viral surface.

Figure 4.5 Transmission Electron Microscopy. Representative Images of A) SARS-CoV-2, B)
the ANANAS:rh-s-ACEi2-30 (ACE2:NP-R30) nanoassembly and C1/C2) the mixture of SARS-
CoV-2:ACE2:NP-R30 generated at PFU:NP molar ratio = 1:100. Samples were negatively
stained with 1% uranyl acetate, followed by biotin-nanogold (5nm). The gold nanoparticles
appear ad black dots.
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Nasal instillation of the ACE2:ANANAS allows efficient and long lasting
pulmonary localization

In humans, the SARS-CoV-2 has a peculiar tropism for the airway epithelial cells
expressing the ACE2. Therefore, inhalation of the ACE2:NP nanodecoy could allow fast
interaction with the virus and, therefore, reduce the symptoms due to the infection. The
potentials of this approach depend on the ability of the nanoparticles to flow along the
airways, trespass the surfactant barrier, penetrate in the lung parenchyma, and interact
with resident macrophages without inducing acute toxicity. Based on these assumptions,
we investigated the biodistribution of the nanoassemblies in healthy mice following
nasal instillation by an ex vivo whole-organ measurement that furnishes a quantitative
estimation of the ability of our formulations to reach the lungs. To this end, both
ACE2:NP-R30 and non-functionalized ANANAS (ANANAS, used as controls) were
fluorescently labelled by addition of biotin-Cs-alexa633 (10% of total BBS) as a tracking
agent (data not shown). Their biodistribution was monitored for up to 72 h after a single
nasal instillation by measuring the fluorescence from lungs collected from mice

sacrificed at different timepoints after treatment with the two formulations.

Figure 4.6A shows the NPs’ biodistribution in all selected organs after a single intranasal
(i.n.) administration. The histograms of the NP-related fluorescent signal measured by
IVIS (Figure 4.6B) reveal that signal associated with the nanoparticles rapidly reached
the lungs with a peak of concentration at 15 minutes after administration and fades away
very slowly, persisting for longer than 72 h. The fluorescence intensity registered in
organs other than the lungs was about ten-fold lower, indicating that an almost selective
tropism for this tissue can be obtained through this route of administration. No signal
was detected in the spleen, while a small but detectable signal was observed in the
kidneys of animals treated with ACE2:NP-R30. The measurement by IVIS confirmed
this trend (Figure 4.6C and D). However, confocal microscopy did not reveal an
accumulation of ACE2:NP-R30 in kidney parenchyma thus suggesting a transient flux

due to their excretion (data not shown).

191



A B a0 LUNG

ANANAS 1.0x10° § 7x10°
E 6x10%
0.8x10° W 5x108
=
5 4x10%]
0.6x10° E 3x10%
) 2x10¢
0.4x100 X 1x10%
0
CTR 15 2h 24h 72h 15 2h 24h 72h
9
0-2x10 ANANAS  ACE2:NP-R30
15’ 2h 24h 72h Radiant
Efficiency - 8x10°, BRAIN
Q
& ex10]
g
ACE2:NP-R30 1.0x10° & 4,408
E
08x100 T 2x107:
8x107
« 61074
00 2 3N g i e
CTR 15 2h 24h 72h 15 2h 24h 72h
9
0.4x10 ANANAS  ACE2:NP-R30
0.2x10° 8x10°- LIVER
oy
Radiant S 6x10°
Efficiency ©
5 <10
CTR E 2,(108_
E 8x107
6x107
£ 4x107
<20 N e
CTR 15 2h 24h 72h 15’ 2h 24h 72h
ANANAS  ACE2:NP-R30
C D
SPLEEN KIDNEY
8x10%8 8x108
g P
5 E 6x100 § E 6x00
g 3 g3
o S 4x108 W 2 4x108
1353 £F
g o 2x10° g g 2100
i iy
2a 5 28 5 -
2!1007 211007
CTR 15 2h 24h 72h 15" 2h 24h 72h CTR 15 2h 24h 72h 15 2h 24h 72h
ANANAS  ACE2:NP-R30 ANANAS  ACE2:NP-R30

Figure 4.6 Ex vivo imaging. (A) Ex vivo optical imaging of excised organs from animals
sacrificed 15°, 2 h, 24 h and 72 h after vehicle, ANANAS, and ACE2:NP-R30 administration.
Br. = brain, Lu. = lungs, Li. = liver, Sp. = spleen, Ki. = kidneys. (B-C-D) Quantification of ex
vivo optical imaging signal. Data are reported as mean + SE. The data were analyzed by One-
way ANOVA using Dunnet’s test. *p < 0.1, **p < 0.01. *= comparison between ANANAS or
ACE2:NP-R30-treated and untreated (CTR) mice.
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Confocal microscopy images (Figure 4.7) show that both formulations share the same
pattern of penetration. The NP-associated signal (red) initially passes through the
bronchioles, then spreads along the whole parenchyma, accumulates in the tissue
macrophages (CD68 marker, green signal) and finally generates long lasting interaction
with the alveolar vessels. A slight difference in the time-dependent pattern was observed
between the groups. The ACE2 carrying nanoassemblies showed a faster and more
extended distribution in the lung parenchyma, whereas the non-functionalized ones were
up-taken from the macrophages more rapidly and had a more efficient passage in the
endothelial cells. This could be due to the difference in the composition of the surfaces
exposed by the two formulations. The higher magnified images (Figure 4.7, lower panel)
show that the instilled nanoparticles localize in the bronchiolar area and rapidly penetrate
the lung tissue. With time, a growing overlap of the NP related signal with that of the
macrophages (yellow arrows) occurs, concurrent with progressive decrease of the NP-
related signal in the lung parenchyma. Interestingly, at 72 h a particular localization of
the Alexa633 (red) signal was found, which appears continuously distributed along the
alveolar structures and at the periphery of the bronchioles, probably associated to NP
degradation products. In fact, it is expected that once the protein-based ANANAS enter
the lysosomes, they begin to lose their stability and to be proteolytically degraded. This
process is likely to lead to progressive unravelling of the original NP structure and
separation of the various NP components. The latter may be washed out of the tissue or
captured by cell/tissue components, in any case changing their local environment. To
investigate this phenomenon, we performed immunofluorescence staining of lung tissue
samples from animals sacrificed 24h and 72h after inhalation with an anti-PEG antibody
to visualize the biotin-PEG component of the core NPs (which is added for colloidal

stabilization).t’
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ANANAS

Figure 4.7 Nanoparticles localization in tissues. Representative images of the tissue
distribution of ANANAS or ACE2:NP-R30 in lungs 15°, 2, 24 and 72 h after treatment. The blue
signal refers to the nuclei (Hoechst 33258 staining), green corresponds to the lysosomal
component of macrophages (CD68 Antibody, Serotec 1:200), red is associated with the alexa633
dye linked to the NPs, yellow corresponds to co-localized red and green signals. Scale
bar=100um. In the lower panel, representative images of higher magnification (15X) of lungs for
each timepoint (yellow arrows: nanoparticles co-localized with macrophages, red arrows:
nanoparticles alone). Scale bar=50um

The results (Figure 4.8) showed co-localization of biotin-C6-alexa633 and biotin-PEG
at 24 h but not at 72 h post-administration, confirming that the NP structure was no
longer preserved at the latest time point. Notably, the loss of NP integrity may be
responsible for the slight increase in the biotin-C6-alexa633-related signal observed by
IVIS in the lung at 72 h (Figure 4.6B), as it is known that the fluorescence of the dye is
quenched when close to the ANANAS core?® due to the presence of the aromatic amino

acid residues within the avidin-biotin binding pocket.
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CTR

ANANAS

ACE2:NP-R30

Figure 4.8 Nanoparticles degradation in lungs. Representative confocal images (60X) of the
tissue distribution of vehicle (CTR), ANANAS or ACE2:NP-R30 in lungs 24 and 72 h after
treatment. The blue signal refers to the nuclei (Hoechst 33258 staining), green corresponds to
PEG (PEG Antibody, Abcam 1:165), red is associated with the Alexa633 dye linked to the NPs.
Scale bar=50um. Higher magnified pictures are reported in the far-right panels. Scale bar=10um.

Nanodecoy Pulmonary Localization shows no hallmarks of inflammation or
toxicity

Figure 4.9A shows representative images of the histopathological analysis of lung
parenchyma processed with H&E from untreated mice or treated with
ANANAS/ACE2:NP-R30 and sacrificed 15°, and 2, 24, and 72 h after treatment. No
relevant hallmarks of inflammation, alveolar damage or other tissue alterations were

observed at all timepoints in the pathogen-free immunocompetent mice. No differences
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between sections from vehicle- and ANANAS/ACE2:NP-R30- treated animals were
detected, ruling out treatment-related pathological changes. The same profile of safety

was observed in Kidneys (Figure 4.9B).

A ANANAS

Figure 4.9 Histological evaluation. Hematoxylin and eosin staining of A) lungs and B) kidneys
of mice treated with vehicle (CTR), ANANAS and ACE2:NP-R30 and sacrificed 15°, 2, 24, and
72 h after the treatment. Scale bar=100um.

ANANAS contain a non-coding plasmid DNA of bacterial origin, and therefore its
unmethylated CpG sequences, even if masked by the avidin tightly bound to the nucleic
acid, could potentially be recognized by TLR9 and activate the NF-xB mediated pro-
inflammatory pathway.*> To rule out this possibility, the levels of several pro-
inflammatory cytokines (IFN-y and TNF-a) and an anti-inflammatory cytokine (I1L-10)

196



were measured using an AlphaLISA assay (Figure 4.10). Neither nanoformulations

induced relevant changes in the cytokine levels compared to the untreated mice.
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Figure 4.10 Cytokine analysis in serum of untreated and treated animals. A) IL-10, B) INF-
v, and C) TNF-a concentrations were measured in serum samples from treated animals and
controls 72h after ANANAS or ACE2:NP-R30 administration. LDL = low detection limit (dotted
line). Data are reported as mean +/- SD. Statistical analysis was performed by One-way ANOVA,
followed by Tukey post-hoc test. No differences were found comparing ANANAS or ACE2:NP-
R30 with CTR mice, or directly comparing the two nanoformulations.

Overall, these data indicate that the intranasal administration of these formulations to
healthy mice does not stimulate an inflammatory response at least over the period of our

analysis (72 h), confirming the evidence of lack of toxicity.

4.4 Concluding remarks

The possibility of using a protein-based nanoparticle system to generate an effective
semisynthetic multimeric ACE2 nanodecoy capable of preventing SARS-CoV-2
infection was demonstrated. Efficacy was achieved without the use of a lipid membrane

for receptor anchorage, as otherwise necessary in vesicle-based nanodecoys.

In our conditions, the optimized assembly was able to prevent 80-90% of infectivity
within a few minutes of viral contact, at ACE2 nanomolar concentration and with more
than 10-fold higher efficacy than the soluble protein. The fact that efficacy is maintained
throughout both Wuhan and Omicron variants confirms that this approach can bypass
virus mutations and suggests that this strategy could be a valid add-on to the use of

monoclonal antibodies.
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By taking advantage of the ease of composition modulation allowed by this
nanotechnology platform we were able to screen composition/efficacy relationships.
Indeed, while the use of ACE2 multimer-based nanodecoys and their effectiveness in
inhibiting/preventing viral infections has already been demonstrated in the literature
using a number of nanoparticle geometries,* as of today there was no indication as to if
and to which extent receptor density at the nanoparticle surface affects efficacy. This is
a fundamental information in case one seeks to bring the semisynthetic nanodecoy

product towards clinical translation.

To study composition/function relationships using this polyavidin platform, it is
necessary to use well-defined monomeric biotinylated building blocks. In our hands, the
recombinant ACE2 ectodomain produced following established protocols®®32 did not
fulfill this requirement, both because it proved to be hard to biotinylate by chemical
means and for its instability to disulfide — driven polymerization. Aggregation occurred
even though this fragment does not to contain the ferredoxin-like fold domain (Neck-
domain) that determines dimerization of the native receptor at the cell membrane.*
However, the recombinant ACE2 ectodomain produced contains two free cysteine
residues partially exposed to the protein surface (i.e., Cys261 and Cys498), which likely
drive this process. Since information on rh-s-ACE2-biotin conjugates commercially
available did not guarantee the absence of multimers, we decided to carry out enzymatic
biotinylation and 'block’ the recombinant product cysteines along the purification step
by iodoacetamide. This strategy proved to be effective, as rh-s-ACEZ2i-biotin, besides

being stable as a monomer, also maintained high affinity for the RBD.

Pre-formulation studies demonstrated that a) the rh-s-ACEZ2i-biotin can be tethered
efficiently to ANANAS, b) the ACE2:NP assemblies are colloidally stable and c) each
nanoparticle can accommodate more than 60 ACEZ2i-biotin units. However, the data also
indicate that above the ACE2:NP molar ratio of 30 it is difficult for the biotin-protein to
reach the nanoparticles surface, likely because of some crowding effect. In line with this
interpretation, while the loading test performed at ACE2:NP ratio in solution = 90
revealed that at least 71 rh-s-ACE2i-biotin molecules can be linked to the NPs, at
ACE2:NP ratio of 60, about 10% of the rh-s-ACEi-biotin molecules remained in

solution. The fact that non-quantitative binding of biotin-rh-s-ACE2i occurs at
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ACE2:NP > 30 but below the saturation limit suggests some difficulty in the
avidin/biotin interaction at high rh-s-ACE2i packing densities. This is probably due to
the relatively short BAP spacer between the protein and biotin moieties. Previous work
describing the use of the ANANAS platform always showed quantitative binding of
relatively bulky biotinylated moieties (e.g. proteins, polymers and peptides!®?1?2) when
added below their saturation limit. In these cases, the spacer between the biotin and the
cargo was always a long (5kDa) PEG spacer, which is likely to allow efficient spacing
of molecules around the NP core. It is possible that the short BAP spacer does not permit
efficient spacing between the different rh-s-ACE2i-biotin units and therefore “forces”
them to bind to the nanoparticle with a ‘rigid’ configuration. This would imply that above
a certain surface density, ACE2 packing would occur without changing the thickness of
the monolayer and, therefore, the hydrodynamic volume. This is consistent with the
finding that no increase in size was registered by DLS between ACE2:NP 30 and 60,
despite both gel permeation chromatography and zeta potential measurements indicated

an increase in loading.

Even more importantly, our infectivity studies clearly showed that a) ACE2 density at
the nanodecoy surface does make the difference and b) there is no univocal correlation
between ligand surface packing and efficacy. In fact, in the antiviral tests ACE2:NP-R30

outperformed both the more and less densely packed R60 and R15 assemblies.

To understand whether affinity or avidity issues are responsible for these differences we
compared the infectivity data with the affinity information gathered by ELISA. Both
assays suggest that excessive ACE2 surface density has a negative impact on potency.
In fact, the R60 assembly was less effective than the R30 in preventing viral infection
and the affinity for RBD of the ACE2i assembled on it was less than when assembled at
R30. This negative effect could be due to a distortion of the protein conformation due to
excessive surface crowding, in agreement with the rigid conformation hypothesis
derived from the pre-formulation studies. On the other hand, while the ACE2i:RBD
affinity was similar when the ACEZ2i ligand was assembled at the R15 and R30 ratios,
ACE2:NP-R15 proved to be much less effective than ACE2:NP-R30 from the point of
view of the antiviral activity. This fact cannot be explained with affinity or crowding

effects and suggests that there is a geometric/spatial requirement for optimal interaction
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of the virus surface with the multimerized ACE2i nanodecoy. In this respect, the number
of spikes/virion (Wuhan) is about 27, with a surface density of 1 molecule/1000 nm?2.4
Earlier works have shown that the surface area onto the ANANAS nanoparticles
available for binding biotinylated macromolecules is dictated by steric factors and is of
about 6000 nm2.2® Therefore, 30ACE2i/assembly correspond to a surface density of
about 1 molecule/200nm?. Accordingly, a Spike:ACE2 surface ratio of 1:10
(corresponding to a 1:1 molar ratio) seems to guarantee the optimal geometry for

efficacy.

It should be noted that the ANANAS nanoparticles primarily display a toroidal shape,
which derives from the condensation of a circular plasmid DNA.* The coiling of this
DNA promoted by the adsorption of avidin, is the most favored energetically; however,
other more extended shapes are possible (see also S.1.), particularly if there is an energy
gain. For example, this may occur when ligand-decorated (e.g. ACE2i) nanoparticles are
exposed to surfaces covered with ligand baits (e.g. the S’ protein on SARS-CoV-2 or the
RBD decorated ELISA plate). Indeed, in the viruss/ACE2:NP-R30 mixtures shown by
the TEM images the nanoparticles appear as partially uncoiled filaments surrounding the
virus. It is possible that in the presence of the virus the ACE2:toroidal nanoparticle
disentangles and wraps around it with the ACE2 moieties interacting with the S’ protein.
Accordingly, the possibility to engulf all S’ proteins (and therefore act as effective
decoy) depends on the distance between the ACE2 moieties, justifying the spatial

requirement observed experimentally.

While the overall data suggest that when both ligand and receptor are immobilized on
solid surfaces, there is a relationship between the two elements spatial organization and
recognition efficacy, the question remains as to whether the relationship identified with
the ACE2-ANANAS:SARS-CoV-2 system can be of general value and can be transferred
also to other multimeric nanodecoys. In fact, it is likely that the geometry (e.g. curvature
radius) of the nanodecoy and its composition (e.g. lipid membrane vs polymer/protein
interface) may play additional roles. Therefore, even if we could expect that ACE2
surface density may affect the potency of all ACE2 based nanodecoys, nanoparticles
with geometries/compositions different than ANANAS may respond to different

composition/efficacy rules.
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The in vivo biodistribution and preliminary toxicology studies demonstrated that the
ACE2:NP-R30 is safe and is capable of reaching the deep lung very rapidly by a simple
inhalation. Its antiviral efficacy in vivo can depend on the ability of the nanoparticles to
reach locations where the virus preferentially localizes, namely the lung parenchyma and
its macrophages, which are at the forefront of the host immune-defense. Although in
vivo efficacy studies are necessary, given the rapidity with which the assemblies reach
the parenchyma and the slow remotion by the macrophages, it is reasonable to assume
that they could provide protection against viral invasion, similar to other ACE2 multimer
nanodecoys described in the literature that had shown similar efficacy in vitro. Another
guestion is how long this protection would last after inhalation. The fluorescence signal
associated with the assembly remains in the lungs for up to 72 h. However, while at 2 h
and 24 h the histology data clearly show that the NPs are present in both the parenchyma
and macrophages, at the late time point analyzed (72 h) the fluorescent signal is more
likely due to NP degradation products, which may no longer be active. As a general
methodological note, it is important to recognize that the sole organ fluorescent intensity
data may not be sufficient to predict the duration of efficacy and should be

complemented by sub-localization studies to ascertain the nanoparticles fate.

We herein showed that the optimized semisynthetic protein-based ACE2:ANANAS
assembly is a potent tool capable to counteract SARS-CoV-2 infection. The combined
in vitro, biodistribution and preliminary toxicity data suggest that ANANAS based
nanodecoys can be administered by inhalation and may provide protection from
infection for at least 2-24 h, without acute toxic effects. The poly-avidin platform used
here is versatile and rapidly scalable. In principle, it could be easily adapted to generate
nanodecoys against other viruses. With its safety profile demonstrated also in other
contexts, its versatility and ease of preparation, this platform could become a useful tool

to counteract pandemics and complement other preventive/pharmacological approaches.

From a more general perspective, the results demonstrate that semisynthetic
nanoparticles lacking a fluid lipid-based membrane for receptor anchorage can be used
as scaffolds to generate antiviral nanodecoys. In addition, we showed that the density of

the recognition element at the decoy surface is important in defining its efficacy,
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suggesting that this parameter should be monitored along the optimization of any decoy

systems, independently of the scaffold employed for receptor multimerization.
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CHAPTER 5

Conclusions

and
future perspectives
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5.1 Global impact of respiratory diseases: A call for innovative solutions

Lung disorders represent a huge burden for world human health. Respiratory diseases
worldwide are among the leading causes of mortality. According to the World Health
Organization (WHO), in the 28 European nations, they cause approximately 660,000
deaths and lead to at least 6 million hospital admissions annually. Furthermore, they are
responsible for more than 43 million hospitalization days. Four respiratory diseases,
including pulmonary infections such as primarily pneumonia and tuberculosis, lung
cancer, and chronic obstructive pulmonary disease, are among the top 10 leading causes
of mortality together with cardiovascular diseases. These conditions constitute one-sixth
of all deaths and one-tenth of the life expectancy lost due to disability. Among
respiratory diseases, ILDs include a broad spectrum of pathologies affecting the lung
parenchyma, characterized by extensive inflammation and diffuse fibrosis. Pulmonary
fibrosis is a common condition that is distinguished by a persistent and progressive tissue
repair response, resulting in irreversible scarring, lung remodelling, and compromised
gas exchange. IPF is the most prevalent ILD, with an estimated annual incidence ranging
from 2 to 30 cases per 100,000 individuals in western countries. Despite extensive
research efforts, no effective treatment currently exists to arrest or reverse disease
progression and enhance clinical outcomes. Smoking and respiratory infections serve as
primary contributors to the issue of respiratory diseases in Europe and are potentially
preventable. In addition, the COVID-19 pandemic has had a profound impact on human
health, leading to considerable difficulties for the healthcare systems worldwide. This
crisis has emphasized the importance of early detection, treatment, and prevention
measures, highlighting the importance of pandemic preparedness, but has also
accelerated the advancement of medical science. Researchers and healthcare
professionals worldwide have been working intensively to better understand the virus,
its transmission, and the development of effective treatments and vaccines. The urgency
and scale of this situation have prompted a convergence of resources and knowledge,
leading to the rapid development and testing of new therapies and vaccines. It is an
example to what can be achieved when scientific communities, pharmaceutical
industries, and governments worldwide collaborate. The investment in medical research

and the development of novel pharmaceutical strategies are pivotal for safeguarding
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global public health. Taking together these considerations and assessing the magnitude
of the impact on the global population, the importance of combining prevention with

new, effective pharmacological therapies and strategies becomes strikingly evident.

It is from this scenario that my PhD thesis originates. Its first aim was to gain insights
into the pathogenesis of pulmonary fibrosis and to explore potential therapeutic
interventions. This involved the generation and characterization of a reliable animal
model that resemble key features of the human disease. With this study, it was possible
to obtain the model through the intranasal delivery of the bleomycin inducing alveolar
damage and inflammation, followed by a significant fibrotic phase characterized by a
strong accumulation of collagen in 21-28 days post administration, thus providing an
alternative reliable protocol. Furthermore, it was possible to optimize this route of
administration and the methodology to obtain an efficient delivery of compounds into
the lungs. The obtainment of this model could allow to better understand the fibrotic
process, the key factors involved in the pathogenesis and to standardize technical
progression through histological analysis. This is not ancillary, because the optimization
of pathological and clinical endpoints represent the starting point of a robust and reliable

translational study of new therapeutic strategies.
5.2 Lung fibrosis treatment: Nanoparticles as advanced drug carriers

Nanotechnology is one of the main field where technological innovation comes to life,
with a remarkable impact in the field of medicine. The use of nanocarriers as delivery
systems is in the first line of this healthcare revolution, offering important results. The
efficacy of nanomedicine is based on the precise control of the chemical and physical
properties of nanomaterials. This control allows the design of nanoparticles responsive
to precise stimuli that can effectively promote drug release, enhancing therapeutic
outcomes and minimizing off-target toxicity. One valid strategy within this concept is
the encapsulation or the chemical link of cytotoxic, insoluble, and non-selective drugs.
These drugs accumulate selectively within diseased tissues, effectively reducing the risk
of off-targeting healthy tissues and the associated toxicity. NPs also hold potential for
overcoming critical challenges in healthcare. Their small size, compared to bulk

materials, results in a significantly higher surface area. This property enables the surface
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decoration of NPs with targeting biomolecules, such as antibodies or specific ligands,
for precise and active targeting. Therefore, nanoparticles are small to interact with
biological matrices and elements, but highly functionalizable and able to load and
transport a relevant amount of compounds of interest. Furthermore, nanomaterials offer
the possibility of co-delivering multiple drugs or functionalization with linkers.
Traditional drugs often suffer from poor biodistribution and a lack of selectivity, whereas
drug delivery systems differ from conventional pharmacokinetics and biodistribution
patterns, effectively transporting drugs to target organs, shielding them from
degradation, and increasing their accumulation in specific tissues. The exploitation of
nanomedicine to lung disorders is therefore clear, and local administration of hanodrugs
by nasal instillation may constitute a promising therapeutic approach for treating lung

diseases, such as pulmonary fibrosis, offering an alternative to common treatments.

For this reason, the second step of my PhD thesis was to explore the applicability of
Dexamethasone-carrying Avidin-Nucleic Acid Nanoassemblies as an effective drug
delivery system for treating pulmonary fibrosis. These biodegradable and biocompatible
nanoparticles, characterized by their low immunogenicity, possess distinctive features,
opening doors to potential diagnostic and therapeutic applications. The way of
administration significantly influences the biodistribution, pharmacokinetics, and
subsequent systemic and local effects of various compounds, including nanoparticles.
To achieve a strong lung-targeting effect, we initially investigated and compared various
routes of ANANAS-Dex administration in healthy subjects. Systemic injection, which
often results in nanoparticle clearance by phagocytic cells from the mononuclear
phagocytic system, did not show significant pulmonary accumulation. To overcome this
limitation, we tested intranasal instillation as a more direct and specific route in both
healthy and fibrotic mice. In light of the profound effect of inflammation and fibrosis on
organ architecture, it is essential to assess the nanoparticles' biodistribution in the
presence of pathological conditions. ANANAS-Dex showed a great capability to reach
the lung parenchyma and to avoid a spread in off-target organs. Fibrotic animals
displayed a quicker decrease in lung fluorescence signal, suggesting the influence of
cellular infiltrates, particularly macrophages, on NPs biodistribution and profile of

distribution of the drug release. Histological analysis confirmed that the nanoparticles
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were effectively internalized by pulmonary macrophages within 24-48 hours post-
administration, a crucial aspect of pharmacokinetics, allowing ANANAS, and thus Dex,
to interact with CD68 positive lysosomes, facilitating drug release. Indeed, free
dexamethasone was detected in the lungs of both healthy and fibrotic mice. Remarkably,
the levels of free drug in fibrotic animals were tenfold higher than those in healthy mice,
likely due to variations in bioavailability associated with pathological changes during
disease progression. Moreover, the levels of drug released by ANANAS nanoparticles
persisted for 48 hours post-administration, unlike the drug given freely. Interestingly, no
dexamethasone signal was detected in the plasma of mice receiving the nanoformulation.
This offers potential pharmacological advantages by likely reducing the frequency of
treatments required for patients and off-target accumulation. In summary, these results
are promising in the context of treating lung disorders. However, to investigate the
potential therapeutic effect, it was conducted an acute treatment in affected mice, aiming
to detect any alterations in the expression of inflammatory and fibrotic markers 24 hours
after treatment. In these experimental conditions, ANANAS-Dex did not significantly
affect pro-inflammatory cytokine expression but reduced the expression of fibrotic
genes, including collagen 1al and fibronectin. While the precise reasons for this outcome
remain to be elucidated and warrant further investigation, these findings have significant
implications for evaluating the potential anti-fibrotic efficacy in the context of repeated

treatments in a murine model of pulmonary fibrosis and for potential clinical translation.

5.3 Nanomedicine revolution: Nanoassemblies for preventing viral invasion
and beyond

The ability to adjust the shape, composition, and functionalization of nanoparticle
surfaces while maintaining interactions with biological targets represents one of the
greatest advantages of these innovative nanosystems. Moreover, these properties allow
the extension of the application of specific types of NPs for various purposes, ranging
from drug carriers, imaging devices and vaccines. As proof of this concept, ANANAS
can be functionalized with different compounds, provided they are biotinylated with
stoichiometric control, thanks to their intact biotin-binding capability and high affinity
for biotin ligands. In the previous chapter of the thesis it was investigated the use of this

nanoparticles as drug delivery system for the treatment of lung fibrosis. Herein, it was
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hypothesized the use of this platform as ‘nanodecoy’ for a preventive strategy against
SARS-CoV-2 infection. Given the demonstrated ability of these NPs to efficiently flow
through the respiratory system and penetrate lung parenchyma after intranasal
administration, ANANAS were used as a scaffold to generate a multimerized ACE2
ectodomain to enhance the avidity for the SARS-CoV-2 S protein with the ultimate goal

of preventing viral cell invasion.

First, a monomeric biotin derivative of ACE2 ectodomain was optimized using
recombinant DNA technologies. ACE2:NP assemblies were generated at different
ACE2-biotin:NP molar ratios and compared for size and affinity for the viral S’ protein
RBD of both the Wuhan and the new Omicron (BA.1) variant, which later emerged as
the dominant strain worldwide. Pre-formulation studies demonstrated that a) the rh-s-
ACE2i-biotin can be tethered efficiently to ANANAS, b) the ACE2:NP assemblies are
colloidally stable and c) each nanoparticle can accommodate more than 60 ACE2i-biotin
units. However, the data also indicate that above the ACE2:NP molar ratio of 30 it is
difficult for the biotin-protein to reach the nanoparticles surface, likely due to some

crowding effect.

Second, the ability to prevent SARS-Cov-2 infection of the two variants in human lung
cells was also tested as a function of ACE2 density at nanoparticle surface and compared
to that of the monomeric rh-sACE2-biotin. In vitro testing demonstrated that excessive
ACE2 surface density had a negative impact on potency. The R60 assembly was less
effective than the R30 in preventing viral infection, and the affinity for RBD of the
ACEZ2i assembled on it was lower than when assembled at R30. This negative effect
could be due to a distortion of the protein conformation due to excessive surface
crowding, in line with the rigid conformation hypothesis derived from pre-formulation
studies, suggesting a geometric/spatial requirement for optimal interaction of the virus
surface with the multimerized ACE2i nanodecoy. Therefore, while it can be expected
that ACE2 surface density may affect the potency of all ACE2-based nanodecoys,
nanoparticles with different geometries and compositions than ANANAS may respond

to different composition/efficacy rules.
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Lastly, in vivo preliminary biodistribution and toxicity studies in healthy mice were
performed to assess the possibility of nasal administration. The biological evaluation
demonstrated that ACE2:NP-R30 is safe and can reach the deep lung very rapidly
through simple inhalation. Its in vivo antiviral efficacy may depend on the ability of the
nanoparticles to reach locations where the virus primarily localizes, namely the lung
parenchyma and its macrophages, which are at the forefront of the host's immune
defense. Given the rapidity with which the assemblies reach the parenchyma and their
slow removal by macrophages, it is reasonable to assume that they could provide
protection against viral invasion. However, this is a proof-of-concept study, and in vivo
efficacy studies are necessary in SARS-CoV-2 infected mice to determine how long this

protection would last after inhalation.

NPs are fascinating platforms for specific targeting strategies, and for the transition from
preclinical studies to clinical translation, these nanodevices must be biodegradable, non-
toxic and non-immunogenic. Moreover, to exclude potential toxicity, an evaluation of
prolonged exposure to nanomaterials is needed to observe any resistance after chronic

treatment or secondary effects.

5.4 Exploring the potential of Nanocarriers in healthcare: A promising
beginning

As a concluding remark of my PhD thesis work, | conducted a detailed investigation of
a murine model of pulmonary fibrosis that was used to assess Avidin-Nucleic Acid
Nanoassemblies as an innovative therapeutic strategy for pulmonary fibrosis. Moreover,
the same NPs were repurposed to explore their potential activity in preventing SARS-
CoV-2 infection, highlighting not only their versatility but also that of NPs in general. It
was evaluated the critical interaction between NPs and biological targets across various
anatomical levels, encompassing organism, organs, cells, subcellular compartments,
while considering diverse parameters like biodistribution, toxicity, and cellular
behaviour. The main outcome emerging from my research is that these nanocarriers hold
promise not only for the main purpose of this project but also for a wide range of lung
pathologies, spanning from inflammatory and chronic disorders to infectious diseases.

Moreover, the murine model of pulmonary fibrosis induced through bleomycin
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intranasal administration has been optimized for the study of other types of nanoparticles
carrying compounds of interest. In addition, the intranasal route of administration also
has been optimized in detail and can be taken into consideration for lung dosing and
accumulation when pulmonary tropism is required. These results could be useful in case
of an inhalation therapy and so think about a formulation and devices that can be easily
used by patients. While | acknowledge that my work did not fully achieve my initial aim,
which was the chronic treatment of ANANAS for evaluating its positive effects on
disease progression and treatment, it is clear to me that this marks a promising beginning

to define the potential of these nanodevices and beyond.

While scientific progress is characterized by leaps forward, it is important to recognize
the significance of the smaller steps. These gradual achievements pave the way for more
substantial breakthroughs. It is evident that scientific research is a perpetual journey with
no final destination. The path itself is lined with knowledge, perspective, and personal
growth and with the profound awareness that our efforts, whether marked by success or
challenged by adversity, contribute to the advance of human understanding, thus offering

a brighter and more enlightened future for all.

The ability to persist even when experiments do not yield the expected outcomes, define

a researcher.
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Abstract: The development of nanoparticles (NPs) to enable the passage of drugs across blood-brain
barrier (BBB) represents one of the main challenges in neuropharmacology. In recent years, NPs
that are able to transport drugs and interact with brain endothelial cells have been tested. Here, we
investigated whether the functionalization of avidin-nucleic-acid-nanoassembly (ANANAS) with

apolipoprotein E (ApoE) would allow BBB passage in the SOD16%4

mouse model of amyotrophic
lateral sclerosis. Our results demonstrated that ANANAS was able to transiently cross BBB to reach
the central nervous system (CNS), and ApoE did not enhance this property. Next, we investigated if
ANANAS could improve CNS drug delivery. To this aim, the steroid dexamethasone was covalently
linked to ANANAS through an acid-reversible hydrazone bond. Our data showed that the steroid
levels in CNS tissues of SOD15%34 mice treated with nanoformulation were below the detection
limit. This result demonstrates that the passage of BBB is not sufficient to guarantee the release of the
cargo in CNS and that a different strategy for drug tethering should be devised. The present study
furthermore highlights that NPs can be useful in improving the passage through biological barriers

but may limit the interaction of the therapeutic compound with the specific target.

Keywords: amyotrophic lateral sclerosis; Nanomedicine; pharmacology; blood-brain barrier

1. Introduction

In the field of neurology, a relevant number of encouraging results have been described
from in vitro studies, generating a number of new potential drug candidates. Nevertheless,
translating the results from in vitro to in vivo or from preclinical studies to clinical trials
remains very challenging. One of the main hurdles is the limited passage of drugs from
the circulatory system to the central nervous system (CNS). To prevent the risks deriving
from an uncontrolled passage of potentially hazardous substances, the blood-brain barrier
(BBB), formed by brain endothelial cells, strictly segregates blood components, drastically
reducing the entry of circulating compounds inside the CNS. By this mechanism, the BBB
also limits the cerebral uptake of therapeutic molecules. The main factors that influence
BBB permeability include molecular weight, charge, lipid solubility, surface activity, and
the relative size of the compounds [1]. Over the years, great efforts have been taken to
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deliver drugs and diagnostic agents to the brain. A series of technical approaches have
been tested, among which are the use of viral vectors, nanoparticles (NPs), extracellular
vesicles, and/or by trying to exploit active transporters, brain permeability enhancers, or
non-invasive techniques (ultrasounds, magnetic stimulations). Unfortunately, the results
are often controversial and lack the robustness to further proceed to clinical application. In
some pathological conditions, the BBB has a higher permeability, making the passage of
therapeutic compounds easier. In particular, neuroimaging studies have demonstrated BBB
dysfunction in many neurodegenerative diseases, including amyotrophic lateral sclerosis
(ALS) [2,3].

Nanotechnology could play a pivotal role in the development of strategies for drug
delivery in ALS [4,5]. In this context, different types of materials (such as lipid-based,
polymeric, and inorganic NPs) have been engineered to deliver therapeutics to the brain.
NPs can be engineered to display specific physicochemical features to favor drug delivery,
for example, by increasing bloodstream stability, reducing drug clearance, or improving
affinity to the cellular target [6].

In order to increase the affinity of NPs to brain capillaries, surface modification is
greatly exploited. Brain capillary endothelial cells express a large number of blood-to-brain
transport systems that, in principle, could facilitate the entry of compounds into the brain.
Peptides and proteins, such as insulin, transferrin, or lipoproteins, are indeed transported
across the BBB via receptor-mediated transcytosis. Apolipoprotein E (ApoE) associates with
lipids to form lipoproteins and plays a key role in the transport and uptake of cholesterol
to the brain [7]. Lipoprotein-associated receptors are highly expressed by brain endothelial
cells, and ApoE has been extensively investigated as a major ligand candidate for NP-based
drug delivery targeting the brain [8]. In fact, it was shown that ApoE guided the NP’s
display and increased endocytosis and transcytosis, especially in vitro.

An attractive alternative NP platform combining advanced surface chemistry to a
safe interaction with biological targets is represented by the nanoassembly ANANAS.
ANANAS are poly-avidin NPs that form upon the high affinity-driven nucleation of avidin
units around a non-coding plasmid DNA [9,10]. Each nanoparticle, which is protected by a
PEG layer for colloidal stability (Figure 1), possesses a large number of biotin binding sites
(BBS), which are available for docking about 1000 functional elements (drugs, fluorophores
for tracking and/or targeting elements), provided these are linked to a biotin moiety. The
high affinity of biotin for avidin (Kd~10~1> M) permits the exploitation of the available
BBS to obtain functional NPs with stoichiometric control of composition by simply mixing
core NPs (which are obtained and freeze-dried in a separate process) with the desired
biotinylated moieties. Functional NPs are thus obtained in a “one pot” solution, and as
long as the number of available BBS or the available NP surface (about 6000 nm?) is not
exceeded, they can be used without the need for purification.

In the past few years, these protein-based assemblies have been proposed as platforms
for drug delivery, showing great potential for the treatment of cancer [11] and liver dis-
ease [12]. ANANAS are extremely promising because of their safety, multifunctionality,
stoichiometric drug encapsulation, defined composition, and scalability but also for their
high biocompatibility, biodegradability, and low immunogenicity [13].

In the present study, we exploited the ANANAS platform to investigate NP delivery
to the CNS in wild-type (WT) and SOD1%%*4 mice, which develop a motor neuron disease
and display morphological damages to BBB and the blood-spinal cord barrier (BSCB) as
the disease progresses [14]. To evaluate the ability of intravenously injected ANANAS and
ANANAS-ApoE to reach CNS tissues, we developed an experimental platform combining
biochemical and imaging approaches. Finally, to evaluate if the BBB passage could be
accompanied by a local release of a therapeutic payload, we treated the SOD15%34 mice
with an ANANAS-based nanodrug [12,15] carrying the steroid dexamethasone (Dex), and
we evaluated the amount of Dex released in the brain and spinal cord. Dex was selected
as a potential drug candidate to control the neuroinflammatory response associated with
motor neuron diseases [16,17]. Targeting steroids in the CNS by means of nanocarriers may
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be a way to maximize their therapeutic effect. In the ANANAS-Dex here used, the drug
was tethered through an acid-reversible hydrazone bond [12,15], which should be capable
to release the free drug upon reaching an acidic compartment, such as an inflamed tissue
or a target cell endosomal/lysosomal compartment.
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Figure 1. Schematic representation (not in scale of the formulations selected for the in vivo studies).
Upper panel: components of the core ANANAS; lower panel: functional assemblies are generated
by mixing core ANANAS with the different biotin components at predefined biotin:ANANAS BBS
molar ratios.

2. Materials and Methods
2.1. Materials

Avidin was purchased from e.protein (Belgium), biotin-methoxy-PEG5kDa (B-mPEG-
5kDa), and biotin-PEG5kDa-NH; were purchased from Laysan bio (Arab, AL, USA).
Atto488-NHS was purchased from Attotech Gmbh (Siegen, Germany, code # 11U26). Biotin-
C6-Alexa633, Biotin-L-lys-(methyl-PEG5kDa),, and biotin-C6-Cb-Hz-Dexamethasone (B-
C6-Cb-Hz-Dex) were synthesized according to published procedures [10,13,15]. Maleimido-
succinimidyl propionate (MSP) and all other reagents were purchased from Sigma Aldrich.
Biotin-PEG5kDa-propylamido-maleimide was obtained by mixing biotin-PEG5kDa-
NH;(LaysanBio lot #127-123) with 3 equivalents of MSP in 10 mM phosphate, 150 mM
NaCl, pH 7.4 (PBS buffer). The product was purified by gel filtration on a G25 resin (NAP10,
Cytiva Life Sciences, Karnataka, India) using water as an eluent.

2.2. Biotin-PEG5kDa-Cys-ApoE Synthesis

The peptide, corresponding to residues 141-150 of human ApoE CWG-(LRKLRKRLLR),
was synthesized on an automated Alstra synthesizer (Biotage, Uppsala, Sweden) at a
0.1 mM scale with NOVASYN-TGA resin (Novabiochem, San Diego, CA, USA) using Fmoc-
protected L-amino acids (Sigma Aldrich, St. Louis, MO, USA). The peptide was bearing in
the N-term position a glycine residue as a spacer, a tryptofan residue for fluorescence moni-
toring, and ended with cysteine for covalent coupling with ANANAS. Amino acids were
activated by a reaction with O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium tetraflu-
oroborate and N,N-diisopropylethylamine. A capping step with acetic anhydride after the
last coupling cycle of each amino acid was included. The peptide was cleaved from the
resin with trifluoroacetic acid /thioanisole/water/phenol/ethanedithiol (82.5:5:5:5:2.5 v/v),
precipitated, and washed with diethyl ether. The precipitate was then purified by reverse-
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phase high-performance liquid chromatography on a semi-preparative C4 column (Waters
Corporation, Milford, MA, USA). The correct peak fraction corresponding to the peptide
molecular weight was identified using a MALD-TOF spectrometer (Applied Biosystem:s,
Waltham, MA, USA) before being freeze-dried and stored at —20 °C until use. The peptide
purity was higher than 95%. Biotin-PEG5kDa-Cys-ApoE was obtained by mixing Biotin-
PEGS5kDa-propylamido-maleimide with 1 equivalent of ApoE CWG-(LRKLRKRLLR). The
product was purified by gel filtration. Peptide coupling to the biotin-PEG-linker was
confirmed by a combination of analytical techniques: UV-Vis spectrophotometry was used
to measure the ApoE concentration, HABA assay was used to measure biotin content [18],
and iodine assays [19] measured the PEG content.

2.3. ANANAS Formulations

Core ANANAS carrying the surface protective biotin-L-lys-(methyl-PEG5kDa); to
guarantee colloidal stability were prepared according to Pignatto [10] and were freeze-
dried. For functional assembly preparation, core NPs were reconstituted in the buffer, and
biotinylated elements were added (Biotin-PEG5kDa-ApoE, biotin-mPEG, biotin-C6-Cb-
Hz-Dex, SI for chemical structures) to the desired biotin/biotin binding site (BBS) molar
ratios. When needed, biotin-C6-Alexa633 was also added at 15% BBS coverage [13]. NPs
were characterized by size by the Zetaseizer nano ZS (Malvern instruments) instrument.
The NP loading capability for different biotin elements was measured by a combination
of tools, including gel permeation chromatography, dot blot analysis, and DLS (see also
Supplementary Material).

2.4. Animals

The “Mario Negri” Institute for Pharmacological Research IRCCS adheres to the prin-
ciples set out in the following laws, regulations, and policies governing the care and use
of laboratory animals: Italian Governing Law (D.lgs 26/2014; Authorization no. 19/2008-
A issued March 6, 2008, by Ministry of Health); Mario Negri Institutional Regulations
and Policies providing internal authorization for persons conducting animal experiments
(Quality Management System Certificate, UNI EN ISO 9001:2015, Reg. No. 6121), the NIH
Guide for the Care and Use of Laboratory Animals (2011 edition), and EU directives and
guidelines (EEC Council Directive 2010/63/UE). This work was reviewed by the internal
Animal Care and Use Committee IACUC) and approved by the Italian “Istituto Superiore
di Sanita” (code: 722/2017-PR). Animals were maintained under specific pathogen-free con-
ditions and regularly checked by a veterinarian responsible for animal welfare supervision
and experimental protocol review. Mice were bred in standard conditions: temperature
21 £ 1 °C, relative humidity 55 &= 10%, 12 h light schedule, and food and water ad libitum.
Both in vivo and ex vivo analyses were performed on CD1 and SOD15%4 mice. The CD1
mouse (WT mice), acquired from Charles Rivers, is a multipurpose model. It is an albino
outbred strain of mouse model that has frequently been used in toxicology (safety and
efficacy study) and pharmacological research. The SOD15%4 mouse is an established
mouse model of ALS. The SOD15%4 line on a homogeneous 12952 /SvHsd background
derives from the B6SJL-TgNSOD-1-SOD1G93A-1Gur line that was originally obtained
from The Jackson Laboratory (Bar Harbor, ME, USA), which expresses about 20 copies of
mutant human SOD1%34 [20,21]. This transgenic SOD1%%A mouse strain develops the
first signs of motor neuron pathology at about 4 weeks of age. Mice start to show muscle
strength and motor function impairment at 14 weeks of age and survive for up to 18 weeks
of age. Genotyping for SOD15%4 was performed by a standard PCR using primer sets
designed by The Jackson Laboratory. The number of animals was calculated on the basis of
experiments designed to reach a power of 0.8, with a minimum difference of 20% (x = 0.05).

2.5. In Vivo Treatments

The experimental groups enrolled for in vivo and ex vivo analyses are summarized
in Table 1. SOD15%34 mice were treated at the onset of symptoms (14 weeks of age), and
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the same age was maintained for the treatment of WT mice. In detail, WT and SOD15%34
mice were intravenously treated with ANANAS-mPEG (ANANAS) 0.54 mg NPs/mouse
(21.6 mg/kg) or ANANAS 0.54 mg NPs/mouse (21.6 mg/kg) loaded with 10% ApoE
(ANANAS-ApoE) or PBS as a vehicle. In addition, another group of SOD15%4 mice
received intravenously ANANAS 1 mg NPs/mouse (40 mg/kg) loaded with dexametha-
sone 17.1 ug, Dex/mouse (0.68 mg/kg) (ANANAS-Dex), or free Dex 17.1 pg Dex/mouse
(0.68 mg/kg). Mice were sacrificed at different time points (Table 1) and were analysed for
pharmacokinetics measurements through biochemical (dot blot, HPLC/MS) and imaging
approaches (ex vivo imaging).

Table 1. Animals, treatment schemes, and type of analysis.

Intravenous Time of

Mice Treatment Sacrifice Perfusion Analyses
4WT ANANAS 30/ Yes Dot blot
4WT ANANAS 30 No Dot blot
4WT Vehicle 24h Yes Dot blot
4WT ANANAS 30/ Yes Dot blot
4WT ANANAS 4h Yes Dot blot
4WT ANANAS 24h Yes Dot blot
4WT ANANAS-ApoE 30/ Yes Dot blot
4WT ANANAS-ApoE 4h Yes Dot blot
4WT ANANAS-ApoE 24h Yes Dot blot
4 SOD16%A Vehicle 24h Yes ex vivo imaging, Dot blot
450D16%34 ANANAS 30/ Yes ex vivo imaging, Dot blot
4 SOD16%A ANANAS 4h Yes ex vivo imaging, Dot blot
450D16%34A ANANAS 24 h Yes ex vivo imaging, Dot blot
4 SOD16%3A ANANAS-ApoE 30/ Yes Dot blot
4 SOD16%A ANANAS-ApoE 4h Yes Dot blot
4 SOD16%3A ANANAS-ApoE 24h Yes Dot blot
4 SOD16%A ANANAS-Dex 15/ Yes HPLC/MS,
Dot blot
4 SOD16%A ANANAS-Dex 30’ Yes HPLC/MS,
Dot blot
4SOD16%A ANANAS-Dex 60’ Yes HPLC/MS,
Dot blot
HPLC/MS
GI3A / %
4 SOD1 Dex 15 Yes Dot blot
HPLC/MS
GI3A / ,
4 SOD1 Dex 30 Yes Dot blot
HPLC/MS
G93A / %
450D1 Dex 60 Yes Dot blot

2.6. Tissue Dissection and Plasma Isolation

Mice were deeply anesthetized with an overdose of ketamine hydrochloride (IMAL-
GENE, 150 mg/kg; Alcyon Italia) and medetomidine hydrochloride (DOMITOR, 2 mg/kg;
Alcyon Italia) by intraperitoneal injection. Before sacrifice, all groups except one in a
preliminary experiment were perfused transcardially with 50 mL of phosphate-buffered
saline (PBS). The liver, brain, and spinal cords were rapidly removed, collected, and frozen
at —80 °C for subsequent analysis. Blood samples were collected in EDTA pre-coated vials
and centrifuged at 13,400 x g for 2min. Mouse plasma samples were stored at —80°C
until used.

2.7. Dot Blot Analysis

Tissues were homogenized by sonication in 1% boiling SDS. Protein homogenates were
further boiled for 10 min and centrifuged at 13,500 g for 5 min. In order to quantify the
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proteins, supernatants were analysed by the BCA protein assay (Pierce) and subsequently
boiled for 1 h immediately before dot blot analyses. The treatment was carried out on
tissues before dot blot analysis so as to denature and thus disassemble the ANANAS.
This permitted the detection/quantification of their presence in the tissues by titering
avidin: their major component. For dot blot, proteins (3 ng) were loaded directly onto
nitrocellulose Trans-blot transfer membranes (0.45 pm; Bio-Rad, Hercules, CA, USA) by
vacuum filtration, as described previously [22]. Dot blot membranes were blocked with
3% (w/v) BSA (Sigma-Aldrich, St. Louis, MO, USA) and 0.1% (v/v) Tween 20 in Tris-
buffered saline, pH 7.5, were incubated with primary antibodies and then with peroxidase-
conjugated secondary antibodies (GE Healthcare, Chicago, IL, USA). Antibodies used
for immunoblotting included: rabbit polyclonal anti-Avidin antibody (1:5000, Abcam,
Cambridge, UK; RRID: AB_305644); goat anti-rabbit peroxidase-conjugated secondary
antibodies (1:10000, GE Healthcare). Blots were developed with the Luminata Forte Western
Chemiluminescent HRP Substrate (Millipore, Burlington, MA, USA) on the ChemiDoc™
Imaging System (Bio-Rad). Densitometry was conducted with Image Lab 6.0 software
(BioRad). The relative immune reactivity of the different proteins was normalized to the
total protein loading by Ponceau Red staining (Fluka, Vancouver, BC, Canada).

2.8. Ex Vivo Fluorescence Imaging

Ex vivo optical imaging was performed on the excised brain and spinal cord after
fluorescent NP administration. Fluorescence images were acquired with an IVIS Lumina III
imaging system (PerkinElmer, Waltham, MA, USA). The following acquisition parameters
were used: excitation filter range from 680 to 740 nm, emission filter (790 nm, exposure
time 2 s), binning factor 4, and f/Stop 2. Spectral unmixing, image processing, and analysis
were performed using Living Image 4.3.1 software (PerkinElmer).

2.9. Pharmacokinetics
2.9.1. Sample Preparation and Extraction

The analytical method was revised in accordance with other protocols found in the
literature [23,24]. As a first step, the internal standard (IS) fludrocortisone (10 ng) was
added to the samples from treated mice, and Dex (0-300 ng) and fludrocortisone (10 ng)
was included for the calibration curve. The liver, brain, and spinal cord tissue samples
were treated with methanol (1:4 w/v) and acetonitrile (1:1 w/v), stirred, and sonicated for
20’. Then, water (1:10 w/v) was added, and the stirring and sonication steps were repeated.
The resulting samples were centrifuged at 7000x g for 15 min at 4 °C. The supernatant was
further purified with solid-phase extraction using Sep-Pak C18 1 cc Vac Cartridges (Waters,
Milford, MA, USA) and was conditioned before use with 1 mL methanol, followed by 1 mL
water. Samples were loaded on the SPE columns and passed through dropwise. Finally, the
cartridges were rinsed with 1 mL water:acetone (80:20) and then with 1 mL of water before
drying the columns under a vacuum for 5'. Samples were eluted with 1.8 mL acetonitrile
into glass receiving tubes. Plasma aliquots were directly eluted with acetonitrile (1:4 v/v)
and centrifuged at 7000x g for 15 min at 4 °C. All samples were evaporated to remove
the organic phase. Just before analysis, they were suspended in 100 pL of 0.05% acetic
acid:acetonitrile (80:20).

2.9.2. Liquid Chromatography (HPLC) and Tandem Mass Spectrometry (MS/MS)

The LC-MS/MS system was a Nexera ultra-high-pressure liquid chromatography
(UHPLC) system interfaced with a triple quadrupole LCMS-8060 (Shimadzu, Japan). The
mass spectrometer (MS) operated in negative electrospray ionization (ESI) mode, with the
following conditions: nebulizing gas flow rate 3 L/min, drying gas flow rate 10 L /min,
heating gas flow rate 10 L/min, interface temperature 300 °C, and heating block temper-
ature 400 °C. In a preliminary phase, standard solutions of Dex and the IS (100 ng/mL
in water/acetonitrile) were directly injected into the mass spectrometer to identify and
optimize the best ion transitions for MRM acquisition. The selected transitions and their
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collision energies (CE) were: m/z 361.2 > 292 (quantification transition, CE = 26) and m/z
361.2 > 325 (qualification transition, CE = 21) for Dex; m/z 349.1 > 295.2 (quantification
transition, CE = 22) for IS. The chromatographic separation was obtained on an Ascentis
C18 column (150 x 2.1 mm; 2.7-um particle size, Sigma-Aldrich, St. Louis, MO) using an
elution mixture composed of solvent A (0.05% acetic acid in water) and solvent B (acetoni-
trile) at 35 °C. The elution gradient was from 20 to 60% of solvent B in 12.5 min, from 60% to
99% of solvent B in 1.5 min (hold at 99% for 2 min), and re-equilibration in 4 min to 20% of
solvent B. The injection volume was 5 pL, and the flow rate was 180 pL/min. Shimadzu’s
LabSolutions software was used for instrument control, data handling, and analysis.

2.10. Statistical Analysis

Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA) was used. For each variable,
the differences between the experimental groups were analysed by one-way ANOVA
followed by Tukey’s post hoc test. p-values below 0.05 were considered significant.

3. Results
3.1. ANANAS Formulations

The composition administered is shown in a schematic representation in Figure 1 and
is summarized in Table 2.

Table 2. Composition and size of the formulations used in the in vivo studies.

Formulation Biotin Reagent Added o Z-Average PDI Z-Average PDI .
Name to Core NPs (% BBS) (nm) 1h (1h) (nm) 24 h 21h ¢ Potenzial
ANANAS-ApoE B-PEG5kDaCys-ApoE 10 138.9 + 0.3 0.26 1424 +7.0 0.36 —3.76 + 0.903
ANANAS-mPEG mPEG5kDa (*) 10 1369 £ 1.5 0.17 137.3 £ 2.5 0.23 —6.50 &+ 0.310
ANANAS-Hz-Dex BC6-Cb-Hz-Dex 575 1411+ 1.1 0.31 1425+ 21 0.33 —58+1.711

(*) for in vivo fluorescent tracking, biotin-C6-Alexa633 was added to cover 15% BBS.

The functional assemblies were generated starting from core ANANAS which had 25%
of the available BBS covered with biotin-L-lys-(methyl-PEG5kDa) (biotin-(mPEG5kDa) [10].
This highly w-methoxy-PEGylated core NP was selected based on recent results [15], which
showed that a high number of w-5 kDa PEG units at the outer NP surface gave them more
stealth, favouring reaching out to tissues that were different than the liver, as for example
the brain.

For ANANAS-ApoE-related investigations, following pre-formulation studies
(Supplementary Information, S.I.), we selected the NP composition with the maximum
ApoE loading among the colloidally stable ones (10% BBS coverage). In the non-
functionalized ANANAS, the surface of the core NPs was capped with biotin-methoxy-
PEG5kDa (ANANAS-mPEG) to cover the same number of BBS (10%) as in ANANAS-ApoE.
This formulation is also colloidally stable in the presence of biotin-C6-Alexa633, [13] which
was added to cover 15% BBS for in vivo NP tracking with the IVIS instrumentation. On
the contrary, alexa633 labelling of ANANAS-ApoE could not be performed due to an inter-
ference of the fully negatively charged dye with the positively charged ApoE component,
which negatively affected the NP solubility.

The ANANAS-Dex assembly was generated by mixing core NPs with sub-saturating
(57.5% of BBS) amounts of acid-sensitive short-spaced (C6) biotin-carbonate-hydrazone-
dexamethasone conjugate (B-C6-Cb-Hz-Dex). The conjugate sub-saturating amount was
selected so that no unbound conjugate remained in the assembly solution (see also Sup-
plementary Material). Therefore, the latter could be administered as such without the
need for further purification [10,11,13,15]. The biotin-C6-Cb-Hz-Dex conjugate used for
dexamethasone loading was investigated in vitro in previous work [15] and was selected
for the in vivo experiments of this work based on two main properties: (a) it is a low
MW short-link spaced conjugate which permits high NP drug loading; (b) it is the least
hydrolytically stable among the short-spaced Hz-dexamethasone conjugates investigated:
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a property which should favour fast drug release once it is internalized by target cells. The
final formulation displayed in vitro a pH-dependent release of Dex, with no release at a
neutral pH (as in serum) and 5.69% release/24 h at pH 4.0 [15].

3.2. In Vivo Studies

The experimental design developed for this study is reported in Figure 2.

A ANANAS FUNCTIONALIZATION STUDY B ANANAS DRUG DELIVERY STUDY
Mice Treatment Mice Treatment
WT mice ANANAS n=12 SOD1%%Amice ANANAS Dexn=12
SOD16%A mice ANANAS-ApoE n=12
Vehiclen=4
Dose Dose
0.54 mg NCs/mouse 1 mg NCs/mouse

17.1 ug Dex/mouse

IV injection Sacrifice and organ collection IV injection Sacrifice and organ collection
Il4 t=0 ‘lllllllll 30’ LIII4 4h |llll| 24h ll> Il+ t=0 Lllllll4 15’ |lllll‘ 30’ ‘lllll 60’ ‘l>

SO PL PP (S P

. .

@ @ P P P @

Avidin & Avidin Avidin & PK: Dex PK: Dex PK: Dex
Fluo levels levels Fluo levels levels levels levels

Figure 2. Experimental plan for NP functionalization and delivery study (A) WT and SOD15%4 mice
(n =12 mice per group) were intravenously (IV) treated with ANANAS, ANANAS-ApoE, or vehicle
for ANANAS functionalization study. Liver (Li.), spinal cord (Sc.), and brain (Br.) were collected
30 min, 4 h and 24 h post treatment for biochemical and imaging analysis. (B) SOD15%A mice
(n =12 mice per group) were intravenously (IV) treated with ANANAS-Dex or Dex for ANANAS
drug delivery study. Organs were collected for PK measurements 15-, 30-, and 60-min post treatment.

To understand the impact of NP functionalization, a biodistribution study was per-
formed in WT and SOD15%34 mice, which were treated with ANANAS, ANANAS-ApoE
or the vehicle and then sacrificed 30’, 4 h, and 24 h after administration (Figure 2A). As a
proof of concept, SOD15%A mice were intravenously treated with Dex as a free molecule
or linked to ANANAS (ANANAS-Dex) to evaluate the possible drug release from NPs. In
this case, Dex was covalently linked to the ANANAS surface through an acid pH-sensitive
linker [12,15] and should be released from the carrier upon reaching an acidic environ-
ment (cell internalization via endosome or an inflamed tissue). A pharmacokinetics study
was performed by analysing tissue dex levels 15/, 30/, and 60’ after NP administration
(Figure 2B). In addition to the brain and spinal cord, we analysed NP and drug levels at the
liver as a control tissue since NPs introduced in the bloodstream are normally cleared by it
and other organs of the reticuloendothelial system.

A methodological setting-up experiment was carried out in WT mice to evaluate
the possible artefactual estimation of ANANAS accumulation inside the tissues due to
blood contamination (Figure 3A). To this end, WT mice were injected intravenously with
ANANAS. After 30 min of treatment, the first group was sacrificed and perfused with
PBS to remove the blood, and the second one was sacrificed without perfusion. The liver,
brain, and spinal cord were analysed for avidin levels. The liver showed the highest
levels of NP-related avidin with no differences between the perfused and not perfused
conditions. Probably, since the majority of NPs accumulate in the liver, the contribu-
tion of blood contamination is negligible. On the contrary, in the brain and spinal cord,
where avidin levels are low, it is possible to appreciate a significant difference between
perfused and non-perfused tissues. Therefore, we introduced the perfusion procedure in all
further analyses.
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Figure 3. NP biodistribution in WT mice. (A) Avidin quantification from liver, brain, and spinal
cord of WT mice intravenously treated with ANANAS and sacrificed 30 min after injection, with
(pink bars) or (red bars) without intracardial perfusion. Data are mean + SEM (n = three in each
experimental group) and indicates the relative immunoreactivity (RI) normalized to total protein
loading; * p < 0.05 versus the respective perfused tissue by Student’s t-test. (B—D) Dot blot analysis
for avidin quantification in liver (B), brain (C), and spinal cord (D) of WT mice treated with vehicle
(dotted line), ANANAS (red line), and ANANAS-ApoE (green line) and sacrificed with intracardial
perfusion 30 min, 4 h, and 24 h after the injection. (B-D) Data are mean + SD (n = three or four
in each experimental group) and indicates the relative immunoreactivity (RI) normalized to total
protein loading; * p < 0.05 versus vehicle; # p < 0.05 versus ANANAS-ApoE and § p < 0.05 versus
ANANAS 30 min, by one-way ANOVA, Tukey’s post hoc test.

We next moved to evaluate the presence and evolution over time of ANANAS and
ANANAS-ApoE in the liver, brain, and spinal cord (Figure 3B-D).

In WT mice, ANANAS, both with and without ApoE, accumulated in the liver but
with different kinetics. The non-functionalized ANANAS signal reached a significantly
higher level versus the vehicle only 4 h after administration and further increased along
the following hours. On the contrary, the level of ANANAS-ApoE was high already after
30 min, comparable to that of non-functionalized ANANAS at 24 h, and decreased along
the following hours (Figure 3B). This indicates that the accumulation of ANANAS in the
liver is favoured by the ApoE functionalization.

In the brain, the NP-related avidin signal was higher than the vehicle only in the
ApoE-free ANANAS group. The levels were the highest at 30 min, then significantly
decreased over 24 h. On the other hand, levels of NP in ANANAS-ApoE-treated mice were
similar to those of the vehicle group, indicating that the functionalized NP was unable to
penetrate the brain (Figure 3C).

In the spinal cord mice treated with both ANANAS and ANANAS, ApoE showed
NP-related avidin levels above the vehicle but with a different trend. In particular, only non-
functionalized ANANAS reached significant levels in the tissue 30 min after administration
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and then decreased in the next hours. ANANAS-ApoE levels were slightly higher than
the controls; however, this was without reaching significance (Figure 3D), and this did not
change over time. These results show that ANANAS can reach the spinal cord, but the
presence of ApoE has a negative impact on this property.

Overall, biodistribution data in WT mice indicate that, in the early phase, the un-
modified ANANAS can reach both the spinal cord and brain with similar kinetics and
accumulates in the liver over the next 24 h. The presence of ApoE prevents ANANAS
accumulation in CNS tissues and favours NP accumulation in the liver already from the
early time points.

Tissue biodistribution analysis of NPs over time was also performed in the ALS disease
animal model (Figure 4).
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Figure 4. NP biodistribution in SOD16%4 mice. (A—C) Dot blot analysis for avidin quantification
in the liver (A), brain (B), and spinal cord (C) of SOD15%3A mice treated with a vehicle (dotted line),
ANANAS (red line), and ANANAS-ApoE (green line) and sacrificed with intracardial perfusion
30 min, 4 h, and 24 h after the injection. (A—-C) Data are mean =+ SD (n = three or four in each
experimental group) and indicates the relative immunoreactivity (RI) normalized to total protein
loading; * p < 0.05 versus vehicle; # p < 0.05 versus ANANAS-ApoE and § p < 0.05 versus 30 min, by
one-way ANOVA, Tukey’s post hoc test.

SOD15%A mice were treated with ANANAS and ANANAS-ApoE at the onset of
symptoms (14 weeks of age): a stage at which treatments are usually started in preclinical
drug testing and when BBB and BSCB damage is normally observed [14,25].

In the liver, NP levels were already high 4 h after administration and independently
of the presence of ApoE at the NP surface, confirming the strong tropism of the ANANAS
carrier for this tissue. Similar to what was observed in WT time, the presence of ApoE
was correlated with a faster NP signal decay from this tissue. The levels of untargeted
ANANAS remained stable between 4 and 24 h and decreased by about 30% in the case of
the ApoE-linked formulations (Figure 4A).
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Thirty min after administration, NP-related avidin levels in the brain were just above
the controls in ANANAS-ApoE-treated mice. On the other hand, levels were significantly
higher in animals treated with untargeted ANANAS, whose signal slowly decreased over
time, reaching that of the ANANAS-ApoE group (Figure 4B) 4 h after administration.

In the spinal cord, NP-related avidin was already detectable 30 min after administra-
tion in ANANAS-treated animals, and again, the levels gradually decreased over time,
reaching untreated control levels 4 h after administration. In the case of the ANANAS-
ApoE-treated mice, the avidin-related signal was barely detectable (without significance)
at all time points. The results also confirmed in the SOD15%4 mouse (Figure 4C) the
ability of non-functionalized NPs to reach the spinal cord earlier and with greater amounts
than ApoE-NPs.

Since functionalization with ApoE did not induce an improvement in ANANAS
penetration inside the brain and spinal cord in either healthy or ALS mice, we focused our
attention on non-functionalized ANANAS in SOD15%34 mice. A biodistribution study 30’
and 24 h after ANANAS intravenous administration was carried out using ex vivo optical
imaging (IVIS Lumina XRMS) (Figure 5).
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Figure 5. Ex vivo biodistribution in SOD15%4 mice. (A,B) Ex vivo optical analysis of brain and
spinal cord from SOD15%3A mice treated with saline (Vehicle) or with ANANAS and sacrificed with
intracardial perfusion 30 min and 24 h after the treatment. (A) Representative images of brain and
cervical (C.), lumbar (L.), spinal cord. (B) Quantification of ex vivo optical imaging signal in brain
and spinal cord. Dotted lines indicate the mean of vehicle. Data (mean £ SD; n = three or four in
each experimental group) indicates the relative radian efficiency and are expressed as percentages of
the respective vehicle. * p < 0.05 versus vehicle, by one-way ANOVA, Tukey’s post hoc test.

For longitudinal tracking, ANANAS were labelled with the fluorophore biotin-alexa633,
which was added to cover 5% of the total biotin binding sites available. The ex vivo analysis
showed that at both 30 and 24 h after administration, the fluorescent signal associated with
ANANAS was detectable in both the brain and spinal cord, with significant differences
with respect to the vehicle group at 30’ and 24 h in the spinal cord and the brain, respec-
tively. Figure 5A shows a rapid increase in the signal associated with the administration of
ANANAS compared to the control mouse. In the SOD15%34 mouse model, motor neuron
degeneration affects mostly the lumbar spinal cord. For this reason, we measured the
lumbar and cervical regions separately in case degeneration affected CNS penetration.
However, our data indicate no anatomical differences and, therefore, a homogeneous dis-
tribution of the nanoformulation throughout the spinal cord. Thus, in the histogram, we
reported the fluorescent signal to be associated with the entire cord.

In recent decades, several drugs have been tested in preclinical ALS models targeting
different molecular mechanisms with very limited results. One of the possible explanations
for this failure is that the majority of the available compounds have poor BBB permeability.
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On the other hand, a proof-of-concept study provided encouraging results through the
invasive intracranial delivery of a promising anti-inflammatory compound [25]. It is,
therefore, pivotal to investigate innovative methods for the release of compounds with
therapeutic potential. Therefore, we evaluated the combination of the CNS-permeable
ANANAS with an established anti-inflammatory drug, such as dexamethasone.

Figure 6 shows the results of the pharmacokinetics study carried out in SOD
mice treated intravenously with ANANAS-Dex at the onset of symptoms.
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Figure 6. Pharmacokinetics study of free Dex in SOD15%A mice. Levels of free Dex measured in
plasma (A) and liver, brain, and spinal cord (B) from SOD15%3A mice at different time points (15, 30,
60 min) after intravenous administration of ANANAS-Dex. Dex released from the NP was measured
by HPLC MS/MS with limit of quantitation (LoQ) equal to 0.01 ng/g for the brain and spinal cord,
and 0.1 ng/mL for plasma. Data are mean + SEM (n = four in each experimental group); * p < 0.05 by
one-way ANOVA, Tukey’s post hoc test. n.d.: not detected.

Similar to what was reported in healthy mice treated with ANANAS-Dex formulations,
in the SOD1%%A model, the majority of the free Dex was detected in the liver, whereas
only low levels were found in the plasma (from 2 to 1 ng/mL over time, Figure 6A). This
is explainable by the fact that, in these formulations, the drug is linked through an acid
reversible linker to be released after the localization of the ANANAS in an acidic compart-
ment (e.g., the liver macrophage endo/lysosomes or an inflamed tissue). Unfortunately,
no free Dex was detected in the brain and spinal cord homogenates (Figure 6B) of the
SOD1%%A mice. This probably indicates that in these tissues, the conditions favouring the
release of the drug from the linker were not met.

4. Discussion

The BBB is considered the major obstacle to the pharmacological treatment of CNS
disorders. The tight junctions, together with the activity of several transporters at the barrier
tissues, hinder penetration in CNS and the persistence of a very large amount of substances
and drugs. More than 98% of small molecule candidate drugs and the majority of novel
proteins and peptides are unable to reach the brain tissue due to poor permeability across
the BBB [26]. Nanotechnologies through engineered and functionalized NPs may represent
a suitable strategy to overcome this challenge. In this study, we detected the presence of
ANANAS in the brain and spinal cord of healthy and SOD15%34 mice, especially in the first
interval of time after administration (30’ and 4 h), since an active process of clearance occurs
24 h after NP injection. Surprisingly, we found no signal related to the NPs in the brain
and spinal cord of mice treated with ANANAS-ApoE. Such a paradoxical behaviour is not
in agreement with what has been previously reported, especially in vitro, and supported
the exploitation of the lipoprotein-associated receptor transport as an attractive strategy to
shuttle drug molecules across the BBB. In particular, the low-density lipoprotein receptors
(LDLR), characterized by a high affinity for ApoE, seemed functional to this aim. On the
other hand, more recent in vivo data clearly demonstrated that, once in the bloodstream,



Cells 2022, 11, 4003

13 of 16

NPs underwent a series of events that dramatically hamper the brain endothelial targeting
and the possibility to cross the BBB. In addition to the uptake by organ filters and renal
clearance, circulating NPs are functionalized to enhance specific targeting and tend to lose
their affinity over time. This reduced ability to bind the appropriate ligands or receptors
is due to the coverage of the NP surface by circulating plasma proteins through a process
widely known as “protein corona” [27]. The effect of plasma protein interaction with NPs
is still a matter of debate. If there are much data confirming the shielding effect played by
protein corona [28], on the other hand, a pre-formed, homogeneous protein corona around
NPs using only ApoE increased the uptake by cancer cells overexpressing LDLR [29].
However, the efficacy of the BBB passage of this naturally functionalized complex is not
known. A possible explanation for the poor BBB passage of our ANANAS-ApoE can be
related to endogenous ApoE expression and its interaction with LDLR. LDLR is expressed
in the liver, peripheral vasculature, brain, and other tissues [30,31], and in the brain is the
most abundantly expressed neuron. Endogenous ApoE is primarily produced by glial
cells [32]; therefore, we can hypothesize that astroglial ApoE can compete and interfere
with the ligand exposed to the ANANAS surface and limit its CNS penetration.

Disease condition and progression have to be considered in NP design and CNS
penetration. BBB/BSCB functional and structural impairments in neurological disorders
have been reported in several studies [2]. In both patient and animal ALS models, damage
in BBB/BSCB integrity and function, the downregulation of tight junction proteins, en-
dothelial cell degeneration, and impairments in the micro vessels [3,33] have been observed.
This suggests that in the pathological condition, BBB/BSCB may be more permeable to
drugs. However, our results show the same kinetics of ANANAS for brain and spinal
cord tissue in healthy and SOD15%34 mice. Non-functionalized ANANAS in both animal
models shows the major penetrance in the brain and spinal cord immediately after NP
injection, suggesting an equal CNS penetrance of NP in healthy and diseased mice. It
has been reported that in ALS patients and in SOD1%%4 mice, the P-glycoprotein and
breast cancer resistance protein, two drug efflux transporters at the brain endothelium
with remarkably broad specificity, increase their expression and function at the BBB and
BSCB as the disease progresses [34]. Therefore, it is possible to hypothesize that despite
the potential breakage of BBB, a disease-driven process of pharmaco-resistance limits the
ability of the NPs to pass the BBB.

When using NPs for brain drug delivery, the first question that has to be answered is
whether, after their passage through the BBB, they can reach the pathological target and
selectively release the cargo. However, increased NP concentration in the brain (as in the
case of ANANAS) does not necessarily imply that a selected drug load can be released
in the affected areas. To better investigate the relationship between the carrier and cargo,
we tested a Dex carrying an ANANAS formulation, in which the steroid was linked to
the NPs by means of a pH-sensitive reversible linker. In previous work by our group, an
ANANAS-Dex formulation with a strong tropism for the liver showed therapeutic efficacy
in a murine model of autoimmune hepatitis [12,15]. A remarkable characteristic of ALS
patients and animal models is the neuroinflammatory reaction consisting of activated glial
cells and T cells which have been largely explored as a potential therapeutic target. In
particular, free Dex and other corticosteroids have shown encouraging neuroprotective and
anti-inflammatory effects in the mouse models of motor neuron diseases [16,17]. However,
none have translated to an effective therapy in patients, probably because of their side
effects [35-37]. Targeting steroids into the CNS by NPs may be a way to maximize the
therapeutic effect while reducing unwanted side effects [38]. In the case of ANANAS,
the strong tropism for CD68-positive phagocytic cells, in particular for those carrying
Dex [12], was considered attractive for ALS and aimed to reduce microglial cell activation.
Unfortunately, Dex levels that were released from NPs in the brain and spinal cord were
under the detection limit. There are several possible reasons why the ANANAS penetration
did not correspond to a detectable amount of Dex. The more probable is that the conditions
that allowed the release of the steroid from the acid pH-sensitive linker were not met as it
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otherwise occurred in the lysosomes of the liver macrophages reached by the ANANAS-Dex
formulation investigated in our previous studies [12,15].

In conclusion, in the present study, we demonstrated that NP penetrance in CNS is
not sufficient to enable efficient drug brain- and spinal cord-targeting. Specifically, the
hydrazone bond used here for dexamethasone tethering to ANANAS was clearly not
suitable for the release of the drug to the brain tissue. Therefore, in order to fully take
advantage of the NP’s ability to penetrate the CNS, a different strategy for drug tethering
should be devised, which does not require the NP cell internalization for drug release but
rather exploits brain parenchyma-specific enzymatic activities. On the other hand, this
study demonstrates that drug measurement studies in vivo are a necessary step in the
development of a nano-drug. Moreover, it highlights that NPs can be useful for improving
the passage through biological barriers but may limit the interaction of the therapeutic
compound with the specific target.
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Abstract: Titanium dioxide nanoparticles (TiO, NPs) are one of the main sources of the nanoparticu-
late matter exposure to humans. Although several studies have demonstrated their potential toxic
effects, the real nature of the correlation between NP properties and their interaction with biological
targets is still far from being fully elucidated. Here, engineered TiO, NPs with various geometries
(bipyramids, plates, and rods) have been prepared, characterized and intravenously administered in
healthy mice. Parameters such as biodistribution, accumulation, and toxicity have been assessed in
the lungs and liver. Our data show that the organ accumulation of TiO, NPs, measured by ICP-MS,
is quite low, and this is only partially and transiently affected by the NP geometries. The long-
lasting permanence is exclusively restricted to the lungs. Here, bipyramids and plates show a higher
accumulation, and interestingly, rod-shaped NPs are the most toxic, leading to histopathological
pulmonary alterations. In addition, they are also able to induce a transient increase in serum markers
related to hepatocellular injury. These results indicate that rods, more than bipyramidal and spherical
geometries, lead to a stronger and more severe biological effect. Overall, small physico-chemical
differences can dramatically modify both accumulation and safety.

Keywords: titanium dioxide nanomaterial; physico-chemical properties; biodistribution; nanotoxicity
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1. Introduction

The peculiar physico-chemical properties of engineered nanoparticles (NPs), such as
composition, size, shape and surface features, make them attractive for use in the medical,
agricultural, industrial and manufacturing fields [1]. These unique properties not only
determine their utility for several applications, but also their toxicity [2]. Although hun-
dreds of tons of NPs are produced and industrially processed, the connection between
nanomaterial properties (in given exposure scenarios) and elementary biological responses
(associated with pathological responses) are poorly known, and are used to signpost poten-
tial for hazard. In particular, knowledge of the biological interaction between different NPs
derived from large-scale production processes and biological matrices (cells, tissues, whole
animals) is a priority for defining their real impact on human health [3]. In the last decade,
an increasing body of evidence has demonstrated the potential effect of NPs in respiratory
and digestive systems, and their ability to enhance inflammatory responses in peripheral
organs [4-6]. Thus, NP toxicology and the basis for their interaction with living matter
became of great interest. Although the results arising from in silico and in vitro analyses are
definitely pivotal to gain initial knowledge on NPs’ potential toxicity (depending on their
geometry or surface charge), they are quite often hardly transferable to mammals [7]. The
main reasons for this mismatch stem from the impossibility of recapitulating, either in cells
or through specific algorithms, the complex and only partially known interplay resulting
from exposure to the final destination (accumulation, transformations—such as protein
corona—clearance, and toxicity) of the NPs in multicellular organisms. In a recent study, we
demonstrated the strong influence of the geometry on the biodistribution of gold NPs [8].
Interestingly, neither size nor shape led to a relevant toxicity in treated mice. Similarly,
changes in the surface and the shape of gold NPs strongly influenced the biodistribution
but led to a minimal effect on the overall blood count and an almost complete absence
of modifications in basal hematochemistry (creatinine, bilirubin, transaminases and uric
acid) [9].

Gold NPs can be considered attractive for nanomedicine due to their theranostic
properties. However, these results cannot so easily be translated to assess the relationship
between geometry and in vivo effect in the field of nanosafety. Indeed, other materials are
produced and dispersed by environmental pollution or industrial production. Among this
broad range of materials, titanium dioxide NPs (TiO, NPs) seem to play an even greater
role in nanosafety. Due to their physico-chemical properties, TiO, NPs are used as food
additives (chewing gums, candies, sweets, and cheeses), high refractive index products
(coatings, plastics, paints), photocatalyst agents (in water treatment and air purification),
sunscreens, and toothpastes [10-12]. Titanium oxide is chemically stable and very difficult
to dissolve. Therefore, its inertness and the persistence inside the body may represent
a critical point concerning its safety, and large-scale production plans should pay great
attention to this aspect.

Similar to other nanomaterials and chemicals, its risk is strongly influenced by the
mutual influence of a series of different factors, including the geometry of the NPs. In a
recent study carried out in C. elegans (a nematode universally considered a reliable model of
human pathophysiology [13]), we reported that rod-shaped NPs were the most toxic, greatly
impairing pharyngeal function, reproduction and larval growth, whereas bipyramidal and
spherical shapes were less toxic, even if no difference in terms of biodistribution and
accumulation were found.

The route of exposure obviously affects the in vivo absorption, biodistribution, and
toxicity of NPs. Although the main routes of entry of NPs are skin, airways or digestive
tract, it is important to emphasize that a great source of risk is tightly regulated by their
penetration into the bloodstream and their consequent overall distribution in many organs
and cells [14]. To this end, the influence of the geometry of different synthesized TiO, NPs
(bipyramids, plates, and rods) and their fate in terms of biodistribution, clearance, toxicity
were investigated after a single intravenous treatment in healthy immunocompetent mice.
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2. Materials and Methods
2.1. NP Synthesis and Characterization

Shape-controlled synthesis of TiO, NPs was achieved following a modified nonaque-
ous surfactant-assisted synthesis reported by Gordon et al. [15]. TiF,, TiCly and/or TTIP
were used as Ti precursors, ODE (1-octadecene) as a solvent, OLA (oleic acid) as a surfac-
tant, and OLAM (Oleylamine) or ODOL (1-octadecanol) as cosurfactants. The control of
the final morphology is achieved by the choice of titanium precursor and the co-surfactant.
All syntheses were performed using standard Schlenk line techniques under a nitrogen
atmosphere.

Chemicals. Titanium(IV) fluoride (TiF4, 99%, Acros, Geel, Belgium #7783633), tita-
nium(IV) chloride (TiCly, 99%, Strem, Bischheim, France), #221150), titanium(IV) iso-
propoxide (TTIP, 97%) 1-octadecene (90%, Alfa Aesar, Kandel, Germany, #L.11004) (1-ODE),
1-octadecanol (1-ODOL, 97%), oleylamine (OLAM, 70%, Acros, Geel, Belgium, #129541000),
oleic acid (OLA, 90%, Sigma Aldrich, Milan, Italy, #01008), and tetradecylphosphonic acid
(TDPA,98%, Sigma Aldrich, Milan, Italy, #736414) were used as obtained from the supplier.

Preparation of Ti stock solutions. TiF, stock solution consists of 0.2 M TiF4 and 1.0 M
OLA in 1-ODE. TiCly stock solution consists of 0.2 M TiCly and 1.0 M OLA in 1-ODE. TTIP
stock solution consists of 0.2 M TTIP and 1.0 M OLA in 1-ODE. The TiF, stock solution
is stirred on a hot plate set to 80 °C to promote the dissolution of TiF;. Once dissolved,
the TiF, stock solution is orange-brown, and the TiCly and TTIP stock solutions are dark
brown.

Synthesis of TiOy NPs (bipyramids). Highly monodisperse anatase TiO, tetragonal
bipyramids (10 nm side length) were synthesized using a mixture of TiF,/TiCly precursors
in the presence of OLAM.

Synthesis of TiOy NPs (rods). Highly monodisperse brookite TiO; rods (50 nm side
length, 15 nm width) were synthesized using TTIP as a precursor in the presence of OLAM.

Synthesis of TiO, NPs (plates). Highly monodisperse TiO, plates (50 nm side length)
were synthesized using a mixture of TiF,/TiCly precursors in the presence of 1-ODOL.

General Synthetic Procedure. A general procedure for the preparation of TiO, NPs
proceeds as follows. In a 125 mL flask, 30 mmol of cosurfactant (OLAM or 1-ODOL),
10.2 mL of 1-ODE, and 0.48 mL (1.5 mmol) of OLA are combined and degassed at 120 °C
for 1 h. For a 1:1 mixture, TiF4 and TiCly stock solutions are mixed at equal volume in the
glovebox. After degassing the flask, 1.5 mL of the desired stock solution (or mixed stock
solution) is added at 60 °C. Then, the solution is quickly heated to 290 °C and held at this
temperature for 10 min to allow for the formation of seed NPs. An 8 mL portion of the
chosen stock solution is then pumped into the flask, which is kept at 290 °C, with a rate
of 0.3 mL-min~!, using a syringe pump. Afterward, the heating mantle is removed, and
the flask is left to cool naturally to ambient temperature. After the synthesis, the reaction
contents are first diluted with a small volume of toluene and centrifuged at 6000 rpm to
separate the NPs by precipitation. The NPs are then re-dispersed through the addition of
toluene and 100 pL of OLAM with sonication. Insoluble surfactant and agglomerated NPs
are removed through centrifugation (i.e., the precipitate is discarded and the supernatant
containing the dispersed NPs is kept). A mixture of 2-propanol and methanol is added to
precipitate the NPs, and centrifugation at 6000 rpm is used to precipitate the NPs before
exchanging surfactants and redispersing them in water (see next section). This washing
process was repeated twice.

Ligand exchange of the TiO, NPs. The OLA/OLAM/ODOL ligands present in the TiO,
NPs were exchanged with an alkylphosphonic acid via a standard ligand exchange process
to further enhance their colloidal stabilities [16]. Firstly, the OLA/OLAM/ODOL coated
TiO, NPs, as dispersed in toluene, were precipitated with methanol/ethanol by centrifuga-
tion (1000 rpm, 5 min), followed by discarding of the supernatant and redissolution of the
NPs in CHCI;. This washing step was repeated until the TiO, NPs could no longer be redis-
persed in CHCl; (at least six times). In this case, one can consider that the TiO, NPs had lost
solubility through the removal of most of the original capping ligands from their surface.
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Then, 2 mL of CHCI3 was added to the NP precipitate under vigorous magnetic stirring at
room temperature, and 1 mL of TDPA 0.2 M solution in CHCl; was added, dropwise, until
the solution turned transparent. The sample was continually stirred overnight. The next
day, the NPs were precipitated by methanol and centrifugation (1000 rpm, 5 min), and the
supernatant was discarded. After re-dispersion of the NPs in CHCl3, the washing process
was repeated again by adding methanol, centrifugation, and redissolution in CHCl;.

Phase transfer of TDPA coated TiO) NPs to water by overcoating with an amphiphilic polymer.
The amphiphilic polymer poly(isobutylene-alt-maleic anhydride)-graft-dodecyl (PMA;
0.5 M monomer unit concentration in CHCI3) [16,17] was added into NPs; the solution
of TDPA coated TiO, NPs in CHCl3, and more CHCl; was added to dilute the mixture
according to previously published protocols [16-18]. The ratio of added PMA monomer
units per effective NP surface (Rp,/area) was optimized experimentally. In the case of the
platelet-shape TiO; NPs, for example, ratio R, /area = 600 nm~2 was used. Then, the solution
was placed in the rotavapor at 60 °C for 10 min, the temperature was increased to 70 °C at
950 mbar, and the solvent (i.e., chloroform) was slowly evaporated until the sample was
completely dried. The resulting solid NP film in the flask was redissolved under vigorous
stirring in SBB12 buffer (sodium borate buffer, 50 mM, pH 12), until the solution turned
clear [16]. Finally, the sample was concentrated with 100 kDa ultrafiltration filters (Sartorius
Stedim, Goettingen, Germany) by centrifugation. The eventual excess of polymer micelles
was removed through agarose gel electrophoresis [19]. In a final step, the solvent was
exchanged to Milli-Q water by ultrafiltration. Dynamic light scattering (DLS) was used as
a control to verify that the polymer-coated TiO, NPs were well dispersed [16].

2.2. Animals and Treatments

The “Mario Negri” Institute for Pharmacological Research IRCCS adheres to the
principles set out in the following laws, regulations, and policies governing the care and
use of laboratory animals: Italian Governing Law (D.lgs 26/2014; Authorisation n.19/2008-
A issued 6 March 2008 by Ministry of Health); Mario Negri Institutional Regulations
and Policies providing internal authorization for persons conducting animal experiments
(Quality Management System Certificate, UNI EN ISO 9001:2015, Reg. No. 6121); the
NIH Guide for the Care and Use of Laboratory Animals (2011 edition), and EU directives
and guidelines (EEC Council Directive 2010/63/UE). This work was reviewed by the
IRCCS-IRFMN Animal Care and Use Committee (IACUC) and then approved by the Italian
“Istituto Superiore di Sanita” (code: 42/2016-PR).

Eight-week-old male CD1 mice were housed in ‘specific pathogen-free” animal rooms
at a constant temperature of 21 £+ 1 °C, humidity 55 £ 10%, with a 12 h light/dark cycle
and ad libitum access to food and water. Mice were randomly divided into three groups
receiving bipyramids, plates, and rods, respectively (n = 9 for each experimental group).
Briefly, all animals received the same dose of each NPs preparation (6 mg/kg), diluted in
200 pL of injection grade distilled water, by intravenous injection. At the selected time
points (pre injection, 1, 12, 24, 96, and 168 h), mice were anesthetized and blood was taken
by retro orbital bleeding for complete blood counts, and the serum analyzed for markers
of toxicity. Furthermore, at 1, 24, and 168 h after NPs injection, three mice for each group
were killed and their organs collected for histological analysis.

2.3. ICP-MS Sample Preparation and %ID Calculation

Inductively coupled plasma mass spectrometry (ICP-MS) analysis, in which the
amount of elemental Ti was determined, was carried out following previously published
protocols for other NP materials [8,17,20,21]. The samples were first digested by the addi-
tion of 3 mL of ultra-pure (67 wt%) HNOj3 (Fisher Chemical, Milan, Italy) under constant
agitation in 50 mL falcon tubes for 72 h at 22°C, until the solution became clear and no
organics (i.e., rests of tissue) were left in the tube. Some 100 pL of these digested samples
was taken and further digested with 100 uL of HF acid for 48 h in order to digest the TiO,
NPs. Before ICP-MS measurements, the samples were diluted additionally by a factor of
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10, using a low matrix consisting of 2 wt% HCI. This actually enhances the detection limit
as well as reducing the background over all samples, and it ensures the protection of the
machinery from corrosive HE. All vials and working materials had been either cleaned
using freshly prepared aqua regia for 2 h, followed by boiling in Milli-Q water, or were
sterile and clean non-reusable consumables. The samples were introduced into the ICP-MS
setup through a perfluoroalkoxy-alkane (PFA)-based microflow spray chamber, wherein
the aqueous sample was nebulized, introduced into the argon gas flow, and transported
to the torch, where it was ionized in an argon plasma of around 6000 °C. After ionization,
the sample was presorted using an omega lens, separated element-wise in a quadrupole
field through the mass to charge rate, sorted again using kinetic barriers and a charged lens
system, and finally detected with either an analog or a digital detector depending on the
count rate. The percent of injected dose (%ID) was calculated as the percentage of Ti found
in one organ referring to the total amount of injected Ti [17].

2.4. Blood Analysis and Histopathology

The extent of hepatocellular injury and toxicity was monitored by measuring serum
alanine aminotransferase (sALT). Markers of cell toxicity such as serum aspartate amino-
transferase (sAST) and lactate dehydrogenase (LDH) activity were measured at the in-
dicated time points after NP injection. sALT, sAST and LDH activity were measured
using a IFCC (International Federation of Clinical Chemistry and Laboratory Medicine)
optimized kinetic UV method in an Aries chemical analyzer (Werfen Instrumentation
Laboratory S.p.A., Milan, Italy) and expressed as U/L (Units/Liter). Complete cell counts
were measured in whole blood collected in EDTA coated microvettes (Sarstedt, Niimbrecht,
Germany) utilizing an automated cell counter (IDEXX Procyte Dx, IDEXX Laboratories).

Each analysis was validated by a certified biochemical chemistry and haematology
specialist using quality control serums (CQI) or blood, in the San Raffaele Mouse Clinic
(http:/ /research.hsr.it/en/services /mouse-clinic/hematologic-testing.html, accessed on
21 October 2021).

At time of autopsy for each mouse, different organs were sampled, fixed in zinc-
formalin, processed, embedded in paraffin, cut and stained with hematoxylin/eosin, or
further processed for immunohistochemical analyses as previously described [22]. A Pi-
crosirius Red (0.5 g Sirius Red F3B (C.I. 35782) + 500 mL picric acid solution—Sigma Aldrich,
Milan, Italy) staining method was performed to reveal collagen deposition. Immunohis-
tochemical staining was performed utilizing the following antibody: anti-F4/80 (clone
A3-1, AbD Serotec, Milan, Italy). All images were acquired using an Aperio Scanscope CS2
system (Leica Biosystems, Milan, Italy) available at the SRSI Advanced Light and Electron
Microscopy Biolmaging Center (ALEMBIC). The images were identified as representative
areas of interest within the total area of the specimen analyzed and exported as ImageScope
snapshots.

2.5. Statistics

All the tests carried out for the physico-chemical characterization of the NPs were
performed at least in triplicates. For in vivo experiments, the number of animals sacrificed
at each data point was minimized (n = 3) according to the 3Rs principle. p values < 0.05
were considered statistically significant and reported on graphs. Data are presented as
mean values + standard error of the mean (SEM) and analyzed using GraphPad Prism
Software (version 7). The differences in Ti levels measured by ICP-MS were analyzed
with a one-way ANOVA followed by a Bonferroni post hoc test (** p < 0.01, *** p < 0.001).
For blood cell analysis, a one-way ANOVA followed by Dunn’s post hoc test was carried
out, (* p < 0.05, ** p < 0.005), while for hepatic toxicity, an unpaired T-test was carried out
(**p <0.01).
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3. Results
3.1. Synthesis and Characterization

For this study, we synthesized and characterized a set of TiO, NPs. Figures 1-3
report representative images of bipyramids, rods, and plates, respectively, acquired using
scanning transmission electron microscopy (STEM).

Figure 1. TiO, bipyramids. STEM images of TiO, NPs synthesized using TiF, as a precursor in the
presence of OLAM. In the presence of the co-surfactant OLAM, TiF4 produces highly uniform tetrag-
onal bipyramidal anatase NPs (10 nm side length), which are significantly truncated perpendicular to
the [001] direction.
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Figure 2. TiO, rods. STEM images of TiO; NPs synthesized using TTIP as precursor in the presence
of OLAM. In the presence of the co-surfactant OLAM, pure phase brookite rods (50 nm side length,
15 nm width) are formed using TiCly as precursor.
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Figure 3. TiO, plates. STEM images of TiO, NPs synthesized using TiF,/TiCly as precursors in the
presence of 1-ODOL. The use of the mixed TiF, /TiCly precursor in combination with 1-ODOL forms
plates (50 nm side length, 10 nm width).

The table below (Table 1) clearly reports TiO, NP size. Measurements were performed
counting at least 100 particles, and the average size and the standard distribution were

obtained.

Table 1. Dimensional characterization of TiO, NPs administered to mice.

Sample Size Distribution
TiO; bipyramids 7.5 £ 0.7 nm side
) 27.8 £ 2.1 nm length
TiO; rods 6.3 + 1.0 nm width
. 13.6 &+ 2.1 nm side
TiO, plates 4.5 + 0.3 nm thickness

3.2. Influence of the “Shape” on TiO, NP Biodistribution

To quantitatively determine the biodistribution of the NPs in the main organs, ICP-MS
analysis of the tissue digests was performed to measure the elemental titanium concen-
trations. Figure 4 shows the obtained results reported as percentage of the injected dose
(%ID) in mice sacrificed at 1, 24, and 168 h after a single administration of bipyramids, rods,
and plates. Vehicle-treated mice (n = 3) were intravenously injected with normal saline
and studied as an inner control to exclude a bias due to the natural presence of titanium in
the body. As expected, no titanium was detected in all tissues of saline-administered mice
(data not shown).
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Figure 4. Ti organ content. Percentage of injected dose (%ID) measured by ICP-MS in blood derived
from mice treated with different TiO, NPs at 10/, 1, 2, 4, 24, and 168 h after treatment (A) and in the
following collected organs ((B-F): liver, kidneys spleen, brain, and lung) derived from mice treated
with different TiO, NPs at 1, 24, and 168 h after treatment. The data are reported as mean + SEM.
A one-way ANOVA followed by a Bonferroni post hoc test was carried out. Significant difference
(** p <0.01, *** p < 0.001) when comparing the different shapes at the same time point is indicated.

The content of TiO, NPs in the whole blood is reported in Figure 4A. Because circulat-
ing immunocompetent cells may actively interact with NPs through cellular uptake and
their efficiency can be influenced by the NP geometry, we decided to collect whole blood
(serum and cellular components) instead of the exclusive evaluation of plasmatic levels.
All NP shapes exhibit a short circulation time with a very rapid clearance and a modest
uptake from blood components, with a concentration falling to 4%ID. Interestingly, a slight
but detectable increase in NP content was observed over time in mice treated with rods and
bipyramids, while the animals treated with plates showed a less marked and only transient
interaction with blood cells.

Direct injection in the bloodstream leads to a fast and progressive penetration of NPs
in different organs. Overall, the highest Ti concentration was found in the liver, followed
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by lung, kidney, spleen, and brain. As expected, the liver plays the main role in the capture
of NPs after intravenous administration; similarly to a recent study performed by our
group [8], a shape-dependent effect was observed when comparing bipyramids to plates
and rods (Figure 4B). Whereas at the first hour, no difference was found among the groups,
24 h after administration, animals receiving bipyramids showed a drastic increase in Ti
content as compared to the other experimental groups. However, the strong decrease in Ti
levels at 168 h after injection suggests that TiO, NPs, independently of their geometry, do
not lead to long-lasting accumulation in liver parenchyma.

Considering the %ID, the NP kinetic found in the kidney and spleen (Figure 4C,D) is
very similar; TiOp NPs rapidly reach these organs, but their presence is extremely transient,
and independent of their shape, they rapidly disappeared at the latter time-points. It is
likely that renal and splenic filtering through resident macrophage uptake does not occur
in these experimental conditions.

As expected, the brain showed a drastic reduction in the levels of Ti from 1 to 24 h after
administration (Figure 4E). This trend was similar in each shape, and may be determined
by the sharp decrease in the NP levels in blood. It is therefore likely that the contribution
measured at 1 h was almost exclusively related to the presence of blood in the brain vessels.
The lack of NP accumulation in brain is confirmed by their levels measured in animals
sacrificed at 24 and 168 h after NP injection.

The process of accumulation of TiO, NPs in lungs is very interesting (Figure 4F). Both
bipyramid and plate levels strongly increased from the 1st to the 7th day after treatment.
This accumulation cannot be attributed to the effect of circulating NPs in the bloodstream.
Rods showed a lower amount of Ti accumulation compared to the two other shapes.
However, accumulation over the time is also noticeable for this type of NP. The reason
for this particular penetration in lung parenchyma cannot be elucidated by our studies.
However, it is widely known that the lung is one of the most irrigated organs in the body,
and it is therefore possible that the major accumulation of particulate matter happens in
this tissue. On the other hand, it is unlikely that an active passage through the pulmonary
barrier occurs in this latter phase [23].

In vivo, the majority of the injected dose is cleared from the bloodstream by cells of
the mononuclear phagocyte system, a network of immune cells located in organs such as
the liver, spleen and bone marrow. Conversely, the accumulation of these TiO, NPs in filter
organs is manifold lower if compared to many other classes of soft and metallic NPs of
similar geometry and size [8,24-26]. Moreover, they do not pass biological barriers such as
the blood-brain barrier, but have a great ability to accumulate in the lung parenchyma. The
influence of the shape is moderate but not negligible. An interesting aspect to underline is
that the ability of a specific type of NP to penetrate and accumulate is greatly influenced by
the target organ. However, on the whole, bipyramids demonstrate greater accumulation
than plates and rods.

3.3. Influence of the “Shape” on TiO, NP Biological Effect

The main components of whole blood are blood cells and plasma. Blood cells include
red blood cells, white blood cells (among which lymphocytes, neutrophils, and monocytes)
and platelets. In Figure 4A, we reported the accumulation of the three types of TiO; NPs
with different shape in the blood, while in Figure 5, the impact of this accumulation is
evaluated by directly counting the white blood cells from the blood withdrawn 12 h after
administration.
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Figure 5. Complete blood cell analysis. Twelve hours after intravenous administration of TiO,
NP, six mice from each experimental group were phlebotomized, and blood was analyzed for total
number of lymphocytes (A), neutrophils (B), monocytes (C), and platelets (D). Data are presented as
mean £ SEM. A one-way ANOVA followed by Dunn’s post hoc test was carried out. This indicated
significant difference (* p < 0.05, ** p < 0.005) between the NP-treated and vehicle-treated mice; (v
p < 0.05) when comparing the different shapes. The means of each variable measured in control mice
are depicted as hatched lines.

Complete blood cell analysis showed that the total number of circulating lymphocytes
was not altered by NP injection (Figure 5A); a little and non-significant increase was
observed in mice treated with bipyramids, with no specific biological relevance.

A trend of neutrophils increasing was instead observed for all types of NPs compared
to vehicle-treated mice (Figure 5B). Although not statistically significant, this seems slightly
influenced by the NPs” shape.

In contrast to circulating lymphocytes and neutrophils, a marked increase in mono-
cytes was observed in all three experimental groups treated with TiO, NPs compared to
vehicle mice (Figure 5C), and this is particularly evident after plate and rod administration.
Monocytes are the circulating cells devoted to the removal and the phagocytosis of many
exogenous molecules by an active uptake process occurring after the opsonisation of the
target. The behavior of rods is somehow correlated with the levels of Ti in blood, wherein
a clear increase in Ti content was measured in animals treated with NPs of this shape
(Figure 4A). It is therefore possible to hypothesize that a rapid adaptation of the system
consisting of an increase of monocytes is needed to remove the NPs from the circulation.
The reason why rods lead to a stronger activation is unknown. It is likely that the contact
with plasma proteins may somehow modify the interaction between nanomaterials and
monocytes. Regarding the relationship between protein corona and NP shape, it is impor-
tant to mention a previous study carried out by our group, which revealed that silver wires
strongly affect alveolar epithelial cells, whereas spherical particles have no effect. This
supports the hypothesis that shape is one of the important factors that determine particle
toxicity [27].

In contrast to this overall trend of monocytes increasing, a significant decrease in
circulating platelets was observed after TiO, NP injection in comparison with vehicle-
injected mice (Figure 5D). Similar to monocyte measurement, animals treated with rods and
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plates showed a marked alteration of platelets. To this end, it is reasonable to speculate that
platelets, by recognizing and interacting with NPs with an irregular 3D structure, become
activated and degraded in the circulation.

As shown in Figure 4B, the levels of Ti accumulation in the liver of treated mice were
transient, with the peak of accumulation at 24 h after the administration of NPs. Impor-
tantly, a shape-dependent accumulation was observed, with bipyramids reaching highest
levels than plates and rod-shaped NPs. To define if this accumulation was associated with
liver toxicity, a time-course was carried out to determine the levels of both alanine amino-
transferase (sALT, Figure 6A) and aspartate aminotransferase enzymes (sAST, Figure 6B).
These two transaminase levels are commonly measured to make a first diagnostic evalua-
tion of hepatocellular injury. sALT is a more specific indicator of hepatocyte cell death than
sAST, which may be released in the circulation by the death of other cell types along with
lactate dehydrogenase (LDH, Figure 6C).
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Figure 6. In vivo hepatic toxicity. Activity (Units/Liter [U/L]) of serum ALT (A), AST (B), and LDH
(C) measured at the indicated time points in groups of mice injected with bipyramids, plates, and
rods. The dashed lines indicate the upper value of normality of each variable (70 U/L for ALT, 83 U/L
for AST, and 750 U/L for LDH). Pre I. = Pre injection. The values are expressed as mean £+ SEM. An
unpaired T-test was carried out; significant difference (** p < 0.01) when comparing NP-treated and
vehicle-treated mice at the same time point is indicated.

The dashed lines indicate the upper value of normality of each variable. Higher
levels of all these markers compared to physiological ones were measured 12 and 24 h
following rod injection, while only the LDH value was found to be higher after 12 h
following plate treatment. Notably, these levels rapidly returned to normal values in the
next time points, indicating that the administration of TiO, NPs generates only a transient
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injury with the NPs of plate and rod shape. However, this result should be strongly taken
into consideration in cases of chronic exposure. Interestingly, no effect was induced by
bipyramids for all the hepatic markers at all the time points (red bars).

To determine liver pathology associated with the increase of liver enzymes induced
by TiO, NPs, groups of mice were killed at 1, 24, and 168 h after NP injection, and
their livers were analyzed by histopathological analysis. Since inflammation and acti-
vation of tissue macrophages are often tightly related, immunohistochemistry for F4/80
(a well-characterized membrane protein, extensively used as a marker for mature tissue
macrophages and Kupffer cells) was carried out in consecutive sections previously stained
with hematoxylin and eosin (H&E). As shown in Figure 7, two consecutive representative
sections of liver, respectively processed for H&E or F4/80, are reported for each experimen-
tal condition and at each time point. Microgranulomas are depicted as red hatched lines,
while micronecrotic areas are depicted with yellow-hatched lines.

Vehicle ipyramids

Plates Rods

1 hour

24 hours

168 hours

Figure 7. Liver histopathology and immunohistochemistry. Representative micrographs (H&E, upper
panels, immunohistochemical staining, F4/80, middle panels and Sirius Red, lower panels) of the
liver from mice injected with bipyramids, plates and rods, compared to vehicle-treated mice sacrificed
at 1, 24 and 168 h after NP injection. Red hatched lines indicate microaggregation of F4/80 positive
macrophages; yellow hatched lines indicate areas of hepatic infarcts. The scale bars represent 100 um.
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As expected, no relevant hallmarks of inflammation, steatosis, and other tissue al-
terations were observed in pathogen-free immunocompetent mice treated with vehicle.
Moreover, no difference between sections from vehicle- and bipyramid-treated mice was
detected. Indeed, in accordance with the measurement of blood cells and liver enzymes
(Figures 5 and 6), the hepatic parenchyma from mice treated with bipyramids showed
neither morphological alterations nor variations in the amount and the localization of
macrophages.

Very interestingly, small microgranulomas can be detected since from first hour of
treatment with plates; these are characterized by a clustering of macrophages inside the
liver parenchyma (red circle) of treated mice. They are associated with a modification of
the parenchyma itself, as shown by H&E staining. Histological alteration becomes even
more pronounced in mice sacrificed 24 h after the treatment, where hallmarks of necrosis
occur (yellow circle) with peripheral aggregates of F4/80 immunopositive cells. In the
early phase, microgranulomas (red circle) were also observed in the liver of rod-treated
mice. At 24 h after treatment, the relatively big lesions (yellow circle) appear similar to
micro-necrotic areas or small infarcts. This implies that rods must have induced a vascular
event (i.e., platelets and coagulation cascade activation with the occlusion of relatively
large hepatic vessels). For both plates and rods, the perturbation effect was nearly limited
to the first days and completely reversed along the first week after the administration of
NPs. This transient effect is very interesting, because it seems that NP injection was able
to produce an acute response but does not seem to trigger a chronic inflammatory state
despite their persistence. Notably, the lack of relevant alterations in mice treated with
bipyramids seemed to exclude the relationship between NP penetration and accumulation
(higher and sharper, even if transient, compared to the other shapes, Figure 4B) and toxic
effects on the liver parenchyma.

In addition, to assess the extent of fibrosis in liver, Sirius Red staining was performed
to detect collagen distribution in the samples. No evidence of collagen overexpression
was observed in all TiO, NP-treated groups compared to vehicle-treated mice. The typical
feature characterized by the presence of collagen around liver vessels was detected. On
the contrary, interlobular collagen deposition (marker for fibrosis onset) was absent in all
experimental groups (Figure 7).

ICP-MS measurements (Figure 4F) clearly demonstrate that there is also difference
concerning their long-lasting accumulation in lungs between differently shaped NPs. To
verify both if this accumulation can lead to a direct modification of the parenchyma and
if there is a correlation between the levels and the toxicity of TiO, NPs, histopathological
analyses were carried out (Figure 8).

Figure 8A shows representative images of lung parenchyma processed with both
H&E, Sirius Red and the F4/80 antibody from mice killed 1, 24, and 168 h after treatment.
The graph in Figure 8B reports the measurement of the level of immunoreactivity in mice
sacrificed at the last time point. From the first hour after treatment, a marked pulmonary
tissue alteration was observed following the treatment with rods, whereas both plates
and bipyramids did not seem to produce the same effect. However, all treatments tend to
modify the tissue over time; the lower panel describing the last time point clearly reveals a
well detectable difference between the parenchyma structure of vehicle-treated and TiO,
NP-treated mice. This gradual modification may be due the progressive accumulation
in this organ. In contrast to what is observed in the liver, interstitial inflammation with
recruitment of F4/80 positive cells was weaker, mainly pronounced 168 h after treatment,
and mostly enhanced in animals receiving bypiramids and rods. While the lungs from
mice treated with bipyramids show a pronounced interstitial immunoreactivity in the
alveoli only after 168 h, rod-treated mice showed an earlier alteration that seemed to have
a trend of attenuation over time. Similarly to what was found in liver, no features of
fibrosis were observed in all experimental groups tested; collagen fibers were substantially
associated exclusively with physiological structures (the basement membrane, alveolar
wall and alveolar septa).
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Figure 8. Lung histopathology and immunohistochemistry. (A) Representative micrographs (H&E,
upper panels), immunohistochemical staining (F4/80, middle panels) and Sirius Red (lower panels)
of the lungs of mice injected with bipyramids, plates, and rods, compared to vehicle-treated mice
sacrificed at 1, 24, and 168 h after NP injection. The scale bars indicate 50 pm. (B) Histogram showing
the spread of the pattern of immunoreactivity from sections of mice sacrificed 168 h after NP injection.

The values were expressed as mean + SEM.
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4. Discussion

The aim of the study was to evaluate the interaction of different TiO, NP shapes and
host tissues after systemic injection in healthy, immunocompetent and specific pathogen-
free (SPF) mice. To deeply characterize this interaction, we focused our attention on
well-defined parameters such as NP kinetics (penetration, accumulation, and clearance)
and alterations in specific targets. It is well known that titanium dioxide is used in many
products that have a potential impact through different entry routes (skin, airways, gas-
trointestinal tract) [28]; after absorption by capillaries and vessels, it can diffuse into many
organs [29].

It is widely known that most industrial TiO, NPs have an extremely heterogeneous
nature in terms of geometry. We have recently demonstrated that gold NPs with different
shapes had specific distribution, peculiar accumulation, and different kinetics [8]. However,
they did not appear to produce toxic effects on the main filter organs (kidney, liver, lung,
and spleen) at least up to 5 days after intravenous administration. Based on this study, we
resumed the same experimental model and approximately the same range of time points
from the treatment to the sacrifice. Our previous study and, more generally, the extensive
characterization of the behavior of gold NPs recently published by Tsoi et al. [30], confirmed
the strong tropism of hard materials towards the liver and their ability to be internalized in
reticulum endothelial system (RES) cells. Quite surprisingly, compared to the gold NPs
kinetics, in this work, ICP-MS measurements revealed a low uptake of TiO, NPs from
livers and a complete disappearance from the 1st to the 7th day after administration. This
transient phenomenon seems to exclude an efficient uptake from liver macrophages. The
difference in biodistribution could be related to the smaller size of these TiO, NPs (around
10 nm) compared to the AuNPs (about 50 nm).

Reduced absorption capacity by liver components could suggest (1) a greater filtering
efficiency of the kidneys or spleen, which are the other two main target organs of the
largest percentage of intravenously injected nanomaterials [31,32], and/or (2) a very fast
clearance and excretion that would support the possibility of a safe exploitation of these
materials. The very low splenic and renal levels of Ti do not seem to confirm the first
hypothesis, even in spite of the lack of TiO, measurements from feces and urine. The
whole blood %ID was quite low for each type of NP; however, this was not unexpected,
and was similar to that observed in mice treated with gold NPs. Therefore, the long-
lasting permanence of the TiO; levels in the whole body cannot be justified with the
hypothesis that circulating NPs remain in plasma for 7 days. It is therefore possible that
they remain somehow entrapped in the endothelium to be then progressively released
and captured by the lungs from the 1st to the 7th day. Unexpectedly, an almost shape-
independent accumulation (excluding rods) in the lungs was observed after systemic
administration. Another possible hypothesis to explain the late accumulation in lungs is
the progressive uptake from circulating cells, their activation, and their homing toward
pulmonary parenchyma. The efficient penetration of human mesenchymal stem cells loaded
with polymeric NPs in the lung has been demonstrated [33,34]. A delayed cell-mediated
transport of NPs uptaken from circulating cells is therefore the most likely assumption.

Overall, our data concerning the measurement of NPs in different organs confirm that
(1) in this type of administration, the accumulation of TiO, NPs is low compared to many
other hard materials, and they can be rapidly cleared up by kidneys; (2) the shape seems to
affect only partially and transiently the general trend of accumulation. Interestingly, the
behavior of rods is similar to that observed after the administration of gold nanorods, and
therefore it could be a peculiarity of this shape; (3) tissue macrophages do not seem to play
a crucial role in filtering TiO, NPs, and; (4) the only process of long-lasting accumulation
could be exclusively attributed to the lungs. In several cases of liver and lung injuries, the
immunomodulatory response and the alteration of transaminases can lead to necrosis and
fibrotic rearrangements of the tissue. Although in our study, the animals receiving TiO,
NPs showed altered levels of transaminases, some macrophage activation and infiltrates,
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the nature of them seems to be transient and at least upon a single treatment does not
suggest a relevant tissue damage.

Kinetics and the biodistribution are important parameters to be considered in studies
of bio—nano interaction. However, similarly to toxicology and pharmacology, the concen-
tration can be somehow unrelated to their overall effect. For this reason, a deep survey of
the effect of TiO, treatment in the blood, liver and lungs has been carried out. Since the
blood is the first tissue interacting with NPs after intravenous administration, we have
evaluated the direct effect on the white blood cell and platelet count 12 h after treatment.
Very interestingly, a slight tendency toward an increased number of white cells was found
in treated animals, and this was more marked with regard to monocytes. Notably, mono-
cytes are circulating macrophages, and their primary functions are the neutralization and
the degradation/clearance of a large plethora of non-self elements. Increasing monocytes
after injection is therefore not a surprising situation in SPF immunocompetent mice. This
tendency does not appear to be exclusively influenced by NP geometry, even if plates and
rods seem to have a similar effect both on the monocytes” increase and in the simultaneous
circulating platelets” reduction. A very broad range of stimuli can lead to drastic reduction
in platelets. However, this result is extremely interesting in light of the recent overview of
the NP effect on platelets” activation and coagulation trigger [35]. More specifically, experi-
ments with both anatase and rutile TiO, NPs mainly suggest the aggregation of platelets,
whereas our study seems to show an increase in number without particular morphological
differences or aggregations. Regarding the physico-chemical parameters that induce such
changes, it is important to emphasize that an increase in platelets, particularly after chronic
exposure, can have strong health effects in subjects with cardiovascular risk [36].

Alterations in white blood cells and platelets are not the only effect of TiO, NP
treatment. Despite the low accumulation in the liver parenchyma, early histological changes
associated with transient inflammatory reaction and granulomas formation were clearly
observed in mice sacrificed 1 and 24 h after NP administration. Although rods seem
to produce a greater effect compared to other geometries, no evidence of long-lasting
effect was suggested by single administration by any of the shapes. It is possible to argue
that the extremely fast effect observable at 1 h after injection is caused by a bystander
effect, and it is not associated with NP penetration. To understand whether accumulation
and histopathological alterations could affect liver function, we performed kinetics on
circulating levels of transaminases in all experimental groups. A transient increase in SALT
and sAST levels was almost exclusively observed in mice treated with rods, and to a lesser
extent, in those treated with plates.

Another target of these NPs is the lung. It is interesting to see that compared to many
other studies, a persistent bioaccumulation in the animals treated with TiO, NPs appears
to be greater in the lung than in other filter organs. This result is quite surprising but very
interesting, and the interaction with the lung is also shown by the relevant histological
changes and the activation of the macrophages seen in animals treated with TiO, NPs.

We also need to explain the significance and relevance of “shape” in the context of our
study. The three types of NPs used here in fact had clearly different shapes. However, apart
from shape, the other physicochemical parameters of these three types of NPs were also dif-
ferent, namely the volume per NP and also the surface area per NP. All of these parameters
can influence the interaction of the NPs with cells. In fact, results depend on which metrics
are used to distinguish between the different types of NPs [37,38]. Unfortunately, it is highly
complicated to vary only one parameter, such as shape, while keeping all other parameters
such as volume, surface area, etc. constant. Here, large multi-dimensional NP libraries,
in which all parameters are varied, may help. However, studies on such libraries show
that it is often not possible to relate biological effects to just one single physicochemical
property [17]. Thus, “shape” in our study refers to the fact that three types of different
NPs were used, all of which had different shapes. Any observed biological effect, however,
cannot be directly correlated to shape only, but rather refers to the type of NP.
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5. Conclusions

Overall, this study demonstrates that TiO, geometry can alter the accumulation and
response of the host; however, this effect may have different kinetics, depending on the
considered organ. The reversibility of all these the effects can be easily explained by the
nature of the treatment (single administration), but their potential risk through chronic
exposure cannot be neglected. Although many other experiments should be carried out,
selecting specific ways of administering and performing chronic exposure, this analysis
could be a step-by-step platform for assessing the guidelines related to the chemical and
physical parameters of NPs. The obtained results can be exploited by the industry in order
to limit those NPs that are more dangerous to human health.
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