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Abstract i Summary

Due to the high incidence of acute and chronic lung disorders, respiratory diseases are
considered as a major health, economic and social burden worldwide. The respiratory
tract is situated in direct contact with the external environment, and thus at high risk of
exposure to infectious agents and toxic chemicals. The ease of access of the respiratory
tract can be exploited to directly administer drugs to the lungs to address pulmonary
diseases. This offers several advantages, including avoiding systemic side effects and
improving patients’ compliance. Therefore, the development of formulations for
pulmonary delivery appears as a promising strategy. In this view, the development of
nanoparticle-based formulations for inhalation can be exploited encapsulate small
molecules or to deliver next generation drugs like RNA-based therapeutics. The
encapsulation of chemotherapeutics or antibiotics in nanoparticles facilitates a more
precise delivery of the cargo to the site of action, reducing adverse systemic side effects.
In the case of RNA-based therapeutics, the formulation of the cargo with a suitable
nanocarrier is essential to achieve the desired therapeutic activity. Among these, siRNAs
have been the subject of extensive studies for the past 20 years as they can be designed
to ideally downregulate any target sequence and thus offer new therapeutic options for
diseases considered uncurable. However, susceptibility to nucleases and impossibility
to penetrate the negatively charged cell membrane amongst others, makes the
formulation of siRNA with a suitable delivery system fundamental to deliver the cargo to

the site of action as well as to overcome the major barriers found in the lung.

Within this work, we sought to identify formulations with optimized features for lung
delivery of therapeutics, focusing on the development of non-viral delivery systems for
pulmonary administration of SiRNA and nanoparticles for the encapsulation antimicrobial
agents. The formulations were developed to target different inflammatory and infectious
states of the lungs, which spanned from cystic fibrosis to asthma, from SARS-CoV-2 to

methicillin-resistant S. aureus infections.

Overall, the aim of this work was to investigate formulation strategies that could
contribute to the state-of the-art of therapeutics for direct administration to the lungs,

focusing on the development of delivery systems for pulmonary administration of SiRNA.
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Chapter I'i General Introduction

1. Diseases of the respiratory tract
The lung is considered the organ at highest risk of infection and injury from external

environment due to the constant exposure to particles, chemicals and infectious
organisms found in ambient air. Respiratory diseases represent indeed a health, social
and economic burden worldwide, with more than 1 billion people affected by a chronic
or acute disorder. Chronic respiratory diseases such as asthma, cystic fibrosis and
chronic obstructive lung disease (COPD), together with lung cancer and respiratory
infections, both viral and bacterial, are major causes of death, and their incidence is
constantly increasing. On top of that, the recent Covid-19 pandemic dramatically
increased the number of people suffering from pulmonary dysfunctions (1).

Cystic fibrosis (CF) is considered the most prevalent autosomal recessive disease of the
Caucasian population, affecting about 100.000 people worldwide. It is caused by
mutations of the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) gene,
which encodes for a transmembrane protein essential for the transport of chloride and
bicarbonate ions across epithelial cells (2). Many different mutations have been identified
at the CFTR level, wherein the most common one is as phenylalanine deletion in position
508 (AF508), which is observed in about 70% of the population, leading to reduced
channel functionality, number, or both. CF is a multiorgan disease, with the lungs being
the organ most affected. The mutations at the CFTR level cause an imbalanced transport
of ions and fluids across lung epithelial cells, leading to impaired mucociliary clearance,
chronic inflammation, recurrent bacterial infections, and respiratory failure, being the

primary cause of death and morbidity (3).

Asthma and COPD are the most widespread chronic respiratory diseases, with more
than 300 million people affected worldwide and more than 90% of mortality in low-and
middle-income countries (4). The main asthma hallmark is a generalized inflammatory
state of the upper airways, which lead to recurrent episodes of coughing, chest tightness,
wheezing and dyspnea. Chronic inflammation has severe consequences on lung
structure and functionality, particularly in terms of airways obstruction, remodeling,
hyper-responsiveness and mucus hypersecretion. Currently, asthma can be treated only
symptomatically, mainly with bronchodilators and anti-inflammatory drugs such as
glucocorticoids. However, in 5-10% of the asthmatic population the symptoms remain
uncontrolled, exposing patients to worse symptoms, increased incidence of concomitant
comorbidities and higher risk of mortality (5). Asthma inflammatory status is triggered by

inappropriate immunological responses to common-inhaled allergens that lead to
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activation, infiltration and accumulation of T helper 2 (Th2) cells in the airways mucosa,
followed by release of Th2 proinflammatory cytokines IL-4, IL-5 and IL-13, leading a

perpetuated inflammatory state (6).

COPD is a chronic respiratory disease resulting from persistent exposure to toxic gases
and patrticles, with exposure to tobacco smoke considered a key risk factor, as it causes
a chronic inflammatory status of the airways that eventually leads to progressive
obstruction and lung failure (7). Clinical manifestations can be divided into two
categories, chronic bronchitis and emphysema. The former is found in the upper airways
and it is characterized by chronic inflammation, airway remodeling and mucus secretion.
The latter is typical of the lower airways and it consists in a progressive deterioration of
airway walls and loss of alveolar cells, which leads to impaired gas exchange. The
abnormal inflammatory response in response to persistent exposure to toxic agents such
as tobacco smoke is mediated by an increased number of inflammatory cells, particularly
neutrophils, macrophages and Thl cells in the airways, secreting pro-inflammatory
cytokines and chemokines, which mediate a continuous inflammatory condition (8).

Respiratory tract infections are the deadliest disease of infectious etiology and the fourth
leading cause of mortality worldwide. Their widespread distribution, high mortality and
morbidity defines them as main concern for public health worldwide. Respiratory
infections can be of different severity, can be found from the upper to the lower airways
and can be caused by viruses, bacteria, or both (9). Lower respiratory tract infections are
the most common cause of death in children and elderly, with pneumonia, both of
bacterial and viral origin, being the most common complication. In young children, the
highest incidence is observed for infections caused by respiratory syncytial virus. In
addition, the recent COVID-19 pandemic has revealed how fast respiratory viruses can
spread and the effect they can have on health, politics and economics on a global scale
(10). Among bacteria, S. pneumonia is the most frequent cause of infection, but an
important role is played also by other bacteria such as P. aeruginosa and S. aureus,

particularly considering the arising concern of antimicrobial resistance.

2. Pulmonary administration
The respiratory system is a set of organs and structures that enable gas exchange

throughout the vital process of breathing. The respiratory tract is divided into two parts,
the upper respiratory tract and the lower respiratory tract. The latter is composed by
nasal cavities, pharynx and larynx, whilst the former consists of the trachea, bronchi,

bronchioles and alveoli (11).
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The respiratory tract can be further divided in three regions, that are the extratoracic,
tracheobronchial and alveolar regions. The extratoracic region comprises the oral and
nasal cavity, the pharyngeal and laryngeal tract to the entrance, and it is composed
mainly of ciliated columnar cells and goblet cells. The tracheobronchial region is located
between the trachea and the terminal bronchioles, and it is lined by a columnar,
pseudostratified epithelium of goblet cells, basal cells and ciliated cells as well as
cuboidal ciliated cells and club cells in the bronchioles. The alveolar region is the more
distal part of the lungs and it is composed by type | pneumocytes, which are responsible
for gas exchanges, and type Il pneumocytes, which are accountable for several functions
such as regulation of the lung surfactant system, alveolar fluid content as well as
secretion of antimicrobial and surface-active components (12).

Considering the high incidence of pathologies affecting the respiratory tract, especially
at the epithelial level, pulmonary administration emerges as an attractive route of
administration. Local delivery to the lung has several advantages, such as a large
surface area (hundreds of square meters), high perfusion (5 L/min), a thin epithelial
barrier (0.1-0.2 pm) and a high blood volume in the capillaries (0.25 L). Furthermore, the
lungs are characterized by low enzymatic activity and absence of serum proteins, a
condition that is particularly favorable for nucleic acid therapeutics (13). In addition, local
delivery to the lungs is non-invasive, improves patients’ compliance and allows for a
reduced dose in comparison to systemic delivery, thus decreasing side effects as well
as avoiding first-pass effect. Also, it is a more economical platform that could be provided
to patient populations within different settings and on a daily basis if required. Despite
the several advantages offered by local delivery to the lungs, there are also a number of
anatomic, physiological, metabolic and immunologic hurdles that prevent the inhaled
therapeutic agent from reaching the target site (14). Major barriers to pulmonary delivery
include mucociliary clearance by ciliated epithelial cells and alveolar macrophages
together with the presence of lung fluids such as mucus and surfactant. This is
particularly important in the diseased state, where thickness, viscosity and composition
of the mucus is altered and could strongly affect the efficacy of the administered
therapeutic agent. However, the most prominent barrier of the lungs is the high degree
of branching with variable lengths and diameters. To overcome lung barriers to inhaled
pulmonary delivery, newly developed formulations should be carefully optimized in terms
of size as this will determine the site of deposition in the lungs (15). Particles with
aerodynamic diameter > 6 um will deposit in the oro-pharynx due to impaction. On the
other hand, particles < 1 um are governed by Brownian motion and are mainly exhaled,

except for nanoparticles < 100 nm which can successfully reach the alveolar tract by

17



diffusive deposition. Therefore, the optimal aerodynamic diameter range is considered
between 1 and 5 um. By controlling these parameters, it is possible to precisely target
specific regions within the lungs, e.g. by incorporating drugs or nanoparticles into
microparticles with aerodynamic diameters between 1 and 5 um, whose matrices are
made of excipients such as lactose or mannitol. Once the microparticles deposit within
the lung fluids, they readily dissolve and release the therapeutic cargo. Pulmonary
administration is generally performed intranasally or via inhalation, in form of liquid or dry
powder aerosols. For inhalation, devices commonly used are nebulizers, soft-mist

inhalers, dry powder inhalers as well as metered dose inhalers (16).

Overall, local delivery to the lungs offers several advantages over systemic delivery.
However, formulations must be carefully optimized to overcome major hurdles found in

the lung and thus efficiently exert the therapeutic activity at the target site.

3. RNAI therapeutics and lung delivery systems
The approval of the first mRNA vaccines for the prophylaxis of COVID-19 in 2020 has

unveiled the promises and advantages of RNA therapeutics for the treatment of
respiratory diseases (17). Differently from other conventional approaches, they provide
high selectivity, potency and possibility for personalized therapy. Besides mRNA
vaccines, in the last years we have witnessed the approval of four siRNA-based
therapies (18). By inducing the RNA interference (RNAi) mechanism, siRNAs can be
theoretically tuned to downregulate any target sequence, whether endogenously or
exogenously expressed. The RNAIi mechanism was discovered by Fire and Mellow at
the end of the previous century, and they were awarded the Nobel Prize in Physiology
for this discovery in 2006 (19). RNAI can be experimentally triggered by introducing short
hairpin RNA (shRNA), which is expressed by a plasmid, double strand RNA (dsRNA), or
by directly delivering small interfering RNA (siRNA), to the cytoplasm of the cells. shRNA
and dsRNA take advantage of the endogenous pathway using the enzyme complex
Dicer, which cleaves them into short, double stranded dsRNA with a typical structure of
19 nucleotides complementary to the target mRNA and two nucleotide terminal 3’
overhangs. Afterwards, siRNAs are introduced in the RNA-induced silencing complex
(RISC) where the sense strand is degraded and the antisense strand guides the RISC
to recognize the target mMRNA by binding to the complementary target sequence. Here,
the target sequence is cleaved by the endonuclease Argonaute to achieve post-

transcriptional silencing of the target gene expression (Figure 1).
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Figure 1. The mechanism of the RNA interference pathway. Dicer cleaves double-stranded RNA into short
interfering RNA and it is loaded into the RISC. siRNA recognizes base-complementary mRNA and guides
its cleavage. siRNA-loaded nanoparticles are taken up by cells and enter the early endosome. Following

endosomal escape, siRNA is released into the cytoplasm and loaded into the RISC (20).

Considering that all mammalian cells have the RNAi machinery, siRNAs can be ideally
developed to target and degrade any mRNA, thus being potentially able to treat a great
number of conditions for which no therapy is currently available (20). Despite the great
potential offered by siRNAs, they are negatively charged macromolecules that cannot
penetrate the negatively charged cell membrane. Furthermore, when administered
systemically, siRNAs are readily degraded by nucleases present in blood stream and
removed by renal filtration (21). To overcome delivery challenges of nucleic acids, siRNA
has been chemically modified to improve overall stability or encapsulated in nanocarriers
(22). Nanocarriers are generally divided in two main families, viral and non-viral delivery
systems. While the former show higher transfection efficacy, the latter hold superior

safety profile as well as reproducible manufacturing, which makes them the preferred
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commercial delivery vectors. Furthermore, they can be tailored to reach specific cell
targets. A variety of materials has been investigated as non-viral delivery systems, from
polymers to lipids, from peptides to inorganic materials. The materials used for siRNA
delivery should not only be biocompatible and possibly biodegradable, but also facilitate
cellular internalization and allow endosomal escape with the release of the cargo into the
cytoplasm. Endosomal entrapment is indeed considered the bottleneck in the
development of novel nanocarriers. The first siRNA therapy to reach the clinics,
Onpattro®, was based on the encapsulation of siRNA in lipid nanoparticles (LNPs) (23).
Lipid-based delivery systems such as liposomes, solid lipid nanopatrticles or lipoplexes
have indeed been widely studied for the delivery of nucleic acids. LNPs are composed
of phospholipids, cholesterol, PEG-lipids and ionizable lipids. The latter are a class of
lipids that remain neutral at physiological pH but are protonated and thus positively
charged at low pH. This peculiar structure gives them high transfection efficacy and
offers a way to overcome endosomal entrapment of SiRNA (24).

1. Formulation of siRNA
into aerosols for
inhalation

2. siRNA containing

‘ ‘e )| | particles reach the
‘ y | lower respiratory tract
/| & =N A \ 3. Intact siRNA reaches
= the target cells and
/ @ | enters through
_— endocytosis
lysosomes endosomes % \\
S \
{ u
4. siRNA escapes from endosomes, — 5. siRNA binds to RISC in
avoids degradation and releases > the cytoplasm and initiates
from the delivery agent the RNAi pathway
RISC ) Gene silencing

Figure 2. siRNA-loaded nanoparticles for pulmonary delivery via inhalation (25).
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Polymer-based delivery systems have also been widely studied for nucleic acid delivery.
They are cheaper to produce and can be easily modified to achieve specific
characteristics such as biodegradability or cell-specific targeting effects (26,27).
Polyplexes, solid hanoparticles and dendrimers are some of the groups of nanocarriers
that can be created starting from polymers. Polyplexes are formed by the electrostatic
interaction between a positively charged polymer and negatively charged siRNA.
Polycations can generally condense siRNA very efficiently but are associated with limited
endosomal escape and with toxicity. One of the most widely studied polycations is
polyethylenimine (PEI) (28). On the other hand, solid nanoparticles, such as PLGA
nanoparticles, can efficiently protect the cargo and can be easily processed to achieve
a solid dosage form but tend to demonstrate low loading capacity (29). Nanocarriers for
pulmonary administration of SiRNA therefore need to be further optimized to overcome
lung barriers (30). In this view, polymer-based delivery systems seem advantageous
over lipid delivery systems as they can be easily nebulized or processed for spray drying
(31). Nonetheless, we recently showed that LNPs can also be spray dried for inhalation
(32) and that hybrid materials can combine the best of both worlds (33,34). Nanocarriers
should also help in overcoming the mucus layer of the lungs. The presence of mucins in
lung mucus, which are negatively charged glycoproteins, may affect the stability of the
delivery system (35). Ultimately, pulmonary siRNA delivery requires the development of
suitable vectors that can penetrate through the environment of the lungs and reach the

desired target cells.

4. Nanotechnology approaches for inhalation therapies
Nanotechnology holds promises not only for the development of new generation

therapies, but also for repurposing well-known active compounds. Considering the
advantages of nanoformulations for pulmonary delivery, the encapsulation of small
molecules into nanoparticles, such as chemotherapeutics and antibiotics, is considered
a promising strategy for the development of inhalable drug formulations. Encapsulation
in nanoparticles can indeed deliver the therapeutic agent directly to the site of action,
thus increasing the efficacy of the treatment, lowering the penetration of the drug into the

bloodstream and consequently reducing adverse systemic side effects (36).

In this view, the encapsulation of antibiotics in nanoparticles for inhalation can enhance
their antimicrobial activity by providing protection from enzymatic or chemical
degradation, mucoadhesive properties as well as sustained drug release, which avoids
high drug concentrations and prolongs residence time in lung tissue (37). An FDA
approved inhalation powder containing tobramycin is already available to treat P.

aeruginosa lung infection in cystic fibrosis patients. This formulation is based on an
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emulsion-based spray-drying process for the production of light porous particles.
Furthermore, two nebulized liposomal formulations based on ciprofloxacin and amikacin
have reached clinical trials or the treatment of CF and non-CF bronchiectasis (38).
Nonetheless, polymer-based formulations, such as PLGA nanopatrticles, appear also
promising for this application as they can be easily processed for producing a dry powder
for inhalation (39).

As for antibiotics, the development of formulations for inhalation is advantageous also
for cancer therapies. Local delivery of highly toxic drugs reduces the total drug
concentration, thus limiting adverse side effects of chemotherapy. Several anticancer
drugs, such as paclitaxel, cisplatin and doxorubicin, have been successfully delivered by
inhalation, and nanopatrticle-based inhalation therapy has been shown to be safe and

effective against lung cancer in pre-clinical and clinical studies (36,40).

5. In vitro models of the respiratory tract
The complex cellular composition of the respiratory tract together with its location at the

air-liquid interface (ALI) limit their physiological reproducibility for research purposes.
Although rodent animal models are considered the most reliable choice for drug
screening, they have some major anatomical differences that hamper the replication of
physiological functionality in terms of drug deposition rates and location. Indeed, mice
have a different airway and alveolar architecture than humans. While humans have 20
or more generations of branching airways, mice only have 6-8 generations. Furthermore,
terminal bronchioles of mice empty into alveolar ducts and alveoli, while in humans,
respiratory bronchioles empty into alveolar ducts and alveoli. Most importantly, one of
the main problems with animal models is that they fail to reproduce the underlying
pathophysiology of the human disease (41). In addition to the limitations of animal
models, the strong drive towards complying with the 3Rs principle of reducing, refining
and replacing animal experiments is constantly increasing. Taken together, these factors
have pushed research interest towards the development of alternative in vitro and iin cell
culture models that can closely mimic the respiratory tract (42). Air-liquid interface
cultures, precision-cut lung slices (PCLS), microfluidic systems, spheroids, ex vivo
perfused and ventilated lungs are just some examples of 3D research models available

nowadays for the replication of the respiratory tract in vitro (43).

Air-liquid interface culture is a valid tool to reproduce in vitro typical features of the
respiratory tract. In this configuration, by exposing cells to the culture medium on one
side and to the air on the other, cells form a pseudostratified epithelium with tight

junctions and mucus secretion. ALI models can be constructed both from immortalized
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lung epithelial cells and from primary cells, and more cell types can be combined to
develop co-culture models. ALI models have been used to replicate several disease
states of the lungs in vitro, such as cystic fibrosis, asthma, COPD, lung cancer as well
as bacterial and viral infections (44). Commercially available ALI models have also been
developed, as they ensure higher data reproducibility, lower batch-to-batch variabilities

and long-term cultivation (45).
6 09

7

oin hatlun g 2 M n
RLrersror . (S~ J b e

Figure 3. Air-liquid interface culture of the respiratory tract (45).

Another 3D in vitro model to reproduce the lung architecture and cellular environment is
the lung-on-a-chip approach. This device consists of continuously perfused and
controlled microchannels lined by living human cells that reproduce in vivo vascular
perfusion, concentration gradients and fluid-flow-induced mechanical forces. Different
cells types can be combined to mimic different functional units of the lung and different
disease conditions, such as COPD, asthma, lung cancer, bacterial and viral infections
(46).

PCLS are an ex vivo model that holds potential for closing the translational gap between
in vitro and in vivo models of the respiratory tract. Slices are prepared from animal or
human explants and can be cultured in vitro. They contain all cell types of the source
tissue, they retain the anatomical and cellular structure of the lung, and they can replicate
respiratory and immune responses in response to inflammatory stimuli, infection and

novel drug compounds (47).

6. Aims of the thesis
The aim of this work is the development of formulations based on non-viral delivery

systems for pulmonary administration of therapeutics, particularly siRNA. As described
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above, lungs are at high risk of infection and injury due to constant exposure to particles,
chemicals and infectious organisms. Respiratory diseases retain a great economic and
social burden worldwide, and in many cases they still represent an unmet medical need.
RNA therapeutics could indeed contribute to this cause. Therefore, different non-viral
delivery strategies, based mainly on polymers, have been investigated to achieve a
successful formulation of siRNA (and in one case also of an antimicrobial agent) for

pulmonary administration.

Chapter 1 describes the optimization of a lung surfactant coating based on commercially
available lung surfactant for siRNA/PEI polyplexes to improve siRNA delivery to the

lungs.

Chapter 2 aims at describing the effect of helper lipids for pulmonary administration of
siRNA loaded lipid nanoparticles (LNPs): LNPs with different helper lipids have been
investigated in vitro to investigate how the different lipids affect safety, cellular uptake

and transfection efficacy in lung epithelial cells.

Chapter 3 describes the development of an siRNA-based formulation using VIPER block

copolymer as a potential antiviral therapy against SARS-CoV-2 infections.

Chapter 4 investigates the development of PLGA-based formulation for pulmonary
administration of a novel benzophenone antibiotic for the treatment of S. aureus

methicillin-resistant infections.

Chapter 5 reviews an siRNA-based approach for the treatment of asthma, describing
the identification of the cellular target, formulation development as well as the production

of a final dosage form for inhalation.

Chapter 6 focuses on the ex vivo testing in human precision-cut lung slices from human

donors of an siRNA-based formulation for the treatment of asthma.

Chapter 7 explores the in vitro development of an siRNA-based formulation for the

treatment of inflammation in patients affected by cystic fibrosis.

Chapter 8 gives a general overview on the advantages and challenges of air-liquid

interface 3D cultures as models of the healthy and diseased respiratory tract.
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Abstract
Purpose The aim of this study was to understand how coating with a pulmonary

surfactant, namely Alveofact, affects the physicochemical parameters as well as in vitro

behavior of polyethylenimine (PEI) polyplexes for pulmonary siRNA delivery.

Methods Alveofact-coated polyplexes were prepared at different Alveofact:PEI coating
ratios and analyzed in terms of size, PDI and zeta potential as well as morphology by
transmission electron microscopy. The biological behavior was evaluated in a lung
epithelial cell line regarding cell viability, cellular uptake via flow cytometry and gene
downregulation by gRT-PCR. Furthermore, a 3D ALI culture model was established to
test the mucus diffusion and cellular uptake by confocal microscopy as well as gene

silencing activity by gqRT-PCR.

Results After optimizing the coating process by testing different Alveofact:PEI coating
ratios, a formulation with suitable parameters for lung delivery was obtained. In lung
epithelial cells, Alveofact-coated polyplexes were well tolerated and internalized.
Furthermore, the coating improved the siRNA-mediated gene silencing efficiency.
Alveofact-coated polyplexes were then tested on a 3D air-liquid interface (ALI) culture
model that, by expressing tight junctions and secreting mucus, resembles important traits
of the lung epithelium. Here, we identified the optimal Alveofact:PEI coating ratio to
achieve diffusion through the mucus layer while retaining gene silencing activity.
Interestingly, the latter underlined the importance of establishing appropriate in vitro

models to achieve more consistent results that better predict the in vivo activity.
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Conclusion The addition of a coating with pulmonary surfactant to polymeric cationic
polyplexes represents a valuable formulation strategy to improve local delivery of sSiRNA

to the lungs.

KEYWORDS siRNA delivery, polyplexes, pulmonary delivery, pulmonary surfactant, air-

liquid interface

1. Introduction
The recent authorization of the first MRNA vaccines for the prophylaxis of COVID-19 has
shed the light on the advantages of RNA-based therapeutics as potential treatment for a
variety of diseases. Besides the mRNA vaccines, in the last four years we have
witnessed the approval of four siRNA therapies (48,49). RNA interference, in fact, can
theoretically be tuned to downregulate any target sequence, whether endogenously or
exogenously produced (50). Although the currently approved siRNA drugs are
administered intravenously and target the liver, research efforts are focused on the
development of delivery systems that can target tissues beyond the liver and that are
designed for local administration (51,52). Particularly pulmonary administration appears
as a desirable route of delivery for siRNA. Due to its large surface area, low enzymatic
activity and ease of access, the development of formulations for direct administration to
the lung appears as a promising strategy (13). Furthermore, the development of an
siRNA therapy for direct administration to the airways could be beneficial for treating
several pathological conditions affecting the lung for which no curing treatment is
available yet, such as cystic fibrosis, asthma, acute lung injury, lung cancer but also viral
infections as in the case of the recent SARS-CoV-2 outbreak (34,53-56). Although two
siRNA formulations reached clinical trials for intranasal administration, no formulation for
direct administration to the lungs has been approved yet (57). Despite the undeniable
benefits offered by pulmonary administration, some major obstacles must be overcome
to reach the target site as well as an efficient downregulation. Branching of the airways,
mucus secretion and mucociliary clearance represent indeed crucial barriers hampering
the activity of siRNA. For this reason, suitable delivery systems that can overcome the
hurdles of the lung should be developed (30). The nanocarrier, in fact, should not only
protect the payload from degradation, but also diffuse through the mucus layer typical
for the airways, particularly in the diseased state (58). While the upper airways are
covered by a mucus layer rich in lipids and glycoproteins, particularly mucin, the lower
tract is covered by a thin layer of lung surfactant. Lung surfactant is secreted by alveolar

type Il cells and is responsible for reducing surface tension as well as for first line defense
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against external intruders (59). It is composed mainly of lipids such as
phosphatidylcholine, phosphatidylglycerol and cholesterol, which account for about 90%
of the total mass. The remaining 10% consists of proteins, to which the surfactant specific
hydrophilic proteins SP-A and SP-B belong that play a role in the innate immune and
inflammatory response, and the hydrophobic SP-B and SP-C proteins, which help
exerting the biophysical function of the lung surfactant. Pulmonary surfactant represents
in fact the first biological fluid encountered by the delivery system when reaching the
deep lung and it forms a biomolecular corona around the nanoparticles that can alter
biodistribution, cellular uptake and cytotoxicity of the nanoparticles (60). Although
pulmonary surfactant can be considered an obstacle for delivering siRNA to the deep
lung, previous studies suggest that it could represent an ally indeed (61). Notably,
pulmonary surfactant coating of polymeric delivery systems was reported to have a
beneficial effect on siRNA delivery of different systems, such as PLGA-based
nanoparticles (62) or dextran nanogels (63). Additional studies also suggested that lung
surfactant did not negatively influence the transfection efficiency of polymer-based
delivery systems, while lipid-based delivery systems were in fact negatively affected (64).
On this basis, we decided to repurpose a broadly studied cationic polymer for siRNA
delivery, polyethylenimine, with the addition of Alveofact coating, a commercially
available pulmonary surfactant, following the formation of PEI/siRNA polyplexes.
Although cationic polymers can efficiently condense and deliver siRNA to the cells,
limitations are generally observed in terms of inadequate endosomal escape as well as
high toxicity linked to the cationic nature of the polymer (65,66). In contrast, coating with
pulmonary surfactant was shown to improve the safety as well gene silencing profile of
non-viral delivery systems for siRNA (67). Therefore, we have established a method for
coating PEI polyplexes with Alveofact pulmonary surfactant at different PEI:Alveofact
coating ratios. We tested the different formulations in terms of physicochemical behavior,
stability and in vitro activity to identify the most promising one. We observed that
Alveofact coating improved the gene silencing activity in comparison to uncoated
polyplexes in a lung epithelial cell line. To further investigate the polyplexes in a more
relevant in vitro setting, we developed an air-liquid interface culture of the respiratory
tract that retains tight junctions as well as mucus secretion. ALI cultures represent a
valid tool to reproduce some of the main features of the healthy as well as diseased
respiratory tract in vitro and can be thus considered a more suitable instrument to test
drug delivery systems for pulmonary delivery (45). After testing Alveofact-coated
polyplexes at ALI, we identified a formulation able to penetrate the mucus layer as well
as to efficiently downregulate the expression of an endogenously expressed

housekeeping gene. The experiment underlined the importance of testing delivery
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systems in appropriate in vitro models that better predict the in vivo behavior of the
formulation. The resulting formulation is considered an efficient strategy to improve the
delivery of siRNA to lung epithelial cells particularly in disease conditions accompanied
with a deficiency of endogenous pulmonary surfactant, such as in patients suffering from
acute respiratory distress syndrome (ARDS), or even in CARDS resulting from severe
course of COVID-19 infection (68). In this regard, Alveofact coating not only improved
the transfection efficiency, but also helped drug spreading and absorption after
pulmonary administration to more distal lung regions and thus lead to better therapeutic

outcomes.

2. Experimental methods

2.1 Materials

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), PElI 25kDa, heparin
sodium salt, paraformaldehyde solution, FluorSave™ Reagent, Eagle’s Minimum
Essential Medium (EMEM), RPMI-1640 Medium, fetal bovine serum (FBS), Penicillin-
Streptomycin solution, Dulbecco’s Phosphate Buffered Saline (PBS), trypsin-EDTA
solution, 200 mM L-glutamine solution, Paraformaldehyde, Tween20, agarose and
Alcian Blue solution (1% in 3% acetic acid pH 2.5) were purchased from Sigma-Aldrich
(Darmstadt, Germany). Lipofectamine 2000, SYBR gold dye, AF488-anti-rabbit
secondary  antibody, rhodamine  phalloidin,  4',6—diamidino—2-phenylindole
dihydrochloride (DAPI), Alexa Fluor™ 647 NHS ester and Alexa Fluor™ 488 NHS ester
were obtained from Life technologies (Carlsbad, California, USA). Transwell® polyester
membrane cell culture inserts (0.4 um pore size) were purchased from Corning (New
York, USA). PneumacCult ALI differentiation medium, hydrocortisone and heparin were
purchased from Stemcell Technologies (Vancouver, Canada). Alveofact was purchased
from Lyomark Pharma (Oberhaching, Germany). ROTI®GelStain Red and bovine serum
albumin were purchased from Carl Roth GmbH (Karlsruhe, Germany). Dicer substrate
double-stranded siRNA (DsiRNA) targeting human GAPDH, non-specific DsiRNA and
amine-modified siRNA were purchased from integrated DNA Technologies (Leuven,

Belgium).

2.2 Preparation of Alveofact-coated polyplexes

Alveofact-coated polyplexes were formed by first preparing dilutions of PEI 10 kDa in
RNase free water at a concentration of 1 mg/ml. Stocks of polymer and siRNA were
further diluted in 10 mM HEPES buffer pH 7.4 to reach the desired concentration. The

polymer dilution was added to the siRNA dilution and incubated for 20 min to obtain
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polyplexes at a defined N/P ratio of 6. In the meantime, different dilutions of Alveofact
were prepared for Alveofact:PEI ratios (w/w) of 0, 1.5, 1:2.5, 1:1, 2.5:1, 5:1, 10:1,
followed by sonication in a water bath without heating for 20 min. Two stocks of Alveofact
were used, 0.2 mg/ml and 2 mg/ml, to keep the volume for each formulation constant.
Alveofact:PEl ratio of 0 equals to no Alveofact added. Once the polyplex incubation time
was completed, polyplexes were gently mixed with post-sonicated solutions of Alveofact
and incubated for 10 min. The forming particles were subsequently subjected to a second
sonication step for 20 min in the water bath to establish the Alveofact outer coating.

2.3 Characterization of polyplexes

2.3.1 Size, polydi spersity indexoaehd ze
polyplexes

Hydrodynamic size and polydispersity index (PDI) were measured by dynamic light
scattering using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Polyplexes
were prepared with siRNA in 10 mM HEPES pH 7.4 and 100 pl were added to a
disposable microcuvette for analysis. Measurements were performed at 173°
backscatter angle running 10 runs three times per sample. Results are shown as average
size (x SD). For C-potential measurements, the samples were further diluted to 700 pl
with 10 mM HEPES buffer pH 7.4 and added to a folded capillary cell for {-potential
measurement, which were analyzed by Laser Doppler Anemometry (LDA). A total of
three runs per sample was performed, with each run consisting of 30-50 scans. Results

are shown as mV + SD.

2.3.2TEM

The morphology of uncoated and coated polyplexes was analyzed at transmission
electron microscopy. Briefly, 3.5 ul of freshly prepared polyplexes were applied to pre-
coated Quantifoil holey carbon supported grids and negatively stained using 2% uranyl
acetate. Micrographs were digitally recorded on a Tecnai G2 Spirit TEM at 120 kV. Data
was collected under low dose conditions at a nominal magnification of 90,000 X and a
nominal defocus of — 0.9 ym using an TVIPS XF216 2048 x 2048 pixel CCD camera
(TVIPS, Gauting, Germany).

2.3.3 SYBR gold

SYBR Gold Assay was used to assess the percentage of free siRNA in the formulations
after production of Alveofact-coated polyplexes produced by different coating methods.
Alveofact-coated polyplexes were prepared at N/P 6 with 100 pmol siRNA at different
Alveofact:PEl ratios (w/w). Of each polyplex suspension, 100 uL of was added to a white

FluoroNunc 96-well plate. Subsequently, 30 uL of a 4X SYBR Gold solution was added
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to each well, and the plate was incubated for 10 min in the dark. Fluorescence was
measured on a FLUOstar OMEGA plate reader (BMG Labtech, Ortenberg, Germany)
using a 492 and 555 nm excitation and emission wavelength, respectively. Free siRNA
was used as 100% value. Measurements were carried out in triplicate, and the results

were shown as mean value = SD (n=3).

2.3.4 Release study

Stability of polyplexes is influenced by the presence of anions in biological fluids and cell
culture medium containing serum. Therefore, heparin, a polyanion that potentially
competes with nucleotides, was used to investigate the release capacity of sSiRNA from
polyplexes. Alveofact-coated polyplexes were prepared in HEPES 10 mM pH 7.4 at N/P
6 with 100 pmol at different Alveofact:PEI ratio (w/w). Heparin was dissolved in HEPES
10 mM pH 7.4 to obtain the concentration of 0.2 USP units/uL, followed by 2-fold serial
dilutions. Aliquots of 100 pyL of each polyplexes solution were added to a white
FluoroNunc 96-well plate with subsequent addition of 10 yL of heparin at different
concentrations (0.125, 0.25, 0.5, 1, 2 USP units/well). After 30 minutes of incubation, 30
HL of a 4X SYBR Gold solution was added to each well and the plate was incubated for
10 min in absence of light. Fluorescence determination and free siRNA calculation were
performed similarly to SYBR Gold Assay as described above. Measurements were

executed in triplicate, and results were shown as mean value £ SD (n=3).

2.3.5 Gel integrity assay

To confirm the integrity of Alveofact-coated polyplexes after sonication, a gel retardation
assay was performed. A 1% Agarose gel was prepared and stained with ROTI®GelStain
Red. Polyplexes were prepared with 300 pmol siRNA at three different Alveofact:PEI
ratios (0, 2.5:1 and 5:1). As positive control, polyplexes were treated with 1 USP unit of
heparin. 3 pL of low range ssRNA ladder (New England BiolLabs, Ipswich,
Massachusetts, USA) and 3 pL of siRNA were respectively diluted in 27 pL of RNA free
water. 30 pL of each sample were mixed with 5 pL of loading dye (New England BioLabs,
Ipswich, Massachusetts, USA), loaded into the slots of a gel, and electrophoresis was
run at constant voltage of 200 V for 15 minutes in Tris-borate EDTA buffer. The gel was

visualized using a ChemiDoc MP imaging system (Bio Rad, Hercules, California, USA).

2.4 Polyplexes stability in storage condition

To evaluate the stability of Alveofact-coated polyplexes, batches at different coating
conditions were prepared and stored at room temperature protected from light. At
specific time points (0, 24, 48, 72, 96 and 168 h), hydrodynamic size was measured by

dynamic light scattering. Briefly, 100 pl were added to a disposable microcuvette and
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measurements were performed at 173° backscatter angle performing 10 runs three times

per sample. Results are shown as average size (+ SD).

2.5 Polyplexes stability in presence of mucin

Stability of polyplexes in presence of mucin was evaluated by gel retardation assay.
Briefly, a 1% Agarose gel stained with ROTI®GelStain Red was prepared as well as
polyplexes loaded with 200 pmol siRNA at two Alveofact:PEI ratios (2.5:1 and 5:1). Two
stock solutions of mucin were prepared at two different concentrations, 3 and 6 mg/mL,
to achieve final mucin solutions of 1 mg/mL and 2 mg/mL respectively after the addition
of polyplexes. 20 pL of each formulation was mixed with either 10 pL of HEPES 10 mM
pH 7.4, 10 pL of mucin 3 mg/mL or 10 uL of mucin 6 mg/mL and incubated for 30 minutes.
As positive controls, 2 USP units of heparin were subsequently added to samples
containing 20 pL polyplexes and 10 pL of mucin 6 mg/mL. After incubation, each sample
was mixed with 5 uL of loading dye, loaded into gel and electrophoresis was run at 200
V for 15 minutes in Tris-borate EDTA buffer solution. The gel was visualized using a
ChemiDoc MP imaging system (Bio Rad, Hercules, California, USA).

2.6 Cell culture

The human non-small carcinoma cell line H1299 was cultured in RMPI-1640 medium
supplemented with 10% FBS and 1% P/S. 16HBE140- cells were grown in EMEM
medium supplemented with 10% FBS and 1% P/S. Cells were passaged every 3 days
with trypsin 0.25% and subcultured in 75 c¢cm? flasks. Cells were maintained in a
humidified atmosphere at 37°C and 5% CO..

2.7 Cellular uptake by flow cytometry

To evaluate the cellular uptake of Alveofact-coated polyplexes, amine-modified siRNA
was labeled with succinimidyl ester (NHS) AlexaFluor488 fluorescent dye according to
the manufacturer's protocol. The resulting AF488-siRNA was then purified via ethanol
precipitation and spin column as previously described (69). H1299 cells were seeded at
a density of 50.000 cells/well in 500 pl medium and incubated for 24 h at 37°C and 5%
CO,. The day after, cells were transfected with polyplexes prepared at different
Alveofact:PEI coating ratios (0, 1:5, 1:2.5, 1:1, 2.5:1, 5:1) with 50 pmol AF488-siRNA.
Positive controls consisted of Lipofectamine 2000 lipoplexes, whereas untreated cells
and samples treated with free SiRNA were used as negative controls. Cells were
incubated for 24 h at 37°C and 5% CO.. Cells were then harvested, washed in PBS and
resuspended in PBS/2mM EDTA for analysis via flow cytometer (Attune NxT, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) for the median fluorescence intensity
(MFI) of AF488-siRNA using 488 nm excitation and a 530/30 nm bandpass emission
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filter. Samples were gated by morphology based on forwards/sideward scattering with a

minimum of 10.000 viable cells. Results are displayed as mean values + SD.

2.8 In vitro GAPDH gene knockdown

For gene silencing experiments, 100.000 16HBE140- cells were seeded in a 12-well-
plate in 1 ml medium and were incubated for 24 h at 37°C and 5% CO.. The day after,
cells were transfected with 100 pl of polyplexes prepared at different Alveofact:PEI
coating ratios (0, 1:5, 1:2.5, 1:1, 2.5:1, 5:1) with 100 pmol of GAPDH or scrambled siRNA.
Positive controls consisted of Lipofectamine 2000 lipoplexes, while negative controls
consisted of untreated cells. After 24 h, cells were harvested and processed to isolate
RNA using the PureLink RNA mini kit according to the manufacturer's protocol (Life
technologies, Carlsbad, USA) with additional DNase digestion. Afterwards, cDNA was
synthesized from total RNA using the high-capacity cDNA synthesis kit (Applied
Biosystems, Waltham, Massachusetts, USA). The obtained cDNA was then diluted 1:10
in water and amplified on QuantStudio 3 Real-Time PCR (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) using the SYBR™ Green PCR Master Mix (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) with primers of human GAPDH
(Qiagen, Hilden Germany) and B-actin (Qiagen, Hilden Germany). The RT-qPCR
template consisted of an initial denaturation step for 10 min at 95°C, subsequently 40
cycles of 95°C for 15s, annealing and elongation at 60°C for 1 min. Cycle threshold (Ct)
values were obtained and GAPDH gene expression was normalized by corresponding
B-Actin expression for each sample. The qPCR results were analyzed using the 2744¢t
method and presented as a relative quantity of transcripts. Values are given as mean
values + SEM.

2.9 In vitro cell viability

To evaluate the cell viability after incubation with Alveofact-coated polyplexes, an MTT
assay was performed. 16HBE140- cells were seeded at a density of 10.000 cells/well in
100 pl medium in a 96-well-plate. The day after, cells were then transfected with
Alveofact-coated polyplexes at different Alveofact:PEI coating ratios (0, 1:5, 1:2.5, 1:1,
2.5:1, 5:1) containing 20 pmol scrambled siRNA and incubated for 24 h at 37°C and 5%
CO.. Afterwards, medium was removed and replaced with 100 ul of a sterile 0.5 mg/mi
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution and
incubated for 3 h at 37°C and 5% CO.. Medium was then removed and 200 pl DMSO
was added to dissolve formazan crystals. Absorbance was read at 570 nm using a
microplate reader (Tecan, Mannedorf, Switzerland). Results are given as mean values

of triplicates = SD.
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2.10 Polyplexes behavior in 16HBE140- cells grown at ALI

2.10.1 16HBE140- characterization under ALI conditions

16HBE140- cells were seeded at the density of 3x10° cell/lcm? on the apical side of
Transwell® polyester cell culture inserts (6.5 mm, 0.4 ym pore size) in 100 pl medium.
The basolateral compartment was filled with 700 yl medium. After 72 h of incubation (day
3), medium was removed from the apical side while the medium on the basolateral side
was replaced with PneumaCult™ ALl medium (Stemcell technologies, Vancouver,
Canada) to obtain air-liquid interface conditions. Medium in the basolateral chamber was
replaced every two days. To monitor the development of the polarized epithelial layer,
transepithelial electrical resistance (TEER) was measured every day starting from day 1
after air-lift, using an EVOM epithelial volt/ohm meter (World Precision Instruments,
Sarasota, USA). TEER values were corrected by subtracting the background of an empty
Transwell® insert and medium. For the measurement, 200 pl and 700 ul of medium were
added to the apical and basolateral side of the insert respectively, and TEER values
were recorded using an STX2 electrode following the manufacturer's instructions.

To evaluate the secretion of mucus by 16HBE140- cells under ALI conditions, an alcian
blue staining was performed. 7 days after air-lift, the cell layer was washed three times
with PBS and fixed using 4% (v/v) paraformaldehyde for 15 min. Afterwards, the cell
layer was washed again with PBS, incubated with 100 pL of alcian blue solution (1% in
3% acetic acid, pH 2.5) (Sigma-Aldrich) for 15 minutes and then washed again 3 times
with PBS. The membrane was cut with a sharp point scalpel, mounted on glass slides
using FluorSave™ reagent (Merck Millipore, Billerica, USA) and analyzed with a BZ-

8100 (Biozero) fluorescence microscope (Keyence, Osaka, Japan).

To confirm the development of tight junctions under ALI conditions, the expression of
zonula occludens protein-1 (ZO-1) was investigated by immunohistochemical staining.
On day 7 after air-lift, the cell layer was washed 3 times with PBS and fixed in 4%
paraformaldehyde for 15 min. After that, the cell layer was rinsed 3 times with PBS and
permeabilized with 200 pL 0.3% Tween20 for 10 min. Afterwards, 200 pL of 5% BSA
blocking buffer was added to the insert and incubated for 60 min. The membrane was
then cut with a sharp point scalpel, placed in a 24-well-plate and incubated overnight
with 300 uL of rabbit ZO-1 antibody solution (1:100 dilution in blocking buffer) at 4°C. On
the following day, the membrane was washed 3 times with PBS and incubated with 300
pL of AF488 anti-rabbit secondary antibody (1:500 dilution in blocking buffer) for 60 min

in the dark. The membrane was then washed 3 times with PBS and incubated with a 0.5
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pg/ml 4'.6-diamidino-2-phenylindole (DAPI) solution for 15 min. Afterwards, the
membrane was rinsed 3 times with PBS, mounted using FluorSave™ reagent on glass
slides and analyzed with an SP8 inverted confocal scanning laser microscope (Leica
Camera, Wetzlar, Germany). The images were exported from the Leica Image Analysis

Suite and processed with the Fiji distribution of ImageJ.

2.10.2 Cell uptake study

To evaluate the cellular uptake of Alveofact-coated polyplexes in ALI culture, amine-
modified siRNA was labelled with succynimidyl ester (NHS) modified AlexaFluo647 dye
according to the manufacturer's protocol and subsequently purified via ethanol
purification as previously reported (69).

Differentiated 16HBE140- cells were transfected with polyplexes prepared at different
Alveofact:PEI coating ratios (0, 2.5:1, 5:1) with 100 pmol AF647-siRNA and incubated
for 24 h at 37°C and 5% CO,. Afterwards, cells fixed in 4% PFA for 15 min, washed 3
times with PBS and permeabilized with PBS + 0.3% Tween20 for 10 min. Cytoskeleton
was then stained by incubation with rhodamine phalloidin for 60 min, followed by nuclei
staining with 0.5 pg/ml solution of 4',6-diamidino-2-phenylindole (DAPI) for 15 min. The
membrane was then cut and mounted using FluorSave™ reagent on a glass slide and
analyzed with an SP8 inverted confocal scanning microscope (Leica Camera, Wetzlar,
Germany). The images were exported from the Leica Image Analysis Suite and

processed with the Fiji distribution of ImageJ.

2.10.4 Mucus penetration study

To test the ability of Alveofact-coated polyplexes to cross the mucus layer secreted by
16HBE140- cells, cells were transfected with Alveofact-coated polyplexes at different
Alveofact:PEI ratios (0, 2.5:1, 5:1) containing 100 pmol AF647-siRNA and incubated for
24 h at 37°C and 5% CO.. Once the incubation time was completed, AF488-wheat germ
agglutinin was added to the cells and incubated for 15 min at 37°C and 5% CO. to stain
the mucus layer. Afterwards, cells were washed 2 times with PBS and the membrane
was cut and mounted on glass slides using FluorSave™ reagent. Membranes were
immediately analyzed with a SP8 inverted confocal laser scanning microscope (Leica
Camera, Wetzlar, Germany). The images were exported from the Leica Image Analysis

Suite and processed with the Fiji distribution of ImageJ.

2.10.5 GAPDH knockdown in 16HBE140- cells at ALI
To measure the transfection efficiency of polyplexes in a mucus-presenting environment,
16HBE140- cells grown at ALI conditions were transfected with Alveofact-coated

polyplexes at different Alveofact:PEI ratios (0, 2.5:1, 5:1) containing 100 pmol GAPDH
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or scrambled siRNA and incubated for 24 h at 37°C and 5% CO,. Positive controls
consisted of Lipofectamine2000 lipoplexes while negative controls consisted of
blank/untreated cells. Once the incubation time was completed, cells were detached from
the membranes and RNA was extracted using PureLink RNA mini kit (Life technologies,
Carlsbad, USA) according to the manufacturer’s protocol. Samples were then processed
for cDNA synthesis and qPCR as described above. Values are given as the mean of

triplicates + SEM.

2.11 Statistics

Statistical analysis was performed with GraphPad Prism 5 software using One-Way
ANOVA with Bonferroni post-hoc test, with p>0.05 considered not significant (ns), and
*p<0.05. **p<0.01, ***p<0.005, **** p<0.001 considered significantly different.

3. Results and Discussion

3.1 Physico-chemical characteristics of Alveofact-coated polyplexes

Size and surface charge of polyplexes regularly requires optimization to achieve efficient
delivery to their target cells. In the case of pulmonary administration, the development of
a delivery system able to deliver the payload to lung epithelial cells while penetrating the
mucus barrier covering the epithelium is a prerequisite not only in the diseased state. In
this regard, we aimed at developing Alveofact-coated polyplexes with optimized
properties for pulmonary administration.

To achieve a successful coating of polyplexes, we included two sonication steps, a first
one for Alveofact alone and a second one after adding Alveofact to SiRNA/PEI
polyplexes. In a preliminary formulation screening, we tried initially coated polyplexes
with a single Alveofact sonication step prior to incubation with siRNA/PEI polyplexes.
However, only polyplexes with unfavorable physicochemical properties were obtained
(Supplementary Figure 1). Conversely, the inclusion of a sonication step following
incubation with lung surfactant resulted indeed in polyplexes with promising
physicochemical parameters (Figure 1A). An explanation for this observation could be
the fact that Alveofact tends to self-assemble into multilamellar bodies and vesicles,
leading to aggregation phenomena that prevent a homogeneous coating of polyplexes,
consequently resulting in poor physicochemical parameters (70). The inclusion of a
sonication step seemed to favor the formation of smaller and more homogeneous
surfactant vesicles, which are better incorporated in the hybrid delivery system (71). First,
we investigated the optimal Alveofact:PEI coating ratio required to achieve appropriate

physicochemical characteristics. Polyplexes were prepared at different Alveofact:PEI
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coating ratios (0, 1:5, 1:2.5, 1:1, 2.5:1, 5:1, 10:1) and investigated in terms of size, PDI
and C-potential. An N/P ratio of 6 was kept constant throughout the formulation study as
it was previously shown to be ideal for pulmonary administration of sSiRNA/PEI polyplexes
(28). As presented in Figure 1A, polyplexes prepared with a coating ratio between 1:5
and 5:1 showed desirable values in terms of size, PDI and {-potential. Sizes ranged from
90 to 120 nm, while PDI presented values around 0.2, similarly to uncoated polyplexes.
However, polyplexes prepared at a coating ratio of 10:1 displayed extremely increased
sizes and PDI as well as a decreased zeta-potential. We hypothesized that the excess
of Alveofact used led to agglomeration phenomena, which caused loss of stability of the
formulation. Furthermore, we observed that Alveofact coating did not influence the
encapsulation efficiency of polyplexes. At N/P 6, only negligible siRNA release less than
0.3 % of the encapsulated siRNA was detected for both coated and uncoated polyplexes
(Supplementary Table 1). To confirm the presence of the Alveofact coating, TEM pictures
were acquired for uncoated polyplexes and coated polyplexes at the representative
Alveofact:PEI ratio of 2.5:1 (Figure 1C-D). The pictures underlined a clear difference
between coated and uncoated polyplexes. While Figure 1C represents uncoated
polyplexes as dark, homogenous, rounded dots, coated nanoparticles (Figure 1D)
present a lighter corona around the dark polymeric core, which can be assumed to be
Alveofact coating. However, the surfactant layer is not as defined as the polymeric core,
probably due to irregular coating of the polyplexes. The micrographs also reflect the
presence of some empty vesicles, which could be a source of increased polydispersity.
Nevertheless, the implementation of microfluidics could potentially help in the future to
eliminate empty vesicles and to reduce polydispersity (72). A similar experiment was
performed by Mousseau et al, where a supported lipid bilayer from Curosurf was
deposited onto silica nanoparticles (73). The latter study resulted in comparable TEM
images. However, while physico-chemical features of silica nanoparticles can be
accurately tuned by synthesis, resulting in analogously spherical-shaped nanopatrticles,
polyplexes are more dynamic in terms of size, shape and morphology due to the fact that
electrostatic interaction is the main driving force for polyplex formation.

Since a sonication step was included for preparing Alveofact-coated polyplexes, any
detrimental effect of sonication on siRNA integrity was assessed by a gel integrity assay.
In this experiment we tested the integrity of siRNA after sonication of uncoated
polyplexes and two representative coated formulations (2.5:1 and 5:1). As positive
controls, free siRNA and polyplexes incubated in presence of 1 USP unit of heparin were
included in the gel (Figure 1E), which was previously identified as the heparin

concentration necessary to achieve a complete release of sSiRNA (Supplementary Figure
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2). The experiment confirmed the integrity of siRNA and complete encapsulation
following sonication.
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Figure 1. Physico-chemical properties of Alveofact-coated polyplexes. (A) Hydrodynamic diameter and
polydispersity index, and (B) {-potential of Alveofact-coated polyplexes prepared at N/P 6 in HEPES 10 mM
pH 7.4 at different Alveofact:PEI coating ratios. (C,D) TEM images of uncoated and Alveofact-coated and
polyplexes, respectively. (E) Agarose gel electrophoresis for integrity tests of Alveofact-coated polyplexes
prepared with 100 pmol siRNA. Positive controls consisted of free siRNA, uncoated polyplexes, and
Alveofact-coated polyplexes (2.5:1 and 5:1) in 1 USP unit of heparin.

3.2 Stability of polyplexes
One of the main hurdles involved in local administration to the lungs is represented by
the mucus barrier of the respiratory tract (74). The mucus layer, especially in chronic

obstructive diseases, has a strong impact on the stability of the formulation as well as on
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the efficient delivery of the cargo to the cells located below that layer. On this basis, we
established a modified gel integrity assay to test the stability of Alveofact-coated
polyplexes in presence of mucin, a hegatively charged glycoprotein and one of the main
components of pulmonary mucus (Figure 2A,B). Due to its negative charge, mucin can
potentially negatively impact the stability of polyplexes by replacing siRNA in the
formation of the electrostatic interactions with the polymer. In this experiment, uncoated
and coated polyplexes (2.5:1 and 5:1 Alveofact:PEI, which represent the coating ratios
showing the best performance in terms of activity in vitro) were incubated at two different
mucin concentrations. As positive controls, polyplexes were incubated with 2 USP
heparin to obtain a full release of siRNA. Heparin and mucin are both negatively charged
macromolecules or contain such macromolecules. In the reported experiments, heparin
was used as a model molecule at concentrations high enough to disrupt polyplexes, a
mechanism driven by the replacement of siRNA in the formation of the electrostatic
interactions with the cationic PEI (Supplementary figure 2). Therefore, while the heparin
concentration was intentionally used at a concentration able to disrupt polyplexes, for
mucin a physiologically relevant and not an exaggerated concentration was selected to
estimate stability of polyplexes in the lung.

From this experiment, we observed that no free siRNA was detected after incubation
with mucin, thereby confirming the stability of polyplexes in presence of increasing
concentrations of mucin. Moreover, Alveofact coating did not negatively affect the
stability of the formulation in a physiologically relevant condition, confirming the suitability
for pulmonary administration.

To assess the colloidal stability of polyplexes over time, the size of polyplexes prepared
at different coating ratios was measured at different time points up to 1 week. As it can
be observed from Figure 2C-D, the formulations showed constant sizes and PDI over
the entire period, with values ranging from 80 to 130 nm and 0.1-0.3, respectively. This
experiment confirmed the stability of the formulation over a period of time suitable for
formulation studies and excluded any negative influence of Alveofact coating on the
stability of the formulation. The results are in line with previous studies suggesting that
pulmonary surfactant coating improved the colloidal stability of polymer-based delivery
systems and prevented release of siRNA in presence of competing polyanions such as
mucin (63). Further studies will be intended to investigate the stability of the formulation
for longer times and to develop a spray dried powder for prolonged stability and
inhalation based on our previously established spray-drying methodology for siRNA

polyplexes (75).
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Figure 2. Stability of Alveofact-coated polyplexes. Agarose gel electrophoresis of Alveofact-coated
polyplexes encapsulating 100 pmol of siRNA with Alveofact:PEI ratio of 2.5:1 (A) and 5:1 (B) in HEPES,
mucin 1 mg/ml and mucin 2 mg/ml. Positive controls consisted of polyplexes in mucin 2 mg/ml and Heparin
2 USP units. (C, D) Hydrodynamic diameter and PDI of Alveofact polyplexes measured at 0 h, 24 h, 48 h,
72 h, 96 h, 168 h at room temperature with exclusion of light.

3.3 In vitro cellular uptake

To investigate the cellular internalization, a human lung epithelial cell line (H1299) was
transfected with Alveofact-coated polyplexes at different Alveofact:PEI coating ratios
encapsulating Alexa Fluor 488-labeled siRNA. The samples were analyzed by flow
cytometry to obtain median fluorescence intensity (MFI) values of the transfected cells.
Negative controls consisted of untreated cells as well as free AF488-siRNA, while
positive controls consisted of Lipofectamine2000 lipoplexes. The experiment showed a
slight improvement in MFI when increasing the Alveofact content for polyplex coating,
approximately 10-20% higher in comparison to uncoated polyplexes, yet the differences
were not significant. In this regard, De Backer et al. (19) reported the reduction in cellular
uptake of Curosurf-coated siRNA-loaded nanogels in murine alveolar macrophage cell
line due to the anionic pulmonary surfactant shell. Given that our coated polyplexes
retained an overall positive charge, it can be deduced that the electrostatic interaction
between coated polyplexes and cell membranes was not influenced by the presence of
pulmonary surfactant shielding. Undeniably, an increased particle size hampered the
internalization process, leading to a sharp drop in MFI at Alveofact:PEI ratio of 10:1. In
addition, trypan blue quenching was performed to eliminate extracellular fluorescent
signals resulting from siRNA bound to the cell membrane but not internalized by cells.
The experiment resulted in no significant MFI differences between quenched and
unquenched samples, confirming the cellular internalization of the different formulations

tested.
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Figure 3. Cellular uptake of Alveofact-coated polyplexes in H1299 cells. Cellular uptake was evaluated after
24 h of transfection with polyplexes encapsulating 50 pmol of AF488-siRNA. Median fluorescence intensity
(MFI) was determined by flow cytometry. Negative controls consisted of untreated cells and samples treated
with free siRNA. Positive controls consisted of Lipofectamine2000 lipoplexes. Data points indicate mean +
SEM (n=3).

3.4 In vitro transfection efficacy in lung epithelial cells

After confirming the cellular uptake of Alveofact-coated polyplexes, we further evaluated
their ability of silencing the endogenously expressed housekeeping gene GAPDH in a
more relevant lung epithelial cell line. We chose the human bronchial epithelial cells
(16HBE140-) as they more closely represent the main features of the pulmonary
epithelium, particularly since they present tight junction properties, which play a critical
role in the barrier of airway lining (76). We anticipated that Alveofact coating might have
an impact on tight junction proteins, namely Zonula occludens-1 (ZO-1) and occludin
through hydrophobic and hydrophilic interaction (77,78). It is reported that phospholipid
content of surfactant might increase epithelial permeability, thus opening tight junctions
(79). Furthermore, the proteins present in lung surfactant, like the hydrophobic SP-B and
SP-C, play also an important role in increasing cytosolic delivery (80). Consequently,
the presence of lung surfactant could be beneficial for improving the internalization of
our delivery system might , and siRNA could thereby reach the cytosol more efficiently.
Indeed, as illustrated in Figure 4, while Lipofectamine displayed about 41% GAPDH gene
silencing, polyplexes at Alveofact:PEI ratios of 2.5:1 and 5:1 significantly mediated
GAPDH gene silencing capacity of 72% and 83% respectively. Interestingly, low
Alveofact content (Alveofact:PEI ratios of 1.5, 1:2.5, 1:1) did not improve the
downregulation efficiency in comparison to uncoated polyplexes but increased GAPDH
expression. Therefore, we can conclude that well defined concentrations of Alveofact
coating improved the efficiency of the delivery system by mediating a significant

downregulation of the target gene.
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Figure 4. GAPDH gene knockdown of Alveofact coated polyplexes in 16HBE140- cells. GAPDH gene
knockdown efficiency was evaluated 24 h after transfection with polyplexes. Blank samples consisted of
16HBE140- cells treated with HEPES 10 mM pH 7.4. Negative controls consisted of polyplexes
encapsulating scrambled-sequence siRNA. Positive controls consisted of Lipofectamine2000 lipoplexes.
GAPDH expression was normalized with 3-Actin expression and quantified by gRT-PCR. Downregulation
efficiency was displayed by the relative of GAPDH/B-Actin expression of targeting samples normalized to
the GAPDH/B-Actin expression after treatment with negative control siRNA in the same formulation. Data
points indicate mean + SEM (n=3). One way ANOVA, * p < 0.05, ** p < 0.01.

3.5 In vitro cell viability on lung epithelial cells

To test the compatibility of Alveofact coated polyplexes with lung epithelial cells, an MTT
assay was performed after incubation with the polyplexes prepared at the different
Alveofact:PEI ratios. Viable cells can metabolize the water-soluble MTT into formazan
crystals, which serves as an indicator of cell viability (81). Untreated cells and cells
treated with 20% DMSO were assigned as 100% cell viability and 100% cell death,
respectively. Figure 5 shows the results from the viability assay. All tested formulations
showed an overall safe profile in comparison to the cells receiving no treatment. At 10:1
ratio, the large hydrodynamic diameter together with the high concentration of Alveofact,
not only hampered the cellular uptake as described above, but also played a deleterious
effect on cell growth, resulting in a significant reduction of cell viability. Nonetheless, the
formulations with the best performance in terms of activity, 2.5:1 and 5:1 Alveofact:PEI

ratio, showed safe profiles with about 85% cell viability.
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Figure 5. Evaluation of cell viability following the incubation of 16HBE140- cells with Alveofact-coated
polyplexes by MTT assay. 100% cell viability consisted of cells treated with HEPES 10 mM pH 7.4 buffer,
while 0% cell viability consisted of cells treated with 20% DMSO. Data points indicate mean + SEM (n=3).
One way ANOVA, ns = not significant, **** p < 0.001.

3.6 In vitro delivery of Alveofact-coated polyplexes to an air-liquid interface
culture system

After confirming the activity of the Alveofact-coated polyplexes on a lung epithelial cell
line, we evaluated their behavior in an experimental setup more closely resembling the
in vivo environment typical of the airways. When considering pulmonary administration,
it is indeed very important to establish an in vitro model that includes the hurdles found
in the lungs, especially regarding the mucus barrier. In this view, air-liquid interface
cultures represent a valid tool for recreating the main features of the respiratory tract in
vitro. By exposing the cells to the culturing medium on one side and to the air on the
other, they can form a pseudostratified epithelium with tight junctions between cells as
well as secreting mucus (82). Many studies have shown the suitability of ALI cultures as
tools for mimicking healthy and diseased states of the lung, such as cystic fibrosis,
asthma or viral infections (45). The 16HBE140- cell line is also suitable for ALI culture
(83). Therefore, we established an ALl 3D culture model with this cell line to test
Alveofact-coated polyplexes in a more sophisticated environment. First, we confirmed
the formation of the epithelial barrier by measuring TEER values. On day 2 after air-lift,
TEER values as high as 1500 Q*cm? were observed, though slightly decreasing after 7
days (Figure 6A). This phenomenon was already reported by previous studies in
literature, suggesting that the decline in TEER values did not reflect a compromised cell
layer barrier, but was rather caused by increased transcellular conductance (84).
Therefore, we confirmed the establishment of a stable epithelial cell layer suitable for
further studies. The results were also supported by the expression of tight junctions
between cells, as observed by confocal microscopy following ZO-1 staining (Figure 6B).
Furthermore, we confirmed the secretion of mucus 7 days after air-lift by alcian blue

staining (Figure 6C). By showing the development of high TEER values, tight junctions

42



and mucus secretion, we confirmed the establishment of a 3D in vitro model suitable for

further investigation of Alveofact-coated polyplexes.
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Figure 6. Characterization of 16HBE140- cell line at the air-liquid interface. (A) TEER values of 16HBE140-
cells at ALI culture for 12 days. Cells were seeded onto Transwell at day 0, inserts were exposed to air (Air-
lift) at day 3, and TEER values were measured from day 5. Data points indicate mean + SD (n=5). (B) ZO-1
staining of 16HBE140- cells in ALI culture after 7 days of air-lift, bar=20 ym. Green color corresponds to ZO-
1 stained with rabbit ZO-1 antibody as primary antibody and AF488-anti-rabbit as secondary antibody
(green), while nuclei were stained with DAPI (blue). (C) Mucus staining of 16HBE140- cells in ALI culture

after 7 days of air-lift. Blue color corresponds to mucus.

After the establishment of a 3D air-liquid interface culture of the lung epithelium, we
evaluated the behavior of Alveofact-coated polyplexes in terms of cellular uptake, mucus
penetration and transfection efficacy. Cell layers were transfected with the formulations
showing the best performance in terms of activity in 2D culture (2.5:1 and 5:1
Alveofact:PEI coating ratio) as well as uncoated polyplexes and Lipofectamine2000
lipoplexes as controls. To test the ability of the polyplexes to diffuse through the mucus
layer, polyplexes were loaded with a labelled AF647-siRNA, while mucus was stained
with AF488-wheat germ agglutinin and the samples were analyzed at a confocal
scanning laser microscope. In this study, Lipofectamine2000 lipoplexes as well as PEI
polyplexes appeared to great extent trapped in the mucus mesh (Figure 7A-B). On the
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other hand, 2.5:1 Alveofact-coated polyplexes (Figure 7C), showed the best
performance in terms of mucus diffusion. In fact, while the 5:1 ratio showed a partial
entrapment in the mucus mesh similarly to the samples treated with lipofectamine and
uncoated polyplexes (Figure 7D), the ones treated with 2.5:1 ratio displayed only
negligible entrapment in the mucus. To support these findings, a further staining was
performed to better understand the fate of siRNA after crossing the mucus barrier. Here,
nuclei (blue) and cytoskeleton (green) were stained, while AF647-siRNA is represented
by red dots. In line with the previous results, the best cellular uptake was observed for
2.5:1 Alveofact:PEI coating ratio, followed by lipofectamine lipoplexes, which also
reached the cells to some extent (Figure 7E-G). On the contrary, almost no siRNA was
detected in the cells after treatment with uncoated polyplexes and 5:1 Alveofact:PEI
coated polyplexes (Figure 7H).

After investigating the influence of the mucus layer on the delivery of sSiRNA to the cells,
the consequences on the activity of the formulation were yet to be understood. Therefore,
we transfected the cells with an siRNA sequence against GAPDH, as previously tested
in 2D culture. Thus, we directly compared the impact of the cellular model on the activity
of the formulation. As it can be observed in Figure 7J, the results were in fact quite
surprising. While the activity of uncoated polyplexes and Lipofectamine2000 lipoplexes
were related to the one observed in the submerged culture, that was not the case for
Alveofact-coated formulations. While the 2.5:1 coating retained its activity and achieved
about 50% GAPDH downregulation, the 5:1 coating, which showed the best activity in
the submerged culture, showed no activity at all. This result can be explained by
comparing the activity results to the mucus diffusion study. While the 2.5:1 coating ratio
showed an acceptable mucus penetration, the 5:1 formulation seemed to be almost
completely entrapped in the mucus mesh, therefore explaining the complete loss of
activity in the 3D culture model. The discrepancy observed between the results from ALI
experiments and 2D culture (Supplementary Figure 3) as well as in the physicochemical
characterization can be explained by the fact that while in the latter the stability of
polyplexes were tested in a more artificial and less sophisticated environment, in the
former a more complex environment was established for the experiment. In this way,
harsher conditions allowed to better define stability and gene silencing efficiency profiles
of the different formulations. This study underlines the importance of adopting
appropriate models for testing the activity of the formulations, which better predict the in
vivo activity, such as air-liquid interface cultures (85). Nonetheless, we identified a
formulation with potential for pulmonary administration of SIRNA, thanks to its improved
mucus penetration activity as well as transfection efficacy in a relevant in vitro model

closely resembling the respiratory tract.
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Figure 7. Evaluation of Alveofact-coated polyplexes on 16HBE140- cells grown at air-liquid interface culture.
(A,B,C,D) 3D construction of mucus penetration in 16HBE140- cells 24h after transfection with uncoated
polyplexes, Lipofectamine2000 lipoplexes, Alveofact-coated polyplexes ratio of 2.5:1 and 5:1, respectively.
Green represents mucus layer stained with AF488-labeled wheat germ agglutinin, red corresponds to
AF647-siRNA. (E,F,G,H) Cellular uptake in 16HBE140- cells 24h after transfection with uncoated
polyplexes, Lipofectamine2000 lipoplexes, Alveofact-coated polyplexes ratio of 2.5:1, and 5:1, respectively.
Analysis was performed with confocal light scanning microscopy and images were presented in XY and XZ
viewing direction, bar=20 ym. Green corresponds to actin stained with rhodamine phalloidin, red to AF647-
siRNA, and blue corresponds to nuclei stained with DAPI. (J) GAPDH gene knockdown efficiency of
Alveofact coated polyplexes in 16HBE140- cells grown in ALI culture 24 h after transfection with sSiGAPDH
and scrambled siRNA as negative controls. Blank samples consisted of 16HBE140- cells treated with
HEPES 10 mM pH 7.4. Positive controls consisted of Lipofectamine2000 lipoplexes. GAPDH expression
was normalized with B-Actin expression and quantified by gRT-PCR. Downregulation efficiency was
displayed by the relative of GAPDH/B-Actin expression of targeting samples over negative controls. Data
points indicate mean + SEM (n=3). One-way ANOVA, *** p < 0.005.

4. Conclusion

In this study, PEI polyplexes were coated with Alveofact, a commercially available

pulmonary surfactant, to achieve a formulation for pulmonary administration of siRNA.

45



The coating process was optimized to achieve a formulation with desirable
physicochemical parameters and stability. Alveofact coated polyplexes efficiently
delivered siRNA to lung epithelial cells and were well tolerated. Furthermore, an ALI
culture of the lung epithelium was established and used to assess the behavior of the
newly developed delivery system in a more sophisticated 3D cell culture model. From
this study, we identified a formulation able to penetrate the mucus layer as well as to
mediate an efficient gene silencing. In summary, these findings show that Alveofact
coating of cationic polymers such as PEI represents an appealing strategy to improve
the delivery of siRNA to the lungs. Coating with Alveofact could in fact improve two
important aspects of PEI-mediated siRNA delivery, that are mucus diffusion and gene
silencing activity. The combination of these two aspects led to an overall improved
outcome in comparison to uncoated polyplexes, which reinforces the rationale behind
using lung surfactant for drug delivery. In conclusion, this study confirms the potential of
Alveofact-coated polyplexes for targeting lung epithelial cells and it offers a new
formulation strategy for efficient SIRNA delivery to the lung.
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Supplementary Figure 1. Physico-chemical properties of Alveofact-coated polyplexes (A,B) without
sonication and, (C,D) with a single Alveofact sonication step prior to incubation with sSiRNA/PEI polyplexes.
(A,C) Hydrodynamic diameter and polydispersity index, and (B,D) {-potential of Alveofact-coated polyplexes
prepared at N/P 6 in HEPES 10 mM pH 7.4 at different Alveofact:PEI coating ratios.

Alveo:PEI Px 1:5 1:2.5 1:1 2.5:1 51 10:1

% Free 0.19 0.18 0.30 0.30 0.158 0.03 0.06
SiRNA +0.010 +£0043 +0.159 +0.086 +0.025 +0.027 +0.09

Supplementary Table 1. Evaluation of siRNA condensation efficiency of uncoated polyplexes and
Alveofact-coated polyplexes at Alveofact:PEI ratios of 1:5, 1:2.5, 1:1, 2.5:1, 5:1, and 10:1 by SYBR Gold
assay. Polyplexes encapsulate 100 pmol of scrambled siRNA in HEPES 10 mM pH 7.4. Free siRNA
represents 100% siRNA release. Data points indicate mean = SD (n=3)
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Supplementary Figure 2. Evaluation of siRNA release capacity of uncoated polyplexes and Alveofact-
coated polyplexes in HEPES 10 mM pH 7.4 after 30 minutes of incubation with 0.125, 0.25, 0.5, 1, 2 USP

units of Heparin by SYBR Gold assay. Free siRNA represents 100% siRNA release. Data points indicate
mean + SD (n=2).
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Supplementary Figure 3. Cellular uptake of Alveofact-coated polyplexes in HBEC in 2D culture. Cellular

uptake was evaluated after 24 h of transfection with polyplexes encapsulating 50 pmol of AF488-siRNA.
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Abstract
Lipid nanoparticles (LNPs) enabled RNA therapeutics to enter clinical practice and

established themselves as a safe and effective delivery system for both siRNA and
MRNA. Nonetheless, LNP-mediated siRNA delivery has been so far mainly restricted to
liver targeting, limiting a broader clinical application. Consequently, research efforts have
been devoted to enabling LNPs delivery beyond hepatic tissues. Lung delivery
represents an advantageous route of administration as it offers a direct entry port to the
lung for the treatment of several pulmonary disorders. On this basis, we investigated
LNPs for siRNA delivery to the lungs. More precisely, LNPs were prepared with different
helper lipids characterized by different net charges (neutral, positive and negative), and
the effects on transfection efficacy and cytotoxicity were investigated in a lung epithelial
cell line. LNP delivery was then tested in an air-liquid interface culture of the lung
epithelium, where transfection activity and mucus penetration were studied.
Furthermore, diffusion profiles as well as interactions with artificial mucus were
investigated. This study confirmed that the inclusion of different helper lipids affects
siRNA delivery, suggesting that lipids should be carefully selected taking into
consideration not only the gene silencing activity, but also the safety and, for lung
delivery, mucus diffusion of the formulation. LNPs prepared with a positively charged
helper lipid displayed the best in vitro gene silencing activity in both 2D and 3D culture
(70 and 50 % GAPDH knockdown, respectively) but mediated the highest cytotoxicity.
Potency and safety should in fact be thoroughly balanced. Additionally, we emphasized
the need for biomimetic models of the lungs to obtain a clearer and more comprehensive

picture of the advantages and disadvantages of LNP formulations.
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1. Introduction
Pulmonary administration of siRNA holds great potential for treating several lung

diseases, from genetic disorders such as cystic fibrosis to viral infections, cancer, and
inflammatory conditions (13). siRNAs can in theory be designed to target and
downregulate any target sequence by inducing the RNAi machinery (86). Direct
administration to the lungs represents an attractive route of administration thanks to their
large epithelial surface, low enzymatic activity and ease of access (22). As of today, five
SsiRNA therapies have entered the market, however, none of them reaches the lungs as
they primarily target cell populations in the liver (48,49). Although two clinical trials for
intranasal delivery of sSiRNA were undertaken, none of them led to a successful approval
of an siRNA therapy for lung diseases (57). Despite the undeniable advantages, lung
delivery indeed presents some major hurdles that prevent the successful delivery and
activity of the payload, particularly linked to branching of the airways, mucociliary
clearance and mucus barrier (87). The latter represents a crucial obstacle that should be
carefully considered when developing formulations for pulmonary administration. The
major macromolecular component of mucus is represented by mucins, which are
negatively charged glycoproteins that, together with the other components, create a
complex, viscoelastic barrier that strongly affects the fate of the drug in the lung (88). In
this view, when developing a delivery system for siRNA it is essential to take all these
factors into consideration, as it should not only protect the cargo from degradation, but
also overcome the barriers found in the lungs (89). In regards to this administration route,
research efforts have been focused mainly on the development of polymeric delivery
systems such as polyplexes and polymeric nanoparticles, as they can be easily
nebulized or further processed to obtain a dry powder for inhalation (53,90,91). The past
years have assisted to the rise of lipid nanoparticles as delivery system for RNA
therapeutics. To begin with the approval of Onpattro® as the very first siRNA-based
therapy and continuing with the approval of the first mMRNA vaccines against COVID-19,
lipid nanoparticles (LNPs) were established as a powerful tool for the delivery of RNA
(92,93). However, their application has been so far intended only for intravenous and
intramuscular routes of administration respectively. Additionally, LNP-mediated siRNA
delivery has been so far approved only for targeting hepatic tissues, while delivery of
LNPs beyond the liver could pave the way to various novel targets and applications (94).

In a recent study of ours, we showed that siRNA-loaded LNPs can be successfully spray
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dried for dry powder inhalation (32). We confirmed that LNPs retain their
physicochemical characteristics as well as activity after spray-drying, highlighting their
suitability for pulmonary delivery. Consequently, here we investigated biological aspects
of LNPs for pulmonary delivery more deeply, with a special focus on the effect of
phospholipids with different charges in LNP structure on cellular delivery and behavior in
mucus. LNPs in fact consist of four lipid components: an ionizable cationic lipid, a helper
lipid (a phospholipid such as DOPE or DSPC), cholesterol, and a PEG-lipid. The
ionizable lipid is responsible for nucleic acid encapsulation and endosomal escape, while
PEG-lipids account for LNPs stability during preparation and storage by providing a steric
barrier that prevents aggregation. transfection potency. Finally, cholesterol and
phospholipids have a structural role and help fusion with the plasma membrane (95).
Recently, a study by LoPresti et al. demonstrated that altering the surface charge of
LNPs with charged helper lipids directs the delivery of mRNA-loaded LNPs towards a
specific organ following intravenous administration (96). In line with this observation, we
further investigated how the inclusion of helper lipids with different net charges (neutral,
negative and positive) in LNPs affects pulmonary delivery of siRNA and their interactions
with mucus. In this study, we first analyzed how the different helper lipids affect
intracellular deliver, gene silencing activity and biocompatibility in vitro, and then
proceeded investigating the behavior of LNPs in mucus in an air-liquid interface culture
that closely resembles the lung epithelium by expressing tight junctions and secreting
mucus (45). Furthermore, a mucus diffusion assay was established and the interactions
of LNPs with artificial as well as cellular mucus were analyzed. This study revealed that
the presence of helper lipids with different net charges affects the biological behavior of
LNPs, and that efficacy and toxicity in the lungs need to be carefully balanced. For
instance, while on the one hand the presence of a positive net charge improved the
transfection efficiency of LNPs, on the other hand it negatively affected cellular viability.
Also, the use of different in vitro models led to different and sometimes contrasting
outcomes, underlying the importance of selecting different, complementary investigation
tools to obtain a clearer and more detailed picture of the LNP formulations under

investigation.
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2. Experimental methods

2.1 Materials
Paraformaldehyde solution, FluorSave™ Reagent, Tween20, Eagle’s Minimum

Essential Medium (EMEM), RPMI-1640 Medium, fetal bovine serum (FBS), Penicillin-
Streptomycin solution, Dulbecco’s Phosphate Buffered Saline (PBS), trypsin-EDTA
solution, 200 mM L-glutamine solution, Paraformaldehyde, DMSO, G418 disulfate salt
solution, methylthiazolyldiphenyl-tetrazoliumbromid (MTT), trypan blue solution, DiD’ dye
were purchased from Sigma-Aldrich (Darmstadt, Germany). Lipofectamine 2000, SYBR
gold dye, Quant-IT Ribogreen DNA reagent, AF488-anti-rabbit secondary antibody,
rhodamine phalloidin, 4',6—diamidino—2-phenylindole  dihydrochloride  (DAPI),
PowerSYBR Green PCR master mix, Alexa Fluor™ 647 NHS ester and Alexa Fluor™
488 NHS ester were obtained from Life technologies (Carlsbad, California, USA).
Transwell® polyester membrane cell culture inserts (0.4 um pore size) were purchased
from Corning (New York, USA). PneumaCult™ ALl differentiation medium,
hydrocortisone and heparin were bought from Stemcell Technologies (Vancouver,
Canada). Dicer substrate double-stranded siRNA (DsiRNA) targeting human GAPDH,
the enhanced green fluorescent protein gene and non-specific DsiRNA and amine-
modified SiRNA were purchased from IDT (Integrated DNA Technologies, Inc., Leuven,
Belgium). PEG-DMG, DSPC, DOPC, DSPG, DOPG, DSPS, DOPS, DOTAP and
DOTMA were obtained from Avanti PolarLipids, Alabaster, USA.

2.2 Preparation and characterization of LNPs
LNP-siRNA formulations had a lipid composition based on the clinically approved

Onpattro® formulation and were prepared as previously described (23,97). Briefly, lipid
components (ionizable cationic lipid, helper lipid, cholesterol, and PEG-DMG) at molar
ratios of 50:10:38.5:1.5mol% were dissolved in ethanol to achieve a concentration of 10
mM total lipid. Different helper lipids, i.e. 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPCQ), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and 1,2-distearoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DSPG) were used to enable formation of LNP-
siRNA systems with slightly different zeta potential as previously reported by
Zimmermann et al. (32). Purified siRNA (siNC, siGFP and siGAPDH) was dissolved in
25 mM sodium acetate pH 4 buffer to achieve an N/P ratio of 3. The two solutions were
mixed through a T-junction mixer at a total flow rate of 20 mL/min, and a flow rate ratio
of 3:1 v/v (aqueous:organic phase). The resulting LNP suspension was subsequently
dialyzed overnight against PBS pH 7.4, sterile filtered (0.2 pm), and concentrated to 1.0
mg/mL siRNA. Encapsulation efficiencies of SiIRNA in all LNP systems were above 95%

measured by the Quant-iT Ribogreen Assay (Life Technologies).
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LNPs were then diluted in final formulation buffer (PBS for characterizations studies, cell
culture medium for in vitro experiments) and incubated for additional 20 min at room

temperature.

2.3 In vitro characterization of LNPs on lung epithelial cells

2.3.1 Cell culture

The human 16HBE140- cell line was cultivated in EMEM medium supplemented with
10% FBS and 1% P/S. The human non-small lung carcinoma cell line H1299-GFP was
grown in RPMI-1640 medium supplemented with 10% FBS and 1% P/S. Cells were
passaged every 3-4 days upon reaching confluence with trypsin 0.25% and 0.05%,
respectively, and subcultured in 75 cm? flasks. Cells were maintained in a humidified
atmosphere at 37°C and 5% COa.

2.3.2 Cellular uptake
To determine the cellular uptake of LNPs, amine-modified siRNA was labeled with

succinimidyl ester (NHS-AlexaFluor488 fluorescent dye according to the manufacturer’s
protocol. The resulting AF488-siRNA was purified by ethanol precipitation and spin
column as previously reported (69). 16HBE140- cells were seeded in a 24-well-plate at
a density of 50.000 cells/well in 500 pl medium and incubated overnight at 37°C and 5%
CO.. Afterwards, cells were transfected with AF488-siRNA loaded LNPs at a final
concentration of 1 pg/mL of siRNA and incubated for 24 h at 37°C and 5% CO.. Once
the incubation time was completed, cells were harvested, washed in PBS and
resuspended in PBS/2mM EDTA for analysis via flow cytometry. Positive controls
consisted of Lipofectamine2000 lipoplexes, whereas untreated cells and cells treated
with free siRNA were considered negative controls. For trypan blue quenching, 0.4%
trypan blue was added to half of each sample to mask any extracellular fluorescence
signal. The median fluorescence intensity of AF488-siRNA was measured using 488 nm
excitation and a 530/30 bandpass emission filter. Samples were gated based on
forward/sideward scattering of cells with a minimum of 10.000 viable cells. Results are

displayed as mean values + SD (n=3).

2.3.3. GAPDH gene knockdown
To determine the gene silencing activity of LNPs, 16HBE140- cells were seeded in a 12-

well-plate at a seeding density of 100.000/well in 1 mL medium and were incubated for
24 h at 37°C and 5% CO.. Then, cells were transfected with the different LNP
formulations (LNP1-8) loaded with scrambled or GAPDH siRNA. Each formulation was
tested at the siRNA concentration of 1 pg/mL. Positive controls consisted of
Lipofectamine2000 lipoplexes. After 24 h, cells were harvested and further processed to

isolate RNA using the the PureLink RNA mini kit according to the manufacturer's protocol
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(Life technologies, Carlsbad, USA). Next, cDNA was synthesized from total RNA using
the high-capacity cDNA synthesis kit (Applied Biosystems, Waltham, Massachusetts,
USA). cDNA was then diluted 1:10 in water and a gPCR was performed with the SYBR™
Green PCR Master Mix (Thermo Fisher Scientific) on a gTOWER real-time PCR thermal
cycler (Analytik Jena, Jena, Germany). Primers for human GAPDH (Qiagen, Hilden,
Germany) and B-actin (Qiagen, Hilden Germany) for normalization were used. Cycle
thresholds were acquired by auto setting within the gPCR software (Analytic Jena AG,
Jena, Germany). Values are given as mean values + SEM. (n=3).

2.3.4 GFP protein downregulation
To evaluate the protein downregulation activity of LNPs, H1299/GFP cells were utilized.

H1299/GFP cells were seeded on a 24-well-plate at a seeding density of 25.000
cells/well in 500 pL of medium. Cells were cultured for 24 h at 37°C and 5% CO.. The
day after, cells were transfected with the different LNPs (LNPs 1-8) loaded with
scrambled or GFP siRNA sequences. Each condition was tested at the siRNA
concentrations of 0.1 and 1 pg/mL. Cells were incubated for 48 h at 37°C and 5% CO..
Once the incubation time was completed, cells were harvested, washed with PBS and
resuspended in PBS/2mM EDTA for analysis via flow cytometry (Attune NxT, Thermo
Fischer Scientific, Waltham, Massachusetts, USA). The median fluorescence intensity
of GFP protein expression was detected at 488 nm excitation and with a 530/30 nm
bandpass emission filter. Each sample was gated by morphology based on
forward/sideward scattering with a minimum of 10.000 viable cells. Results are displayed

as mean values £ SD. (n=3).

2.3.5 In vitro cytotoxicity in lung cells

2.3.5.1 Cell viability

To assess the effect of LNPs on metabolic activity, an MTT assay was performed.
16HBE140- cells were seeded in a 96-well-plate at a density of 10.000 cells/well in 100
pl of medium and cultured for 24 h at 37°C and 5% CO,. The day after, cells were
transfected with the different LNPs (1-8) loaded with scrambled siRNA. Each formulation
was tested at the siRNA concentrations of 0.1, 1 and 3 pg/mL. Cells were incubated for
24,48 and 72 h at 37°C and 5% CO.. Afterwards, medium was removed and replaced
with 100 pl of a sterile 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution and incubated for 3 h at 37°C and 5% CO,. Medium was then
discarded and 200 pl DMSO were added to dissolve formazan crystals. Absorbance was
read at 570 m using a microplate reader (Tecan, Mannedorf, Switzerland). Results are

given as mean values of triplicates = SD. (n=3)
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2.3.5.2 LDH release
The influence of LNPs on cellular membrane integrity was evaluated by determining the

release of lactate dehydrogenase in the extracellular medium with a CytoTox96® Non-
Radioactive Cytotoxicity Assay kit (Promega, Madison, Wisconsin, USA) according to
the manufacturer's protocol. Briefly, 16HBE140-cells were seeded in a 96-well-plate at a
seeding density of 10.000 cells/well in 100 pl medium and cultured for 24 h at 37°C and
5% CO.. Afterwards, cells were transfected with the different LNP formulations (LNP 1-
8) loaded with scrambled siRNA. Each formulation was tested at the siRNA
concentrations of 0.1, 1 and 3 pg/mL. Cells were incubated for 24, 48 and 72 h at 37°C
and 5% CO.. Once the incubation time was completed, 50 ul of medium was collected
and transferred to a fresh 96-well-plate. To each well, 50 pl of substrate mix was then
added and incubated for 30 min at room temperature protected from light. Finally, 50 pl
of stop solution was added and absorbance was detected at 490 nm using a microplate
reader (Tecan, Mannedorf, Switzerland). Cells treated with lysis buffer were served as
positive controls (100% LDH release), while untreated cells were considered negative

control. Results are given as mean values *= SD. (n=3).

2.4 LNPs behavior in mucus-secreting Calu-3 cells grown at the air-liquid
interface

2.4.1 Cell culture

Calu-3 cells were obtained from LGC Standards GmbH (Wesel, Germany). Cells were
cultivated in EMEM medium supplemented with 10% FBS and 1% P/S. Cells were
passaged once 80% confluences was reached and subcultured in 75 cm? flasks. Cells

were maintained in a humidified atmosphere at 37°C and 5% CO,.

For ALl experiments, Calu-3 cells were seeded on Transwell® polyester cell culture
inserts (6.5 mm, 0.4 uym pore size) at a seeding density of 250.000 cells/well in 100 pl
medium, while 700 pl medium were added to the basolateral chamber. After 72 h, the
medium on the apical chamber was removed, while the one on the basolateral chamber
was replaced with 200 pl of PneumaCult™ ALI medium (STEMcell technology,
Vancouver, Canada) and exchanged every two days. Experiments were performed once
TEER values = 300 Q*cm? were achieved and a stable, polarized epithelial layer was
formed, as measured with an EVOM epithelial volt/QQ meter (World Precision

Instruments, Sarasota, USA).
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2.4.2 Mucus penetration study
To test the LNPs’ permeation activity in cellular mucus, Calu-3 monolayers were

transfected with AF647-loaded LNPs at a concentration of 3 pg/mL and incubated for 24
h at 37°C and 5% CO.. The day after, cells were incubated with AF488-wheat germ
agglutinin for 15 min at 37°C and 5% CO: to stain the mucus layer secreted by the cells.
Cells were then washed two times with PBS and mounted on glass slides using
FluorSave™ reagent and immediately analyzed with an SP8 inverted confocal scanning
laser microscope (Leica Camera, Wetzlar, Germany). Images were exported from the

LEICA Image Analysis Suite and processed with the Fiji plug-in of ImageJ.

2.4.3 GAPDH knockdown in Calu-3 cells at ALI
To evaluate the transfection efficacy of LNPs in ALI-cultured cells, Calu-3 monolayers

were transfected with LNPs loaded with scrambled and GAPDH siRNA at a
concentration of 10 pg/mL for 24 h at 37°C and 5% CO.. Positive controls consisted of
Lipofectamine2000 lipoplexes while untreated cells were considered negative controls.
Cells were then harvested, and RNA was isolated using the PureLink RNA mini kit
according to the manufacturer’s protocol. Samples were then processed for cDNA

synthesis and for gPCR as described above. Values are given as mean + SEM. (n=3)

2.5 LNPs characterization in a lung-simulating environment

2.5.1 In vitro transport of LNPs through artificial mucus

The diffusion of LNPs through artificial mucus was tested based on a previously
developed Transwell® diffusion assay (34). Briefly, 75 pl of artificial mucus were placed
on the apical side of a Transwell chamber (6.5 mm, 8 pum pore size). Afterwards, the
different LNPs (1-8) were prepared at a concentration of 3 pg/mL and marked with 1 pl
of DiD’ dye, a fluorescent lipid marker. In each well, 100 pl of the different marked LNPs
were placed on top of the mucus layer, while 300 pl of simulated lung interstitial fluid
(SILF) was added to the basolateral chamber. SILF was prepared based on a previously
reported protocol (98)(34). At scheduled time points (0.5, 1, 2, 3, 4 and 24 h), the
acceptor medium was collected and stored at 4 °C protected from light for further
analysis. Non-deposited samples were stored at 4°C until analysis as reference values.
The diffusion of LNPs was evaluated by spectrofluorimetric analysis of DiD’ dye at Aex
644 nm/Aem 665 Nm using a microplate reader (Tecan, Mannedorf, Switzerland). LNP
diffusion was determined by normalizing values from penetrated samples to the initial

dose of DiD’-LNPs. Values are given as mean * SD. (n=3)
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2.5.2 Interaction of LNPs with artificial and cellular mucus
The effect of the lung environment on LNPs stability was assessed using DLS by

comparing size and PDI of LNP dispersions in PBS, SILF and artificial mucus. SILF and
artificial mucus were prepared as described above. Results are reported as mean £ SD
calculated on three different batches.

Cellular mucus samples were obtained by harvesting mucus secreted by Calu-3 cells
grown at the air-liquid interface. Briefly, Calu-3 cells were seeded on Transwell® filters
(6.5 mm, 0.4 um pore size) and grown to achieve a differentiated muco-ciliary airway
epithelium as described above. After 1 week of ALI culture, secreted mucus was
collected once a week by washing the apical side with 100 pl PBS and incubating PBS
and mucus for 30 min at 37 °C before removal. Mucus was then spun down at 400 g for

5 min to remove debris before it was pooled and stored at -80°C.

Harvesting of mucus was confirmed by alcian blue staining of Calu-3 cells before and
after mucus removal as previously reported (35). Briefly, the cell layer was fixed with 4%
PFA for 15 min, washed with PBS and incubated with 100 pl of alcian blue solution (1%
in 3% acetic acid, pH 2.5) for 15 min and washed again 3 times in PBS. The membrane
was then cut, mounted on glass slides using FluorSave™ reagent and analyzed with a

BZ-8100 (Biozero) fluorescence microscope (Keyence, Osaka, Japan).

To evaluate the interaction between LNPs and cellular mucus, LNPs were incubated for
1 h with cellular mucus or PBS at room temperature and the resulting size distribution
was evaluated by nanoparticle tracking analysis (NanoSight, Malvern Analytical,
Malvern, UK).

2.6 Statistics
Statistical analysis was performed with GraphPad Prism 5 software using One-Way

ANOVA with Turkey post-hoc test with p<0.05 considered not significant (ns) and
*p<0.05, *p>0.01, **p>0.005 considered significantly different.
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3. Results

3.1 In vitro cellular uptake in lung epithelial cells
In this study, we investigated the effect of helper lipids on the delivery of lipid

nanoparticles to the lung. We started from a library of eight different formulations, which
were all prepared with the same components apart from the helper lipid. The
phospholipids selected were supposed to have an overall neutral (LNP1-2), negative
(LNP3-6) and positive (7-8) charge. Comparing the formulations, we investigated
different in vitro aspect that are determine activity and safety. We investigated the cellular
uptake of LNPs in a human lung bronchial epithelial cell line, which we used as a
surrogate for lung epithelium due to its tight junction development (76). LNPs were
loaded with AlexaFluor488-siRNA and the samples were analyzed by flow cytometry to
determine intracellular uptake 24 h after transfection. Negative controls consisted of
untreated cells as well as cells treated with free AF488-siRNA. Positive controls
comprised samples treated with lipofectamine/siRNA lipoplexes. As shown in Figure 1,
positively charged phospholipids (LNP7-8) mediated a significantly higher uptake than
neutral (LNP 1-2) and negatively charged (LNP 7-8) ones, with values comparable to
those reached by the positive control lipofectamine. This can be explained by the fact
that the presence of a positive charge in the structure of the nanocarrier improves the
electrostatic interaction with the negatively charged cellular membranes and
consequently facilitates the endocytosis of the nanoparticles (99). Of note, both positively
charged phospholipids, DOTAP and DOTMA, mediated a comparable cellular uptake,
without major difference among the resulting MFI values. Furthermore, trypan blue
quenching was performed to exclude extracellular fluorescence signals resulting from
siRNA bound to the cellular membrane. The experiment showed no relevant MFI
variations between quenched and unquenched samples for all tested formulations,
confirming the cellular internalization of LNPs. This experiment underlined the beneficial
effect arising from the inclusion of positively charged helper lipids in LNPs formulation

for improving LNP internalization and thus siRNA delivery.
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Figure 4. Cellular uptake of LNPs in 16HBE140- cells. Cellular uptake was evaluated after 24 h of
transfection with LNPs at a final concentration of 1 pg/ml of AlexaFluor488-siRNA. Median fluorescence
intensity (MFI) was determined by flow cytometry. Negative controls consisted of untreated cells and
samples treated with free siRNA. Positive controls consisted of Lipofectamine2000 lipoplexes. Data points
indicate mean = SD (n=3).

3.2 In vitro transfection efficacy in lung epithelial cells
After observing the effect of helper lipids on cellular uptake, we investigated if this effect

was also reflected on gene silencing efficacy. To do so, 16HBE140- cells were
transfected with the different LNPs loaded with an siRNA sequence targeting GAPDH,
an endogenously expressed housekeeping gene, or scrambled siRNA as negative
control. Positive controls consisted of cells treated with siRNA/lipofectamine lipoplexes.
Gene silencing after 24 h of incubation corroborated the findings from the uptake study.
LNPs prepared with positively charged helper lipids, LNPs 7-8, showed the best
downregulation activity, with knockdown values close to 75%, similarly to the one
observed for the positive control lipofectamine. LNPs prepared with neutral
phospholipids DSPC and DOPC (LNP 1-2), still exerted an effect, but more limited in
comparison to the positively charged ones, with values not exceeding 50% of
knockdown. As for LNPs prepared with negatively charged helper lipids (LNP3-6),
variable outcomes were observed depending on the phospholipid employed. Here, LNPs
prepared with saturated negatively charged lipids DSPS and DOPS (LNP 5 and 6) were
slightly more potent in comparison to the ones containing unsaturated negatively
charged lipids DSPG and DOPG (LNP 3 and 4). Although unsaturated lipids are known
to improve endosomal escape (100), the presence of saturated lipids might have
improved the overall stability of the formulation for more efficacious delivery and
intracellular activity (Figure 2A). A similar behavior was observed also on the protein

level (Figure 2B-C). For this experiment, a lung epithelial cell line stably expressing GFP
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(H1299/GFP) was used, and the activity of LNPs was determined by quantifying the
median fluorescence intensity of the different samples after treatment with two different
siRNA concentrations, 0.1 (Figure 2B) and 1 pg/mL (Figure 2C). At the higher
concentration tested, no difference among LNPs was observed, as they all showed very
high gene silencing activity close to 100%. However, at the lower concentration tested,
clearer differences were distinguished among the formulations. A comparable trend to
the GAPDH downregulation study was observed, as positively charged LNPs exerted
the best gene silencing activity, with values comparable to lipofectamine. Lipofectamine
is indeed a cationic transfection reagent that takes advantage of its positive charge to
encapsulate nucleic acids and then disrupt the endosomal membrane by a proton
sponge effect. In a similar way, the presence of a cationic lipid in LNPs led to transfection
activities comparable to lipofectamine (101). In line with the cellular uptake study, LNPs
containing a cationic lipid show the best downregulation activity, with particularly high

transfection efficiency even at low siRNA concentrations.
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Figure 5. In vitro downregulation activity of LNPs. (A) GAPDH gene knockdown efficiency of LNPs in
16HBE140- cells 24 h after transfection. Negative controls consisted of LNPs encapsulating scrambled
siRNA. Positive controls consisted of siGAPDH/Lipofectamine2000 lipoplexes. GAPDH expression was
normalized with B-Actin expression and quantified by qRT-PCR. Downregulation efficiency was displayed
by relative GAPDH/B-Actin expression of targeting samples normalized to the GAPDH/3-Actin expression
after treatment with negative control siRNA in the same formulation. Data points indicate mean + SEM (n=3).
One way ANOVA, * p < 0.05, ** p < 0.01, ***p < 0.005. (B-C) GFP knockdown was tested on H1299 cells
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stably expressing EGFP and measured by flow cytometry 48 h after transfection with LNPs encapsulating
SiGFP at a final concentration of 0.1 pg/ml (B) or 1 pg/ml (C). Negative controls consisted of LNPs
encapsulating scrambled siRNA. Positive controls consisted of siGAPDH/Lipofectamine2000 lipoplexes.
Data points indicate mean £+ SEM (n=3). One way ANOVA, * p < 0.05, ** p < 0.01, **p < 0.005. SF = free
siRNA. SL = lipofectamine/siRNA lipoplexes.

3.3 In vitro cytotoxicity in lung epithelial cells
A suitable nanocarrier should ensure an efficient delivery of the payload, but equally

important is also for it to retain a safe, biocompatible profile. To understand if and how
the incorporation of phospholipids with different net charges affected LNP
biocompatibility, 16HBE140- cells were incubated with LNPs (1-8) at distinct
concentrations and incubation times. The effect on metabolic activity was evaluated in
MTT assays, in which water-soluble MTT is metabolized into formazan crystals by viable
cells (Figure 3A-C). Each formulation was tested at three siRNA concentrations (0.1, 1
and 3 ug/mL) as well as three incubation times (24, 28 and 72 h). The study showed that
all formulations retained a safe profile over time at the lowest concentration tested, with
values in the range of 100% cell viability. However, at higher concentrations, contrasting
behaviors were observed for the formulations. LNPs prepared with neutral phospholipids
DSPC and DOPC (LNP1 and 2) revealed the safest profile, as their addition to cells
mediated viability values close to 100% at all tested concentrations and time points.
LNPs comprising neutral helper lipids have been proven to retain an extraordinarily safe
profile that resulted in the clinical development of Onpattro® (23). LNPs prepared with
anionic lipids (LNP3-6) also retained a safe profile over time, with values slightly
decreasing at longer incubation times. On the contrary, LNPs prepared with the cationic
lipids DOTAP and DOTMA (LNP 7-8), revealed contrasting results depending on the
concentration tested. While at the lowest concentration tested the formulations
maintained high cell viability values over time, at higher concentrations the viability
values decreased proportionally to incubation time. Although a positive surface charge
leads to better transfection efficacy, it is also linked to higher toxicity and side effects
(102). Positive charges can in fact damage the plasma membrane and lead to toxic
effects. Cationic lipids are indeed known for toxicity problems, which has been the main
factor limiting their application as delivery systems (103,104). This prompts the

importance of properly balancing efficacy and toxicity.

To confirm the results of the MTT assay, and LDH assay was performed to evaluate the
cytotoxicity derived from cellular membrane damage (Figure 3D-F). In line with the
previous results, LNPs prepared with neutral and negative phospholipids reported a safe
profile at the different concentrations tested over time, with values below 20% of

cytotoxicity. However, LNPs formulated with cationic phospholipids also demonstrated
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cytotoxic effects at higher concentrations and increasing over time in this assay.
According to the results from the safety studies, it is of the essence to identify the right

balance between activity and safety of the delivery system.
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Figure 3. Evaluation of cytotoxicity following incubation with LNPs. (A-C) Evaluation of cellular viability by
MTT assay in 16HBE14o0- cells incubated with LNPs at 0.1, 1 and 3 pg/ml for 24 (A), 48 (B) and 72 (C) h.
Data points indicate mean * SD (n=3). (D-F) Assessment of membrane integrity by measuring lactate
dehydrogenase release of cells incubated with LNPS at 0.1, 1 and 3 pg/ml for 24 (D), 48 (E) and 72 (F) h.
Cells treated with lysis buffer correspond to 100% LDH release. Data points indicate mean + SD (n=3).

3.4 LNPs delivery in an air-liquid interface culture system
To better predict the behavior of LNPs in the respiratory tract, we established an air-

liquid interface cell culture model, a valid tool for reproducing in vitro the lung
environment (82). By growing cells on Transwell® inserts, they are exposed on one side
to the air and to cell culture medium on the other. This condition resembles the one found
in the airways and allows the cells to differentiate and form a pseudostratified epithelium,
which closely replicates the in vivo state typical of the lung epithelium. In this context,
Calu-3 cells, an immortalized lung epithelial cell line, are considered the golden standard
for ALI cultures, as they form tight junctions, reach high TEER values and secrete mucus
once cultured under ALI conditions (105), which was confirmed in a previous study of
ours (55). After establishing the Calu-3 ALI model, we investigated the diffusion of LNPs
through the mucus layer secreted by Calu-3 cells. The mucus barrier is indeed
considered one of the main factors preventing delivery to the lungs and transmucosal
delivery in general (106). In this study, we selected three different LNPs among the ones
screened in the previous experiments, including formulations with a neutral, negative
and positive phospholipid, respectively. Thus, we studied how the presence of helper

lipids with different charges affected mucus penetration. LNPs were prepared with a
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fluorescently labelled siRNA and the mucus was later stained with AF488-wheat germ
agglutinin 24 h after transfection. As shown in Figure 4, LNPs prepared with a positively
charged phospholipid showed the best diffusion through the mucus layer (Figure 4C-F),
while limited diffusion was observed for LNPs comprising neutral (Figure 4A-D) and
negative (Figure 4B-E) helper lipids. Although one could suppose that the apparent
better diffusion of LNP(+) could be linked to the LNPs being stuck to the mucus, the
activity study confirmed that the LNPs(+) not only had the best mucus diffusion, but also
performed best in terms of gene downregulation (Figure 4G). Interestingly, LNP(-)
completely lost activity in this model, although demonstrating a significant
downregulation in the 2D culture model (LNP5).

This finding is quite interesting, as it goes against the common assumption that
negatively charged nanoparticles penetrate better though mucus (107). An explanation
could be found in the fact that the mucus layer might have reduced the penetration of all
LNPs tested, however, the ones presenting the cationic phospholipids proved to retain
higher uptake and stronger downregulation activity even at low concentration. In this
view, we can assume that the higher potency of positively charged LNPs favored the
activity of LNPs in a difficult-to-transfect context where a mucus barrier restricted the
delivery to the underlying epithelium.

A
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Figure 4. Evaluation of LNPs delivery to Calu-3 cells grown at the air-liquid interface. (A-F) Mucus
penetration of neutral (A&D), negative (B&E) and positive (C&F) LNPs in Calu-3 monolayers 24 h after
transfection. (A-C) 3D reconstruction. (D-F) XY and XZ viewing direction. Red color represents AF647-
siRNA, green color the mucus layer stained with AF488-labeleled wheat germ agglutinin. (G) GAPDH gene
knockdown efficiency of LNPs containing neutral, negative and positive phopholipids in Calu-3 monolayers
grown under ALI conditions 24 h after transfection with siGAPDH and scrambled siRNA as negative control.
Blank samples consisted of Calu-3 monolayers treated with PBS only. Positive controls consisted of
Lipofectaamine2000 lipoplexes with SiGAPDH. GAPDH expression was normalized with B-actin expression
and quantified via qRT-PCR. Data points indicate mean + SEM (n = 3). One-Way ANOVA, *p < 0.05, **p <
0.01.

3.5 LNPs behavior in a lung-simulating environment
To further study the behavior of LNPs in contact with mucus, we utilized a diffusion model

based on Transwell® inserts to simulate the penetration of LNPs through the mucus
layer. In line with previously reported data, findings suggest that negatively charged
helper lipids facilitate penetration of the formulation through the mucus layer (Figure 5).
Although LNPs prepared with negatively charged helper lipids show a diffusion as high
as 70% (Figure 5B) and neutral ones mediate a diffusion up to 60% (Figure 5A), cationic
ones do not exceed 50% (Figure 5C). These results corroborate the assumption that the
inclusion of phospholipids with negative charge promote the diffusion of the delivery
system through the mucus layer. However, the resulting zeta potential is only slightly
different among formulations, which could explain the reason why in in vitro studies LNPs
with positively charged helper lipids reported better mucus diffusion and activity at the
air-liquid interface. An additional explanation for the behavior observed could be
searched in the protein corona formed when LNPs interact with mucus. Previous studies
have already demonstrated the importance of the biomolecular corona formed in serum
around LNPs and how it affects stability, biodistribution and targeting (108). It is thus

reasonable to think that also mucus proteins possibly form a protein corona around
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LNPs, which could explain the better diffusion in vitro of LNPs prepared with cationic
lipids. Interestingly, all tested formulations completed the diffusion process within 4 h, as
almost no difference was detected between the samples withdrawn after 4 and 24 h, with
most of the formulations having completed the diffusion process within the first 2 h.
Diffusion time is an important aspect to consider, as the mucus layer is estimated to be
replaced at a rate of 3-5 mm/min. Consequently, nanocarriers that do not rapidly
penetrate the mucus layer also do not reach the underlying lung epithelium (58).
Thereby, the faster the diffusion, the higher the chance to reach the target cells. To
assess the effect of artificial mucus on stability, LNPs were incubated with artificial mucus
and analyzed by DLS. While only a slight increase in size was observed for the
formulations incubated with artificial mucus, shifted polydispersity was more evident,
particularly for neutral LNPs. This observation could be linked to increased aggregation
following incubation with mucus. The effect of cellular mucus on LNP stability was
evaluated by NTA, to avoid any interference with globular mucus proteins using DLS. In
this case, LNPs prepared with positively charged phospholipids seem to be the ones
more affected by the incubation with mucus, as they exhibit more additional peaks
following incubation with mucus. These findings underline the importance of adopting
appropriate models for investigating the behavior of nanocarriers in a mucus-rich
environment. Different models can indeed result in different outcomes and different
perspectives about the formulation being investigated, and only a comprehensive study
can depict a clearer picture. This aspect is very important when developing a formulation
for pulmonary administration, as it can strongly impact the delivery and transfection
efficiency. Further studies will be aimed at gaining a deeper understanding on the
interactions between mucus and LNPs as well as on the formation of a mucus corona by

proteomic analysis.
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Figure 5. LNPs behavior in a lung simulating environment. (A-C) Percent amount of DiD’-labeled LNPs
permeated through artificial mucus in SILF over time. (D) DLS analysis of LNPs with neutral, negative and
positive helper lipids following incubation with PBS, SILF and artificial mucus. Data are presented as mean
values of triplicates + SD (n=3). (E-J) NTA analysis of LNPs containing neutral (E-H), negative (F-I) and
positive (G-J) helper lipids following incubation with PBS (E-G) and cellular mucus (H-J) isolated from Calu-

3 cells.
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4. Conclusion
In this study, we investigated how the incorporation of helper lipids with different net

charges affects siRNA-loaded LNP delivery to 2D and 3D models of the lung. The
incorporation of helper lipids with a positive net charge appeared to improve cellular
uptake as well as gene downregulation in a lung epithelial cell line, with activity present
starting from low concentrations. On the other hand, they appeared to be the most
problematic ones from the toxicity studies, underlying the importance of wisely balancing
potency and safety of the formulation as well as dose. Furthermore, we considered the
behavior of LNPs in presence of mucus, the main barrier found in the lungs. To this
extent, formulations were screened in a 3D air-liquid interface model of the lung with
Calu-3 cells. Here, LNPs prepared with cationic helper lipids showed the best activity,
both in terms of mucus penetration as well as gene downregulation. Finally, the diffusion
of LNPs in artificial mucus as well as the interactions of LNPs with artificial and cellular
mucus were tested. In this case, LNPs prepared with cationic helper lipids were the ones
to be affected the most by the presence of mucus, in disagreement with the previous
study in 3D cell culture. This study underlines the importance of selecting proper and
complementary models of the target organ to obtain a more comprehensive picture of
the formulation. In conclusion, LNPs hold potential for pulmonary delivery of siRNA and
could be advantageous for treating many lung disorders. Further studies will be aimed
at clarifying the interactions of LNPs with mucus as well as at investigating LNPs

pulmonary delivery in vivo.
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Abstract

SARS-CoV-2 has been the cause of a global pandemic since 2019 and remains a
medical urgency. siRNA-based therapies are a promising strategy to fight viral infections.
By targeting a specific region of the viral genome, siRNAs can efficiently downregulate
viral replication and suppress viral infection. However, to achieve the desired therapeutic
activity, siRNA requires a suitable delivery system. The VIPER (virus-inspired polymer
for endosomal release) block copolymer has been reported as promising delivery system
for both plasmid DNA and siRNA in the past years. It is composed of a hydrophilic block
for condensation of nucleic acids as well as a hydrophobic, pH-sensitive block that, at
acidic pH, exposes the membrane lytic peptide melittin, which enhances endosomal
escape. In this study, we aimed at developing a formulation for pulmonary administration
of sSiRNA to suppress SARS-CoV-2 replication in lung epithelial cells. After characterizing
siRNA/VIPER polyplexes, the activity and safety profile were confirmed in a lung
epithelial cell line. To further investigate the activity of the polyplexes in a more
sophisticated cell culture system, an air-liquid interface (ALI) culture was established.
siRNA/VIPER polyplexes reached the cell monolayer and penetrated through the mucus
layer secreted by the cells. Additionally, the activity against wild-type SARS-CoV-2 in the
ALI model was confirmed by gRT-PCR. To investigate translatability of our findings, the
activity against SARS-CoV-2 was tested ex vivo in human lung explants. Here,
SiRNA/VIPER polyplexes efficiently inhibited SARS-CoV-2 replication. Finally, we
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verified the delivery of siRNA/VIPER polyplexes to lung epithelial cells in vivo, which
represent the main cellular target of viral infection in the lung. In conclusion,
siRNA/VIPER polyplexes efficiently delivered siRNA to lung epithelial cells and mediated
robust downregulation of viral replication both in vitro and ex vivo without toxic or
immunogenic side effects in vivo, demonstrating the potential of local siRNA delivery as

a promising antiviral therapy in the lung.

KEYWORDS siRNA delivery, RNA therapeutics, SARS-CoV-2, pulmonary delivery,

human precision-cut lung slices

1. Introduction
In 2019, the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) triggered
the Covid-19 pandemic that resulted in dramatic consequences on health, politics and
economics on a global scale. As of December 2021, 274 million cases were registered
worldwide, and over 5 million people have died due to the consequences of viral infection
(109). SARS-CoV-2 is transmitted through respiratory secretions (110) and replicates
primarily in respiratory epithelial cells (111). In severe cases, the disease can lead to
lung failure and death, especially in patients with pre-existing lung or cardiovascular
diseases (112). Although different approaches are now available to fight Covid-19, it still
represents an unmet medical need. In the last year, a number of vaccines has been
approved by FDA and EMA for clinical use, two of which are based on mRNA technology
(113,114). Although the introduction of vaccines has led to huge improvements in the
battle against COVID-19, the pandemic is still far from an end at the time of writing this
manuscript. Some antiviral drugs have been repurposed in the treatment of SARS-CoV-
2 infection, such as the RNA polymerase inhibitor Remdesivir, but none of them can be
considered satisfactory for the treatment of the disease (115). Only recently two novel
oral antiviral therapies have been approved (116,117) The development of novel antiviral
drugs is especially challenging in the case of coronaviruses as they use cellular
components to replicate (118). Therefore, finding an antiviral drug able to block the viral
replication without affecting the host’s physiological functions remains challenging. For
this reason, siRNA therapeutics represent a promising candidate. By inducing the RNAI
machinery, siRNAs can, in theory, specifically downregulate any given target mRNA,
whether endogenously expressed or as a product of viral infections. siRNAs can be
designed to be virus-specific and, by downregulating key factors of the viral replication
cycle, can prevent the replication and spreading of the virus (119). siRNA therapeutics

could thus become a new ally in the fight against viral infections. After investigating the
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replication steps as well as the genomic regions of SARS-CoV-2 that can be targeted by
siRNA, we identified an siRNA sequence targeting the highly conserved region open
reading frame 1 (ORF1), which is part of the genomic RNA of the virus and which serves
as a template for the translation of polyprotein 1ab (Pplab) (120). Our previous study
showed high efficacy of the newly developed siRNA in blocking the replication of SARS-
CoV-2 as well as conservation of the target sequence in the current SARS-2 variants
(120). Two major advantages of an antiviral SiRNA treatment could therefore be
specificity for viral factors and therapeutic index. Considering that the lungs are the entry
port for the virus and that represent the main site of infection and viral replication,
pulmonary delivery is a desirable route of administration, particularly for antiviral SIRNA
(20). Local siRNA administration to the lungs could represent an effective strategy
against respiratory viral infections treatment due to the high surface area of the lungs
and relatively low nuclease activity compared to systemic administration. Interestingly, a
recent study by Azzi et al. reported that subjects who had received two doses of the
COVID-19 vaccine and who presented high serum IgG antibody titers only had low saliva
levels of neutralizing antibodies, indicating that local mucosal immunity at the virus entry
site to the airways was not efficiently developed after vaccination. Therefore, pulmonary
local administration could be beneficial to increase the immunity against viral infections
(121). Despite the advantages of the pulmonary route, lungs also present some hurdles
that must be overcome for achieving the desired target site and downregulation effect.
Branching of the airways, mucociliary clearance and presence of mucus are the main
factors hampering delivery of siRNA to target cells in the lungs (13). Therefore,
formulation of siRNA with a suitable delivery system is crucial for therapeutic siRNA

activity.

Several nanocarriers have been developed in the last years for siRNA, mainly based on
lipids, polymers or peptides (15). Considering the pulmonary administration route, the
encapsulation of siRNA in a polymer-based system appears preferable. While lipid-
based systems might be affected by stability problems once nebulized for inhalation
(122), polymer-based formulations can be easily nebulized or processed to produce a
dry powder for inhalation (75). On this basis, we decided to formulate siRNA with VIPER
(virus-inspired polymer for endosomal release), a block copolymer that showed high
efficiency for both pDNA (123) and siRNA (124) delivery. In addition to protecting the
cargo and enhancing cellular uptake, VIPER polymer also showed improved endosomal
escape of siRNA, which is considered the bottleneck for non-viral RNA delivery systems
(125). The block copolymer is composed of a hydrophilic block, responsible for the

encapsulation of the negatively charged siRNA by electrostatic interactions, and a
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hydrophobic, pH-sensitive block entrapping the Iytic peptide melittin. Melittin is a peptide
derived from bee venom with membrane-Ilytic activity. At acidic pH, the hydrophobic block
undergoes a conformational change that leads to the exposure of the peptide, which can
exert its lytic activity towards the endosome and consequently release the siRNA in the
cytosol for initiating the RNAi machinery (123). Previous studies suggested the suitability
of VIPER polymer for the delivery of siRNA to the lungs (124). Therefore, we further
investigated this aspect to develop a formulation that can be efficiently delivered to lung
epithelial cells, which are the main site of infection for SARS-CoV-2, for subsequent
suppression of viral replication. To further explore the translatability of our findings, we
established an air-liquid interface (ALI) culture of lung epithelial cells to understand the
behavior of the polyplexes in a more sophisticated 3D culture model (45). Furthermore,
to close the gap between in vitro and in vivo correlation, we tested the activity of the
VIPER polyplexes against wild type SARS-CoV-2 virus in human precision-cut lung
slices (PCLS), which are living 3D tissue explants that retain the main features of the
lung in terms of cellular diversity as well as anatomical structure (47). Additionally, in vivo
distribution and delivery to various cell types in the lung as well as toxicity and

immunogenicity were investigated.

The aim of this study was the development of a pulmonary delivery system that can
efficiently and selectively target lung epithelial cells and can efficiently block the
replication of SARS-CoV-2. In this regard, VIPER polyplexes showed optimal
parameters for pulmonary administration and high gene silencing efficiency in vitro.
Additionally, the formulation was stable in presence of both lung surfactant and mucin,
and penetrated the mucus layer secreted by Calu-3 cells cultured at the air-liquid
interface. VIPER polyplex uptake in lung epithelial cells without toxic or immunogenic
side effects was confirmed in vivo and their antiviral activity against SARS-CoV-2 was

validated in the ALI culture model as well as ex-vivo human PCLS 3D lung model.

2. Experimental methods

2.1. Materials
Polyethylenimine 25 kDa was purchased from BASF (Ludwigshafen, Germany). RPMI-

1640 medium, EMEM medium, DMEM-F12 medium, 0.05% and 0.25% trypsin-EDTA,
heat-inactivated fetal bovine serum (FBS), penicillin/streptomycin (P/S), FluorSave,
paraformaldehyde, alcian blue solution and Tween20 were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). SYBR Gold dye, Lipofectamine 2000, Rhodamine
Phalloidin, AF488-wheat germ agglutinin, (4',6-diamidino-2-phenylindole (DAPI), ZO-1
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rabbit polyclonal antibody, AF488-anti-rabbit secondary antibody and Alexa Fluor™ 647
NHS Ester were obtained from Life Technologies (Carlsbad, California, USA).
PneumaCult ALI differentiation medium, hydrocortisone and heparin were purchased
from Stemcell Technologies (Vancouver, Canada). Transwell® polyester membrane cell
culture inserts were purchased from Corning (New York, USA). Dicer substrate double-
stranded siRNA (DsiRNA) targeting the enhanced green fluorescent protein gene,
human GAPDH and scrambled non-specific DSiRNA as well as amine-modified siRNA
were purchased from integrated DNA Technologies (IDT, Coralville, lowa, USA).

2.1.1 Design of SARS-CoV-2 targeting siRNAs
The SARS-CoV-2 specific sSiRNAs were previously described (120) and target highly

conserved regions within ORF1 of the SARS-CoV-2 genome. Chemically unmodified
siRNAs were designed as symmetric 21-mers with 2 nucleotide overhangs at 3’ ends of
both strands with the sense strand overhang consisting of dTdT. An siRNA targeting
Firefly Luciferase (siLuc) was designed as negative control. Chemically unmodified
siRNAs were purchased in desalted form (Microsynth AG, Balgach, Switzerland),
resuspended and maintained in RNAse free water upon arrival. Chemically modified
versions of ORF1-targeting siRNAs and siLuc were designed in an asymmetric fashion
using a previously described design and chemical modification pattern (120). In brief, all
nucleotides of the siRNA were subjected to a 2’-O-Methyl modification (2’OMe) except
nucleotides at positions 7, and 9-11 of the siRNA sense-, as well as positions 2, 6, 8, 9,
14, and 16 of the antisense-strand (all 5’-3’ direction), which contained 2’-Fluoro
modifications (2'F) instead. Additionally, two consecutive nucleotides at both ends of the
siRNA antisense strand, as well as at the 5’ end of the sense strand were incorporated
with phosphorothioate linkages (for details see table 1). Chemically modified SiRNAs
were synthesized by Eurogentec (Liége, Belgium) at a 40 nmol scale and purified by
High Performance Liquid Chromatography (HPLC). The siRNAs were obtained in

desalted form and reconstituted in RNAse free water at a concentration of 20 mM.

N Length (nt)
am
Sense strand (5639 Antisense strand (5639 Sens | Antisen
e
e se
CCAAAUGUGCCUUUCAA | AGUUGAAAGGCACAUUU
0O1 21 21
CUTT GGUU
GGUACUUGGUAGUUUAG | AGCUAAACUACCAAGUAC
03 21 21
CUTT CAU
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siLu | CGUACGCGGAAUACUUC | UCGAAGUAUUCCGCGUA
c GATT CGUG
[A]*-FluoroG*-[U]-[U]-[G]-
[CI*-[CI*-[AI-[A-A]-[U]-
FluoroA-[A]-FluoroA-
FluoroG-[U]-FluoroG-
o1* FluoroG-[G]-[C]-[A]-[C]- 19 21

FluoroC-FluoroC-[U]-[U]-[U]-
[CIHAJA[CIU] FluoroA-[U]-FluoroU-[U]-[G]-
[GI*-[UT*[U]

GG [ULIALICLIU [A]*-FluoroG*-[C]-[U]-[A]-
[CFHGIUHAHCHLL FluoroA-[A]-FluoroC-
FluoroU-[G]-FluoroG-
o3* FluoroU-[A]-[C]-[C]-[A]- 19 21
FluoroU-FluoroA-[G]-[U]-[U]-
(ULALGHCL U] FluoroA-[G]-FluoroU-[A]-[C]-
[CI*[A]*-[U]
[UJ*-FluoroC*-[G]-[A]-[A]-
FluoroG-[U]-FluoroA-
FluoroU-[U]-[C]-[C]-[G]- 19 21
FluoroC-[G]-FluoroU-[A]-[C]-
[GI*-[U]*[C]

21 21

[CI*-[G]*-[VI-[AI-[CI-[G]-
siLu | FluoroC-[G]-FluoroG-

c* FluoroA-FluoroA-[U]-[A]-[C]-
[UI-[UI-[CI-[G]-[A]

Table 1. Sequences of siRNAs used in the study. nt, nucleotides; 0O1-3, ORF1-specific siRNAs 1-3; Luc =
Firefly Luciferase; A = Adenine; C = Cytosine; G = Guanine; U = Uracil; T = Thymine; Luc, Firefly Luciferase;
*, Phosphorothioate linkage; [], 2’-O-Methyl modification; Fluoro, 2’ Fluoro modification; A, Adenine; C,
Cytosine; G, Guanine; U, Uracil.

2.2. VIPER Synthesis
The block co-polymer p(OEGMA300g6-co-DMAEMAs0)-b-p(DIPAMA2s 3-co0-PDSEMA,)

was synthetized via reversible addition-fragmentation chain transfer (RAFT)
polymerization as described previously. The cysteine-terminated melittin peptide (cys-
melittin) was conjugated to the PDSEMA side chain by disulfide exchange, purified and
characterized as previously reported (123,126).

2.3. Preparation of siRNA polyplexes
Polymer/siRNA polyplexes were prepared by first dissolving polyethylenimine 25 kDa

and VIPER polymer separately in RNase free water at a concentration of 1 mg/ml, and
then sterilizing the solution through a 0.22 pm filter. Stocks of polymer and siRNA were
further diluted in a sterile 5% glucose solution to reach the desired concentration. An
equal volume of each polymer was added to a defined amount of siRNA solution and
incubated for 20 min to yield polyplexes at a defined N/P ratio (N/P 6 for PEI 25 KDa,
N/P 10 for VIPER, if not stated otherwise). All calculations were based on previous
studies with pDNA as well as siRNA (123,124).
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24, Hydrodynamic diameter and zeta (e6) potenti a
polyplexes
Hydrodynamic diameters and polydispersity indices were measured by dynamic light

scattering (DLS using a Zetasizer Nano ZS (Malvern Instruments Inc., Malvern, UK).
Polyplexes were prepared with scrambled siRNA in 5% glucose solution, added to a
disposable micro-cuvette and measurements were performed at 173° backscatter angle
running 10 runs three times per samples. Results are presented as average size (nm) +
SD. The samples were further diluted to 700 pl with 5% glucose and transferred to a
folded capillary cell for {-potential measurements, which were analyzed by Laser Doppler
Anemometry (LDA). Samples were read in triplicates, with each run consisting of 30-50
scans. Results are presented in mV + SD.

2.5. Polyplexes stability in presence of mucin or lung surfactant
To test the stability of polyplexes in an environment that mimic the lung environment, a

modified SYBRgold assay in presence of lung surfactant Alveofact or mucin was
performed as previously reported (127). PEI and VIPER polyplexes were prepared with
30 pmol siRNA in 100 pl 5% glucose. Once polyplexes were formed, 50 pl of a serial
dilution of Alveofact or mucin were added (final concentration: 0, 0.0005, 0.005, 0.05,
0.25, 0.5 mg/ml) and incubated for 20 minutes. Afterwards, samples were distributed in
a black 96-well-plate, and 30 pl of 4x SYBRgold solution were added to each well and
incubated for 10 minutes in the dark. Fluorescence was then measured on a plate reader
(Tecan, Mannedorf, Switzerland) at excitation wavelength of 485/20 nm and emission
wavelength of 520/20 nm. To account for autofluorescence of mucin, free siRNA samples
were prepared in the presence of the corresponding concentration of mucin.
Fluorescence of free siRNA represents 100% siRNA release. All measurements were

performed in triplicates, and results are presented as mean values + SD.

2.6. Invitro characterization of siRNA/VIPER polyplexes in a lung epithelial
cell line

2.6.1. Cell culture

The human non-small cell lung carcinoma cell line stably expressing the reporter gene
EGFP (H1299/GFP) was cultured in RPMI-1640 medium supplemented with 10% FBS,
1% P/S and 0.4% G418. Cells were passaged every 3 days with trypsin 0.05% and
subcultured in 75 cm? flasks. Cells were maintained in a humidified atmosphere at 37 °C
and 5% CO:..

2.6.2. Invitro GFP protein downregulation
To determine the ability of polyplexes to efficiently downregulate protein expression,

H1299/GFP cells were used. H1299/GFP cells were seeded in a 24-well-plate at a
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density of 25.000 cells/well in 500 pl of medium and incubated at 37°C and 5% CO.. The
day after, cells were transfected with 100 pl of VIPER or PEI polyplexes containing 100
pmol of GFP or scrambled siRNA sequence. Lipofectamine lipoplexes were used as
positive control. Cells were incubated for 48 h at 37°C and 5% CO,. Once the incubation
time was completed, cells were trypsinized, washed two times in PBS and PBS/2mM
EDTA respectively and analyzed via flow cytometry (Attune NXT, Thermo Fischer
Scientific, Waltham, Massachusetts, USA) for the median fluorescence intensity (MFI) of
GFP protein expression using 488 nm excitation and a 530/30 nm bandpass emission
filter. Samples were measured in triplicates, with each sample gated by morphology
based on forward/sideward scattering for a minimum of 10.000 viable cells. Results are
displayed as mean values * SD.

2.6.3. Invitro GAPDH gene knockdown
For gene silencing experiments, 24 h prior to transfection 100.000 H1299/GFP cells were

seeded in a 12-well-plate and incubated at 37°C and 5% CO.. Cells were transfected
with 100 pl of VIPER or PEI polyplexes containing 100 pmol of GAPDH or scrambled
siRNA. Positive controls consisted of Lipofectamine 2000 lipoplexes while negative
controls consisted of blank/untreated cells. After 24 h, cells were harvested and
processed to isolate total RNA using the PureLink RNA mini kit according to the
manufacturer’s protocol (life Technologies, Carlsbad, California, USA). cDNA was
synthetized from total RNA using the high-capacity cDNA synthesis kit (Applied
Biosystems, Waltham, Massachusetts, USA). Afterwards, the obtained cDNA was
diluted 1:10 and a gPCR performed using the SYBR™ Green PCR Master Mix (Thermo
Fisher Scientific) with primers for human GAPDH (Qiagen, Hilden Germany) and 3-actin
(Qiagen, Hilden, Germany) for normalization. Cycle thresholds were acquired by auto
setting within the gPCRsoft software (Analytic Jena AG, Jena, Germany). Values are

given as mean values + SEM.

2.6.4. Invitro cytotoxicity in lung cells

2.6.4.1 Cell viability

Cell viability was assessed using the MTT assay. H1299/GFP cells were seeded at a
density of 10.000 cells/well in 100 pl medium in a 96-well-plate 24 h prior to transfection.
Cells were transfected with PEI and VIPER polyplexes containing 20 pmol scrambled
siRNA at different N/P ratios (6, 10 and 15 respectively) and incubated for 24 h at 37°C
and 5% CO.. Once the incubation time was completed, medium was removed and 100
pl of a sterile 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution was added to the cells and incubated for 3 h at 37°C and 5% CO.. Medium

was then removed, and 200 ul of DMSO was added to each well to dissolve formazan
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crystals. Absorbance was then read at 570 nm using a microplate reader (Tecan,

Mannedorf, Switzerland). Results are given as mean of values of triplicates + SD.

2.6.4.2 LDH release
The effect of polyplexes on membrane integrity was assessed by measuring the release

of lactate dehydrogenase (LDH) in the extracellular medium using the CytoTox96® Non-
Radioactive Cytotoxicity Assay kit (Promega, Madison, Wisconsin, USA) according to
the manufacturer’s protocol. Briefly, 5.000 H1299/cells were seeded in a 96-well-plate in
100 pl medium 24 h prior to transfection. Cells were treated with PElI and VIPER
polyplexes containing 20 pmol siRNA at different N/P ratios (6, 10 and 15 respectively)
and incubated for another 24 h. Afterwards, 50 ul of supernatant was transferred to a
fresh 96-well-plate and 50 pl of substrate mix was added and incubated for 30 min at
room temperature protected from light. Subsequently, 50 pl of stop solution was added
and absorbance was measured at 490 nm using a microplate reader (Tecan, Mannedorf,
Switzerland). Untreated cells were used as negative control, while cells treated with lysis
buffer represented 100% LDH release. Results are given as mean values of triplicates +
SD.

2.7. Polyplexes behavior in mucus-secreting Calu-3 cells grown at the air-
liquid interface

2.7.1. Cell culture

Calu-3 cells were obtained from LGC Standards GmbH (Wesel, Germany). Cells were
maintained in EMEM medium supplemented with 10% FBS and 1% P/S. Cells were
passaged once 80% confluence was reached and subcultured in 75 cm? flasks. Cells

were maintained in a humidified atmosphere at 37°C and 5% CO,.

Calu-3 cells were seeded at a density of 250.000 cells onto uncoated Transwell®
polyester cell culture inserts (6.5 mm, 0.4 um pore size) in 100 pl medium, while 700 pl
medium were added to the basolateral chamber. After 72 h, the apical medium was
removed to obtain air-liquid interface conditions, while the medium from the basolateral
chamber was replaced with 200 ul of PneumaCult™ ALI medium (STEMcell technology,
Vancouver, Canada) and replaced every two days. Experiments were performed once
TEER values 2 300 Q*cm? were reached and a stable polarized epithelial layer was
formed, as measured with an EVOM epithelial volt/ohm meter (World Precision

Instruments, Sarasota, USA).

To confirm the secretion of mucus by Calu-3 cells grown under ALI conditions, an alcian
blue staining was performed. Briefly, cells were incubated for 15 min with 100 pl alcian

blue solution and washed 3 times with 200 ul PBS. Cells were then mounted on glass
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slides using FluorSave (Merck Millipore, Darmstadt, Germany) reagent and analyzed
using a BZ-8100 (Biozero) fluorescence microscope (Keyence, Osaka, Japan). Images

were processed with Fiji distribution of ImageJ.

To verify the expression of tight junctions when cells were cultured at ALI, the expression
of zonula occludens protein-1 (ZO-1) was evaluated. Briefly, 7 days after air-lift, cells
were fixed in 4% PFA for 15 min, blocked for 1 h in 5% BSA blocking buffer and then
incubated overnight with a 1:100 dilution of ZO-1 rabbit polyclonal antibody (Life
Technologies, Carlsbad, California, USA). Afterwards, cells were incubated for 1 h with
a 1:200 dilution of AF488-anti-rabbit secondary antibody (Life Technologies, Carlsbad,
California, USA). Once the incubation time was completed, cells were washed two times
with PBS, and nuclei were stained with a 0.5 pg/ml solution of 4',6-diamidino-2-
phenylindole (DAPI) for 15 min. Finally, cells were washed two times with PBS and
mounted on glass slides with FluorSave reagent. Samples were analyzed with a SP8
inverted confocal scanning confocal microscope (Leica Camera, Wetzlar, Germany).
The images were exported and processed with the Leica Image Analysis Suite software.

2.7.2. Cell uptake study
For microscopy experiments, amine-modified siRNA was labeled with succinimidyl ester

(NHS) modified AlexaFluor647 fluorescent dye according to the manufacturer’s protocol

and purified via ethanol purification to obtain AF647-siRNA as previously reported (69).

To evaluate the delivery of polyplexes to Calu-3 monolayers, cells were transfected with
PEI and VIPER polyplexes containing 100 pmol AF647-siRNA for 24 h. Once the
incubation time was completed, monolayers were fixed in 4% PFA for 15 min, washed 3
times with PBS and permeabilized with PBS + 0.3% Tween20 for 10 min. Cells were
then incubated with rhodamine phalloidin for 60 min. Nuclei were stained with a 0.5 pg/ml
solution of 4',6-diamidino-2-phenylindole (DAPI) for 15 min. Finally, cells were washed
two times with PBS, mounted on glass slides using FluorSave reagent and analyzed with
a SP8 inverted confocal laser scanning microscope (Leica Camera, Wetzlar, Germany).
The images were exported from the Leica Image Analysis Suite and processed with the

Fiji distribution of ImageJ.

2.7.3. Mucus penetration study
The ability to overcome the mucus barrier was assessed by transfecting Calu-3

monolayers with PEI and VIPER polyplexes containing 100 pmol AF647-siRNA for 24 h.
Afterwards, cells were incubated for 15 min with AF488-wheat germ agglutinin at 37°C
and 5% CO; to stain the mucus layer. Cells were then washed two times with PBS and

mounted on glass slides using FluorSave reagent and immediately analyzed with a SP8
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inverted confocal laser scanning microscope (Leica Camera, Wetzlar, Germany). The
images were exported from the Leica Image Analysis Suite and processed with the Fiji

distribution of Image J.

2.7.4. GAPDH knockdown in Calu-3 cells at ALI
In order to measure the transfection efficiency of polyplexes in a more sophisticated in

vitro model, Calu-3 monolayers were transfected with PEI and VIPER polyplexes
containing 100 pmol GAPDH or scrambled siRNA for 24 h at 37°C and 5% CO.. Positive
controls consisted of Lipofectamine 2000 lipoplexes while negative controls consisted of
blank/untreated cells. Cells were then detached, and RNA was extracted using the
PureLink RNA mini kit according to the manufacturer’s protocol. Samples were further
processed for cDNA synthesis and qPCR as described above. Values are given as mean
of triplicates + SEM.

2.7.5 Immunofluorescence staining and confocal imaging of ACE-2 receptor on
Calu-3 Cells
To evaluate the ACE-2 receptor expression on Calu-3 cells, the membranes were cut

out of the transwells in circles and embedded on the basolateral side with Cryomatrix
embedding medium (Shandon Cryomatrix, Thermo Fisher Scientific, Waltham MA, USA)
on dry ice. Calu-3 cells were then covered on the apical side with Cryomatrix. Embedded
cells were frozen on dry ice and stored at -80°C for further processing. Later, the
embedded cells were cut into cryosections (7 um) using a Kryostat CM3050S (Leica
Biosystems, Nussloch, Germany). Cryosections were dried for 4 h on SuperFrost plus
glass slides (Menzel-Glaeser, Germany) and were then fixed with ice cold methanol and
acetone (1:1) for 10 min. Glass slides were washed three times for 5 min with cold 1x
Wash Buffer (WB) (medac diagnostika, Wedel, Germany) with shaking. Unspecific
binding sites were blocked with 10% BSA for 20 min. Slides were then incubated with a
primary antibody against human ACE-2 receptor ((AF933), R&D systems, Minneapoalis,
MN, USA) at a concentration of 5x103 pg/ml in 1x WB, containing 1% BSA for 1 h. Cells
were washed three times for 5 min with cold WB before slides were treated with a 1:500
dilution of a donkey anti goat IgG H&L Alexa Fluor® 647 preadsorbed (abl150135,
Abcam, Cambridge, MA, USA) antibody in WB/BSA for 30 min in the dark. Slides were
counterstained and embedded with ProLong Gold Antifade Moutant with DAPI (4',6'-
diamidino-2-phenylindole) (Life Technologies, Thermo Fisher Scientific, Waltham MA,
USA) solution overnight in the dark. For control sections, only the secondary antibody
was used. Fluorescence imaging was performed using a laser scanning confocal
microscope LSM700 (Carl Zeiss, Wetzlar, Germany) with the Axio Imager 2 and the

Software ZEN 2.3 lite (Carl Zeiss, Wetzlar, Germany). Images were taken with a Zeiss
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63x oil immersion objective. The pictures were analyzed and modified regarding contrast
and intensity, using ZEN 2.3 lite (blue edition). Nucleus staining (DAPI) was illustrated
with the emission color blue, while Alexa Fluor 647 was shown in magenta. Scale bars

were added using the free software ImageJ.

2.7.6 siRNA/VIPER polyplex activity against SARS-CoV-2 at the air-liquid
interface
To test the activity of siRNA/VIPER polyplexes against wild-type SARS-CoV-2 virus,

Calu-3 monolayers were transfected with 100 pmol of VIPER polyplexes containing 100
pmol ORF1#3 or luciferase siRNA as negative control 6 h before infection with 0.1 MOI
wildtype SARS-CoV-2. After 24 h, RNA was extracted as described under 2.10.

2.8 Ex vivo activity of siRNA/VIPER polyplexes in human precision-cut lung
slices

2.8.1 Human tissue, ethics statement and human precision-cut lung slices
(hPCLS)
Human tissue was obtained from the CPC-M bioArchive at the Comprehensive

Pneumology Center (CPC), from the University Hospital Grofhadern of the Ludwig-
Maximilian University (Munich, Germany) and from the Asklepios Biobank of Lung
Diseases (Gauting Germany). Participants provided written informed consent to
participate in this study, in accordance with approval by the local ethics committee of the
Ludwig Maximilian University Munich, Germany (Project 19-630). Precision-cut lung
slices (PCLS) were prepared as described before (128,129). Briefly, PCLS were
prepared from tumor-free peri-tumor tissue. The lung tissue was inflated with 3% agarose
solution and solidified at 4°C. afterwards, 500 um thick slices were cut from tissue blocks
using a vibration microtome (HyraxV50) (Karl Zeiss AG, Oberkochen, Germany). PCLS
were cultured in DMEM F-12 medium supplemented with 0.1% FBS. Prior to
experiments, PCLS cut by means of a biopsy puncher into 4 mm in diameter PCLS

punches.

2.8.2 Establishment of wild-type SARS-CoV-2 infection in hPCLS
PCLS samples were prepared as described above and cultured with Dulbecco’s Modified

Eagle Medium (DMEM) F-12 supplemented with L-Glutamine, HEPES, 10,000 IE
Penicillin, 10,000 IE Streptomycin and 0.1% fetal bovine serum. For each sample, three
PCLS were placed in a 48 well plate in 500 pl medium and infected with 300.000 (pure),
30.000 (0.1x) or 3.000 (0.01x) plaque-forming units (PFU) SARS-CoV-2. PCLS were
washed with PBS after 1h and RNA extracted as described under 2.10 after 24, 48 and
72h.
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2.8.3 Polyplexes activity against wild-type SARS-CoV-2 in hPCLS
PCLS samples were prepared as described above and cultured with Dulbecco’s Modified

Eagle Medium (DMEM) F-12 supplemented with L-Glutamine, HEPES, 10,000 IE
Penicillin, 10,000 IE Streptomycin and 0.1% fetal bovine serum. For each sample, three
PCLS were placed in a 48 well plate in 500 pl medium and transfected with VIPER
polyplexes containing 60 pmol siRNA against ORF1 as well as non-targeting sSiRNA six
hours before being infected with wildtype SARS-CoV-2. For infection, 300.000 plague-
forming units (PFU) SARS-CoV-2 were added to each well, which contained PCLS with
an estimated cell number of 300.000 cells, resulting in an approximated MOI of 1.0. After
24 h, RNA was extracted as described under 2.10.

2.9 Nucleic acid extraction and gPCR
Nucleic acid was extracted from ALI cultures using the NucleoSpin RNA kit (Macherey-

Nagel; Duren, Germany). To isolate RNA from PCLS, samples were first homogenized
using the TissueLyzer LT (Qiagen, Order # 85600) and then RNA was isolated using
TRIzol (ThermoFischer Scientific) according to instructions. cDNA was synthesized with
the Superscript™ Il First-Strand Synthesis System (Thermo Fisher Scientific; Dreieich,
Germany). SARS-CoV-2 RNA was quantified by gPCR performed on a LightCycler® 480
(Roche Holding AG; Basel, Switzerland) using primers specific for the N region (total
viral RNA) or the RNA dependent RNA polymerase (Rdrp) region (as measure of
genomic viral RNA [gRNA]) of SARS-CoV-2 and beta-actin as a house-keeping gene.

For primer sequences and cycling conditions, see table 2.

Pri mer/ pr obe s3equ emcde sc y(c5

PCR name .
conditions
_ Fw: CCACGAAACTACCTTCAACTCCAT
Beta-actin
Rev: TGTGTTGGCGTACAGGTCTTTG
N Fw: GACCCCAAAATCAGCGAAAT
Rev: TCTGGTTACTGCCAGTTGAATCTG
Fw:.CGTCTGCGGTATGTGGAAAG
RDRP

Rev: TAAGACGGGCTGCACTTACA
Cycling conditions

95°C - 5 min

45 Cycles: 95°C - 15 s

55°C-10s

72°C-25s
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Table 2. Oligonucleotides and cycling conditions used for polymerase change reaction. A = Adenine; C =
Cytosine; G = Guanine; T = Thymine; Rev =reverse; s = second; RDRP = RNA-dependent RNA polymerase

2.10. Invivo polyplex distribution in the lung and pro-inflammatory effects
following pulmonary delivery
All animal experiments were approved by a Wayne State University Institutional Animal

Care and Use Committee (IACUC). Female BALB/c mice were purchased from Charles
Rivers Laboratories (Wilmington, Massachusetts, USA) and used at 5 weeks of age.
Mice were intratracheally instilled (under ketamine/xylazine anesthesia) with PEI and
VIPER polyplexes containing 2 nmol AF647-sIRNA. Control groups were administered
with 5% glucose only. After 48 h, mice were sacrificed under i.p. ketamine/xylazine
anesthesia, exsanguinated and perfused with PBS. BALF and lung cell suspensions
were prepared as reported before (130). Serum was obtained from clotted blood. Lung
cell suspensions were counterstained with BB515 labeled rat anti-mouse CD45 (30-F11,
1:40, BD Biosciences), pacific orange labeled F4/80 (1:100, Invitrogen), BV421 labeled
anti-tubulinB3 (1:100, Biolegend), anti-prosurfactant protein C (1:100, Abcam), mouse
anti-rabbit PE-Cy7 (1:200, Santa Cruz Biotechnology), anti-uteroglobin antibody (1:100,
Abcam) and mouse anti-rabbit AF594 (1:200, Invitrogen) following the manufacturer’s
protocol. The analysis was performed on a BDLSR Fortessa flow cytometer. The
different populations of leukocytes (CD45+), macrophage/monocytes (F4/80+), Type Il
pneumocytes (proSPC+), ciliated cells (tubulin beta +) and club cells (CD31 +) were
gated, and the MFI of sSIRNA-AF647 in the different cell populations was quantified. The
concentration of proinflammatory cytokines in BALF and serum was determined using
the mouse LEGENDplex ELISA kit (BioLegend, San Diego, California). Values are given

as mean = SEM with n=4.

2.11. Statistics
Statistical analysis was performed with GraphPad Prism 5 software using One-Way or

Two-Way ANOVA with Turkey post-hoc test, with p > 0.05 considered not significant (ns)
and *p < 0.05, **p < 0.01, ***p < 0.005 considered significantly different.

3. Results and discussion

3.1. Characterization of polyplexes
Size and surface charge are among the most important parameters that need to be

considered when designing an efficient drug delivery system. The parameters should be
optimized for the intended route of administration and tuned towards the right size and

zeta potential. Considering that the lungs are the organs mainly affected by SARS-CoV-
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2 infection, we aimed at achieving a formulation optimized for pulmonary administration.
In previous work, we identified N/P 6 and 10 as optimal for pulmonary PEI and VIPER
polyplex delivery, respectively, and have thus used these formulations throughout this
study (28,124). siRNA/PEI and siRNA/VIPER polyplexes were analyzed via dynamic
light scattering for size and polydispersity index, and by Lased Doppler Anemometry for
zeta potential. Both PElI and VIPER polyplexes showed desirable hydrodynamic
diameters for pulmonary delivery of 85.52 nm and 55.78 nm (intensity-weighed)
respectively (Table 3). Nanoparticles formed with VIPER polymer, however, showed
smaller sizes, which could help avoid clearance by macrophages and enhance diffusion
though the mucus mesh (131). In terms of PDI, PEI and VIPER polyplexes showed
values of 0.25 and 0.39 respectively. The higher PDI values observed for VIPER are
possibly linked to the presence of the peptide melittin in the structure of the polymer,
which could lead to an increase in PDI. Nonetheless, PDI could be reduced by
introducing a microfluidic approach in future development (72,132). Similar zeta potential
values were observed for PEI and VIPER polyplexes. Both formulations presented a
positive zeta potential of about 10 mV in line with expectations, due to the cationic nature

of the polymers being tested.

e potent

Formulation Size (nm = SD PDI (£ SD)
(mV = SD)
SiRNA _PEI 85.5+6.8 0.25+0.01 124 +6.2
siRNA_VIPER 55.8+9.5 0.39 +0.03 95+24

Table 3. PEl and VIPER polyplexes hydrodynamic diameter, polydispersity index and zeta potential

3.2.  Stability of polyplexes in presence of mucin and lung surfactant
When treating lung diseases, pulmonary delivery is the preferred route of administration

due to the large surface area of the lungs, absence of serum proteins and limitation of
systemic side effects (133). Especially in the case of respiratory viral infections, such as
in the recent pandemic caused by SARS-CoV-2, pulmonary administration ensures that
the payload will directly reach the site of infection, the lung epithelium, avoiding problems
related to systemic administration. Nonetheless, biological barriers should be carefully
addressed when considering pulmonary delivery. The lung epithelium is covered by a
mucus layer that hampers the delivery of the cargo to the underlying cell layer. The
negatively charged mucin glycoproteins represent the main component of the lung
mucus layer and they are thought to be responsible for instability of polyplexes in mucus
(58). Additionally, deeper lungs are covered by lung surfactant, which contains high
concentration of phospholipids. Therefore, we tested the stability of VIPER and PEI

polyplexes in the presence of increasing concentrations of mucin and Alveofact®, a

84



commercially available lung surfactant, by a modified SYBR gold assay (127). As it can
be observed in Figure 1, VIPER showed increased stability at increasing concentrations
of mucin in comparison to PEI. At a concentration of mucin as high as 0.5 mg/ml, VIPER
showed only negligible release of siRNA, while PEI polyplexes released about 60% of
their load. Both polymers showed better stability in lung surfactant compared to mucin,
but VIPER outperformed PEI, with a release of 4 vs. 10% of the siRNA load. A possible
explanation for the increased stability of VIPER polyplexes in mucus and surfactant could
be the presence of the hydrophilic OEGMA-co-DMAEMA block (134).
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Figure 6. Stability of polyplexes at increasing concentration of (A) mucin and (B) lung surfactant was tested
by modified SYBR gold assay after 20 min incubation. Free siRNA represents 100% siRNA release. (Mean
+ SD, n03). Green square: siRNA release from PEI polyplexes. Blue circle: siRNA release from VIPER

polyplexes.

3.3. Invitro transfection efficacy in lung epithelial cells
The gene silencing activity of PEI and VIPER polyplexes was tested at the mRNA and

protein level in a human non-small lung carcinoma cell line stably expressing GFP
(H1299/GFP cells). PEI and VIPER polyplexes were prepared with 100 pmol siRNA at
N/P 6 and N/P 10 respectively. To test the activity at the mRNA level, PEI and VIPER
polyplexes were prepared with siRNA specific for the human GAPDH, an endogenously
expressed housekeeping gene, as well as with scrambled siRNA as negative control.
Positive controls consisted of lipofectamine/siGAPDH lipoplexes. The expression of
GAPDH was measured via quantitative real time PCR and normalized to B-actin
expression. The experiment showed that both PEI and VIPER polyplexes mediated a
gene knockdown at the mRNA level, but VIPER showed the more robust activity,
reaching about 80% gene silencing (Figure 2B). A similar trend was also observed at
the protein level, where the activity of the polyplexes was evaluated by quantifying the

median fluorescence intensity (MFI) of the different samples and normalized for the
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untreated samples (100%). Also in this case, VIPER polyplexes achieved high gene
silencing activities of about 90%, similarly to the one showed by the positive control
lipofectamine. PEI polyplexes instead only suppressed about 40% of the GFP expression
(Figure 2A). This difference in activity is probably linked to the presence of melittin in the
structure of VIPER, which is an endosomolytic peptide that has been studied for
improving the activity of siRNA delivery agents (135). By disrupting the endosomal
membrane, melittin helps to release the siRNA in the cytosol and consequently improves
the RNAI activity of the siRNA formulation (136).
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Figure 7. In vitro downregulation activity of PEl and VIPER polyplexes in a H1299 cell line stably expressing
EGFP. (A) GAPDH gene knockdown efficiency of PEI and VIPER polyplexes 24 h after transfection with
polyplexes. Blank samples consisted of HL1299GFP cells treated with 5% glucose only. Negative controls
consisted of polyplexes encapsulating scrambled siRNA. Positive controls consisted of Lipofectamine2000
lipoplexes with 100 pmol siGAPDH. GAPDH expression was normalized with B-actin expression and
quantified by gRT-PCR. Data points indicate mean + SEM. (B) GFP knockdown was measured by flow
cytometry 48 h after transfection with PEI and VIPER polyplexes with 100 pmol siGFP. Blank samples
consisted of H1299GFP cells treated with 5% glucose only. Negative controls consisted of samples treated
with polyplexes encapsulating scrambled siRNA. Positive controls consisted of Lipofectamine2000 (LF)

lipoplexes with 100 pmol siGFP. Data points indicated mean + SD (n=3). One-Way ANOVA, ***p<0.005.

3.4. Invitro cytotoxicity in lung epithelial cells
To test the compatibility of the formulations with living cells, PEI and VIPER polyplexes

were incubated with H1299/GFP cells at different N/P ratios. The viability of the cells was
measured via the MTT assay, a colorimetric assay used to measure the metabolic
activity of the cells as an indicator of cell viability. The experiment showed that both PEI
and VIPER present an overall safe profile, with no reduction in cell viability in comparison
to the untreated control for N/P 6 and 10, and a reduction by about 20% for VIPER at the
highest N/P ratio tested of 15. The difference in cell viability for the two different polymers

was not significant for any of the N/P ratios tested (Figure 3A).
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To further investigate the effect of the formulation on cell membrane integrity, an LDH
assay was performed at the same conditions as the MTT assay. By measuring the
release of lactate dehydrogenase enzyme in the supernatant, the assay gives a measure
of the impact of the formulation on the membrane integrity. The cytotoxicity was
measured by comparing the results to a 100% LDH release considered as maximal
cytotoxicity as well as to untreated cells as negative control. PElI and VIPER showed a
similar trend, with only negligible LDH release detected for N/P 6 and 10 with values
similar to the ones observed for untreated cells, while higher release was observed for
the highest N/P ratio tested. PEI and VIPER showed a similar trend in terms of LDH
release, confirming that the presence of melittin in the formulation did not results in higher
membrane damage nor increased toxicity (Figure 3B). These results are in line with
previously reported hemolysis data for plasmid/VIPER polyplexes and were explained
by their pH-responsive behavior (123).
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Figure 8. Evaluation of cytotoxicity following incubation with PEI and VIPER polyplexes. (A) Evaluation of
cellular viability by MTT assay of H1299/GFP cells incubated with PEI and VIPER with different N/P ratios:
6, 10 and 15. Positive controls consisted of cells treated with 20% DMSO. Data points indicate mean + SD
(n=3). One-Way ANOVA, ns = not significant. (B) Assessment of membrane integrity by measuring lactate
dehydrogenase release of cells incubate with PEI and VIPER polyplexes at different N/P ratios: 6, 10, 15.
Cells treated with lysis buffer correspond to 100% LDH release. Data points indicate mean + SD (n=3). One-
Way ANOVA, ns = not significant.

3.5. siRNA/VIPER polyplexes delivery in an air-liquid interface culture system
Air-liquid interface cultures represent a valid tool for reproducing in vitro the typical

aspects of the respiratory tract. In this configuration, cells can form a pseudostratified
epithelium and differentiate towards a mucociliary phenotype better resembling in vivo
conditions (137). Calu-3 cells are considered as the gold standard of ALI cultures since
under these culture conditions they express tight junctions, show high TEER values and
secrete mucus (105,138). In this study, we used the 3D culture model with Calu-3 cells,

and monolayer formation was confirmed by tight junction staining visualized with
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confocal laser scanning microscopy as well as alcian blue staining of the mucus layer
visualized with fluorescence microscopy (Supplementary Figure 1). Due to their ability to
secrete mucus under ALI conditions, Calu-3 cells represent a good model to investigate
the mucus penetration of nanocarriers (139). Calu-3 monolayers were stained with
AF488-wheat germ agglutinin 24 h after transfection with AF647-siRNA/VIPER
polyplexes, mounted on glass slides and directly analyzed by confocal microscopy
without fixing. As it can be observed in the 3D reconstruction of Figure 4(A-B), green
fluorescence represents the mucus layer, while red dots correspond to the labeled siRNA
penetrating though the mucus layer. Polyplexes efficiently diffused through the mucus
layer and reached the underlying cell layer. To confirm the cellular internalization of the
polyplexes after mucus penetration, an additional staining of the Calu-3 monolayer was
performed to visualize cellular nuclei (blue), cytoskeleton (green) and AF647-labeled
siRNA. As shown in Figure 4(C-D), VIPER polyplexes, after overcoming the mucus layer,
delivered siRNA to the underlying cells, confirming the potential of this polymer as
delivery system in a challenging environment such as the respiratory tract.

Although the uptake of polyplexes was confirmed, its activity in the ALI culture model
was still to be investigated. The activity of the polyplexes was studied by measuring the
downregulation of the housekeeping gene GAPDH 24 h after transfection as previously
described. In line with the 2D culture experiments, VIPER performed best, reaching
about 75% downregulation of GAPDH expression (Figure 4F). PEIl showed similar results
to lipofectamine, with about 40% reduction in GAPDH expression besides potential off-
target related upregulation of gene expression as reflected by the samples transfected
with the negative control siRNA (siNC) (140). This study confirmed the efficient delivery
of siRNA to the Calu-3 monolayer by VIPER in a sophisticated culture system, which
more closely mimics the in vivo conditions. In contrast, PEI polyplexes and Lipofectamine
lipoplexes showed decreased efficacy (Supplementary Figure 3) which can be
understood as a result of hampered diffusion and “stickiness” in mucus caused by larger
particles sizes and higher zeta potentials of PEI complexes than VIPER complexes. This

observation is in line with the reported role of particle size in mucus diffusion (141).
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Figure 9. Evaluation of AF647-siRNA/VIPER polyplexes delivery to Calu-3 cells grown at the air-liquid
interface. (A) Schematic of the air-liquid interface culture model. Figure created with BioRender.com (B,C)
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Mucus penetration of AF647-siRNA/VIPER polyplexes in Calu-3 monolayers 24 h after transfection. (B) XY
and XZ viewing direction. (C) 3D reconstruction. Red color represents AF647.siRNA, green color to the
mucus layer stained with AF488-labelel wheat germ agglutinin. (D,E) Cell uptake of AF647-siRNA/VIPER
polyplexes 24 h after transfection analyzed by confocal light scanning microscopy. (D) XY and XZ viewing
direction. (E) 3D reconstruction. Red color corresponds to AF647-siRNA, green color to actin stained with
rhodamine phalloidin and blue color corresponds to nuclei stained with DAPI. (F) GAPDH gene knockdown
efficiency PEI and VIPER polyplexes in Calu-3 monolayers grown under ALl conditions 24 h after
transfection with siGAPDH and scrambled siRNA as negative control. Blank samples consisted of Calu-3
monolayers treated with 5% glucose only. Positive controls consisted of Lipofectaamine2000 lipoplexes with
siGAPDH. GAPDH expression was normalized with B-actin expression and quantified via qRT-PCR. Data
points indicate mean £ SEM (n=3). One-Way ANOVA, *p<0.05, **p<0.01.

3.6 siRNA/VIPER polyplexes activity against wild-type SARS-CoV-2 on Calu-3
cells grown at ALI
After confirming the knockdown activity of sSiRNA/VIPER polyplexes in ALI cultures, we

studied their activity against SARS-CoV-2 virus. The ACE-2 receptor is used by SARS-
CoV-2 to infect human lung epithelial cells (142). Since mouse ACE-2 does not bind
efficiently to SARS-CoV-2, alternative ex vivo and in vivo models need to be considered
for studying the activity of antiviral COVID drugs (143). Although genetically engineered
mouse models have been developed, they often present limitations in terms of
accessibility. Therefore, the development of suitable in vitro and ex vivo models is critical
for evaluating new antiviral candidates. Once cultured under ALI conditions, Calu-3 cells
are known to express the ACE-2 receptor on the apical side, making them a suitable
model for SARS-CoV-2 infection studies (137). To confirm the expression of ACE-2
receptor by differentiated Calu-3 cells, cryosections of Calu-3 cells grown at ALI were
prepared and stained with a goat anti-human ACE-2 antibody (magenta) and
counterstained with DAPI (blue) (Figure 5B). On the apical side, a strong signal was
detected for the sections treated with the anti-ACE-2 primary antibody. On the contrary,
no signal could be observed for control sections stained only with the secondary antibody
(Figure 5A). The staining of the receptor was homogeneous on the apical side of the

monolayer while no signal could be detected on the basolateral side of the cells.

After confirming the presence of the ACE-2 receptor on the apical side of Calu-3
monolayer cells and therefore validating its suitability as infection model for SARS-CoV-
2, cells were transfected with VIPER/SIRNA polyplexes 6 hours before infection with wild-
type SARS-CoV-2 virus and readout performed after additional 24 h. The prophylactic
siRNA application was established based on the observation that an early therapy start
might be crucial for antiviral efficacy (120). The siRNA sequence chosen for blocking the
viral replication was described in a recently published work. The selected siRNA

sequence targets a highly conserved region of the ORF1, and it was shown to efficiently
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inhibit the replication of the virus. ORF1 is a highly conserved region, suggesting a limited
likelihood of escape mutations that could make the virus resistant to therapy (120).
Based on our previous studies, we tested two different siRNA sequences targeting
ORF1, O1 and 0O3. Polyplexes prepared with these sequences showed comparable
characterization parameters to the siRNA sequence used for characterization and in vitro

2D activity experiments (Supplementary Table 1).

Indeed, infected ALI cells replicated SARS-CoV-2 at high levels, reaching extents that
are only found in lungs of COVID-19 patients (144). However, such high levels were
only observed in cells that had received the control siRNA or which were only infected
(Figure 5C), while siORF1/VIPER polyplexes achieved a 50% and 75% reduction, for O1
and O3 respectively, of viral replication in comparison to the control groups, confirming
the specific activity of the polyplexes against SARS-CoV-2. Most importantly, this study
confirmed the activity of SIRNA/VIPER polyplexes against SARS-CoV-2 in a relevant in
vitro model incorporating the presence of mucus, which is one of the main barriers

limiting the delivery of polyplexes to target cells in the respiratory tract.
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Figure 10. Evaluation of siORF/VIPER polyplexes activity against wild-type SARS-CoV-2 infection in Calu-
3 cells grown at the air-liquid interface. (A, B) The expression of ACE-2 receptor on the apical side of Calu-
3 cells was confirmed by preparing sections of Calu-3 monolayers. Pink color represents AF944 staining of
ACE-2 receptor, blue color represents nuclei staining with DAPI. (C) SARS-CoV-2 downregulation in Calu-
3 monolayers after treatment with SARS-CoV-2 specific siRNAs O1 and O3/VIPER polyplexes and
siLuc/VIPER polyplexes as negative control. Calu-3 cells were infected with wild type SARS-CoV-2 (MOI
0.1) 6 h after transfection with polyplexes. Data points indicate mean + SEM (n=3). Statistical significance

was calculated using One-way Anova with Dunnett's multiple comparisons correction.
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3.7. Exvivo activity in human precision-cut lung slices (PCLS)
Human PCLS are complex ex vivo 3D tissue culture models that closely mimic the

anatomy and physiology of the lung. By maintaining the 3D architecture as well as the
cellular diversity found in the lung, they represent a highly relevant model closing the
translational gap between in vitro and in vivo models to study respiratory viruses and to
evaluate siRNA delivery to the lung (47,145). Previous studies confirmed their suitability
as models for viral infections (146) as well as for testing the activity of siRNA-based

formulations (147).

After titrating SARS-CoV-2 infection in PCLS (Supplementary Figure 3), the activity of
SiORF/VIPER polyplexes was tested in a prophylactic setup resembling the one
described in the ALI model above. Infection with 1.0 MOI was performed 6 hours after
polyplex transfection. gRT-PCR was performed 24 h after infection. In this experiment,
chemically modified siRNA sequences of O1 and O3, namely O1* and O3*, were used.
Chemical modification of siRNA is a common practice to improve its stability, which
becomes particularly relevant in a clinical setup (20). Therefore, sSiRNA sequences were
modified with the same modification pattern chosen for the recently approved Lumasiran
(148). Considering that the hPCLS model contains a variety of cell types and closely
mimics in vivo condition, we decided to use the chemically modified siRNA for testing
siRNA/VIPER polyplexes in 3D human lung explants. As shown in Supplementary Table
1, polyplexes prepared with the modified siRNA showed comparable characterization
parameters to the ones prepared with the unmodified version. The results confirmed an
siRNA-mediated decrease of viral replication of about 50% for O1* O3*in comparison to
the negative control. While the titration of the SARS-CoV-2 MOI amount in PCLS
reflected a clear picture and confirmed infectability and dose-response in explanted
human lung tissue (Supplementary Figure 3), the additional parameter of transfection
introduced increased variability. While, to the best of our knowledge, we are the first to
report SARS-CoV-2 infection and therapeutic siRNA transfection in PCLS, we can only
compare our results to PCLS transfections where endogenous genes were silenced.
Ruigrok et al. reported approximately 50% gene silencing of GAPDH in PCLS (147).
However, we decided to silence viral factors rather than host factors with siRNA to avoid
potential side effects. Therefore, our results of 50-75% gene silencing of coronaviral RNA
levels in two different advanced models for SARS-CoV-2 infection emphasize the
relevance of our approach as a promising therapy for the treatment of viral infections,
particularly for COVID-19 (Figure 6).
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Figure 11. Evaluation of siRNA/VIPER polyplexes against wild-type SARS-CoV-2 in human PCLS. PCLS
were transfected with chemically modified versions of SARS-CoV-2 specific and luciferase control siRNA
(see Table 1) formulated as VIPER polyplexes 6 h before infection with wild-type SARS-CoV-2 (MOI 1). The
readout was performed 24 h after infection via qRT-PCR. Significant differences (*p=0.019) were observed
between the treatment with the unrelated luciferase vs. the O3* siRNA sequences. Data points indicate
mean = SEM (n=3).

3.8. Invivo delivery of polyplexes
Epithelial cells are considered the main site for SARS-CoV-2 replication in the lungs

(149). Therefore, BALB/c mice were intratracheally administered with 2 nmol of VIPER
as well as PEI polyplexes loaded with AF647-labeled siRNA to further assess pulmonary
delivery of siRNA/VIPER polyplexes to epithelial cells. Two days after administration,
bronchoalveolar lavage fluid (BALF) and blood were collected, while lungs were further
processed to obtain a single cell suspension. Lung cells were counterstained with
specific markers to identify different cellular populations present in the lung and to
consequently understand the fate of polyplexes after pulmonary administration. As it can
be observed in Figure 7, both siRNA/PEI and siRNA/VIPER polyplexes were found
mainly in two cellular subsets: type Il pneumocytes and macrophages. This experiment
confirmed the delivery of sSiRNA to one of the main sites of viral replication - epithelial
cells. Additionally, the cellular uptake observed in type Il pneumocytes was surprisingly
higher than the one observed in macrophages. Alveolar macrophages represent the first

line cellular defense in the deep lung against foreign particulates, and their phagocytic
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activity could result in clearance of the administered polyplexes (150). The ability to
circumvent total macrophage clearance could be explained by the physicochemical
characteristics of the formulation. Both PEI and VIPER polyplexes show sizes below 100
nm, while macrophages are known to most efficiently take up particles with sizes above
200 nm (151). Additionally, the large surface area covered by type Il pneumocytes as
well as the corona of adsorbed biomolecules (152) could favor the contact with the
aerosolized polyplexes. Ultimately, the increased uptake of polyplexes by type I
pneumocytes and in ciliated and club cells strengthens the rationale for using VIPER
polymer for the delivery of siRNA to target the sites of viral replication in the lung
(153,154). Both VIPER and PEI polyplexes efficiently reached type Il pneumocytes,
ciliated and club cells, although no significant differences were observed between both
nanocarriers. The aim of this experiment is a qualitative analysis of which cell types are
passively targeted in the lung rather than a quantitative assessment of in vivo efficacy.
In a previous study of ours (124), we demonstrated that VIPER polyplexes can
outperform PEI polyplexes in terms of gene silencing in vivo. The current study together
with our previous finding confirms the potential of VIPER polyplexes as potential delivery
system for siRNA against SARS-CoV-2 in the lung.
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Figure 12. In vivo siRNA/VIPER polyplexes distribution in lung epithelial cells. BALB/c mice were
intratracheally administered with 2 nmol AF647-siRNA complexed with either VIPER or PEI polymers.
Negative control consisted of animals that received 5% glucose only. Cellular uptake of VIPER and PEI
polyplexes in different lung cell populations was quantified by flow cytometry. One-Way ANOVA, ns = not
significant, *p<0.05, **p<0.01.
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An important factor to be taken into consideration when studying in vivo delivery is the
proinflammatory effect in response to the i.t. administration of polyplexes. Both PEI and
VIPER are positively charged polymers that could trigger an inflammatory response in
the lung (155,156). Therefore, BALF and serum were analyzed with a LEGENDplex
ELISA (BioLegend, San Diego, CA, USA) for inflammatory markers. As it can be
observed in Figure 8, 13 different inflammatory cytokines were analyzed simultaneously
to detect any proinflammatory effects. Only two cytokines showed an increase after i.t
administration of polyplexes; namely IL-23 and MCP-1, which act as monocyte
chemoattractant and Thl7 expander, respectively. However, cytokine production was
limited and not statistically significant. A previous study by Beyerle et al. showed that
PEI-PEG polyplexes can induce a 9-fold increase of MCP-1 production in BALF in
comparison to the control animals three days after intratracheal administration (156). On
the contrary, VIPER polyplexes induced only a 3-fold increase of MCP-1 expression in
comparison to the control group which was not statistically significant. Furthermore, the
proinflammatory effects following polyplexes administration where also analyzed in
serum, to exclude systemic side effect (Supplementary Figure 4). Out of the 13 cytokines
tested, a slight increase was observed only for IL-1a and IFN-B, 3-fold and 2-fold the
control groups respectively. In line with the results from BALF analysis, no significant

production of inflammatory cytokines was observed in serum.

95



IL-23 IL1a IFN-y

IL-23 (pgiml)

- & § %
IL-1a: (pgiml)

= = ] =
IFN=1 (pgiml)

= o B o B OB

Untreated PEI VIFER Untreated PEI VIFER Untreated PEI VIFER

TNF-a MCP-1 ILA2p70

8
g

TNF-a. (pgiml)
= 2 B B B ¥
MCP-1 (pgiml)

- xsss
IL-12p10 (pgimi)

. 3 s

Untreated PEI VIPER " Untreated PEI VIPER Untreated PEI VIPER
IL-1B IL10 IL-&
El 400 &0
= « = 300+ -
E z 0
2
g B0 2
= x 2
3 3 3
N | i_i
" Untreated PEI VIPER " Untreated PEI VIPER " Untreated PEI VIPER

IL-27 ILATA IFN-B
1304 20

IL-27 (pgiml)
= 2 B 8 & 3
IL-ATA (pgimi)
S

IFN-B (pgiml)
= 2 B =

Untreated PEI VIPER Untreated PEI VIPER Untreated PEI VIPER

H

GM-CSF (pg/ml)
- 8 & =
&
=
3]
= ;q

Untreated PEI VIPER

Figure 13. In vivo cytokines release was measured in bronchoalveolar lavage fluid (BALF) by LEGENDplex
ELISA technique. Values are given in pg/ml as mean + SEM (n=4). Value below detection limit were set as
the value corresponding to the minimum detection limit. One-Way ANOVA, only non-significant differences

were observed.

4. Conclusion
In this study, we present a formulation for pulmonary delivery of siRNA for the treatment

of respiratory viral infection with a focus on SARS-CoV-2. Our present works
demonstrates the ability of the block copolymer VIPER to form polyplexes with optimal
properties for pulmonary administration, as well as improved stability in the challenging
environment typical for the lungs compared to PEI polyplexes. siRNA/VIPER polyplexes
reached lung epithelial cells in vitro and in vivo and penetrated through the mucus layer
typical of the airways in an air-liquid interface 3D culture model. Additionally, polyplexes
showed good tolerability both in vitro and in vivo. The activity against SARS-CoV-2 was
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confirmed both in vitro in a 3D air-liquid interface cell culture model and ex vivo in 3D
explants from human lungs. Collectively, these findings based on in vitro cell culture
models, ex vivo human lung tissues and an in vivo animal model demonstrate the ability
of SIRNA/VIPER polyplexes to reach lung epithelial cells, the main site of viral replication
in the lungs, and to suppress viral replication in mucus-covered cells as well as in human
lung tissue. In conclusion, this study confirms the potential of SIRNA-based therapies as

antivirals and offers a new treatment option to tackle SARS-CoV-2 infection.
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Supplementary materials

Supplementary Figure 1. Characterization of Calu-3 cells cultured at the air-liquid interface. (A) Alcian blue

staining of the mucus layer secreted by Calu-3 cells. (B) Tight junctions staining of Calu-3 cells. Green color

represents zonula occludens protein-1 staining with AF488 secondary antibody, blue color corresponds to

nuclear staining with DAPI.

e potent

Formulation Size (nm = SD PDI (x SD)

(mV £ SD)
siO1l_VIPER 69.9+9.9 0.43+0.14 6.6+1.3
siO3_VIPER 495+ 23 0.40 £ 0.08 13.2+0.5
siO1* VIPER 549+1.2 0.52 + 0.08 13.3+1.8
siO3* VIPER 38.7+1.7 0.32+0.02 125+3.3

Supplementary Table 1. Hydrodynamic diameter, polydispersity index and zeta potential of VIPER

polyplexes loaded with unmodified and modified siORF sequences.
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Supplementary Figure 2. Evaluation of siRNA/PEI polyplexes delivery to CAlu-3 cells grown at the air-liquid
interface. (A) 3D reconstruction of mucus penetration of AF647-siRNA/PEI polyplexes in Calu-3 monolayers
24 h after transfection. (B) 3D reconstruction of cell uptake of AF647-siRNA/VIPER polyplexes 24 h after
transfection analyzed by confocal light scanning microscopy.
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Supplementary Figure 3. Titration of SARS-CoV-2 in human PCLS.
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Supplementary Figure 4. In vivo cytokine release was measured in serum by LEGENDplex ELISA
technique. Values are given in pg/ml as mean = SEM (n=4). Values below detection limit were set as the

value corresponding to the minimum detection limit. One-Way ANOVA, ns = not significant.
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Abstract
Antimicrobial resistance is considered as one of the biggest threats to the public health

worldwide. Methicillin-resistant S. aureus is the causative agent of a number of infections
and lung colonization in people suffering from cystic fibrosis. In this view, the
development of novel antibiotics is of the essence and SV7, a novel antibiotic active at
low concentrations against MRSA, represents a promising candidate. However, the low
agueous solubility of SV7 hampers its therapeutic translation. In this study, SV7 was
encapsulated in PLGA nanoparticles to improve the solubility profile and to ensure a
sustained release. Furthermore, PLGA NPs can be easily formulated for pulmonary

administration and could be advantageous also to target intracellular infections. After
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identifying a formulation with suitable characterization parameters, SV7-loaded NPs
were investigated in vitro in terms of inhibitory activity against MRSA and safety profile
in lung epithelial cells. Afterward, the activity against MRSA intracellular infections was
investigated in a co-culture model of MRSA and macrophages. To test the translatability
of our findings, SV7-loaded NPs were tested in vivo in a G. mellonella infection model
showing the ability to prevent the establishment of the infection as well as higher survival
rates without inducing any toxic effect. In conclusion, SV7-loaded NPs showed desirable
characterization parameters for pulmonary delivery, a safe profile and activity against
MRSA already at low concentrations. Furthermore, their activity was confirmed against
intracellular infections and was retained also in vivo, establishing themselves as a

promising candidate for the treatment of MRSA infections.

KEYWORDS PLGA nanopatrticles; benzophenone antibiotics; sustained release; G.
mellonella

1. Introduction

Staphylococcus aureus and its methicillin-resistant phenotype (MRSA) are the causative
agent of a wide variety of infections, ranging from minor skin infections, nosocomial
infections to life-threatening diseases. Notably, MRSA represents a harmful pathogen
for other pathologies such as cystic fibrosis (CF). In fact, it has been demonstrated that
S. aureus is one of the first bacteria able to colonize the airways of CF patients. Here, S.
aureus produces the conditions for later infections sustained for example by
Pseudomonas aeruginosa, which dramatically worsen the clinical outcome and result in
an increased rate of lung function decline (1). In the era of antimicrobial resistance crisis,
to support the battle against S. aureus infections as well as its early eradication, the
development of new antibiotics, preferably with new targets in the bacterial cells, is

pivotal.

In this work, a novel active compound discovered by Firestine and co-workers, namely
SV7, has been taken into account. SV7 has indeed shown a very promising activity not
only against methicillin-sensitive S. aureus (MSSA), but also against MRSA strains
without inducing AMR phenomena (2,3). This compound is a novel benzophenone-
based membrane-targeting antibiotic that has similarities to the structure and function of
antimicrobial peptides (AMPs) and synthetic ion channels (2,3). From a technological
point of view, there are two major obstacles to its translation into the clinics: low aqueous
solubility, which can affect its dissolution in the physiological fluid, and the ability of S.

aureus to generate intracellular infections. The treatment of S. aureus is indeed
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particularly challenging as this pathogen can escape the immune response through
invasion of both non-professional and professional host phagocytes such as endothelial
and epithelial cells as well as monocytes, macrophages, and polymorphonuclear
leukocytes. As a consequence, most therapies result completely ineffective against
intracellular infections since many conventional antimicrobials show restricted
intracellular penetration or low retention and considering that, once internalized, the

pathogen will be protected up to 4-7 days without affecting host cell viability (4—6).

In order to overcome these limitations, our proposed approach has been the
development of a PLGA-based delivery system, which could serve the dual purpose of
increasing SV7 bioavailability but also help the delivery of SV7 inside the host cells to
treat the intracellular infections (7). Thus, the general aim of this work has been the
development and preclinical evaluation of SV7-loaded PLGA NPs to demonstrate, first
in vitro and then in vivo, the high potential of SV7 in the treatment of infection sustained
by MSSA and MRSA strains even when intracellularly established. For successful
delivery of the drug to the site of action, an interesting approach is represented by the
development of a nanopatrticle-based formulation for direct administration to the lungs.
In fact, among all the other advantages expected, avoiding the systemic route, a
consequent reduction of the administered dose may be useful to reduce the patients’
exposure to antibiotics resulting in a delay of eventual AMR induction (Zhou et al. 2015).
Additionally, it is expected that the number of administrations can be reduced, increasing

patient adherence to complex therapeutic regimens required by chronic lung diseases

8).

Very unigue anatomical and physiological features make pulmonary delivery particularly
advantageous in terms of drug adsorption allowing for a better control of the
administrated dose. This aspect is particularly welcomed for antibiotics therapy
considering the direct correlation between the onset of AMR phenomena and the drug
dose (9).

In this project, NPs were produced through a single evaporation emulsification method
and the composition has been optimized based on size, polydispersity index, surface
charge and especially on the enhancement of SV7 loading, to achieve a formulation with

desirable physicochemical parameters for pulmonary administration.

The formulations were characterized for morphology, residual amount of organic
solvents and stability over time, evaluating the possibility to extend the shelf-life of the
formulation through freeze-drying. In order to evaluate how the manufacturing process

could alter the SV7 release in a physiological environment, the antimicrobial activity and
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the potential cytotoxic effect were tested in vitro in suitable models. cytotoxic effects on
human epithelial lung cells (A549, 16HBE140-). Furthermore, the potential of the NPs in
the treatment of intracellular infection was evaluated in terms of cellular uptake as well
as activity against MRSA intracellular infection on a macrophage cell line (J774A.1) in
presence of fluorescently labelled NPs and SV7-loaded NPs, respectively. Finally,
preliminary activity data on the in vivo performance to better support further translation
into clinics, were collected in a Galleria Mellonella infection model, a valid tool for
studying the antimicrobial activity of antibiotics encapsulated in polymeric nanoparticles
(10,11).

2. Experimental methods

2.1 Materials

SV7 was synthesized as described previously (2,3,12). Resomer® RG 502 H, Poly(D,L-
lactide-co-glycolide) (PLGA) 50:50 (molecular weight 7kDa) was purchased from from
Evonik Nutrition & Care GmbH (Essen, Germany). Polyvinyl alcohol (PVA) (Mw ~205
kDa), mannitol, trehalose, 2-hydroxypropyl-g-cyclodextrin (HP-B-CD), acetone and
dichloromethane were purchased from Sigma-Aldrich (St Louis, MO, USA). All solvents

used were ACS grade solvents.

Human lung adenocarcinoma epithelial cells (A549) and mouse BALB/c monocyte
macrophages (J774A.1) were obtained from ATCC (LGC Standards GmbH, Wesel,
Germany) human bronchial epithelial cell line (16HBE140-) were a kind gift from the
Comprehensive Penumology Center of Munich. Minimum Essential Medium (MEM),
Roswell Park Memorial Institute (RPMI) 1640 Medium, Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), L-glutamine, MEM non-essential amino acid
solution and penicillin-streptomycin (P/S) for cell culture were purchased from Sigma-
Aldrich (St Louis, MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT), Lysotracker™ red and Trypsin 0.25% EDTA were purchased from
Thermofisher scientific (Waltham, MA). All other chemicals were standard chemicals

required for cell and bacterial culture.

Microscope slides were purchased from VWR (Radnor, PA, USA). FluorSave™ reagent
was purchased form Merck Millipore (Burlingtone, MA, USA). 13 mm Karl Hecht™
Assistent™ Circular Cover Glasses for Microscopy were purchased from Fischer
Scientific (Hampton, NH, USA).
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2.2 SV7 Analytical determination
The amount of SV7 in the samples was measured via UV spectroscopy at 265 nm using

a microplate reader with quartz 96 well plate (FLUOstar Omega, BMG Labtech,
Ortenberg, Germany) as previously reported (13). Briefly, a known amount of SV7 was
placed into microcentrifuge tubes, then 500 pL of dichloromethane (DCM) and 1 mL 50
mmol HCI were added. The samples were vortexed and the two phases were left to
separate. Protonated SV7 is present in the agueous phase. A calibration curve was
obtained by plotting absorbance versus the concentration of SV7 standard solutions
prepared in DCM. The linearity of the response was verified over a concentration range
of 0.5-25 pg/mL (r2 = 0.999). The extinction coefficient determined from the standard

curve was 0.050.

2.3 Production of SV7-loaded PLGA nanoparticles
PLGA nanopatrticles as well as SV7-loaded PLGA (PLGA_SV7) were prepared through

a single evaporation emulsification method, adapting a protocol previously published
(13). Briefly, the organic phase was prepared by dissolving PLGA in acetone. When
needed, SV7 was added to the organic phase. Then, the organic solution was added
dropwise to the aqueous phase of Polyvinyl alcohol (PVA) (1, 1.5 and 2% w/v) under
magnetic stirring (1200 rpm). The emulsion formed was treated for 10 min with an
ultrasound probe sonicator (heat flux density 8.5 W/cm2) and left under stirring overnight
to evaporate the organic solvent. Nanopatrticles were recovered and washed with Milli-Q
water by centrifugation at 16900 g and 4 oC for 30 min, the supernatant was discarded
and the procedure was repeated twice. The NPs were then suspended in 10 mL of Milli-

Q water.

2.4 Characterization of SV7-loaded PLGA nanoparticles

2.4.1 Nanoparticle size, polydispersity index, surface charge through DLS and
size through TRPS
The hydrodynamic diameter (Dn), the polydispersity index (PDI), and zeta potential (¢) of

the freshly prepared nanoparticles were measured by dynamic light scattering Zetasizer
(Nano ZS, Malvern Instruments, Grovewood, UK). In particular, the nanoparticles
suspension was diluted 10-fold with Milli-Q water for size and polydispersity index
determination, while it was diluted 100-fold for zeta potential determination. All the
measurements were performed in triplicate (n=3) and the results are expressed as mean

value + standard deviation (SD).

The particle size was confirmed using a gNano size analyzer (iZON Sciences,
Christchurch, New Zealand) with a nanopore 200 (iZON NP 200) and a calibration
particle 200 nm (CP 200). Buffer containing sodium chloride (NaCl), Tris (pH 8),
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ethylenediaminetetraacetic acid, and triton in deionized water was used as the electrolyte
to suspend the NPs sample and the calibration particles. Each recorded measurement
was based on 500 nm particles and the size was measured using the iZON control suite

2.2 software.

2.4.2 Nanoparticle surface morphology
Surface morphology of the nanoparticles was evaluated using scanning electron

microscope (SEM) (FEI, Helios G3 UC Dual beam Thermofisher scientific, Waltham, MA,
USA). For sample preparation, prior observation 10 (1L of nanoparticles in suspension
were deposited on a metal stub and, after drying, the sample was coated with gold under
vacuum for 120 s. The SEM images were analyzed using the free software ImageJ to
calculate the particles size.

2.4.3 Drug loading and entrapment efficiency
The drug loading of SV7 in the NPs was assayed by dissolving 100 uL of SV7-loaded

PLGA nanoparticles in 500 yL of DCM and then following the analytical procedure
described above. The drug loading is reported as the percent of the amount of SV7 in
relation to 10 mL of NPs suspension + SD of value collected from three different batches.
The entrapment efficiency (EE) is reported as percent of the ratio between the drug
loading and the theoretical loading + SD of value collected from three different batches.

2.4.4 Residual organic solvent after nanoparticles production
At the end of the NPs preparation, the residual amount of organic solvents in the

formulation was evaluated through static headspace gas chromatography-mass
spectrometry (HS-GC-MS) (14). An Agilent Technologies 7890B gas chromatograph
(Waldbronn, Germany) was coupled with an Agilent Technologies 7010B triple
quadrupole detector. The MS was operated in scan mode (m/z 50 -150; El 70 eV). The
corresponding autosampler, PAL RSI 85, came from the company CTC Analytics
(Zwingen, Switzerland). An Agilent J&W GC column DB-624 Ultra Inert (6% cyanopropyl
phenyl and 94% polydimethylsiloxane) 30 m x 0.25 mm x 1.4 pm from Agilent
Technologies (Waldbronn, Germany) was used as stationary phase. The carrier gas
used was helium 99.999% from Air Liquide (Dusseldorf, Germany). The conditions of the
headspace sampler and the GC-MS system are summarized in Supplementary Table 1.
100 mg of sample were weighted into a 20 mL headspace vial, 5 mL deionized water, 2
g NaCl and 10 pL of stable isotope—labelled internal standard solution (100 pg/mL
acetone d6, SIL-1S) was added, and the vial was closed tightly. After sealing, the sample
was analyzed by static HS-GC-MS. The molecule peaks of acetone and acetone D6
(SIL-IS) (m/z 58.1 and 64.2) were used as qualifier ions and the base peaks m/z 43.2

and 46.2 as quantifier ions.
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2.4.5 Nano-embedded dry powder production through freeze-drying
Nano-embedded dry powders were produced through freeze-drying. The optimized SV7-

loaded PLGA nanoparticles were shock frozen in liquid nitrogen and lyophilized overnight
using a VirTis BenchTop Pro freeze dryer (SP Scientific, Warminster, PA, USA). To
improve the dry powder properties after freeze-drying, different cryoprotectants, such as
mannitol, trehalose and 2-hydroxypropyl-B-cyclodextrin (HP-B-CD), in different
concentrations were tested. The dry powders were then stored in closed vials at room
temperature in a desiccator. To evaluate the redispersibility of the freeze-dried powder,
particle size analysis of the reconstituted liquid dispersion was performed through
dynamic light scattering Zetasizer (Nano ZS, Malvern Instruments, UK) and the results

are expressed as mean value = SD of value collected from three different batches.

2.4.6 In vitro release profile
The in vitro drug release behavior of SV7 from SV7-loaded PLGA nanoparticles, before

and after freeze drying, was determined. Phosphate buffer saline (PBS) (120 mM NacCl,
2.7 mM KCI, 10 mM Na2HPO4) at pH 7.2 with 0.2% Tween 80 was used as buffer (15).
During the study the samples were kept at 37 °C with shaking. At scheduled time
intervals, samples were centrifuged at 15700 g for 10 min at 4 °C to isolate the NPs while
the release medium was withdrawn and analyzed by UV spectroscopy for SV7 content
as previously described. The medium was replaced by the same amount of fresh PBS
at pH 7.2. Experiments were carried out in triplicate and results expressed as cumulative
release of SV7 from NPs £ SD.

2.5 In vitro antimicrobial activity
The minimum inhibitory concentration (MIC) of SV7 as free compound and after

encapsulation in PLGA NPs was determined by the broth microdilution method in 96-
well microplates (Falcon). Both gram-positive and gram-negative strains were used for
the experiments (Methicillin sensitive Staphylococcus aureus (ATCC 29213), Methicillin
resistant Staphylococcus aureus (ATCC 43300), Pseudomonas aeruginosa (ATCC
10145), Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC 700603) as well
as Pseudomonas aeruginosa, Enterobacter cloacae, Serratia marcescens, Klebsiella
oxytoca, Citrobacter freundii and Proteus vulgaris from clinical isolates). Briefly, every
strain was grown in Luria Bertani (LB) broth at 37 °C. The bacterial suspension to be
used as the inoculum was diluted to yield an optical density (OD) around 0.5 at 600 hm
(corresponding to about 1x109 CFU/mL). Afterwards, the bacterial cell suspension was
further diluted 100-fold to produce a bacterial cell suspension of 10x104 CFU/mL. SV7
encapsulating PLGA nanoparticles were serially diluted 2-fold in Brain Heart Infusion

(BHI) broth to achieve final concentrations ranging from 50 pg/mL to 0.1 pg/mL in a final
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volume of 200 uL (including 100 uL of bacterial suspension). Free SV7, ciprofloxacin,
tobramycin and erythromycin (Amdipharm) were used as controls in the same
concentration range used for SV7 encapsulating PLGA NPs. The bacterial suspension
alone was used as the positive control while the negative controls were the antibiotics at
the highest concentrations and BHI broth alone. After 24 h of incubation the plates were
visually inspected. The MIC is defined as the lowest concentration of the tested antibiotic

at which no growth of the inoculum was observed.

2.6 In vitro cytotoxicity on lung cells

2.6.1 Cell culture

Human adenocarcinoma alveolar based lung cancer cells (A549) were cultured in RPMI
1640 cell culture medium and supplemented with 1% penicillin/streptomycin and 10%
fetal bovine serum (FBS). Human epithelial bronchial cells (1L6HBE140-) were cultured
in EMEM cell culture medium supplemented with 1% L-glutamine, 1%
penicillin/streptomycin and 10% FBS. Cells were grown in 75 cm2 cell culture flasks and
passaged every 3 days with 0.05% and 0.25% trypsin, respectively. Cells were

maintained in a humidified atmosphere at 37 °C and 5% CO2.

2.6.2 Cell viability and lactate dehydrogenase (LDH) release
When confluent, A549 and 16HBE140- cells were trypsinized and seeded at a density of

10000 cells per well in 100 pL of medium in 96-well plates. Twenty-four hours after
seeding, the medium was removed and 100 yL of fresh medium containing different
amounts of PLGA 2.5SV7 nanopatrticles corresponding to a certain amount of SV7
entrapped (1.6, 8, 16, 40, 80 and 160 pg/mL of SV7), or their corresponding controls
were added to each well. After the NPs addiction, the plates were incubated for 24 h, 48
h and 72 h respectively at 37 °C and 5% CO.. At each time point, the medium from the
wells was collected to assess the LDH release assay while 100 pL of a 0.5 mg/mL MTT
sterile solution were added to each well. After 3 h of incubation each well was washed
PBS and then 200 uL of acidic isopropanol (0.04 M HCI in absolute isopropanol) were
added and the plates placed on orbital shaker for 15 minutes. The absorbance was read
at 570 nm using a microplate reader (FLUOstar Omega, BMG Labtech). Control groups
included cells treated with blank nanoparticles and free SV7 dissolved in DMSO. The
percentage of viable cells was calculated by the ratio of absorbance of treated cells

compared with untreated cells. Results are given as mean values of triplicates + SEM.

CytoTox 96® non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA)
according to the manufacturer’s guidelines was used to quantify the LDH release. The

absorbance was read at 490 nm using a microplate reader (FLUOstar Omega, BMG
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Labtech). Control groups included cells treated with blank nanoparticles. The percentage
of cytotoxicity was calculated by the ratio of absorbance of treated cells compared with
lysed cells (maximum LDH release control). Results are given as mean values of
triplicates £ SEM.

2.7 In vitro cellular uptake

2.7.1 Cell culture

Mouse BALB/c monocyte macrophages (J774A.1) were cultured in DMEM cell culture
medium supplemented with 1% glutamine, 1% pencillin/streptomycin and 10% FBS.

Cells were grown in 75 cm?cell culture flasks at 37 °C and 5% CO..

2.7.2 Cellular uptake by flow cytometry
To evaluate the cellular uptake of nanoparticles by macrophages, the fluorescent dye

coumarin-6 was incorporated in SV7-PLGA formulation. J774A.1 macrophages were
seeded at a density of 50.000 cells/well in a 24-well-plate and incubated for 24 h at 37
°C and 5% CO.. Cells were then transfected with 100 pl of coumarin-6-loaded PLGA
(PLGA_CS6) nanoparticles suspension for 2, 4, 24 and 48 h. At different time points, cells
were harvested and washed two times at 400 xg for 5 minutes and resuspended in PBS/2
mM EDTA. Cells were analyzed using an Attune NxT flow cytometer (Thermofisher
Scientific, MA, USA) with 488nm excitation and 530nm emission filter. Cells were gated
based on morphology resulting from forward/sideward scattering and 10.000 events

were analyzed per sample. Results are given as mean values of triplicates + SEM.

2.7.3 Confocal microscopy
J774A.1 macrophages were seeded in a 24-well-plate containing a cover glass at a

density of 50.000 cells/well in 500 pL of medium and incubated for 24 h at 37°C and 5%
CO2. The day after, cells were transfected with 100 pl of coumarin-6 loaded
nanoparticles and incubated for 2, 4, 24 and 48 h. One hour before the incubation time
was completed, cells were washed with PBS two times and incubated with 300 pl of a
75 nM LysoTracker® red (Thermofisher Scientific, MA, USA) solution, an organelle-
specific labelling dye. Cells were then washed two times with PBS and fixed with 4%
paraformaldehyde for 15 minutes. After three washing steps, cells were finally incubated
with DAPI (4’,6-diamidino-2-phenylindole) at a final concentration of 1 pg/mL for 20
minutes. Cells were then washed again two times and mounted using FluorSave™
(Merck Millipore, Billerica, USA) reagent for confocal microscopy. Fluorescent images
were acquired using a SP8 inverted scanning confocal microscope (Leica Camera,

Wetzlar, Germany).
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2.8 SV7-loaded nanoparticles against MRSA intracellular infection
To evaluate the activity of SV7-loaded NPs against intracellular infections, J774A.1

macrophages were seeded in a 24-well-plate at a density of 50.000 cells/well in 500 pl
of medium and incubated for 24 h at 37°C and 5% CO.. Afterwards, MRSA was added
to the cells at a concentration of 2.5*10°> CFU/well and co-cultivated for 1 h. Cells were
then washed with PBS and the medium was replaced with fresh medium containing 1
pg/ml gentamicin to remove extracellular MRSA. After 30 min, plates were washed with
PBS and fresh medium containing free SV7 in DMSO, SV7-loaded NPs and empty NPs
was added at final SV7 concentrations of 8.5, 17, 42.5 and 85 ug/ml. After 24 h, cells
were lysed with ice-cold 0.1% Tryton-X for 15 min and collected in Eppendorf tubes. The
lysates were serially diluted in PBS for colony count in blood agar plates. Bacterial
colonies were counted after overnight incubation at 37°C. The results are expressed as
X-fold reduction in comparison to the cells that received only MRSA infection and no

treatment.

2.9 In vivo antimicrobial activity

2.9.1 In vivo toxicity and survival of G. mellonella larvae

The antimicrobial activity of SV7-loaded nanoparticles was tested in vivo on TruLarv™
Galleria mellonella (Biosystems Technology, Exeter, UK) model. The safety of the
formulation was evaluated by injecting larvae with 10 yL of the different samples (8.5

png/mL) and the survival percentage was observed for the following 96 h.

In a pre-treatment study, larvae received a 10 pL injection of SV7-loaded NPs or the
respective unloaded control (8.5 pg/mL), 24 h before the infection with LD50 S. aureus
methicillin-sensitive (2.5*10° CFU/ml) or S. aureus methicillin-resistant (7.5*10° CFU/ml).
Larvae were incubated in the dark at 37 °C and the survival percentage was monitored
24, 48 and 72 h post-infection. Each experiment consisted of 10 larvae per group. Control

groups consisted of untreated larvae, PBS-only injected larvae and infected-only larvae.

2.9.2 G. mellonella bleeding for residual bacterial load
In a following study, the residual bacterial load from larvae was evaluated by harvesting

the hemolymph of 3 larvae per group (untreated, infected-only, PLGA NPs and SV7-
PLGA NPs) 72 h post-infection. The hemolymph was serially diluted in PBS and 15 pL
of each sample were plated on blood agar. Bacterial colonies were counted after

overnight incubation at 37 °C.

2.9.3 Statistical analysis
Percent survival of G. mellonella in vivo study was shown as Kaplan-Meier plots and

statistical significance was determined using the log-rank (Mantel-Cox) test (GraphPad
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Prism 5.0). Statistical significance of the residual bacterial load in G. mellonella was
analyzed by One-way ANOVA with Turkey post-test (GraphPad Prism 5.0). Statistical

significance values were indicated as *P<0.05, **P<0.01, ***P<0.005.

3. Results and discussion

3.1 Production and characterization of SV7-loaded PLGA nanoparticles

SV7 is a novel benzophenone-based membrane-targeting antibiotic which is able to
release potassium ions resulting in the disruption of the bacterial membrane. The major
obstacle for its clinical application is its low aqueous solubility that can affect its
dissolution in physiological fluid such as the lung lining fluid where the bacteria are
located. Thus, SV7-loaded PLGA nanoparticles were prepared through a single
evaporation emulsification method in order to encapsulate and deliver SV7. In our group,
this approach has been already exploited for controlled release purposes (16). With
special regard to SV7, in order to increase the reported encapsulation efficiency (EE) of
33.3+£5.13%, an in-depth formulation study was carried out (13). At first it was evaluated
the best ratio between PLGA and a fixed amount of PVA. Smaller NPs could be
fabricated using a PLGA:PVA ratio equal to 0.1% w/v. (Supplementary Figure 1).
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PLGA PVA PLGA:SV7

(% wiv) (% wiv) (w:w)
PLGA_10SV7_1PVA 0.1 1.0 1:1
PLGA_5SV7_1PVA 0.1 1.0 21
PLGA_2,58V7_1PVA 0.1 1.0 41
PLGA_5SV7_1.5PVA 0.1 1.5 21
PLGA_2.58V7_1.5PVA 01 15 4:1
PLGA_5SVT7_2PVA 0.1 2.0 21
PLGA_2.58V7_2PVA 0.1 2.0 41
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Figure 1. SV7-loaded PLGA nanoparticles (A) composition and (B) hydrodynamic diameter (DH) and
polydispersity index (PDI) characterized by dynamic light scattering.

Then SV7 was added to the formulation varying parameters such as the amount of
payload added to the formulation or the surfactant concentrations (Fig. 1A). Through this
approach, we determined that keeping the ratio between PLGA:SV7 at 4:1
(PLGA_2.55V7) and 2:1 (PLGA_5SV7), in presence of 1.5% wi/v of PVA, it is possible
to produce NPs characterized by an hydrodynamic diameter around suitable for lung
administration purpose (9,17,18) (Figure 1B).

In particular, the NPs suspension analyzed through Dynamic Light Scattering (DLS)
showed dimensions of 277.19 + 37.14 and 253.65 * 16.79 nm respectively for
PLGA_2.5SV7 and PLGA_5SV7 (Table 1). The NP suspensions are characterized by a
very homogenous nature with a polydispersity index (PDI) of 0.100 £+ 0.050 and 0.090 +
0.040 (Table 1). Both formulations presented a negative surface with a -potential around
-17 mV (Table 1).
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Finally, the freshly prepared SV7-loaded PLGA nanopatrticles produced respectively with
2.5 and 5 mg of SV7 were characterized also for their encapsulation efficiency (EE)
(Table 1).

PLGA_2.5SV7 PLGA_5SV7
Dy (nm + SD) 253.65 + 16.79 277.19 + 37.14
PDI (= SD) 0.090 + 0.040 0.100 + 0.050
¢ Potential (mV £ SD) -16.96 £ 6.76 -17.53+6.18
SV7 drug loading* (mg = SD) 1.48 £ 0.060 214 +1.14
Entrapment efficiency** (%) 59.40+ 2.4 42.82 +22.8

Table 1. Overall characterization of PLGA_2.5SV7 and PLGA_5SV7
*mg SV7 /10 ml SV7-loaded PLGA nanopatrticles suspension

**Entrapment efficiency is calculated as percent of the ratio between drug loading and theoretical loading

EE is calculated as the ratio between the actual and the theoretical loading x 100 and
resulted respectively of 59.40 + 2.4% and 42.82 + 22.8%, corresponding to a bulk loading
of 1.48 £ 0.060 and 2.14 = 1.14 mg of SV7 for batch. These results are considerably
improved compared to the first report in which the EE was 33.3 + 5.13% (13). Based on
the higher entrapment efficiency the formulation PLGA_2.5SV7 was selected for further

characterizations.

An in depth particle diameter measurements was performed by tunable resistive pulse
sensing (TRPS) (19-21). In this case, the collected data displayed an even smaller mean
diameter of 188 £ 65 nm supported by a nanopatrticles size distribution that shows how
the majority of the particles population has a size lower than 250 nm (Supplementary
Figure 2). This difference could be attributed to the difference in the working principle
between the DLS and TRPS technique. In fact, TRPS performing a particle-by particle-
measurements is able to provide a finest measurement which has been confirmed
through SEM observation. SEM images show particles with spherical shape and a size

of 142.06 £ 7.93 (Figure 2) as verified with manual size counting through ImageJ (20).
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Figure 2. SEM images of PLGA_5SV7 (A) and PLGA_2.5SV7 (B).

Considering that the production of PLGA 2.5SV7 nanoparticles has involved a single
evaporation emulsification method, a residual amount of organic solvents could be find
in the final NPs suspension. Because of the potential risk for the human health the
acceptable amount of residual solvent is strictly regulated from the authorities. In
particular, acetone is classified in class 3 which includes solvent considerate as less toxic
and of lower risk. Nevertheless, the European medicines agency says that it would be
acceptable, without further justification, a residual solvent amount of 50 mg per day or
less (corresponding to 5000 ppm or 0.5%) (Ph.Eur. 11" Ed.). In order to evaluate if the
formulation responds to this required standard, the residual acetone has been quantified
through gas chromatography-mass spectrometry after nanoparticles production. The
mean residual content of acetone was 0.45 pg per 100 mg sample (w/w) corresponding
t0 0.0005% £ 0.0001% (+ SD, n=3) assuring in this way the tolerability of the formulation.

After production the NP suspension was stored at 4 °C to test the stability over time
(Supplementary figure 3). After 60 days of storage, almost a 0.5-fold increase in the
particle hydrodynamic diameter was observed compared to the original value, while in
the same time frame, the PDI showed a 4-fold increase. This instability is not surprising

and is given by hydrolytic degradation of PLGA in the agueous environment, as well as
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the aggregation phenomena arising from its storage (22). However, in a translational
perspective the need to extend the storage stability was highlighted. Thus, to enhance
the shelf life of the formulation and avoid the loss of native nanocarrier characteristics, a
strategy commonly used by pharmaceutical industries with an easy industrial scale-up
such as the lyophilization was used (23,24). The optimized formulation PLGA_2.55V7
was further processed to achieve a solid long-term stable lyophilized powder which can
be reconstituted in saline solution and, in order to prevent particles from degradation and
aggregation during freeze-drying, cryoprotectants were added to the NPs suspension.
Among the possible others, were preferred excipients already used for lung
administration or that could add a functionality to the NPs suspension as airways
rehydrating agents (i.e. mannitol, trehalose and 2-hydroxypropyl--cyclodextrin) (25).

The selected cryoprotectants have been added to the SV7-loaded PLGA nanopatrticles
suspension at different concentrations. After the solidification process, the hydrodynamic
diameter and the polydispersity index of PLGA _2.5SV7 NP reconstituted through saline
solution addition after lyophilization has been performed through dynamic light scattering
analysis and the results are reported in Figure 3.
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Figure 3. Hydrodynamic diameter and polydispersity index of PLGA_2.5SV7 NP reconstituted through

saline solution after lyophilization.

The redispersibility index (RDI), defined as:
RDI = D/Do

where DO represents the size of the nanopatrticles prior to drying, and D represents the
corresponding value post rehydration of the dried sample in water was calculated. A
redispersibility index whose value is as close as possible to 1 indicates that the powders
obtained by lyophilization can be completely reconstituted in the initial formulation for

size and PDI (26). The best performance was obtained in presence of 100 mg/ml of
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HPBCD, which showed for PLGA 2.5SV7 a RDI of 1.10, a RDI of 1.15 and for
PLGA 2.55V7 a RDI of 1.10. Overall, considering the better performance of

PLGA_2.5SV7, this formulation was selected for further experiments.

The ability of PLGA 2.5SV7 to release SV7 in physiological condition was evaluated
showing a typical two-stage release profile (Figure 4). In particular, the freshly prepared
PLGA_2.5SV7 NPs, after a burst effect in the first 6 hours during which 11.3+£2.6% of the
encapsulated SV7 was released, display a sustained release of the payload lasting about
50 days that reach a final release of 42.7+6.0% of the loaded drug. The release of SV7
has been evaluated also after converting the NPs suspension in nanoembedded dry
powder using HPBCD as cryoprotectant. The presence of HPUCD increases the rate
and amount of SV7 released and causes a release of 22.1+1.1% and 52.0+3.6%
respectively after 6 h and 50 days. This effect could be explained considering that CD
offer many benefit, not only as cryoprotectant but are already used for their ability to
improve the drug solubility of low-water soluble compound such as SV7 (27,28).
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Figure 4. In vitro release profile of freshly prepared and HPRBCD-nanoembedded PLGA_2.5SV7 NP.

3.2 In vitro antimicrobial activity
In order to evaluate if the encapsulation process caused a loss in efficacy of SV7, the

inhibitory activity of SV7 after encapsulation in PLGA NPs was determined on methicillin-
sensitive Staphylococcus aureus (MSSA), methicillin-resistant Staphylococcus aureus
(MRSA), Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, as well as
Pseudomonas aeruginosa, Enterobacter cloacae, Serratia marcescens, Klebsiella
oxytoca, Citrobacter freundii and Proteus vulgaris from clinical isolates. Only the MIC
collected on MSSA, MRSA and P. aeruginosa are reported in table 2 while results are

not shown for the other gram-negative strains since, in the range of concentration tested,
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SV7 did not show any observable effect on the inoculum growth. As comparison the MIC
observed for conventional antibiotics (i.e. ciprofloxacin, tobramycin and erythromycin)
and their break point from the “The European Committee on Antimicrobial Susceptibility

Testing” are reported (29).

SV7 as free compound showed a MIC of 1.7 mg/L and 1.8 mg/L respectively against
MSSA and MRSA. After encapsulation in the PLGA NPs, SV7 was able to exert its
antimicrobial effect but with an increase in the MIC, respectively 9.4 mg/L against MSSA
and 12.5 mg/L against MRSA. This indicated that the potency of SV7 had been adversely
affected by the formulation process, or could also be related to the slow release of SV7
from the NPs. At equivalent NP polymer concentrations examined, blank NPs had no

discernible effects on the visible growth of the bacteria.

MINIMUM INHIBITORY CONCENTRATION (MIC) (mg/L)

MSSA MRSA P. aeruginosa

Ciprofloxacin
0.7(S=<1) 1.7(S<1) 0.2(S<0.5)

(Break point)”
Tobramycin

n.d.” n.d.” 04 (S<4)
(Break point)”
Erythromycin

n.d.” n.d.” )
(Break point)”
Sv7 1.7 1.8 n.d.”
PLGA_2.58Vv7 9.4 12.5 n.d.”

Table 2. Minimum inhibitory concentration of SV7, SV7-loaded NPs, ciprofloxacin, tobramycin and

erythromycin

*Break point reported by the “The European Committee on Antimicrobial Susceptibility Testing”. Breakpoint

tables for interpretation of MICs and zone diameters. Version 8.1, 2018. http://www.eucast.org (29).

**n.d: no effect detected in the concentration range tested (100 and 0.05 mg/L)

3.3 In vitro cytotoxicity on lung cells
The effect of SV7-loaded PLGA NPs on cell viability was evaluated through the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and LDH release

assay.
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MTT assay is one of the common assays used to study cell viability and proliferation. It
depends on the ability of viable cells to reduce the yellow MTT dye to insoluble purple
formazan crystals (30,31). With this experiment, we aimed at evaluating the safety of our
formulation at increasing concentrations of SV7 and over an extended time period. We
tested the effect of PLGA 2.5SV7 NPs, the respective unloaded control and free SV7
dissolved in DMSO at different concentrations (1.6, 8, 16, 40, 80 and 160 ug SV7/ml) on
two different lung epithelial cell lines. All concentrations tested are higher than SV7 active
concentration. Cell viability was monitored up to 72 h. As shown in Figure 5,
PLGA_2.55V7 NPs showed a safe profile up to the highest concentrations tested,
decreasing in viability only at a concentration 100-fold higher than the MIC value at the
longest exposure time. Moreover, this experiment confirms that encapsulation in PLGA
NPs represents a valid strategy to improve biocompatibility and bioavailability (32). In
fact, the viability of cells treated with free SV7 dissolved in DMSO is much lower than
SV7 encapsulated in PLGA NPs due to the toxic effect of the solvent on cells. This finding
reinforces the value of PLGA-based nanosystems as a tool for increasing

biocompatibility of small molecules, in our case of a newly developed antibacterial agent.
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Figure 5. Evaluation of cellular viability in A549 (A) and 16HBE140- (B) cells after incubation with increasing
amounts of PLGA_SV7 NPs and respective controls for 24, 48 and 72 h.

The effect of different nanoparticle concentrations in terms of disruption of the cellular
membrane was determined through the release of lactate dehydrogenase (LDH) in cells
supernatant (33). The LDH release was tested in 16HBE140- cells after incubation with
different NPs concentrations, corresponding to the MIC value, 10-fold and 100-fold MIC.
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In agreement to what was previously observed for the MTT assay, SV7-loaded NPs
retained a safe profile at all concentrations and time points tested (Supplementary figure
4). Moreover, higher cyototoxicity was observed for free SV7 dissolved in DMSO,

confirming the leading role of PLGA NPs as a safe and biocompatible delivery system.

3.4 In vitro cellular uptake

3.4.1 Cellular uptake by flow cytometry

Notably, there is a growing body of evidence demonstrating that S. aureus survives
inside macrophages in vitro and in vivo (34), making it essential to target this intracellular
population to clear infection. In order to evaluate if and for how long the NPs are
internalized in J774A.1 macrophages, the cellular uptake was determined by flow
cytometry. To this purpose, PLGA NPs were loaded with Coumarin-6 (PLGA_C6), a
fluorescent dye soluble in organic solvents and commonly used to evaluate cellular
uptake of nanoparticles (16,35). PLGA _C6 NPs retained the same properties of
PLGA_SV7 NPs in terms of size and -potential (supplementary table 2). Considering
the extended release profile of SV7_PLGA NPs, we investigated the uptake of Coumarin-
6 loaded NPs at different time points (2, 4, 24 and 48 h). The median fluorescence
intensity values resulting from the flow cytometry analysis are presented in Figure 7. The
results indicate that at each time point tested a significant uptake was observed in
comparison to the respective untreated control group. Moreover, the uptake proved to
be sustained over time, since the median fluorescence intensity values were comparable
at all time points or slightly increased at longer time intervals. Additionally, this analysis
also confirmed that the cellular uptake was homogenous in the cell population under
investigation, since most of the cells resulted positively stained by coumarin-6 (data not

shown).
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Figure 6. Cellular uptake of Coumarin-6 loaded NPs in J774A.1 murine macrophages measured by flow
cytometry and presented as median fluorescence intensity. Cells were analyzed after incubation with
PLGA_C6 NPs for 2, 4, 24 and 48 h. Cellular uptake significance was measured using one-way ANOVA

analysis in comparison to the untreated group.

Our formulation retains optimal parameters for macrophage targeting. Nanoparticles in
the size range of 200-500 nm, which are generally considered too big to be taken up by
most cellular types, are indeed optimal to be recognized and phagocytized by
macrophages (36). Our NPs, which have a hydrodynamic diameter of about 250 nm, well
fit this observation and can be easily internalized by macrophages.

3.4.2 Confocal microscopy
To confirm the cellular internalization of PLGA_C6 NPs in J774A.1 macrophages,

fluorescence images were acquired using an inverted scanning confocal microscope and
the results are presented in Figure 8. In this experiment, nuclei were stained with DAPI
(blue); lysosomes with LysoTracker® Red (red) and coumarin-6 is shown in green. At
each time point tested, co-localization between the green fluorescence of coumarin-6
and the red fluorescence corresponding to the lysosomal staining can be observed. The
overlap of the two fluorescence channels results in a yellowish color, confirming that the
PLGA_C6 NPs could be efficiently internalized by the macrophages and therefore

represent a promising tool for the treatment of intracellular infections.
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Figure 7. Fluorescence microscopy of J774A.1 macrophages after transfection with PLGA_C6 NPs and

staining with DAPI and LysoTracker® Red at different time points with respective untreated controls. White
arrows indicate co-localization between lysosome and PLGA_C6 NPs.

3.5 Inhibition of MRSA intracellular infection
After confirming the internalization of NPs by macrophages, the activity of the formulation

against intracellular MRSA was investigated in a co-culture of J774A.1 macrophages
and MRSA. After establishing the co-culture, cells were treated with different
concentrations of SV7-loaded NPs as well as empty NPs and free SV7 as controls. As it
can be observed in Figure 8, SV7-loaded NPs retained about 50% activity against
intracellular MRSA at the MIC for extracellular MRSA. This is not surprising as higher
concentrations of antibiotics are generally required to eradicate intracellular infections
(37). Indeed, at a concentration 5 times the extracellular MIC, SV7-loaded NPs could
inhibit bacterial growth almost completely, therefore confirming the potential of the
formulation as a valid ally against intracellular MRSA infections. Free SV7 showed higher
activity against intracellular MRSA at a lower concentration than SV7-loaded NPs, in line
with the results from the MIC study. This can be explained by the encapsulation of the
antibiotic in the PLGA matrix, that leads to longer times or higher concentrations required
to achieve comparable activity as the free drug. Nonetheless, the encapsulation in PLGA
NPs assures an improved safety profile of the formulation and a sustained release over
time, which could be particularly important to prevent the establishment of intracellular
infections in macrophages as well as decrease the risk of recurrence of infection, while
reducing the frequency of administration that could favor the development of

antimicrobial resistance (38).
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Figure 8. Activity of SV7-loaded NPs against intracellular MRSA infection in J774A.1 macrophages. Data

significance was measured using One-Way ANOVA.

3.5 In vivo antimicrobial activity
SV7, as raw compound, has shown the capability of curing mice of a lethal MRSA

infection (3). The efficacy of SV7-loaded NPs against S. aureus infections was examined
in vivo in G. mellonella wax moth larvae, a well-characterized animal model suitable for
the screening of novel antimicrobial agents (39). This animal model retains several
advantages in terms of ease of handling and maintenance. Additionally, it also presents
an innate response with many similarities to the human one as well as being able to
survive at 37°C. These properties make G. mellonella an ideal model for high
antimicrobial screenings, allowing a more accurate candidate selection for further studies
(39).

3.5.1 Safety study
To investigate any potential toxic effect of the formulation, a safety study was conducted

by injecting SV7-loaded NPs and the respective unloaded control in G. mellonella at the
working concentration of 8.5 pg/mL. The percentage of survived animals was observed
over the following 96 h. The formulation underlined a safe profile, resulting in the survival
of all the treated animals, showing the same profile as the control group treated with PBS
(Figure 9A).

3.5.2 Pre-treatment study
Based on the controlled release nature of the formulation, a prophylactic treatment

protocol was established to test the ability of SV7-loaded NPs to prevent the bacterial
infection in G. mellonella and to extend the protection over time. In a preliminary
experiment, in fact, it was observed that higher survival rates were achieved in the
groups where NPs were administered before the bacterial infection in comparison to the

groups receiving both injections at the same time (data not shown). Consequently, larvae
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were injected with LD50 MSSA (2.5*10° CFU/ml) which was determined in a preliminary
experiment (Supplementary figure 6), 24 h after the treatment with 8.5 pg/mL SV7-loaded
NPs and the respective unloaded NPs as control. As it can be observed in Figure 9B,
SV7-loaded NPs mediated a significant improvement in the percentage of survived
animals, with an increase of almost 40% in comparison to both the group received only
the infection and the one treated with the unloaded NPs. Similar results were observed
also for MRSA-infected larvae (Figure 9C). In this case, SV7-loaded NPs allowed for the

survival of 70% of the animals while without treatment the survival was only 30%.
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Figure 9. Antibacterial activity and safety of SV7-loaded NPs in G. mellonella infection model. (A) PBS,
PLGA NPs and PLGA_SV7 NPs were administered to uninfected larvae and the survival was followed for
the following 96 h. G. mellonella larvae were infected with MSSA (B) and MRSA (C) after 24 h pre-treatment
with PLGA_SV7 NPs and the respective unloaded control. Percentage survival was monitored for the

following 72 h. Statistical significance of survival was determined using the log-rank (Mantel-Cox) test.

3.5.3 G. mellonella bleeding for residual bacterial load
To confirm the results observed in the in vivo pre-treatment study, three larvae from each

group were further analyzed for the residual bacterial load after 72 h from the infection
as shown in Figure 10. The results confirmed that the number of colonies detected for

the group treated with SV7-loaded NPs was significantly decreased in comparison to
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both control groups that received only the infection with S. aureus or were treated with

unloaded NPs.

Similar observations were made also from the bleeding of MRSA-infected larvae. In this
case, a consistent reduction of the residual bacterial load could be observed for the
animals treated with SV7-loaded NPs in comparison to both control groups. Interestingly,
both MSSA and MRSA-treated groups showed an increased bacterial load after the
injection of unloaded PLGA NPs in comparison to the group that received only the
infection. This might be explained due to the acidification of the environment following
the degradation of PLGA NPs, which might have favored bacterial growth (40). S.
aureus, in fact, has an optimal growth at slightly acidic pH. However, animals treated
with SV7-loaded NPs showed a marked reduction of bacterial load in comparison to both
control groups. This experiment proved that PLGA_SV7 NPs could prevent the
establishment of S. aureus methicillin sensitive as well as S. aureus methicillin resistant
infection in G. mellonella, supporting the observations suggesting that the antimicrobial
agent retains its activity after the encapsulation in PLGA nanopatrticles. Moreover, thanks
to the sustained release profile of the formulation, the protection against infection could

be retained over time.
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Figure 10. Residual bacterial load in G. mellonella was determined 72 h after the infection with MSSA (A)

and MRSA (B). Bacterial load reduction was measured using One-Way ANOVA analysis of significance.

4. Conclusion
In this study we have shown the development of a long term stable PLGA nanopatrticle

carrier to deliver a novel benzophenone antibiotic, namely SV7, which has been fully
characterized for dimension, morphology and ability to mediate sustained release of the
payload. The safety of the formulation was demonstrated in vitro in lung cell lines and in

vivo in the G. mellonella model. The efficacy against methicillin sensitive S. aureus and
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methicillin resistant S. aureus strains was demonstrated respectively in vitro in several
bacteria strains and in vivo in the G. mellonella model. We further showed the ability of
the NPs to be efficiently internalized by macrophages to target intracellular MRSA
infection, which represents one of the biggest hurdles in the fight against being limited
by the bacterial resistance process. Overall, the results support the use of
nanoformulation systems for the clearance of intracellular infection, thanks to the overall
safe profile of the formulation as well as a sustained release of the drug, that could avoid
triggering antimicrobial resistance. Finally, to confirm the translatability of the findings,
an in vivo G. mellonella infection model was established. Here, the safety of the
formulation as well as the activity of SV7-loaded NPs against MRSA in a prophylactic
setup were confirmed. The pre-treatment with NPs in fact prevented the establishment
of the infection and assured higher survival rates than control groups. Further mouse in
vivo studies will focus on the optimization of post-infection treatment regimes. To exploit
the advantageous features of the NPs developed here, an interesting approach could be
the direct administration to the lungs, for which a dry powder formulation was developed.
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Supplementary information

Headspace sampler parameters

Headspace vial size 20 mL

Agitator cycle 5 sec on, 2 sec off
Agitator speed 350 rpm

Agitator temperature 80 °C

Sample incubation time | 10 min

Syringe size 2.5 mL
Syringe temperature 85°C
Injection volume 0.25 mL
Syringe flush time 5 min

GC-MS parameters

Carrier flow rate 1.2 mL min-1

Split ratio 50:1

30 °C for 10 min

30 to 150 °C at 30 °C min-1

Oven profile
150 to 240 °C at 75 °C min-1 for
Imin

Transfer 250 °C
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line temperature

Inlet temperature 140 °C

lon source temperature | 230 °C

Quadrupole temperature | 150 °C
Supplementary Table 1. Conditions of static HS-GC-MS.

A.
PLGA PVA
(% wiv) (% wiv)
10PLGA_1PVA 0.10 1
25PLGA_1PVA 0.25 1
SO0PLGA_1PVA 0.50 1
B.
1000- r0.5 [ Hydrodynamic
Diameter
8001 Lo4a @ PDI

600+ -0.3

4004 0.2
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Supplementary Figure. 1. Composition (A), and characterization though hydrodynamic diameter (DH)
and the polydispersity index (PDI) of empty PLGA_PVA Nanoparticles (B).
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Supplementary Figure 3. Stability study. After production, SV7-loaded PLGA nanoparticles were stored in
polypropylene conical tubes at 4 C°. Particle stability was assessed by measuring size and PDI over a period

of 60 days. All the measurements were performed in triplicate (n=3) and the results are expressed as mean
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Supplementary Figure 4. Evaluation of lactate dehydrogenase release in cell supernatant of 16HBE140-

cells after incubation with different amounts of PLGA_SV7 NPS and respective controls for 24, 48 and 72 h.
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Parameters PLGA_C6

D, (hm £ SD) 234.4+7.1
PDI (= SD) 0.04 £0.02
z Potenzial (mV + SD) -24.2+0.5

Supplementary Table 2. Characterization through hydrodynamic diameter (DH), polydispersivity index
(PDI) and ¢ potential of PLGA_C6 NPs.
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Supplementary Figure 6. LD50 determination in G. mellonella infected with MSSA (A) and MRSA (B) at

different concentrations. Control groups consisted of untreated animals as well as injected with PBS.
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Abstract
Despite the large number of drugs available for the treatment of asthma, in 5-10% of the

patients this disease is not well controlled. While most treatments palliate symptoms,
those suffering from severe and uncontrolled asthma could benefit more from a
therapeutic approach addressing the root problem. An siRNA-based therapy targeting
the transcription factor GATA3 in activated T helper cells subtype 2 (Th2 cells), one of
the key upstream factors involved in asthma, could therefore represent a promising
strategy. However, the difficult-to-transfect cell type has not extensively been explored
for nucleic acid therapeutics. In this regard, our group first identified a suitable pathway,
i.e. transferrin receptor mediated uptake, to target efficiently and specifically activated
Th2 cells with a transferrin-polyethyleneimine (PEI) conjugate which forms polyplexes
with siRNA. This system, despite efficient uptake in activated T cells in vivo, suffered
from poor endosomal release and was later improved by a combination with a melittin-
PEI conjugate. The new formulation showed improved endosomal escape and gene
silencing efficacy. Additionally, in order to develop a clinically relevant dosage form for
pulmonary delivery of siRNA we have lately focused on a dry powder formulation by
spray drying for the production of inhalable nano-in-microparticles. In proof-of-concept
experiments, DNA/PEI polyplexes were used in order to implement analytics and
engineer process parameters to pave the way for spray drying also siRNA containing
polyplexes and more sophisticated systems in general. Ultimately, our efforts are
devoted to the development of a novel treatment of asthma that can be translated from
bench to bedside and are reviewed and discussed here in the context of the current

literature.

KEYWORDS asthma, inhalation, siRNA, T cells

1. Introduction
Amongst chronic inflammatory diseases of the airway, asthma is still considered a great

medical and socioeconomic burden under which nearly 340 million people suffer
worldwide(199). The disease hallmarks, besides persistent lung inflammation, are
shortness of breath, mucus hypersecretion, broncho obstruction with enhanced reactivity
to spasmogens (airway hyperactivity) and airway remodeling (199-202). The current
asthma treatment algorithm is based on bronchodilating and anti-inflammatory agents
(inhaled and/or systemic glucocorticoids) targeting symptoms only. However, in a small
subset of patients these symptoms cannot be controlled even with high doses of the

recommended drugs (203).
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The origin of these symptoms, amongst others is the activation, infiltration and
accumulation of T cells positive for the cluster of differentiation 4, also known as T helper
cells (Th2 cells), of subtype 2 (CD4+Th2 cells) into major airways and mucosa of small
airways, and the subsequent release of proinflammatory cytokines (IL-4, IL-5, IL-9 and
IL-13) (200-202,204). After it was found that the release of these interleukins is triggered
by an upregulation of the GATA-binding protein 3 (GATA3) in Th2 cells upon activation
(205), GATAZ3, a transcription factor regulating T cell differentiation into Th2 cells,
emerged as a powerful therapeutic target (206). Considering that the effect of silencing
only single cytokines can be overcompensated by others (207), therapeutic
downregulation of GATAS, preventing downstream release of all Th2 cytokines and
concomitant symptoms in parallel holds great promise.

A powerful tool for post-transcriptional gene silencing is RNA interference (RNAI): Fire
and Mello who earned the Nobel Prize, discovered a nuclease complex known as RNA
induced silencing complex (RISC) which recognizes and destroys target mMRNAs. The
target is specifically identified by small interfering RNAs (siRNA) which are RNA strands
of 21-25 base pairs with base-complementarity to the target mMRNA. Upon pairing of the
activated RISC with single-stranded siRNA and the complementary mRNA site, cleavage
of mRNA is initiated and the translation of the protein alongside the degraded mRNA is
prevented (208). Accordingly, targeting mRNA coding for GATA3 with siRNA could
enable post-transcriptional gene silencing of the transcription factor which is
overexpressed in activated Th2 cells. Subsequently, downregulating the overexpressed
level towards a more physiologic one could therapeutically be exploited towards a new
asthma treatment without general immunosuppressive side effects. Delivering siRNA

exogenously into activated Th2 cells, however, is not a simple task.

Considering the macromolecular nature of siRNAs which are highly negatively charged
and the lack of nucleic acid specific active transporters on cell membranes in
combination with ubiquitously present nucleases which quickly degrade siRNA in the
body, intracellular siRNA delivery requires formulation of the latter. Compared to viral
vectors, non-viral vectors are more advantageous regarding safety, manufacturability
and immunogenicity (16). Positively charged polymers are one class of non-viral vectors
where polyethyleneimine (PEI) and its derivatives are the most studied representatives.
These polymers form so called polyplexes on the nano-scale by electrostatic interaction
with siRNA protecting it on the one hand from nucleases and enabling internalization and
release into cells on the other (209). However, in case of intracellular delivery into T

cells, additional barriers, such as endosomal release, need to be considered (210).
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In addition to avoiding nucleases which are present in high concentrations in blood but
in very low concentrations in lung lining fluids, pulmonary administration of nucleic acids
also avoids the rapid distribution within the body upon systemic delivery which comes
with possible side effects (211). Local pulmonary delivery can be achieved by inhaling
particles (liquid or solid) of an aerodynamic size between 1 and 5 um. Greater particles
are deposited in the throat and upper airways unable to reach the area of interest.
Smaller particles can undergo insufficient sedimentation and are exhaled. For optimal
lung deposition, dry powder formulations are favored for sSiRNA delivery despite more
complex formulation and preparation as compared with aerosolization (90). The
advantages can be easily explained by increased physical and chemical stability and the
resulting prolonged shelf life due to the absence of water and nucleases (31). Typical
procedures to produce inhalable powders are spray drying or a combination of spray
drying and lyophilization — spray freeze drying — of drug only or drug-excipient
combinations (212). For the latter, solutions or suspensions are sprayed into liquid
nitrogen resulting in frozen particles which are lyophilized afterwards to remove residual
water. However, this process requires high energy and time consumption due to long
lyophilization cycles. A more straight forward process is spray drying where droplets are
generated and dried by hot air (213). This technique leads to microparticles where
polyplexes or other nanoparticles are embedded in an excipient matrix resulting in nano-

in-microparticles which ideally resuspend into nanopatrticles upon impaction on lung fluid.

This Focus Article highlights our previous and ongoing research regarding polyplexes
designed for pulmonary delivery for the treatment of lung diseases in general, and of

asthma specifically in the context of the current literature.

2. Tu2-cell targeting
In the pathogenesis of asthma, Th2 cells play a central role in orchestrating the allergic

reaction. Upon activation and concomitant upregulation of GATA3, Th2 cells secrete IL-
4,L-5, IL-9, IL-13 and tumor necrosis factor alpha (TNFa) (214,215). As shown in Figure
1, these cytokines stimulate different cell types resulting in further downstream effects
and symptoms known for asthma. Although symptoms were shown to be reduced by i.v.
application of antibodies against single interleukins in mice, their use is limited due to
whole body distribution after systemic administration resulting in various side effects (6)

and due to lack of compliance if administered clinically.
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Figure 1. T helper-2 (Th2) cells in asthma pathogenesis. Inhaled allergens are thought to be processed by
two mechanisms in asthmatic airways. Allergens either: (1) activate mast cells through cross-linking with IgE
on their cell surfaces through the high-affinity type 1 IgE receptor (FceR1) to release mediators that induce
bronchoconstriction, such as histamine, cysteinyl leukotrienes, and prostaglandin D2 (PGD2) or (2) are
processed by dendritic cells, which are induced to secrete the CC chemokine ligand (CCL) 17 and CCL22
by thymic stromal lymphopoietin (TSLP). Dendritic cells then attract and activate Th2 cells by the binding of
CCL17 and CCL22 with CC chemokine receptor 4 (CCR4) on the Th2 cell surface. IL-33 is produced by
airway epithelial cells and activates dendritic cells and Th2 by inducing the release of tumor necrosis factor-
alpha from mast cells. Th2 secretes cytokines, including IL-4 and IL-13, which switch B cells to produce IgE,
IL-5, which promotes the development and survival of eosinophils, and IL-9, which activates mast cells.
Once IL-13 is produced, it can increase the survival and migration of eosinophils, and it promotes activation
of macrophages to create an M2, or an allergic cell phenotype. Airway epithelial cells are stimulated, and
through mediators such as periostin and transforming growth factor 31 (TGF-$1), they can increase airway
inflammation and lead to the increased permeability of airway epithelial cells and mucous hypersecretion.
IL-13 also has direct effects on airway smooth muscle, leading to increased contraction to agonists such as
acetylcholine and decreased relaxation with beta-agonists. Reproduced with permission from Thomson,
Patel, & Smith, 2012, Copyright 2012 Dove Medical Press Ltd.

Rather than blocking or downregulating single cytokines, post-transcriptional
interference with GATA3 expression has been reported to be a promising approach using
intratracheal instillation with a bolus of GATA-3 shRNA lentiviral vector (216) or
intranasal treatment with GATA-3 DNazyme (217). In those experiments, however, the
therapeutic nucleic acids were administered as unstable, free DNA and were not

specifically targeted towards Th2 cells.
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The downregulation of GATA3 in activated Th2 cells via pulmonary administration is
therefore preferred as the secretion of Th2 cytokines is ideally only downregulated in the
activated T cells in the lung, preventing side effects of general immune suppression.
However, the transfection of T cells is challenging since they do not express caveolin
and are devoid of caveolae, preventing them from active endocytosis of nanopatrticles.
Primary T cells are thus known to be resistant to common non-viral delivery vectors
(218).

Since viruses efficiently transduce T cells, we sought to find a virus-like tool to target
activated Th2 cells specifically and efficiently in a receptor-mediated manner. While in
the 1980s, an overexpression of transferrin receptor (CD71) in activated T cells was
found whereas naive T cells lacked the expression of CD71 (219), this finding had so far
not been exploited for nucleic acid delivery to T cells. This idea was picked up by our
group in the early 2010s. First experiments were conducted to confirm differential
receptor expression in naive vs. activated T cells and to test whether receptor mediated
uptake was possible ex vivo in primary T cells exploiting transferrin (Tf) as a targeting
ligand (220). Therefore, in proof-of-concept experiments, low molecular weight (LMW)
PEI was conjugated to Tf (Tf-PEI) and complexed with fluorescently labelled siRNA into
polyplexes at different ratios. These formulations were initially only tested regarding
intracellular delivery in primary T cells ex vivo. As seen in Figure 2a, Tf-PEI polyplexes
were significantly more efficiently taken up by activated T cells (ATCs) compared to
blank, compared to unmodified PEI and even compared to the positive lipofectamine
control. Also, no efficient uptake was observed in naive T cells for either formulation
(Figure 2b), which was expected based on the lack of caveolae in T cells (218). The
activation dependent expression of CD71 in both activated and naive primary T cells was
confirmed by anti-CD71 antibody binding assays (see Figure 2 insets). These results
confirmed our hypothesis that specific targeting of activated T cells via transferrin is

possible and further research was conducted.
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Figure 2. Specific Uptake of siRNA in activated T cells with a Tf-PEI conjugate. Uptake of Alexa488-labaled
siRNA a) at different N/P ratios into fully activated T cells with high TfR expression (inset 2a), and b) lack of
uptake into T cells with low TfR expression (inset 2b). The expression of TfT in the T cells was confirmed by
anti-CD71 antibody binding assay. The siRNA taken up into T cells was analyzed by flow cytometry.
Lipofectamine was used as a positive control. Reproduced with permission from (220). Copyright 2013
Elsevier B.V.

While successful targeting of T cells was also shown by Ramishetti et al. after systemic
administration of lipid nanoparticles which were surface functionalized with an CD4+
antibody (221), no differentiation between resting and activated T cells was made as the
intention was to target and downregulate T cell specific genes systemically. In contrast,
CD71 targeting results in the benefit of addressing only activated T cells which are

strongly involved in asthma.

To test specificity of Tf-PEIl polyplexes toward activated T cells in the complex
environment of the lung, an in vivo biodistribution study was performed in a murine
asthma model in comparison to healthy control groups: Mice were intratracheally

administrated on four consecutive days with Tf-PEI or PEI polyplexes. After euthanizing
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animals, bronchoalveolar lavage (BAL) cells were collected to investigate the distribution
of siRNA in different cells types (macrophages, eosinophils, type Il pneumocytes, B and
T cells). We observed a specific uptake in T cells in comparison to the other investigated

cell types.

In line with the previous ex vivo study, the uptake in Th2 cells was also significantly
higher in asthmatic than in healthy mice (127). In healthy animals, only macrophages
took up siRNA independent of the formulation, and non-targeted PEI mediated uptake in
type Il epithelial cells and macrophages in both inflamed and healthy animals. However
it has been described that macrophages do not express GATA3 (222), which leads us to
hypothesize a lack of severe side effects due to nanoparticle delivery to macrophages.
Type Il pneumocytes, however, do express GATAS3 and are involved in Th2 cytokine
production. Therefore, non-specific delivery to lung epithelial cells is expected to have a
positive, anti-inflammatory effect. Since GATA3 does however have a protective effect,
for example in mammary luminal cells (223), we will investigate biodistribution of SiRNA
after pulmonary delivery to assess potential risks and side effects of the treatment.

3. Optimization of Endosomal Release: Tf-Mel-PEI
After confirming effective targeting and uptake of Tf-PEI polyplexes in Th2 cells in the

lung, their therapeutic efficacy was tested in vivo by evaluating the knockdown of GATA3
and subsequent downstream effects. Despite significantly higher gene silencing rates of
Tf-PEI compared to PEI ex vivo in primary Th2 cells (127), a single treatment with Tf-PEI
polyplexes did not result in significant gene silencing of GATA3 in lung tissue or of IL13
in pulmonary T cells, as determined by gRT-PCR and intracellular cytokine staining,
respectively (224). The reason for the lack of significant gene silencing was hypothesized
to depend on the single administration and/or on insufficient endosomal escape of the

nanocarrier after endocytosis.

Endosomal escape represents a crucial factor and is considered the rate-limiting step in
cytoplasmatic delivery of nanoparticle-based therapies. In fact, a failure of escape would
result in a probable degradation of the cargo in the lysosome which merges with the late
endosome, leading to a loss of therapeutic activity (225). Several strategies have been
proposed to overcome this problem, such as including positively charged or pH-sensitive
moieties able to disrupt the endosomal membrane (226). In this respect, it is to be noted
that endosomal acidification, leading to the so-called proton sponge effect and osmotic
rupture of polyamine-loaded endosomes, is slower and less robust in T cells as

compared to epithelial cell lines (227). In this view, the use of melittin, a pore-forming
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peptide, was hypothesized to yield more efficient endosomal escape. Melittin is a peptide
derived from bee venom and consisting of 26 amino acids that has an inherent capacity
to disrupt cell membranes also at acidic pH. Moreover, this peptide was shown to be
effective as a delivery system for siRNA itself, being able to reach significant transfection
efficiencies (228). Additionally, a virus-inspired polymer for efficient in vitro and in vivo
gene delivery, called VIPER (123), containing melittin, had been shown to efficiently
mediate gene silencing in the lung of healthy mice and had been tolerated very well after
pulmonary delivery (124). Based on these observations, we decided to include melittin
in our Tf-PEI conjugate to improve the endosomal escape. However, melittin was
modified by 2,3-Dimethyl-maleic anhydride (DMMAN) to reduce side effects by directing
its activity to acidic pH and hence to the endosomal membrane only. Thus, general
membrane activity was reduced, and this melittin derivative was conjugated to PEI and
blended with different ratios of Tf-PEI. As a result, we obtained a delivery system which
retained its selectivity toward activated T cells due to the presence of transferrin at
improved endosmolytic activity (65). The new blend composed of Tf-PEI and Mel-PEI
(Tf-Mel-PEI, 50:50) displayed optimal characterization parameters, showing particle
sizes below 200 nm, low polydispersity indices and stability in lung lining fluids. In line
with the results obtained with the Tf-PEl conjugate, we achieved significant cellular
uptake results in both Jurkat and human primary activated T cells in comparison to both
free siRNA and siRNA/lipofectamine. Moreover, after determining binding kinetics of the
different formulations with CD71 using Surface Plasmon Resonance technique, we
observed that Tf-Mel-PEI stably bound the transferrin receptor and also showed superior
affinity over Tf-PEI (65).

In the next step, the effect of melittin on the endosomal membrane was investigated via
acridine orange staining of living cells. This technique is based on a differential
fluorescence emission of the cell-permeable nucleic acid binding dye which emits red
light if trapped in the endosome and green light if located within cytoplasmic pH. As
shown in Figure 3A, chloroquine, as positive control for successful endosomal release,
as well as transfection with melittin-containing conjugates resulted in efficient endosomal
escape, reflected in a color change of the dye from red to green. Positive and negative
controls in fluorescence based assays with chloroquine treatment are especially
important as chloroquine is a mild base used to neutralize endosomal and lysosomal pH,
and pH dependent dyes used to visualize these compartments can potentially render a
negative result in the presence of this drug. After transfection with the Tf-PEI conjugate,
only few green dots were detected while in PEI transfected cells, only red dye was found,

supporting the findings by Olden et al. describing a lack of endosomal acidification in T
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cells (210) resulting in endosomal entrapment of PEI. Regarding endosomal escape, Tf-
Mel-PEI clearly showed superior characteristics over the previously used Tf-PEI

formulations (65).

To determine whether the effect of improved endosomal escape was also reflected on
higher mMRNA downregulation, the knockdown of GAPDH was evaluated via gqRT-PCR
(Figure 3B). Indeed, in human primary activated T cells the Tf-Mel-PEI blend achieved
higher gene silencing levels than Tf-PEI with 76% gene knockdown compared to 43%,
respectively X. Most importantly, however, the increased endosomal escape was not

paralleled by increased cytotoxicity or membrane destabilization (65).
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Figure 3. A) Acridine orange staining of untreated A549 cells (Al) and of A549 cells after incubation of
polyplexes with Chloroquine (A2), PEI (A3), Tf-PEI (A4), Mel-PEI (A5) and Tf-Mel-PEI (A6). B) GAPDH
knockdown in Jurkat cells (B1) and human primary activated T cells (B2) after treatment with GAPDH-siRNA
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or scrambled siRNA as negative control. Data points indicate mean £SD, n = 3; One-way ANOVA, *P<0.05,
**P < 0.01, ** P < 0.001. Reproduced with permission from (65). Copyright 2019 Wiley.

Our published efforts so far describe a formulation of Tf-Mel-PEI polyplexes with optimal
particle characteristics able to selectively target activated T cells and improved
endosomal escape and gene silencing efficacy. Tf-Mel-PEI was therefore considered a
suitable tool for follow up in vivo studies concerning in vivo specificity for activated T
cells, biodistribution and therapeutic gene silencing efficiencies in a murine asthma
model. Despite the fact that LMW-PEI and its Tf-PEI conjugate have been tolerated well
in healthy and asthmatic mice (127), we are currently developing oligospermine
derivatives to replace the PEI block in our approach (229). It is expected that in the
inflamed lung, even Tf-shielded LMW-PEI is not well tolerated, especially intracellulary
where the disulfide bond between Tf and PEI will be reduced. Therefore, non-
biodegradable PEI is not a promising approach for the treatment of a chronic disease,
and biodegradable alternatives are currently developed by us and others. By mimicking
PEI with a polyamine that endogenously acts as nucleic acid condenser, we believe that
similar condensation efficacy of siRNA will be obtained at reduced toxicity and
immunogenicity but at increased biodegradability (229). In parallel, inhalable dry powder

formulations are being developed to pave the way for translation from bench to bed side.

4. Pulmonary delivery of nucleic acids
Therapeutic approaches of delivering nucleic acids to the lung via inhalation benefit from

direct accessibility and the ease of its administration route. However, several barriers,
such as the architecture of the lung, the presence of mucus and surfactant, mucociliary
clearance and phagocytosis by cells of the immune system, need to be overcome in the
lung for successful delivery of nucleic acids to their target cells and sites of action
(22,230). After carefully optimizing our formulations for gene silencing in T cells over the
past years, we are currently assessing their efficacy in 3D cell culture models
(Zscheppang et al., 2018) and in mucus mobility assays based on Fluorescence
Correlation Spectroscopy (FCS) (231). Current clinical trials for inhalable gene-based
therapies have been focused mainly on the use of viral and liposome-based vectors,
such as in the case of cystic fibrosis, to deliver cDNA for the CFTR gene (232,233).
However, the results obtained were not as good as expected in terms of transfection
efficiency. The study and the development of new formulation strategies for inhalable

gene therapies is therefore of paramount importance.
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5. Dry powder formulation
Spray drying (SD) is the most straight forward technique to produce inhalable particles.

Although several groups have applied SD to obtain dry powder formulations of their
nucleic acid formulations, analytics for characterizing nanoparticles before and after
spray drying have been very scarce. However, an understanding of changes between
freshly prepared and redispersed nanoparticles is needed to fully understand effects of
tubing material, pump stress, shear forces and heat stress which are applied to the
particles during production (213,234). Loss of nucleic acid and or polymer could
ultimately lead to decreased in vitro and in vivo performance. Hence, we successfully
developed and set up protocols for nucleic acid as well as amine based polymer
guantification to easily quantify the components of dried formulations and redispersed
suspensions (235). Additionally, the effect of mannitol and trehalose on the
redispersability of polyplexes consisting of 25k PEI and bulk DNA (bDNA) after SD was
investigated. Both materials were chosen as they are generally recognized as safe
(GRAS) substances, known for their lyo-and desicco-protection and commonly applied
in SD (236). We found that a distinct concentration of excipient was needed to preserve
PEI-bDNA polyplex size and particle distribution, independent of the excipient’s nature.
Initial changes in zeta potentials of the formulations after SD and redispersion could also
be eliminated. Furthermore, it was confirmed by cascade impaction analysis that
particles were prepared with an aerodynamic diameter between 1 and 5 pm, which is a
conducive size range for pulmonary administration. SEM revealed round smooth
microparticles for mannitol based formulations and also round but partly fused trehalose
based microparticles. These findings were explained by the state of mannitol and
trehalose via x-ray powder diffraction and differential scanning calorimetry revealing that
mannitol crystallized upon spray drying while trehalose formulations dried without
forming a crystalline but an amorphous state. This maost probably led to the high residual
moisture content of 3.2% of trehalose formulations compared to 0.4% of mannitol
formulations and hence the fusion of trehalose microparticles. However, crystallinity and
water content did not affect aerodynamic properties on short term. After establishing and
ultimately applying the new set of analytical methods to SD powders, important changes
to the initial formulations were detected: trehalose formulations showed ~32% nucleic
acid loss at low N/P ratios reaching a plateau of ~20% at higher N/P ratios of the
polymer/nucleic acid polyplexes, suggesting a stabilizing effect of excess polymer
(Figure 4A). Considering the measured polymer loss of the different formulations after
SD (Figure 4B), N/P ratios of the redispersed formulations overall increased (Figure 4C).
It was therefore hypothesized that the N/P increase at least partially explained the

improved uptake and transfection efficiency of redispersed formulations in vitro
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compared to their freshly prepared counterparts with and without excipient as control
(Figure 4D and 4E) (235).
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Figure 4. Polymer and nucleic acid quantification. Quantification of A) bulk DNA and B) PEI in the 10%
trehalose nano in microparticle formulations following spray drying; C) Comparing the redispersed N/P ratio
with the initial N/P ratio of the PEI polyplexes loaded with bulk DNA; D) Uptake and E) Transfection efficiency
of redispersed nano in microparticle formulations in A549 cells. Median fluorescence intensity (MFI) was
determined by flow cytometry to evaluate efficiency of D) fluorescently labeled bDNA or E) pEGFP in a
human non-small cell lung carcinoma cell line (A549) of fresh or redispersed polyplexes from 10% trehalose
NEM formulations at N/P ratios of 6, 8 and 10 with D) 0.5ug of bDNA or E) 0.75 pg of GFP plasmid in
comparison to freshly prepared formulations in presence of trehalose. Blank samples consisted of A549 cells
treated with 5% glucose only. Data points indicate mean + SD (n=3). Two-way ANOVA, Bonferroni post-
test, *P<0.05, **P < 0.01, *** P < 0.001, ns = non-significant. Reproduced with permission from (235).
Copyright 2019 Elsevier B.V.

Even if both DNA and RNA are nucleic acids, we have more than once shown that
circular plasmid DNA, for example, behaves very differently from rigid, short double-
stranded siRNA when condensed with cationic polymers (237). Therefore, our current
research on dry powder formulations focuses on the preparation of polyplexes consisting
of siRNA and different PEI based delivery vectors with the goal of developing a platform

technology for inhalable nucleic acid formulations.

6. Conclusion
siRNA-based therapies offer the chance to potentially target any single mRNA

specifically and efficiently and mediate its downregulation. In the treatment of asthma,
this technique could be exploited to target GATAS in activated Th2 cells, one of the main
factors involved in the pathogenesis of asthma. Almost 10 years ago, our group started

a journey aimed to find a suitable delivery system able to downregulate GATA3 and to
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produce a final spray dried powder formulation to be administered to patients via
inhalation. After identifying transferrin as a targeting ligand for activated T cells, we
developed the Tf-PEI conjugate, a delivery system that displayed high cellular selectivity
and intracellular uptake with high transfection efficiencies ex vivo. Due to insufficient in
Vivo gene silencing, however, this formulation was then improved in terms of endosomal
escape by blending it with the Mel-PEI conjugate. The new formulation showed optimal
particle characteristics and ex vivo parameters. In parallel, we have also focused on the
development of a dry powder formulation, an essential step to produce a final formulation
that could be transferred from bench to bedside. We successfully produced nano-in-
micro particles with ideal characteristics while retaining high transfection efficacies after
redispersion.

Current research is therefore focusing on the in vivo testing of Tf-Mel-PEI in a murine
asthma model and the dry powder formulation of siRNA based polyplexes. Ultimately,
both research fields will be combined and hopefully result in a new therapy for the

treatment of severe, uncontrolled asthma.
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Abstract
Asthma is one of the most common inflammatory diseases of the lung affecting millions

of people worldwide and, in some cases, it still remains poorly controlled. siRNA-based

therapies give the chance to specifically and efficiently silence a target gene linked to a
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certain disease. In the case of asthma, siRNA can be designed to inhibit the expression
of GATA-3 in T helper 2 cells, which is a transcription factor involved in the inflammatory
cascade of allergic asthma. In our previous studies we developed a delivery system for
siRNA, Tf-Mel-PEI, composed of polyethylenimine (PEIl) as polycationic carrier,
transferrin (Tf) as targeting ligand and melittin (Mel) as endosmolytic agent, and we
confirmed its activity in primary T cells. In this study, we developed an ex vivo model
based on precision-cut lung slices (PCLS) to get deeper knowledge of the translatability
of our findings. We were able to induce inflammation and upregulate GATA-3 expression
in PCLS, confirming their ability to closely mimic in vivo conditions. In this model, our
formulation was well tolerated and delivered siRNA efficiently to the cells. Furthermore,
GATA-3 expression was successfully downregulated. These findings support the
suitability and translatability of Tf-Mel-PEI siRNA delivery to T cells in the lungs and
therapeutic GATA-3 silencing as a potential novel treatment for allergic asthma.

KEYWORDS siRNA therapy, pulmonary delivery, asthma, T cell targeting, cytokines,
PCLS

1. Introduction
Asthma is considered as the most prominent inflammatory disease affecting the

respiratory tract, with about 340 million people affected worldwide (199). Hallmarks of
the disease are represented by shortness of breath, mucus hypersecretion, lung
inflammation and bronchoconstriction. Although available therapies are effective in
controlling the symptoms in most cases, 5-10 % of all patients have poor control over
their disease with risks for severe consequences (5). Therefore, the development of
novel therapeutics for handling severe forms is essential. Allergic asthma, in particular,
is a form of the disease that develops in about 50-80% of all patients who are affected
by severe illness (6). In this case, the immune-inflammatory response is driven by T
helper 2 (Th2) cells that function as a bridge between the innate and adaptive immunity.
After being taken up and processed by dendritic cells, allergens are presented to naive
T helper cells, which are consequently activated and stimulated to produce Th2
cytokines, namely IL-4, IL-5 and IL-13 — the major players in the asthmatic inflammatory
cascade. Their release is triggered by the upregulation of a transcription factor, namely
GATA-3, that could hence represent a therapeutic target for upstream blocking the
inflammatory cascade, which would prevent the release of Th2 cytokines (205). Silencing
of GATA-3 was already demonstrated to help controlling asthma by means of a
DNAzyme therapy targeting GATA-3 (238,239). On this basis, RNAi could be employed
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to post-transcriptionally downregulate the expression of GATA-3 (53). siRNAs can in
principle be developed to silence any target gene specifically and efficiently.
Nonetheless, siRNAs are susceptible to degradation by nucleases and cannot penetrate
the cell membrane on their own, and should therefore be formulated with a suitable
carrier. Moreover, an appropriate nhanocarrier system is also required to overcome the
biological barriers encountered in the lung when considering the pulmonary route of
administration (22). Polyethylenimine (PEI) is a cationic polymer that has been widely
studied as a delivery system for nucleic acids. Thanks to its cationic nature, it can
complex the negatively charged siRNA to form the so-called polyplexes and deliver the
payload to the target cells (240). However, T cells are particularly challenging to transfect
as they do not do not express caveolin and do not present caveolae, therefore, the most
common entry port to cells for non-viral vectors (241). Another limiting factor is
represented by the endosomal escape, which is considered the bottleneck of most non-
viral delivery systems. Therefore, we have developed an optimized delivery system,
namely Tf-Mel-PElI, that should overcome these two major obstacles (65). Tf-Mel-PEl is
a blend of two conjugates, transferrin (Tf)-PEI and melittin (Mel)-PEI. Transferrin is used
as a targeting ligand for T cells, as they overexpress the transferrin receptor in the
activated state (220). Thus, Tf-PEI efficiently and selectively delivers siRNA to activated
T cells (127). Melittin is a cationic peptide with endosmolytic properties, that supports the
release of the therapeutic cargo from the endosome (135,242). In our previous work, we
showed that the formulation efficiently delivered siRNA to primary T cells as well as
mediated a significant downregulation of GATA-3 in immortalized as well as primary T
cells, outperforming the results obtained with the first generation conjugate Tf-PEI thanks
to the improved melittin-mediated endosomal escape (65). To gain a better
understanding of the translatability of our findings, in this study an ex vivo model of
asthma was established using human precision-cut lung slices (PCLS) from lung
explants. PCLS are living tissues that retain the anatomical as well as cellular structure
of the lung and thus represent a sophisticated ex vivo model for drug screening. They
can be used to better mimic the diseased environment as well as to get a deeper
understanding of the translatability of a drug (47). Previous studies already confirmed
their potential also for investigating siRNA-based therapeutics (55,147). Here, hPCLS
were stimulated with CD3/CD28 beads to activate T cells and to induce the release of
inflammatory cytokines. PCLS were then used for investigating the formulation in terms
of cellular uptake, tolerability of the formulation and GATA-3 downregulation activity.
Overall, the results confirm the potential of Tf-Mel-PEI/SIGATA-3 polyplexes as a

promising approach to treating allergic asthma.
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2. Experimental methods

2.1 Materials
5kDa PEI (Lupasol® G100) was purchased from BASF (Ludwigshafen, Germany).

Cysteine modified melittin was obtained from Pepmic (Suzhou, China). HEPES, NacCl,
glucose, SPDP, human transferrin, DMMANn, DMSO, EDTA, low gelling temperature
agarose, Earle’s Balanced Salt Solution (EBSS), were purchased from Sigma Aldrich
(Darmstadt, Germany). PEG4-SPDP, Dulbecco’'s modified Eagle’s medium/nutrient
mixture F-12 Ham (DMEM, pH 7.2—7.4) were purchased from Thermo Fisher Scientific
(Waltham, USA). Alexa Fluor™ 647 NHS ester was obtained from Life Technologies
(Carlsbad, California, USA). Penicillin-streptomycin solution and Dulbecco’s phosphate-
buffered solution without Ca2+ and Mg2+ (DPBS) were purchased from Lonza (Basel,
Switzerland). 2000, 3000 and 10000 MWCO centrifugal filters were obtained from
Sartorius (Géttingen, Germany). siRNA sequences against GATA-3 (GATA-3_7 and
GATA-3_8), human GATA-3 and B-actin primers were purchased from Qiagen (Hilden,
Germany). Scrambled non-specific DsiRNA and amine-modified siRNA were purchased
from Integrated DNA Technologies (Leuven, Belgium).

2.2 Synthesis of conjugates and preparation of polyplexes
Tf-PEI and Mel-PEI were prepared as previously reported (65). For Tf-PEI, 5kDa PEI (1

mg/ml) was dissolved in HEPES buffered saline (HBS) (20 mM HEPES, 150 mM NaCl,
pH = 7.5) and mixed with a 10-fold molar excess of SPDP (20 mM) in DMSO and stirred
overnight at room temperature. The day after, transferrin was dissolved in HBS at a
concentration of 10 mg/ml and stirred with a 5-fold molar excess of SPDP for 2 hours.
Purification of PEI-SPDP and Tf-SPDP were performed with 3000 or 10,000 MWCO
centrifugal filters with HBS/AImM EDTA (pH 7.1). The estimation of the SPDP
concentration in PEI-SPDP was done by reacting 100 pl of 50-fold diluted PEI-SPDP
with 1 pl of a 150 mM DTT solution for 30 min. the release of pyridon-2-thion was then
measured at a plate reader at 343 nm (Tecan, Mannedorf, Switzerland). A 10-fold excess
of DTT was then added to PEI-SPDP and reacted for 2 h under nitrogen protection. The
reduced PEI-SPDP was then purified with 3000 MWCO centrifugal filters with
HBS/20mM EDTA (pH 7.1). Tf-SPDP was then added dropwise to PEI-SPDP and stirred
overnight at 4 °C. Purification of Tf-PEI was performed through an AKTA FPLC system
(GE healthcare) equipped with 2 connected 1 ml HiTrap SP HP cation exchange column
(GE healthcare). Further purification and desalinization were performed by 10.000
MWCO centrifugal filters with HBS. The concentration of Tf was measured

spectrophotometrically at 280 nm, while the concentration of PEIl was determined with a
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TNBS by measuring the absorbance of the sample with respective standard curve at 405

nm (Tecan, Mannedorf, Switzerland) (243).

For Mel-PEI, 5k PEI (5 mg/ml) was dissolved in in HBS and mixed with an excess of
PEG-SPDP in dry DMSO and stirred overnight at room temperature. Cysteine-modified
melittin (3 mg/ml) was dissolved in HBS and mixed with a 150 mM solution of DTT for 2
h with shaking. Reduced melittin was purified with a 2000 MWCO centrifugal filter using
100 mM HEPES, 125 mM NaOH and was subsequently mixed with 1 mL of 2,3-Dimethyl-
maleic anhydride solution (DMMAN, 1.5 mg/mL in EtOH) and stirred for 1 h. PEI-SPDP
and Mel-DMMAnN were purified with 3000 MWCO centrifugal filter and HBS or 2000
MWCO centrifugal filter and 20 mm HEPES, 0.5 m NaCl, 1 m Guanidine hydrochloride
(pH = 8), respectively. PEI-SPDP and Mel-DMMAnN were then mixed and stirred overnight
at room temperature. The conjugate was then purified and desalted with a 10,000
MWCO centrifugal filter and HBS as buffer. The concentration of PElI was measured via
TNBS assay at 405 nm (Tecan, Mannedorf, Switzerland) (243).

For Tf-PEI or Tf-Mel-PEI (which corresponds to a 50:50 mixture of Tf-PEI and Mel-PEI)
polyplexes preparation, conjugates were diluted in 5% glucose and defined amount of
siRNA were added to achieve an amine to phosphate (N/P) ratio of 10. The formulations

were mixed by pipetting and incubated for 20 min to yield polyplexes.

2.3 Human donors and ethics statement
Human lung lobes were acquired from patients who underwent cancer lobe resection at

Hannover Medical School (MHH, Hannover, Germany) or KRH Klinikum Siloah-Oststadt-
Heidehaus (Hannover, Germany). Experiments were approved by the ethics committee
of the Hannover Medical School (MHH, Hannover, Germany) and are in compliance with
“The Code of Ethics of the World Medical Association” (renewed on 2015/04/22, number
2701-2015). All patients gave written informed consent for the use of their lung tissue

for research.

2.4 Preparation of hPCLS
Human PCLS were prepared as previously described (244). Briefly, a 1.5% agarose-

DMEM solution was gently inflated into the lung explant and solidified at 4°C. Sections
of 8 mm in diameter were sliced into approximately 250-300 um slices using a Krumdieck
tissue slicer. PCLS were cultured in DMEM medium (2 slices per 500 pul) under

submerged conditions in a humidified atmosphere at 37 °C and 5% CO,.

2.5 Activation of hPCLS (Stimulation of PCLS for cytokine release)
Two PCLS per well were treated in duplicates with anti-CD3/CD28 coupled magnetic

beads, (Dynabeads™ Human T-Activator CD3/CD28 for T Cell Expansion and

149



Activation, Thermo Fisher Scientific), to activate tissue resident T cells at a bead:cells
ratio of 1:1 in 500 ul DMEM for 48 h under standard cell culture conditions. Once the
incubation time was completed, the supernatant was collected and stored for further
analysis. Changes in T cell cytokines were measured in PCLS supernatants using
multiplex assays (Pro-Inflammatory Panel 1 Human V plex (IFN-y, IL-1pB, IL-2, IL-4, IL-6,
IL-8, IL-10, IL-12p70, IL-13, TNF-a; Meso Scale Diagnostics) according to the

manufacturer’s instructions. Negative controls consisted of unstimulated samples.

2.6 Cell viability and lactate dehydrogenase (LDH) release

2.6.1 Cell viability

Viability of the formulation following activation as well as incubation with Tf-PEI ad Tf-
Mel-PEI polyplexes was assessed via the metabolic WST-1 assay according to the
manufacturer’s protocol and as described before (244). After 48 h of stimulation with
beads and 24 h of polyplex treatment, PCLS were incubated with 1:10 diluted WST-1
solution for 1 h at 37°C. Absorbance was then measured at 420-480 nm with a reference

wavelength at 690 nm using a plate reader (Tecan, Mannedorf, Switzerland).

2.6.2 LDH release
The effect of bead stimulation as well as polyplexes transfection on membrane integrity

of PCLS cells was evaluated by measuring the release of lactate dehydrogenase (LDH)
using the Cytotoxicity Detection Kit (Th. Geyer, Renningen, Germany) according to the
manufacturer’'s protocol. Briefly, 5 days after stimulation with beads and 24 h after
incubation with Tf-PEI and Tf-Mel-PEI polyplexes, 50 pl of the supernatant were collected
and incubated with 50 pl of the substrate mix for 20 min at room temperature protected
from light. Absorbance was measured at 490 nm with a reference wavelength at 690 nm

using a microplate reader (Tecan, Mannedorf, Switzerland).

2.7 Microscopic assessment of siRNA delivery in hPCLS
PCLS were fixed overnight in 2% PFA and subsequently washed with PBS. DAPI

staining was performed for 45 minutes, and the PCLS were embedded in Ibidi mounting
medium on two thin coverslips. The fluorescence labeled siRNA was detected in the Cy5
channel while autofluoresence of the tissue was recorded in the Cy3 channel. Z stacks
of the tissue slide were imaged with a confocal microscope (Zeiss 880) and

reconstructed in three dimensions using IMARIS® Software (Bitplane).

2.8 GATA-3 downregulation
Two PCLS/well were stimulated with anti-CD3/CD28 coupled magnetic beads in

DMEM/F-12 to activate tissue resident T cells. PCLS were placed in 24-well-plates in
500 pl complete medium and transfected with Tf-PEI and Tf-Mel-PEI polyplexes

150



encapsulating 50, 100 and 250 pmol siRNA against GATA-3 or scrambled negative
control. The tissue slices were incubated for 5 days at 37°C and 5% CO; in technical
biological duplicates. Experiments were conducted with tissue from three human donors.
Five days post treatment, supernatants of technical replicates were pooled,
supplemented with 0.2% protease inhibitor cocktail P1860 (Sigma-Aldrich), and aliquots
were stored at 80 °C for cytokine analysis and LDH release assay. PCLS were stored in
RNAlater® (Thermo Fisher Scientific) at 4°C overnight and subsequently frozen at -80°C
until RNA was isolated.

Afterwards, RNA was isolated according to an optimized protocol for PCLS (245). cDNA
was synthesized from total RNA with a high-capacity cDNA synthesis kit (Applied
Biosystems, Waltham, Massachusetts, USA). cDNA was then diluted 1:10 and gPCR
was performed using the SYBR™ Green PCR master mix (Thermo Fisher Scientific) with
primers for GATA-3 (Qiagen, Hilden, Germany) and B-actin (Qiagen, Hilden, Germany)
for normalization. Amplification and data analysis was performed using a QuantStudio
3 Real-Time PCR (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Cycle
thresholds were acquired by autosetting with the gPCR software (Thermo Fisher
Scientific, Waltham, Massachusetts, USA). Values are given as mean values = SEM.

3. Results and discussion

3.1 Activation of PCLS
The activation of T cells in PCLS was optimized with Dynabeads™, magnetic ferric oxide

beads covalently coupled to anti-CD3 and anti-CD28 antibodies. Dynabeads™ have a
size of 4.5 um to resemble the size of antigen presenting cells. They are chemically inert
and supermagnetic, allowing them to be easily removed from culture medium with a
magnet. Here, CD3 and CD28 were chosen as target for the coupled antibodies as these
epitopes are typically used to induce T cells activation and to partially mimic the in vivo
stimulation pattern via antigen presenting cells (246). The effect on cytokine production
was measured by ELISA after 3 days and 5 days of incubation with Dynabeads™. As
shown in Figure 1, each condition was compared to the respective non-stimulated PCLS.
The incubation with Dynabeads™ successfully induced an inflammatory state in PCLS.
Cytokines typical of general inflammation (IL-12p70, IL-8, IL-6 and IL1b) as well as
mediated by Thl response (TNF-a, IFN-y and IL-2) and Th2 cells (IL-4, IL-13 and IL-10)
were upregulated following the activation process. Th2 related cytokines are directly
affected by GATA-3 expression, since it promotes and upregulates their secretion (205).

The consistent upregulation of the different inflammatory cytokine secretion confirmed
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that the activation procedure was successful in establishing an inflammatory

environment, resembling the one typical of asthma, where a mixture of different

inflammatory cytokines is found. Commonly, GATA-3 related non-related cytokines

contribute to the pathogenesis of allergic asthma. The observation of activation and
inflammation was confirmed by the upregulated expression of GATA-3 in PCLS after 5

days of incubation with beads (Figure 2). The expression of GATA-3 was measured by

gRT-PCR in PCLS obtained from 3 different patients. The activation with Dynabeads ™

led to an increased expression of GATA-3, confirming activation response at both the

upstream and downstream level of the inflammatory cascade.

Figure 1. Cytokine concentrations (IL-12p70, IL-8, IL-6, IL-1b, TNF-a, IFN-y, IL-2, IL-4, IL-13 and IL-10) in

the supernatant of human PCLS after 72 h and 120 h of activation with beads as measured by ELISA.
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GATAS3 expression

GATA3/b-actin expression

Figure 14. GATA-3 expression as measured by qRT-PCR in human PCLS 5 days after activation with beads,

normalized to B-actin expression. Blank represents untreated PCLS.

3.2 Effect of activation and transfection on metabolic activity and LDH release
The effects of incubation with Dynabeads™ as well as with polyplexes on metabolic

activity was evaluated by WST-1 assays. Activated or non-activated PCLS were
incubated for 5 days with Tf-PEI or Tf-Mel-PEI polyplexes encapsulating SiIGATA-3 or a
siNC negative control to observe if any of the different factors influenced cell viability. As
it can be observed in Figure 2A, the treatment with Dynabeads™ negatively affected cell
viability, with a decrease of 40 to 50%. This result is to be expected considering that sites
with ongoing inflammation and triggered immune response present alterations of
metabolic activity (247). Nevertheless, the treatment with the Tf-PEI and Tf-Mel-PEI did
not induce any relevant change in cell viability, with values close to the samples receiving
no additional treatment. To confirm the results, LDH assays were performed to detect
any detrimental effect on membrane integrity. In line with the metabolic activity results,
non-activated samples showed only negligible membrane impairment, reflected in LDH
release values below 20%. On the other hand, samples incubated with beads indicated
an increase in membrane disturbance, with a maximum of 40% of LDH release. The
increase in membrane leakiness can be linked to the inflammatory state induced by the
beads. The transfection with the different formulation did not increase the LDH release,
in both stimulated and unstimulated samples, confirming the safety of Tf-PEI and Tf-Mel-
PEI as nanocarriers for siRNA. The results are in line with our previous studies in cell
culture, where no significant cytotoxicity was observed for any of the different

formulations, even at higher N/P ratios (65).
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Figure 15. Tolerability of Tf-PEI and Tf-Mel-PEI polyplexes in activated and non-activated PCLS after 5 days
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of incubation. (A) evaluation of cellular viability by WST-1 assay. (B) Assessment of lactate dehydrogenase
release by LDH assay following incubation with polyplexes. Data points indicate means + SD.

3.3 siRNA delivery to PCLS
Confocal scanning laser microscopy was utilized to evaluate the ability of Tf-PEI and Tf-

Mel-PEI polyplexes to deliver siRNA to PCLS. The encapsulated fluorescently labelled
SiRNA, AF647-siRNA, is presented in red, and nuclei were stained with DAPI, shown in
blue. The typical green autofluorescence observed in lung tissue is shown in yellow
(Figure 3). From the qualitative assessment of this experiment, it appears that siRNA
reaches the epithelium and, more importantly, more siRNA shown as red dots seems to
be delivered with Tf-Mel-PEI polyplexes compared to samples transfected with Tf-Mel-
PEI. This observation is in line with our previous studies in immortalized and primary T
cells, where the presence of melittin improved not only the endosomal escape, but also
the uptake of siRNA (65). Melittin is indeed a positively charged peptide that, in addition
to endosmolytic activity, can also deliver nucleic acids. This specific property could

explain the superior siRNA delivery observed for Tf-Mel-PEI polyplexes (135).

Figure 4. Delivery of Tf-PEI (B) and Tf-Mel-PEI ((C) polyplexes loaded with AF647-siRNA to human PCLS
analyzed by confocal scanning laser microscopy. Red dots represent AF647-siRNA, blue corresponds to
nuclei stained with DAPI and yellow reflects autofluorescence of PCLS. (A) represents a control PCLS
receiving no treatment.
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3.4 siRNA-mediated RNAI of GATA-3in PCLS
The GATA-3 gene silencing activity of the polyplexes was measured by gRT-PCR 5 days

after activation and 2 days after transfection. For this experiment, a 50:50 blend of two
SiRNA sequences, GATA-3_8 and GATA-3_9 was selected, as they showed the best
silencing activity in a preliminary experiment using Lipofectamine as transfection
reagent. PCLSs were incubated with Tf-PEI or Tf-Mel-PEI polyplexes encapsulating
different amounts of siGATA-3. For comparison, untreated samples as well as samples
transfected with scrambled siRNA were included as negative controls. Both Tf-PEI and
Tf-Mel-PEI polyplexes mediated a significant downregulation of GATA-3. Interestingly,
the downregulation was observed for both activated and non-activated samples, with
silencing activity in the same range. This observation could be explained by the fact that
activated samples retained a higher basal expression of GATA-3 and, considering that
the readout was performed 5 days after treatment with polyplexes, this continued
activation could have led to a higher expression of mMRNA and thus a lower therapeutic
effect of the siRNA in comparison to the non-activated PCLS. Nonetheless, also in the
activated samples a significant downregulation of GATA-3 was observed for both Tf-PEI
and Tf-Mel-PEI polyplexes. Here, Tf-Mel-PEI polyplexes achieved better downregulation
of GATA-3 in comparison to Tf-PEI at the highest concentration tested, with values of
45% and 25% gene silencing, respectively. In line with our previous findings, the
inclusion of melittin in the formulation improves the endosomal escape and consequently
the RNA interference activity of the formulation. This experiment confirmed the potential
of Tf-PEI and Tf-Mel-PEI polyplexes as delivery systems for siRNA. To the best of our
knowledge, we are the first to attempt GATA-3 downregulation in human lung explants.
In an unrelated study by Ruigrok et al., the downregulation of GAPDH was tested by
gRT-PCR in mouse PCLS 48 h after transfection with siRNA. In that study, siRNA was
delivered with a commercially available transfection reagent and achieved 50% reduction
of MRNA expression (248). Tf-Mel-PEI polyplexes here reached 75% downregulation,
thus confirming that our formulation represents a valid option for delivering siRNA to lung

tissues and as a promising strategy to treat allergic asthma.
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Figure 5. GATA-3 knockdown in activated (A) and non-activated (B) human PCLS transfected with Tf-PElI
and T-Mel-PEI polyplexes encapsulating different amount of GATA-3 siRNA as measured by qRT-PCR and
normalized to B-actin expression. Each value is normalized to the GATA-3/B-actin expression after treatment
with negative control siRNA at the same conditions. Data points indicate mean + SEM. One way ANOVA,

*p<0.05, *p<0.01, **p<0.005.

4. Conclusion
In this study, we developed a sophisticated ex vivo model of the lung resembling the

inflammatory pattern found in patients suffering from allergic asthma. PCLS prepared
from lungs of human donors were treated with T cell activating beads to stimulate the
release of inflammatory cytokines from tissue resident cells. PCLSs were then used to
test the translatability of our previous findings regarding T cell transfection with Tf-PEI
and Tf-Mel-PEI polyplexes. Tf-PEI and Tf-Mel-PEI demonstrated a safe profile when
incubated with PCLS and efficiently delivered siRNA to the tissues. Furthermore, the
downregulation activity of Tf-PEI and Tf-Mel-PEIl polyplexes against GATA-3, a
transcription factor involved in asthma pathogenesis, was confirmed, with Tf-Mel-PEI
showing the best activity results, in line with our previous findings. In conclusion, this
study confirms the potential of SIRNA-based therapies for the treatment of inflammatory

diseases and offers a new treatment option for asthmatic patients.
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Abstract
Inhaled therapy with short interfering RNA (siRNA) holds the exceptional potential to

treat severe lung disease such as cystic fibrosis. sSiRNA can in theory be designed to
specifically target and silence any given target gene. In the case of cystic fibrosis, SIRNA
can be used to downregulate the nuclear factor-kB (NFkB), one of the main mediators
involved in inflammation, to reduce the inflammatory state and improve patients’
condition. Nonetheless, different barriers need to be overcome in the lung before
reaching the target cells, above all the mucus layer, making the formulation of siRNA
with a suitable delivery system essential for exerting its activity. In this view, hybrid lipid-
polymer nanoparticles (hNPs) were developed, comprising a poly(lactic-co-glycolic) acid
(PLGA) core and lipid shell of dipalmitoyl phosphatidylcholine (DPPC) or (1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG). Resulting

formulations were investigated in terms of physicochemical characterization, in vitro
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behavior and mucus permeation. Overall, the results indicate the potential of hNPs,
particularly the non-PEGylated hNPs as carriers for local delivery of siRNA to the lungs

for the treatment of inflammation in cystic fibrosis.

KEYWORDS siRNA therapy, hybrid nanoparticles, cystic fibrosis, pulmonary delivery,

air-liquid interface

1. Introduction
Cystic fibrosis is the most prevalent autosomal recessive disease affecting 100.000

people worldwide. The disease arises as a consequence of mutations in the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) gene, which causes an
impaired transport of chloride and bicarbonate ions across epithelial cells (249). Despite
being a multiorgan disorder, the organ mainly affected by the disease is the lung. CFTR
loss of function leads to impaired mucociliary clearance, recurring bacterial infections
and chronic inflammation, with respiratory failure being the primary cause of death and
morbidity (3,250). One of the main traits of cystic fibrosis is airway inflammation, which
seems to be strictly associated to an increase in NFKB expression due to altered CFTR
function. For this reason, a therapy downregulating the expression of NFkB could be
beneficial for reducing inflammation in the lungs and improving the quality of life of
patients (251). Small interfering RNA (siRNA) holds great potential for the treatment of
severe diseases, since it can in theory be designed to target any gene of interest, such
as NFkB (252). Furthermore, the pulmonary route of administration offers the possibility
to directly deliver the therapeutic the region of interest, such as the epithelium of the
lungs in the case of cystic fibrosis, thus improving patients’ compliance and reducing
systemic side effects (253). Nevertheless, siRNAs are susceptible to RNase degradation
and cannot permeate through the cell membrane. Additionally, siRNAs need to
overcome the mucus barrier found in the lungs, which is particularly viscous and
adherent in the case of cystic fibrosis (58,74). Therefore, formulation with a suitable
delivery system is of the essence (14). In this study, we developed hybrid lipid-polymer
nanoparticles (hNPs), that bring together features from both polymer and lipid-based
systems. hNPs are composed of a poly(lactic-co-glycolic) acid (PLGA) core and coated
by either non-PEGylated or PEGylated lipid shells, dipalmitoyl phosphatidylcholine
(DPPC) or N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-PEG) respectively. The lipid shell should confer muco-
inertia to the formulation, hence helping the transport of the cargo through the mucus to

the underlying epithelium (254). Furthermore, polyethylenimine (PEI) was included as an
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additional component to the formulation due to its ability to complex siRNA and
consequently improve its loading inside hNPs (254). The resulting hNPs were
investigated in terms of physicochemical characterization as well as biological behavior
in a lung epithelial cell line in regards of cellular uptake, downregulation activity and
biocompatibility. To further explore the translatability of our findings, an air-liquid
interface (ALI) culture was established to evaluate hNPs in a more sophisticated, mucus-

rich environment (45).

2. Experimental methods

2.1 Materials
ResomerRG 502H (uncapped PLGA 50:50, inherent viscosity 0.16 0.24 dL/g) was

purchased from Evonik Industries AG (Germany). 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG) were a kind gift from Lipoid
GmbH (Switzerland). ON-TARGETplus siRNA was purchased from Dharmacon
(Germany). Ethanol 96% was supplied by Carlo Erba (ltaly). Branched
polyethyleneimine (PEl; 25 kDa), RPMI-1640 medium, EMEM medium,
penicillin/streptomycin, foetal bovine serum, L-glutamine, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) powder, Dulbecco’s phosphate buffer saline,
Tween20, 20% paraformaldehyde, DAPI, RIPA buffer, phosphatase inhibitor, protease
inhibitor and Ponceau S solution were purchased from Sigma-Aldrich (Germany). Alexa-
Fluor647, Quant-IT™ RiboGreen® reagent, 96-well-plates, 24-well-plates, 6-well plates,
Trypsin 0,25% EDTA, LysoTracker™ green, Lipofectamine2000, Pierce™ BCA Protein
Assay Kit, Tris-buffered saline, SuperSignal™ West Pico PLUS Chemiluminescent
Substrate and Restore™ Western blot Stripping Buffer were supplied by Thermo Fisher
Scientific (Germany). T-25 and T-75 cell culture flasks, Laemmli loading buffer, TG buffer
UltraPure were provided by VWR (Germany). Rotiphorese® 10x SDS-page, methanol
and Bovine Serum Albumin - IgG free were purchased from Carl-Roth GmbH (Germany).
10% Tris-Glycine Gel and the electrophoresis chamber were supplied by Invitrogen
(Germany). The transfer chamber was provided by BioRad (Germany). 8-well-plates
were purchased from Ibidi (Germany). CytoTox96® Non-Radioactive Cytotoxicity Assay
kit was purchased from Promega (Germany) and Human TNF-a ELISA MAX Deluxe
Sets kit was purchased by BioLegend (Germany). FluorSave™ reagent was provided by

Merck (Germany). Primary and secondary antibodies (NFkB p65 mouse monoclonal
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antibody, Actin goat polyclonal IgG, migG BP-HRP secondary antibody, Donkey anti-

goat IgG-HRP) were purchased from Santa Cruz Biotechnology (Germany).

2.2 Production of hNPs
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine_poly(lactic-co-glycolic) acid

(DPPC_PLGA) and N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine_poly(lactic-co-glycolic) acid (DSPE-PEG_PLGA) hNPs
were prepared by an emulsion/solvent diffusion technique as previously reported (254).
The first step consisted in a water-in-oil emulsion (w/o) by adding 100 pL of water to 1
mL of methylene chloride containing PLGA (10 mg; 1% wi/v) and either DPPC or DSPE-
PEG under vortex mixing. When required, poly(ethylenimine) (PEI) was added to the
internal water phase at the theoretical loading of 0.016 mg per 100 mg of PLGA. Just
after mixing, the w/o emulsion was added to 12.5 mL of ethanol 96% (v/v) under
moderate magnetic stirring, leading to immediate nanoparticle precipitation. Afterwards,
the formulation was diluted with 12.5 mL of Milli-Q water under stirring for 10 minutes.
The residual organic solvent was then removed by rotary evaporation under vacuum at
30°C and hNPs were isolated form the resulting hNP colloidal dispersion by
centrifugation at 7000 rcf for 20 minutes at 4°C and dispersed in Milli-Q water. sSIRNA-
loaded hNPs were prepared at a theoretical loading of 1 nmol/100mg of PLGA by adding
siRNA to the internal water phase. For cellular uptake studies and confocal microscopy
experiments, hNPs were encapsulated with AlexaFluor647-labelled siRNA. For
lyophilization, trehalose was used as cryoprotectant at a hNPs/cryoprotectant ratio of
1:25 wiw.

2.3 Characterization of hNPs
Hydrodynamic diameter (D), polydispersity index (PDI) and the zeta potential (C

potential) of hNPs were determined by dynamic light scattering with a Malvern Zetasizer
Nano ZS (Malvern Instruments). Results are expressed as mean value = standard

deviation (SD) of triplicate measurements in different batches.

The actual siRNA loading was measured indirectly by quantifying the amount of
unencapsulated siRNA. After production, hNPs were collected by centrifugation (7000
rcf for 20 minutes at 4°C) and the supernatant was analysed for siRNA content using
Quant-IT™ RiboGreen® reagent according to the manufacturer's instructions.
Quantitative analysis was performed by spectrofluorometry at Aex 480 nm/Aem 520 nm.
Results are reported as actual loading (nmol of encapsulated siRNA per mg of yielded
hNPs) and encapsulation efficiency (actual loading/theoretical loading x100) + SD of

values collected from three different batches.
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2.4 Cell culture
Human epithelial bronchial cells (16HBE140-) and Calu-3 cells were cultured in EMEM

cell culture medium supplemented with 1% L-glutamine, 1% penicillin/streptomycin and
10% fetal bovine serum. Cells were grown in 75 cm? cell culture flasks at 37°C and 5%
CO; and passaged when they had reached confluency.

2.5 Quantification of cellular uptake
For flow cytometry and microscopy experiments, amine-modified siRNA was labeled with

succinimidyl ester (NHS) modified AlexaFluor647 fluorescent dye according to the
manufacturer’s protocol and purified via ethanol purification to obtain AF647-siRNA

(siFluo) as previously reported (69).

16HBE14o0- cells were seeded in 24-well-plates at a density of 100.000 cells per well and
incubated overnight at 37°C and 5% CO.. Cells were transfected for 5 h or 24 h at 37°C
and 5% CO; with 100 pL of hNPs suspension containing 0.5, 1 and 2.5 pmol
AlexaFluor647-labelled siRNA respectively, within a total volume of 500 uL of serum
containing cell culture media. Positive controls consisted of lipofectamine lipoplexes,
while negative controls consisted of free siRNA. Cells were then detached from the well
surface and spun down at 350 rcf for 5 minutes. After centrifugation, the supernatant was
decanted, and the cells were washed with 1x PBS first and then with PBS-EDTA 2 mM.
Samples were analyzed via flow cytometry (Attune® NXT Acoustic Focusing Cytometer,
Thermo Fisher Scientific) and the median fluorescence intensity (MFI) was collected and
recorded. Samples were run in triplicates, with each sample consisting of a minimum of
50.000 viable cells. Negative control samples consisted of untreated cells. Analysis and
presentation of data was performed by GraphPad Prism 5.0 software calculating mean
values and standard deviation. Significance was measured by One Way ANOVA
analysis (**p<0.01, ***p<0.005).

2.6 Immunofluorescent staining
16HBE140- cells were seeded in 8-well-plates at a density of 15.000 cells per well and

incubated overnight at 37°C and 5% CO.. Cells were transfected for 24 h at 37°C and
5% CO with 100 uL of DSPE_PEG, PEI_DSPE_PEG, DPPC and PElI_DPPC hNPs
suspension containing 2.5 pmol AlexaFluor647-labelled siRNA respectively, within a
total volume of 400 pL of serum containing medium. After 24 h, medium was discarded,
plates were washed two times with 200 yL PBS and 300 pL/well of LysoTracker™ green
was added, which was previously diluted in medium (final concentration = 75 nM) and
incubated 1 h at 37°C and 5% CO.. Afterwards, the medium was removed, plates were
washed twice with PBS and 100 uL/well of 4% paraformaldehyde was added and
incubated for 15 min. Cells were then washed twice with PBS and 300 pl/well of DAPI at
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a final concentration of 1 pg/mL diluted in blocking buffer was added and incubated for
20 min. Finally, wells were washed again with PBS and mounted using FluorSave™
reagent. The samples were analyzed using the TCS SP8 confocal microscope (Leica)

and Leica LAS-X software.

2.7 In vitro NFaB gene silencing in LPS-stimulated 16HBE140- cells
16HBE140- cells were seeded in 6-well-plates at a density of 250.000 in 2.5 mL of

medium and incubated overnight. Before transfection, cells were stimulated with LPS (25
pg/mL) to induce NFKB gene expression. After 4 h, the medium was removed, and the
cells were transfected with hNPs containing 20 nM siNFkB or non-coding siNC for 72 h
at 37 °Cin a 5% CO, humidified atmosphere. siRNA/lipofectamine complexes were used
as positive controls. After transfection, cells were lysed using RIPA Buffer with a 1x
cocktail of protease/phosphatase inhibitors (Roche, Basel, Switzerland). The samples
were analyzed for the expression of NFkB p65 subunit (NFKB p65 mouse monoclonal
antibody, 1:500, sc-1008, Santa Cruz Biotechnology) by Western blot analysis, following
a published protocol(255). Actin (actin goat polyclonal IgG, 1:500, Santa Cruz
Biotechnology) was used as housekeeping protein. Mouse IgG binding protein
conjugated to horseradish peroxidase (mlgG BP-HRP) and donkey anti-goat IgG-HRP
were used as secondary antibodies (1:5000, Santa Cruz Biotechnology). Membranes
were treated with SuperSignal West Pico PLUS chemiluminescent substrate (Thermo
Fisher Scientific) immediately before analysis at the ChemiDoc MP imaging system (Bio
Rad). Cell studies were performed in triplicate, and results are expressed as mean value
+ SD, n = 3. One-way ANOVA was performed to assess statistical significance of
differences between mean values (**p < 0.01, **p < 0.005).

2.8 In vitro cytotoxicity in lung cells

2.8.1 Cell viability

The effect of siRNA-loaded hNPs on cell viability was tested using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay on the
16HBE140- cell line. 16HBE140- cells were seeded at a density of 5000 cells per well in
100 pL of medium in 96-well plates and incubated overnight at 37°C and 5% CO.. Each
formulation was diluted to varying concentrations (0.5, 1 and 2 mg hNPs/mL) and added
to the cells. Plates were incubated for 24 h, 48 h and 72 h respectively at 37°C and 5%
COz. Once the incubation time had been completed, medium was removed and 100 pL
of a sterile 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution was added to the cells and incubated for 3 h at 37°C and 5% CO,. Medium
was then removed and each well was washed with 100 uL sterile PBS and 200 uL of

acidic isopropanol (0,04 N HCI in absolute isopropanol) was added to each well and
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plates were placed on an orbital shaker for 15 minutes. Absorbance was measured at
570 nm using a microplate reader (FLUOstar Omega, BMG Labtech). Control groups
included cells treated with empty nanopatrticles. The percentage of viable cells was
calculated by the ratio of absorbance of treated cells compared with untreated cells.

Results are given as mean values of triplicates £+ SEM.

2.8.2 LDH release
The effect of siRNA-loaded hNPs on membrane integrity was assessed by measuring

the release of lactate dehydrogenase (LDH) into the extracellular medium. 16HBE140-
cells were seeded in 96-well-plates at a density of 5000 cells per well 24 h before their
treatment with hNPs suspensions at different concentrations (0.5, 1 and 2 mg/mL).
Plates were incubated for 24 h, 48 h and 72 h respectively at 37°C and 5% CO.. The
experiment was performed using the CytoTox96® Non-Radioactive Cytotoxicity Assay
kit following the manufacturer’s instructions. Once the incubation time had been
completed, 50 uL of each supernatant was transferred into a fresh 96-well-plate and 50
ML of a mixture of substrate mix and assay buffer were added into hNPs containing
medium and incubated for 30 min at room temperature. Afterwards, 50 L of stop solution
was added. Lactate dehydrogenase (LDH) release was determined by measuring
wavelength absorbance at 490 nm in a FLUOstar OMEGA microplate reader (BMG
Labtech). The results were evaluated by comparing the LDH release of transfected cells
to the cells treated with Triton-X lysis solution as positive control (100%). Results are

given as mean values of triplicates £ SEM.

2.8.3 Evaluation of hNPs pro-inflammatory effect
The pro-inflammatory effect of hNPs was tested using an ELISA kit for the quantification

of TNF-a release in the extracellular medium. Briefly, 16HBE140- cells were seeded in
a 96-well-plate at a density of 5000 cells per well 24 h before they were treated with
hNPs suspensions at different concentrations (0.5, 1 and 2 mg/mL). Plates were
incubated for 24 h at 37°C and 5% CO.. The experiment was performed according to the
instructions reported on the Human TNF-a ELISA MAX Deluxe Set kits (Biolegend, San
Diego, CA, USA). Absorbance was read within 15 minutes at 450 nm using a FLUOstar
Omega microplate reader (BMG Labtech). Results are given as mean values of
triplicates £ SEM.

2.9 hNPs uptake in mucus-covered Calu-3 cells at the air-liquid interface
Calu-3 cells were seeded in a clear polyester cell culture insert (growth area 1.12 cm?,

pore size 0.4 um) on Transwell® permeable supports. Per sample, 500.000 cells were
seeded in 500 pyL of medium in the apical chamber, while 1.5 mL of the medium was

added to the basolateral chamber. After 72 h, the medium in the upper and basolateral
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chamber was removed and replaced by fresh Pneumacult ALl medium (Stemcell
Technologies GmbH, Germany) in the basolateral chamber to air-lift the culture. Once
TEER values 2300 Q-cm? were reached and a stable polarized epithelial layer was
formed, cell layers were used for cell uptake experiments and mucus transport studies.
For cell uptake experiments, Calu-3 monolayers were incubated with 500 pL of
PEl/siFluo_DPPC or PEl/siFluo_DSPE-PEG resuspended in medium corresponding to
a 20 nM siRNA final concentration (10 pmol siFluo per well). After 24 h, monolayers were
washed, cells were detached from the inserts and the dispersion was analyzed by flow
cytometry on an Attune NXT flow cytometer (Thermo Fisher Scientific) with 638 nm
excitation and a 670/14 nm emission filter. All cells were gated according to morphology
based on forward/sideward scattering, and 10.000 events were evaluated per sample to
determine the median fluorescence intensity (MFI) and siFLuo uptake per cell. Controls
consisted of cells transfected with free siFluo and lipofectamine/siFluo complexes as
negative and positive controls, respectively. For transport experiments across the mucus
layer, differentiated mucus-covered Calu-3 cells were exposed for 24 h to PEl/
siFluo_DPPC or PEl/siFluo_DSPE-PEG amounts corresponding to 10 pmol siFluo per
well. Monolayers were then washed with PBS, and the mucus layer was stained by
incubation with AlexaFluor488-labelled wheat germ agglutinin (10 pug/mL) (Invitrogen,
Thermo Fisher Scientific, USA) for 10 min at 37 °C. After washing with PBS, the
membranes of the Transwell® inserts were cut, mounted on microscope slides, covered
with coverslips, and immediately analyzed by confocal laser scanning microscopy
(CLSM) (SP8 inverted scanning confocal microscope, Leica Camera, Wetzlar,
Germany). Z-stack pictures were taken, and optical sections were processed to create a
3D view, which allows observing the diffusion of the hNPs through the mucus and their

cellular internalization.

3. Results and discussion

3.1 Characterization of hNPs
hNPs were successfully prepared by an emulsion/solvent diffusion technique. hNPs

consisted of a polymeric core of PLGA and a surface corona of either DPPC or DPSE-
PEG, each of them formulated with or without the pre-complexation of siRNA with PEI,
a cationic polymer that can efficiently encapsulate the negatively charged siRNA, for a
total of four different formulations being investigated. hNPs were investigated first in
terms of size and PDI by dynamic light scattering and of zeta potential by Laser Doppler

Anemometry. As it can be observed in Table 1, formulation conditions did not significantly
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affect hNPs’ properties. All formulations showed hydrodynamic diameters below 180 nm,
low PDI and negative zeta potential, independently of the lipid shell type and of the
presence of PEI. Considering that hNPs were developed for direct administration to the
lungs, the obtained parameters are suitable for pulmonary administration. Sizes below
200 nm should in fact assure internalization of the formulation within the lung epithelium
while avoiding macrophage clearance (131). Furthermore, the negative surface charge
should help to overcome the mucus layer found in the lung, particularly in disease states
as found in cystic fibrosis (107). The presence of PEI improved siRNA encapsulation
inside hNPs, with a 30% increase for DPPC-containing hNPs (256).

D . z potential Actual Entrapment
Formulation ( sD) ( sD) loading Efficiency
nm * mean +
(MV£SD)  (nmol/200mg) (%)
0.193 + 60+ 1
siNFkB_DPPC  177.6+9.2 -28.7+1.6 0.599 + 0.004
0.039
PEI- 0.170 £ 91+ 4
161.3+ 3.8 -23.3+0.7 0.914+0.038
siNFkB_DPPC 0.042
siNFkB_DSPE- 0.062 + 80+ 4
159.1 +5.1 -28.6+1.7 0.796 + 0.022
PEG 0.017
PEI-siNFkB 165.5 + 0.105 + 89+ 4
-289+6.9 0.894+0.064
DSPE-PEG 141 0.069

Table 1. hNPs hydrodynamic diameter, polydispersity index, zeta potential and actual loading.

3.2 In vitro cellular uptake of hNPs
To test the ability of hNPs to deliver siRNA to cells, a cellular uptake study by flow

cytometry was performed using a lung epithelial cell line. The final goal of the formulation
is in fact to deliver an siRNA against the inflammatory mediator NFkB and downregulate
its expression in lung epithelial cells. For uptake studies, hNPs were loaded with an
AlexaFluor647-labelled siRNA. The experiment was performed at different siRNA
concentrations and at two different time points, after 5 h and 24 h of incubation,
respectively. As it can be observed in Figure 1(A-B), no significant uptake was observed
after 5 h of incubation. Nonetheless, after 24 h significant uptake was observed for both
PEIl-containing formulations (Figure 1(C-D)). This can be explained by the fact that
siRNA is encapsulated in the PLGA matrix and therefore requires longer time to reach
the cells. Also, healthy epithelial cells retain slower endocytosis metabolism in
comparison to other cell lines, such as cancer cells, which generally show faster uptake

kinetics (257). Notably, in this experiment only PEI-containing formulations efficiently
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delivered siRNA to the cells, while almost no siRNA was detected for samples treated
with hNPs without PEI, independently of the lipid present in the outer layer. This can be
explained by the cationic nature of PEI, which can in fact encapsulate and deliver siRNA
very efficiently (258). To confirm the delivery of siRNA to the cells, the experiment was
repeated by incubating cells either at 4 °C or 37 °C for 24 h to discriminate between
internalized fluorescent siRNA and siRNA attached to the cell membrane. Here, we
confirmed that PEI-containing formulations efficiently delivered siRNA into the cells
(Figure 1E).
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Figure 16. Cellular uptake in 16HBE14o0- cells after transfection for 5 h (A-B) and 24 h (C-D) with AF647-
siRNA-loaded hNPs. Positive controls consisted of siRNA/lipofectamine lipoplexes. Free siRNA was used
as negative control. € Cellular uptake in 16HBE140- cells following transfection at 4°C and 37°C for 24 h
with AF647-siRNA-loaded hNPs. Results are expressed as mean values + SEM. ***p<0.005.

To further validate cellular internalization of siRNA-loaded hNPs following transfection,
microscopy pictures were acquired from cells treated with hNPs following staining of the
nuclei (DAPI, shown in blue) and of the lysosomes (Lysotracker™ green, shown in
green). As it can be observed in Figure 2, formulations without PEI resulted in
insignificant presence of siRNA inside the cells. On the other hand, the ones including
PEI, displayed a consistent amount or red dots corresponding to AF647-siRNA, partially
colocalizing with lysosomes. This study confirmed hNPs as a promising delivery system
for sSiRNA to the lungs as well as PEI as a key element of the formulation to achieve

successful delivery of siRNA to the cells.

Green

Figure 17. Confocal microscopy images of 16HBE140- cells after 24 h incubation with AF647-siRNA-loaded

DSPE-PEG

DPPC

hNPs. Red color corresponds to AF647-siRNA, green color to Lysotracker™ green staining and blue color

to DAPI staining of nuclei.
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3.3 In vitro gene silencing activity
The gene silencing effect of siRNA-loaded hNPs against NFkB was tested on the protein

level by western blot analysis on LPS-stimulated 16HBE140- cells. Cells were pre-
stimulated with LPS from E. coli to induce an increase in NFKB expression and better
reproduce the inflamed state of the epithelium. After identifying 20 nM siNFkB as the
concentration necessary to inhibit NFkB expression (Figure 3(A-B)), we performed the
in vitro inhibitory experiments at the corresponding concentration of siNFkB-loaded
hNPs. Considering that only PEIl-containing formulations showed cellular uptake of
siRNA, we considered only these two formulations for silencing experiments. As it can
be observed in Figure 3(C-D), both formulations achieved a significant silencing effect in
comparison to samples treated with a non-targeting sequence. Furthermore, the
downregulation activity was comparable to the one achieved by the commercially
available reagent lipofectamine. In line with the cellular uptake experiments, DPPC-
coated hNPs displayed a slightly better activity than DPSE-PEG-coated hNPs, probably
due to the faster release kinetic of the formulation (34).
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Figure 3. Western blot analysis of protein extracts from 16HBE140- cells. Before transfection, cells were
stimulated with LPS (25 pg/ml) to induce NFkB expression. Cells were treated with different amounts of
siNFkB/lipofectamine to identify the best siRNA working concentration (A-B). Afterwards, transfection was
performed with 20 nM of siNFkB loaded hNPs as well as siNC-loaded hNPs as negative control for 72 h.
Positive controls consisted of cells treated with siNFkB/lipofectamine lipoplexes(C-D). Results are reported
as mean + SEM. ***p<0.005.
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3.4 Nanoparticle permeation in mucus covered Calu-3 cells grown at the air-
liquid interface
Cystic fibrosis is a debilitating disease characterized by mucus hypersecretion and

reduced mucociliary clearance in the lungs. Therefore, the delivery system needs to
overcome a mucus barrier before to the underlying epithelium where the cargo should
be released. Calu-3 cells cultivated at the air-liquid interface are a widely used model for
studying delivery systems for cystic fibrosis due to the high transepithelial resistance,
mucus secretion, and mutated CFTR expression on the apical side (259). Furthermore,
they can form a pseudostratified epithelium that resembles the in vivo structure and
secretory pattern of the lungs (260). Calu-3 monolayers were transfected with hNPs
loaded with fluorescently labelled siRNA and stained with wheat germ agglutinin to
visualize the mucus layer by confocal scanning laser microscopy (Figure 4(A-D)). Thus,
it was possible to determine which formulation penetrated the mucus layer. In line with
previous results, PEI_DPPC hNPs displayed the best performance. The results were
confirmed by quantifying the cellular uptake in Calu-3 cells by flow cytometry (Figure 4E).
Also in this case, PEI_DPPC hNPs showed the best activity, outperforming even
siRNA/lipofectamine lipoplexes used as positive control. hNPs were indeed developed
to exert their action in harsh conditions such as in a mucus-rich environment. The lipid
layer, together with the negative charge of the formulation and the small sizes of the
hNPs, should help in overcoming this major barrier that hampers the delivery of the cargo
to the epithelium. The better activity demonstrated by DPPC-coated hNPs may be
explained by the fact that the presence of PEG in DSPE-PEG is known to limit the uptake
by cells although being advantageous for mucus penetration (261).
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Figure 4. Evaluation of AF647-siRNA-loaded hNPs delivery to Calu-3 cells grown at the air-liquid interface.
(A-D) 3D view created from confocal laser scanning microscopy sections of confluent Calu-3 cells exposed
to siFLuo_DPPC (A), PEI-siFluo_DPPC (B), siFLUO_DSPE-PEG (C), PEI-siFLUO_DSPE-PEG (D) hNPs
for 24 h and stained with AF488-labeleed wheat germ agglutinin. Red dots correspond to AF647-siRNA,
while green color shows the stained mucus covering the cells layer. (E) Cellular uptake in Calu3 cells grown
at ALI following 24 h with AF647-siRNA-loaded hNPs. siRNA/lipofectamine lipoplexes were used as positive

control and free siRNA as negative control. Results are reported as mean values + SEM. ***p<0.005.

3.5 Safety of the formulation
To estimate the compatibility of the different formulations with epithelial cells, hNPs were

incubated with 16HBE140- cells at different concentrations and for different incubation
times. The viability of the cells was evaluated by means of the MTT assay, a colorimetric
assay that indicates the cell viability by measuring the metabolic activity of the cells
(Figure 5). To include all the different factors that could have an impact on cell viability,
all four formulations were tested at 3 different concentrations and 3 different time points
(24, 48 and 72 h). Furthermore, each formulation was tested with and without the
encapsulation of siRNA. Trehalose was also included as control since it was used as
cryoprotectant during the lyophilization step. Up to 48 h, all formulations tested showed
an overall safe profile, with viability values above 70%. After 72 h, slightly lower values
were detected, probably due to the longer time in which cells were exposed to trehalose.
Interestingly, samples treated with 2 mg/ml of DPPC hNPs showed extremely high
values of cell viability. Here, high concentrations and long exposure times of hNPs
together with trehalose could have interfered with the metabolic activity of the cells and

increased the amount of formazan produced (262).
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Figure 5. Evaluation of cell viability by MTT assay in 16HBE140- cells following incubation with hNPs for 24
h (A-B), 48 h (C-D) and 72 h (E-F). Results are expressed as mean = SEM.

To further investigate the effect of the different formulations on cell membrane integrity,
an LDH assay was performed at the same conditions established for the MTT assay
(Figure 6). The LDH assay detects the release of lactate dehydrogenase in cells
supernatant as a consequence of loss of membrane integrity following incubation with
the formulations. The results were compared to a 100% LDH release as positive control.
No cytotoxicity was detected for any of the formulations tested, with values never
exceeding 20% of LDH release even after 72 h of incubation. Taken together, these
results confirm the in vitro safety of the formulation.
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Figure 6. Evaluation of cytotoxicity in 16HBE140- cells by LDH assay following incubation with hNPs after
24 h (A-B), 48 h (C-D) and 72 h (E-F). Cells treated with lysis buffer correspond to 100% LDH release.
Results are expressed as mean + SD.

Finally, the pro-inflammatory effect of hNPs was evaluated by measuring the release of
TNF-a in cell culture supernatant 24 h after incubation of hNPs at different concentrations

by an ELISA assay (Figure 7). In this experiment, generally low TNF-a release was
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detected, with a significant release in comparison to untreated cells only for DPPC and
PEI-NFkB_DPPC at the highest concentration tested. Nonetheless, taking all the results
from the safety studies together, none of the formulations tested negatively affected cell
viability, and the presence of PEI nor the different lipids tested were found to be the

cause of increased cytotoxicity.
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Figure 7. Pro-inflammatory effect of hNPs on 16HBE140- cells following incubation with hNPs for 24 h
measured by ELISA technique. Values are given in pg/ml as mean + SEM. ***p<0.005.

4. Conclusion
The development of nanocarriers able to efficiently deliver siRNA to the lungs remains

one of the main challenges for the RNA delivery field. Despite the unquestionable
advantages offered by the pulmonary route of administration, many hurdles need to be
overcome, with the mucus layer representing the major barrier that limits the delivery to
the lung epithelium. Here, non-PEGylated and PEGylated hNPs were evaluated as a
delivery system for siRNA targeting NFkB, one of the main factors involved in the
inflammatory cascade. Due to the presence of an inert lipid shell, hNPs are presented
as a possible strategy to tackle the mucus barrier present in the lung, particularly for
cystic fibrosis. hNPs displayed optimal parameters for pulmonary delivery and a safe in
vitro profile. Only formulations containing PEI efficiently delivered siRNA to lung epithelial
cells and mediated NFkB protein downregulation. Furthermore, DPPC-coated hNPs
showed better activity than DSPE-PEG hNPs. This was confirmed also in a 3D model of
the lung, where DPPC-coated hNPs better permeated through the mucus layer and
delivered siRNA to the underlying cells. The results confirm the potential of hNPs as
carriers for pulmonary delivery of siRNA against NFkB for local treatment of inflammation

in cystic fibrosis and encourage towards in vivo investigation of their therapeutic activity.
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Abstract
Air-liquid interface (ALI) culture models currently represent a valid tool to recreate the

typical aspects of the respiratory tract in vitro in both healthy and diseased state. They
can help reducing the number of animal experiments, therefore, supporting the 3R
principle. This review discusses ALI cultures and co-cultures derived from immortalized
as well as primary cells, which are used to study the most common disorders of the
respiratory tract, in terms of both pathophysiology and drug screening. The article
displays ALI models used to simulate inflammatory conditions of the lung such as asthma
and chronic obstructive pulmonary disease (COPD), lung cancer, cystic fibrosis and also
viral infections, including a focus on ALI cultures described in literature studying
respiratory viruses such as SARS-CoV-2 causing a global Covid-19 pandemic at the time
of writing this review. Additionally, commercially available models of ALI cultures are
presented. Ultimately, this review aims at giving an overview of ALl models currently
available and critically discussing them in the context of the most common diseases of

the respiratory tract.

KEYWORDS: air-liquid interface, lung, 3D co-culture models, pulmonary
administration, respiratory tract, SARS CoV-2

1. Introduction
Chronic respiratory diseases such as asthma, cystic fibrosis and COPD are leading

causes of death and morbidity worldwide.(263) Besides, lung cancer and respiratory
infections, including the global COVID-19 pandemic in the year 2020, are frequent
causes of mortality. Therefore, more efficient treatment strategies are urgently sought
for, particularly for diseases causing irreversible tissue damage and loss of function in
the lung. The complex cellular composition of the respiratory tract and its location at the
air-liquid interface hamper an accurate mimicking of the physiological situation. Many
different models have been used in the past ranging from in vivo animal experiments to
in vitro models using lung cells.(264) In this field of research, animal models are routinely
used since all in vitro models lack one or another aspect of lung anatomy or physiology,
hampering validation of research results. Consequently, animal models are widely
regarded as the only reliable option available. However, the anatomical differences
between rodents and humans emphasize a significant lack of functional homology
regarding various biomolecules, drug deposition rates and localization of particulate drug
delivery systems.(265) For example, the alveolar and the airway architecture show
fundamental differences.(41,266) Mice only have 6-8 levels of branching airways while

humans have up to 20 or more. Furthermore, mice do not have typical respiratory
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bronchioles with characteristic interruptions on their walls projecting into the alveoli. They
only have short terminal bronchioles opening directly into several alveolar ductules.(267)
Therefore, interpretation of data derived from rodent models cannot easily be translated
into human context. Furthermore, the strong support to reduce, refine and replace the
use of animals (3R) in experimental testing is constantly increasing.(268) These key facts
have driven the development of alternative in vitro methods aimed at mimicking the
respiratory tract, the most promising being the ALI approaches derived from the domain
of inhalation toxicology.(269) The defining feature of ALI culture is that the basal surface
of cells is in contact with liquid culture medium while the apical surface is exposed to air.
This configuration allows cell differentiation towards a mucociliary phenotype, simulating
in vivo conditions better than it is possible in conventional cell culture. ALI systems have
the potential to provide relevant data of the respiratory tract since they can be
constructed from human-derived cells and are therefore capable to model scenarios
close to what might occur in vivo.(270) Another advantage is that drugs administered as
aerosols and particles are not altered by contact with cell culture medium before they
impact on the epithelium, as would happen in a submerged model. Furthermore, dosing
can be exactly controlled in contrast to in vivo administration, giving ALI the potential to
reduce the number of experimental animals required, due to a better optimization of
parameters in vitro. Besides, these lung models cannot only be used to help understand
pathophysiological processes and perform drug screening. They also support the
mechanistic understanding of the interaction of xenaobiotics at the cellular level in healthy
and diseased tissue, complementing findings gained from in vivo studies. However, for
many applications, ALI mono-culture platforms fail to represent the cellular arrangement
thoroughly, e.g. by lacking direct cell-cell interactions. Hence, co-culture models
constituted of more than one cell type are widely being developed.(271) For many
applications, they are beneficial over ordinary ALI culture models because they provide
more in-vivo-like morphology, function, and intercellular interactions enabling greater
similarity to physiological conditions.

This review focuses on the different types of ALI cell culture models resembling the
human respiratory tract including the commonly used cell types and applications.
Hereby, importance is given to models mimicking not only the healthy but also the
diseased states of the lung, e.g., in patients suffering from asthma, cystic fibrosis or
COPD. Especially advanced systems using multiple cell types or even culturing cells with

viruses or bacteria for pathogen-host interaction studies will be presented in detail.
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2. Anatomical and cellular structure of the respiratory tract
The respiratory tract is part of the respiratory system that also includes parts of the

central nervous system, the chest wall and the pulmonary circulation.(12) One can
picture the respiratory tract as an upside-down tree with a complex network of
bifurcations getting thinner and thinner with every branching step. Generally the
respiratory tract can be divided into three main regions: (a) the extrathoracic (ET) region
which includes the oral and the nasal cavity, the pharynx and the larynx to the trachea
entrance, (b) the tracheobronchial (TB) or conducting region ranging from the trachea to
the terminal bronchioles, and (c) the alveolar (Al) region, where gas exchange takes
place.(11) Within the airways, several structural and cellular mechanisms help to protect
the organ against harmful materials and potential pathogens. First, a continuous layer of
epithelial cells lines the entire respiratory tree. These cells form specific tight junction
complexes keeping the structural integrity of the epithelial layer, and they play a vital role
in maintaining the normal functions of the respiratory system. Furthermore, the surfactant
film coating the lower airways and the mucociliary escalator of the upper airways join
forces to transport unwanted matter up the airways, where it can subsequently be
swallowed.(272) Also, dendritic cells reside inside and underneath the airway epithelium,
and other innate cell populations such as macrophages are constantly present in airways
and alveoli to phagocytose foreign material. (273,274)
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Figure 1. Principle cell types found alongside the human respiratory tract varying in functions and defense
mechanisms. Reproduced with permission.(275) Copyright 2010, Elsevier.

Cell types present in the different regions alter while moving from the conducting to the
respiratory zone of the airways, accommodating the respective specific functions and
defence mechanisms (Figure). The ET epithelium constitutes predominantly of ciliated
columnar cells and goblet cells, whereas the TB region is lined by a pseudostratified,
columnar epithelium consisting of goblet cells, basal cells and ciliated cells, supporting
the mucociliary clearance. The epithelium of the bronchioles is dominated by cuboidal
ciliated cells together with secretory Clara cells.(276) Apart from these tissue-specific
epithelial cells, many non-epithelial migratory cells can be found such as lymphocytes,
leukocytes and mast cells. The Al region further down the respiratory system is
constituted of alveolar type | and Il pneumocytes forming the alveolar epithelium. Type |
pneumocytes account for about 95% of the internal lung surface and are mainly
responsible for gas exchange, whereas type Il cells fulfill many other functions including
regulation of the lung surfactant system, the alveolar fluid content and secretion of
antimicrobial and surface-active components. Besides, alveolar cells attach to
endothelial cells via their basal membranes to form the gas exchange barrier.

Additionally, a resident population of alveolar macrophages removes inhaled debris.
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3. Cellular composition of ALI models

In vitro cell culture systems create simplified biological systems that offer controllable,
versatile and reproducible setups compared with in vivo and ex vivo systems. Numerous
epithelial cell models have been cultured at the ALl with the aim of mimicking distinct
parts of the respiratory tract. Compared to submerged culture, differences in cell
morphology, biochemistry and response to tested materials was detected showing a
good resemblance to the actual in vivo situation. ALI models can be established with
primary material or with immortalized cell lines, both offering pros and cons. In general,
primary cultures isolated from tissue represent a heterogenous population of several
different types of epithelial cells. Primary cells from patient populations suffering from
respiratory disorders such as cystic fibrosis,(277) asthma,(278) and COPD(279) have
been isolated for research purposes. Moreover, primary epithelial cells were used to
study virus-host-interactions.(280) Cells from different sections of the respiratory tract
are cultured at ALI and can reproduce many features of the diseased state.(281) Each
isolate, however, is unique and impossible to fully reproduce. Moreover, cell number is
a limiting factor when isolating from normal human airway tissue.(282) Epithelial
immortalized cell lines, as presented in Table 1Errore. L'origine riferimento non é s
tata trovata., are more homogenous with less phenotypic differences compared to
primary cells making them more stable during culturing and hence, relatively easy to
work with. This is the reason why immortalized human cell lines are very commonly
utilized in ALI cultures of the respiratory tract. However, it is important to emphasize that
due to the transformation process and clonality, they can potentially lack important
molecules that are usually encountered in vivo. In general, primary epithelial cells better
represent the native microenvironment and in principle are optimal candidates for
mimicking in vivo conditions.

For the ET region of the respiratory system, only very few cell lines are suitable. The only
immortalized cell line of human origin frequently used in nasal drug delivery research is
the RPMI2650 cell line.(283) This epithelial cell line is derived from an anaplastic
squamous cell carcinoma of the human nasal septum and shows high stability
throughout continued in vitro culturing without phenotype alteration exhibiting superior
differentiation under ALI conditions.(284,285) RPMI2650 cells grow in sheets of non-
ciliated cells instead of polarized monolayers, and transepithelial electrical resistance
(TEER) values range from 41-270 Q-cm?.(283,286) Due to the lack of suitable
immortalized cell lines of normal nasal tissue, many applications of drug delivery

research use primary epithelial cells from nasal brushings or from nasal polyps.(287,288)

One of the most widely used human bronchial epithelial cell lines, 16HBE140-, was
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developed by the transformation of normal bronchial epithelial cells. They are used to
mimic the TB region and have a cuboidal shape expressing tight junction proteins and
develop proper TEER values.(289) While there are conflicting reports whether this cell
line is ciliated or not, it has been shown that 16HBE140- cells express several transport
proteins.(290) Furthermore, although bronchial epithelial cells are normally located at an
air interface, these cells sometimes fail to polarize under ALI conditions.(291) The exact
mechanism or reason for this is currently still unknown but improvements in culture
conditions were shown to enable 16HBE140- cell polarization at ALI, as described for
the RPMI 2650 cell line.(83,284) Apart from 16HBE140-, another cell line derived from
healthy human epithelial cells, the BEAS-2B cell line, is also commonly used. It is
particularly described in co-culture models to evaluate the influence of epithelial cells on
co-cultured immune cells after exposition to tobacco smoke or diesel exhaust.(292,293)
However, at the ALI this cell line does not appear to polarize, form tight junctions or
produce mucus and only reaches very low TEER values of < 100 Q cm?.(294)

Another widely used bronchial cell line is the Calu-3 cell line derived from a bronchial
epithelial adenocarcinoma.(295) This cell line shows an excellent polarized monolayer
formation at ALl together with high levels of tight junction proteins and mucus
production.(105) Depending on the culture conditions, TEER values of Calu3 cells at ALI
are usually bigger than 300 Q cm? sometimes even exceeding 1000 Q cm?.(294)
However, also for this cell line the ability to express cilia appears to be highly
inconsistent, which might be related to the number of cell passages.(295-297) Due to
high stability, robustness, in vivo resemblance and easy culture, the Calu-3 cell line is
often described as a suitable model for the respiratory epithelium.(298)

The most frequently used alveolar cell line mimicking the Al region of the respiratory tract
is the A549 cell line, which is derived from human pulmonary adenocarcinoma. Many
studies suggest that these cells are unable to polarize and functionally deficient in tight
junctions, although they seem to express certain tight junction proteins such as Occludin
and E-cadherin.(299) Despite these limitations, the A549 cell line contains multilamellar
cytoplasmic inclusion bodies, which are typically seen in human alveolar type II
cells.(300) The cells additionally release surfactant to reduce surface tension, similarly
to what is observed in vivo. (301,302) Therefore, A549 cells are still used in ALI co-
culture models, mostly in presence of other epithelial cell lines in order to facilitate cell
layer polarization but also together with immune cells and endothelial cells to simulate
the alveolar barrier in the lung.(303-305) Besides A549, the NCI-H441 human alveolar
cell line from lung adenocarcinoma has been used in some studies. This cell line has
been described to have characteristics of both bronchiolar Clara cells and alveolar type

Il cells.(306,307) It can form polarized monolayers with TEER values of around
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300 Q cm? and has mainly been employed to study the air-blood barrier in co-cultures
with endothelial cells.(308,309)

In general, the regulation mechanisms of airway responses to allergens, pathogens and
other antigens are extremely complex, and the different cell types and cytokines present
in the airways have a great influence on the microenvironment. Therefore, it is obvious
that such a complex system cannot be mimicked by just one cell type, and the
reproduction of this microenvironment as a field of research is still progressing.
Depending on which part of the respiratory tract and, above all, which disease should be
analyzed, there are multiple options for designing a suitable model.

Cell type Derivation Phenotype TEER Reference
[ YAG m
RPMI 2650 Nasal squamous Multilayered, non- 41-270 (283)(286)
cell carcinoma ciliated, mucin

expression, exhibiting
tight junction formation
16HBE140- Immortalized Cuboidal monolayer, ~ 250 (83)
healthy tissue non-ciliated but
microvilli present tight
junction formation,
transporter protein
expression
Calu-3 Adenocarcinoma  Columnar monolayer, > 300 (105)(294)(310)
mucin expression, tight
junction formation,
microvilli formation
BEAS-2B Immortalized Monolayer formation, < 100 (294)
healthy tissue cytokine secretion,
antioxidant expression,
no mucin secretion or
tight junction formation
A549 Alveolar Monolayer formation, n.a. (282)(301)(302)
adenocarcinoma  membrane bound
inclusion, alveolar type
I-like, surfactant
secretion, no tight
junction formation
NCI-H441 Papillary Polarized monolayer ~ 300 (308)
adenocarcinoma  formation, alveolar type
lI-like, Clara cell-like

n.a. = not applicable

Table 1. Phenotypic characteristics of cell lines used in ALI cultures to mimic different parts of the respiratory

tract.

4. ALI models in health and disease state

4.1. Respiratory viruses
Acute respiratory diseases account for an estimated 75% of all acute morbidities in

developed countries. The majority of these are caused by viruses. For the evaluation of
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virus-host interactions and the development of antiviral treatments, specific models
capable of high-throughput screening in physiologically relevant conditions are required.
In many other fields, animal experiments are used for this purpose but in virology, small
animal models are often not suitable. Some animal models are naturally not permissive
to human viral infections or need virus adaption, thereby, potentially affecting viral
pathogenicity. Often, transgenic expression of human receptors is needed and, in many
cases, the clinical course of the disease in humans is not reflected properly. Therefore,
it is advantageous to make efforts towards establishing advanced human in vitro models
for a reliable analysis of virus-host interactions.

Immortalized human cell lines, such as Calu-3, are invaluable tools for the evaluation of
virus replication cycles in lung epithelial cells.(311) However, the natural target cells of
viruses in the respiratory tract are differentiated cells, whose characteristic features
sometimes differ widely from immortalized cells. Hence, experimental infection of
continuous cell lines does not address all aspects of the viral pathogenesis. In recent
years, models using well-differentiated epithelial cells from airway tissue have been
established to assess respiratory virus infections under more clinically relevant terms.
The cells are cultured under air-liquid interface conditions forming a monolayered,
polarized and differentiated epithelium.(312) This model closely resembles the airway
epithelium in vivo regarding morphology and function, including mucus production and
cilia. movement.(313) For emerging respiratory viruses unable to proliferate in a
traditional two-dimensional (2D) submerged cell culture due to the lack of expression of
several entry factors, ALl models greatly facilitate virus isolation and
characterization.(314,315) Ashraf et al. developed an ALI model to study the basic
biological properties of human rhinovirus-C viruses (HRV-C).(316) This subtype of
human rhinoviruses, which is considered the primary cause of the common cold, has
been circulating unnoticed due to the failure of culturing under submerged conditions.
The group developed a system for growing HRV-C in an ALI culture of differentiated
human sinus epithelium characterized by a pseudostratified morphology, cilia and goblet
cells producing mucus. Thus, they were not only able to analyze the characteristics of
clinical HRV-C but also to compare the biological properties of different subtypes of
rhinoviruses in the same cell culture system. Warner et al. strengthened the hypothesis
that using physiologically relevant cell lines as well as a suitable cell culture model is
fundamental. They evaluated the replication and innate immunity of rhinoviruses in highly
differentiated human airway epithelial cells cultured under ALl conditions and
challenged, with their experiments, older findings obtained from HelLa cells grown under
conventional culture conditions.(317) Despite the potential advantages of primary cell-

based models as discussed above, there are also some limitations. Ziegler et al. studied
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the susceptibility to the Epstein-Barr virus using an ALl model with primary bronchial
epithelial cells.(318) Thereby they detected significant donor differences. Results from
this study indicate that host variables impact susceptibility in the nasopharynx as well as
the type of EBV infection (productive or non-productive). In conclusion, studying donor-
dependent infection mechanisms as well as treatment responses, but also to improving
the robustness and reproducibility of in vitro models for interpretable results represents
a clinical need. Jonsdottir et al. established transgenic primary ALl cultures using
lentiviral vectors aiming at allowing for more combinations for virus-host interactions in
different cell types and species.(319) They hypothesized that transgenesis would enable
the study of viral and/or host factors, relevant for respiratory virus infections. They also
expected that studying interactions between the virus and cells engineered for targeted
gene knockdown or overexpression would allow the elucidation of specific mechanisms
involved in virus-host interactions. This model in fact offers the potential for translation
to animal cells so that viral pathogenesis can also be studied in other species in the
future.

Apart from testing different virus-host interactions, ALI models can also be utilized for
the screening of different therapeutically relevant agents and their effectiveness on virus
inactivation.(320) Especially for respiratory coronaviruses (CoV) an immediate unmet
clinical need for broad-spectrum antiviral therapies was particularly emphasized by the
2020 COVID-19 pandemic. Originally, the importance of CoVs in the burden of human
disease was underestimated and therefore, no vaccine or general therapy exists to treat
CoV-induced disease in humans. However, some strains of the mainly zoonotic
coronaviruses can enter new host species and spread there rapidly.(321) Both the
Middle East respiratory syndrome CoV (MERS-CoV) and the severe acute respiratory
syndrome CoV (SARS-CoV) have recently crossed the species barrier, entered the
human population and resulted in severe diseases. In 2019, a novel human infecting
coronavirus (first provisionally named 2019-nCoV, later SARS-CoV-2) was first identified
in Wuhan, in the Hubei province in China, and caused a worldwide pandemic, which is
not yet under control by the time this article is written.(322) Scientists were able to rapidly
isolate the virus from bronchial lavage fluid of patients suffering from COVID-19, the
coronavirus disease caused by SARS-CoV-2. They studied its biological characteristics
using ALl models of primary human bronchial epithelial cells.(323,324) Hence, well
differentiated ALI cultures represented a valuable and high—throughput tool for rapidly
gaining information about infection, replication and pathogenesis of the new virus.(325)
The thus obtained knowledge helped scientists and clinicians to decide upon suitable
containment measures for the population. At the time of writing this article, two mRNA

based vaccines against SARS-CoV-2 are approved in a few countries.(326,327)
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However, antiviral treatment options for patients with CoV infections are still very rare.
Multiple therapeutic approaches are currently under development including commonly
known antivirals, antibodies, interferons, vaccines and more recently also nucleic acid
based therapeutics.(328—-333) For the evaluation of this broad variety and number of
new therapeutic entities, more physiologically relevant in vitro models are needed
including not only well-differentiated primary cells but also co-cultures formed by more
than a single cell type. One approach for a robust, high throughput in vitro screening
platform is presented by Gard et al.(280) The group utilized a human primary airway
epithelial cell-based model integrated into a high-throughput microfluidic platform where
tissues are cultured at an air-liquid interface (PREDICT96-ALI). This model can be used
to study virus infections and could potentially be used for fast efficacy screening of
different therapeutics in a clinically relevant manner.

Nonetheless, to this day, only very few co-culture models have been used for studying
virus-host interactions and possible therapies. Yoshikawa et al. cultured Calu-3 cells at
the ALI to study the different functionalities of the apical and the basolateral domains in
response to viral infection.(334) After virus inoculation of differentiated Calu-3 cells, the
medium from apical and basolateral side was collected and incubated with dendritic cells
or pulmonary macrophages in order to assess the potential of epithelial cytokines to
modulate intrinsic factors of these cells. They found that both dendritic cells and
pulmonary macrophages are capable of relaying and amplifying the early acute
inflammatory response initiated by SARS-CoV-infected lung epithelial cells. In another
study, a real ALI co-culture model of the human respiratory tract was established by Blom
et al. using human bronchial epithelial cells (16HBE14o0-cell line), human monocyte-
derived dendritic cells and macrophage cultures.(335) Apart from establishing a reliable
ALI co-culture, they aimed to study the interplay between those three different cell types
as well as interactions with biomimetic nanocarriers such as liposomes and virosomes,
which show a promising opportunity for vaccines and/or drug delivery systems for
antiviral therapeutics. Both studies underline the need for advanced ALI co-culture
models in the field of virology, not only with a differentiated epithelial layer but also in
combination with other cell types that are present in the human lung tissue. With the
implementation of such three-dimensional (3D) in vitro models, scientists will be able to

gain improved insights into virus-host interactions and to obtain more reliable and

183



translatable results regarding antiviral therapy, thereby, reducing animal experimentation

to a minimum.

4.2 Cystic fibrosis
Cystic fibrosis (CF) represents one of the disorders involving the respiratory tract where

ALI culture can help unveil the molecular processes of the disease and the search for
novel therapeutic strategies. Cystic fibrosis is the most common autosomal recessive
disease in the Caucasian population, involving about 100,000 people worldwide. It is
caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene, which encodes for a transmembrane protein responsible for the transport of
chloride and bicarbonate ions across epithelial cells.(249) Despite being a monogenic
disease, about 2,000 mutations have been observed at the CFTR level, resulting in
different phenotypes and severity levels. The deletion of a phenylalanine in position 508
(AF508) is the most frequently encountered mutation, observed in about 70% of the CF
population. The mutations result in a reduction of channel number, function or both, with
severe consequences on the functionality of the affected tissues.(3) Although CF is a
multi-organ disorder, the lung is the most affected. CFTR loss on the apical side of lung
epithelium causes an imbalanced transport of ions and fluids across the cells, leading to
unpaired mucaociliary clearance, chronic inflammation and recurring bacterial infections.
Respiratory failure certainly represents the primary cause of morbidity and
mortality.(250)

From the discovery of the CFTR gene in 1989,(336) great progress was made in the
understanding and treatment of CF, that resulted in improved life quality and expectancy
of the patients. The development of a mouse CFTR-knockout model helped identify
many characteristics of CF. However, the CF mouse model lacked the development of
spontaneous lung disease, which limited its use and pushed towards the development
of alternative in vivo models in pigs and ferrets, and in vitro models.(259) In the last two
decades polarized in vitro epithelial cultures have been fundamental for the progresses
made in this field, especially for studying the role of CFTR in CF pathogenesis. Air-liquid
interface culture systems are an ideal instrument for growing epithelial cells in vitro, since
they allow the production of a differentiated airway epithelium including the main features
found in vivo, particularly in terms of cellular differentiation, mucus secretion and barrier
function.(337) For this purpose, secondary as well as primary cell lines have been used.
Among the immortalized cell lines, models using both CF, CFBE41o0- cells, and non-CF
cells, mostly 16HBE140- and Calu-3, can be found. Calu-3 cells, in particular, are widely
used due to their high transepithelial resistance, mucus secretion and high expression
of CFTR protein (259). Alternatively, CFBE41lo- is a CF-immortalized cell line
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homozygous for the AF508 deletion, therefore simulating the CF epithelium with high
accuracy.(338)

Despite the ease of use and accessibility, secondary cell lines are not representative of
the great variety of scenarios found in CF epithelia, particularly in terms of CFTR
variants. More appropriate patient-specific epithelial cell models need to be adopted. On
this basis, primary cell lines are now considered the gold standard in CF research and
are used for disease modeling as well as drug screening.(277) Primary human airway
epithelial cells can be isolated from biopsy samples, lung explants or cadavers and, after
an expansion step, they can be seeded on transwell filters and grown at ALIl. This
process allows the generation of a pseudostratified epithelium with mucociliary
morphology displaying the key physiologic functions of CF cells.(339) Moreover, it is
possible to assess CFTR channel conductance through an Ussing chamber or patch
clamping.(340) Recently, primary nasal epithelial cells have also been explored for ALI
studies. These cells can overcome one of the major drawbacks of primary lung cells,
namely the limited accessibility associated to the invasive sampling methods. Nasal
epithelial cells are obtained by non-invasive nasal brushing of patients and it was
demonstrated that they show a polarization pattern well-correlating with primary lung
cells. They share similar growth and structural characteristics and, remarkably, also an
analogous CFTR expression.(341,342)

The development of polarized primary CF epithelia played a significant role in the
progress achieved by precision medicine in the context of CF. In particular, they strongly
supported the development of CFTR modulators.(343) This class of drugs directly
modulates the defective CFTR channel. They function either as CFTR potentiators by
opening the channel present at the cell surface or as CFTR correctors by increasing the
trafficking of the protein to the cell membrane.(344) These therapeutics were a milestone
in the treatment of CF, since they exert their action directly on the primary cause of the
disease. However, they are not accessible to the entire CF population since they are
mutation specific, meaning that they are effective only on specific CFTR mutations. The
in vitro investigation of these modulators on patient-derived cells helped to discriminate
the efficiency of each drug on the different genotypes. The potentiator Ivacaftor, for
example, was shown to work on the G551D mutation,(345) while the corrector
Lumacaftor worked best on the AF508 mutation.(346) A wider study additionally showed
the different effects of Lumacaftor on primary cells from patients with different genotypes,
demonstrating the great potential of this airway model in the identification of patient-
specific treatments.(347) Notably, Pranke et al. demonstrated that the efficiency of CFTR
modulators could also be evaluated on nasal epithelium by testing the effect of two CFTR

correctors, Lumacaftor and Tezacaftor on primary human bronchial and nasal cells. The
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results revealed only small response discrepancies in the two cell types, paving the way
for using easily accessible nasal epithelial cells as predictors of CFTR modulators’
effectiveness.(348)

Apart from small molecule drugs, ALI models can also be exploited to evaluate the ability
of macromolecule-based therapies, including siRNA to downregulate a target gene. In
the context of CF, one example for a target is the epithelial sodium channel (ENaC),
which is generally responsible for the transport of sodium. In CF, this channel is
upregulated causing airway liquid depletion and thickened mucus. Manunta et al. were
able to efficiently down-regulate ENaC expression on primary CF and non-CF cells
grown in both submerged and ALI cultures. Interestingly, lower transfection efficiencies
were observed in ALI cultures, reinforcing the importance of using advanced culture
models to better mimic the in vivo situation.(349) This was confirmed by another study
evidencing a similar behavior in CF cells cultured at ALI and in an in vivo mouse model
in terms of dose regimen. In both systems, siRNA mediated a significantly higher ENaC
knockdown after three repeated transfections compared to a single administration.(350)

Co-culture models, as already discussed, present a promising opportunity for further
alignment between in vitro models and the complex in vivo situation. The addition of
immune cells, in fact, greatly improves the imitation of the airway microenvironment.(337)
In a study by d’Angelo et al., a triple co-culture system was established to test the cellular
internalization and pro-inflammatory effect of an ENaC-targeted siRNA therapy. This
model comprised 16HBE140- cells, human-blood monocyte-derived macrophages and
dendritic cells. Interestingly, in this study the formulation was applied via nebulization
through the Vitrocell Cloud system, thus increasing the resemblance to inhalation under
in vivo conditions.(254)

Moreover, co-culture models have also contributed to shed light on another important
aspect of CF, namely bacterial infection of the airways. Staphylococcus aureus and
Pseudomonas aeruginosa are the bacterial strains mainly involved in lung infections of
patients with CF. Several studies showed that it is possible to cultivate both S. aureus
(3851,352) and P. aeruginosa (353) on the apical side of polarized CF epithelial cells
grown at ALl to observe the infection process, biofilm formation and inflammatory
responses. In this model, the bacterial infection can therefore be performed under non-

submerged conditions, providing a more natural condition for the infection process.(354)
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Figure 18. Polarized monolayers infected with GFP-expressing S. aureus USA100 (green) and then fixed
and stained with Hoechst stain (blue) for confocal imaging at specified time points. (352) Reproduced with

permission. Copyright 2018, mSphere.

Using a more sophisticated method, Yonker et al. developed a model of inflamed mucosa
by co-culturing human airway basal cells and neutrophils. The group observed the
migration of the latter in response to inflammation mediated by P. aeruginosa growth in
the apical chamber of the Transwell® filter.(355) Moreover, co-culture of epithelial and
bacterial cells can be a useful tool in testing the efficacy of antimicrobial agents. In case
of P. aeruginosa, ALI co-cultures were adopted to evaluate the ability of antibiotics,(356)
combination therapies (357) and antimicrobial peptides (358) to prevent bacterial

infection while examining the consequences on human epithelial cells.

4.3 Asthma
Asthma is a chronic disease affecting more than 300 million people worldwide,

associated with a growing burden for healthcare systems of both industrialized and
developing countries. The most prominent feature of asthma is a generalized
inflammation of the upper airways resulting in recurrent episodes of coughing, wheezing,
chest tightness and dyspnoea.(199) In addition to a severe symptomatology, chronic
inflammation has also serious consequences on lung structure and functionality,
especially in terms of airway hyperresponsiveness, obstruction and remodeling as well
as mucus hypersecretion.(5) The mechanisms behind the inflammatory status rely on
inappropriate immunological responses to common inhaled allergens, which trigger
cytokine secretion by T helper 2 (Th2) immune cells. The sustained release of
inflammatory cytokines mediates a perpetuated inflammatory state.(6) In addition to Th2
cells, other immune cells such as eosinophils, mast cells and dendritic cells are involved,
defining asthma as an immunological disorder.(359) Indeed, asthma involves several
cell types including epithelial cells, which act as first line defense and regulators of
immune responses against the environmental factors. Activated epithelial cells secrete

cytokines and chemokines that recruit dendritic cells, which are responsible for the
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following coordination of the inflammatory cascade. Airway epithelium functionality,
however, is altered in the disease state.(360) Apart from the infiltration of immune cells,
bronchial biopsies of asthmatic patients point out structural changes of airway epithelium
in response to chronic inflammation. In addition to the increased number of mucus-
secreting goblet cells and enhanced angiogenesis, they also display a remodeled,
damaged epithelium missing tight and adherent junctions with consequent loss of
apicobasal polarity.(361) This condition is strictly correlated to the breakdown of the

defense mechanisms observed in asthma.

The alterations of the airway epithelium make the development of suitable experimental
models essential to comprehend the ongoing immunological and structural modifications
and to identify possible therapeutic targets. Mouse models of allergic asthma have been
widely used to investigate asthma driving mechanisms and to screen therapeutic agents.
Nonetheless, they present anatomical as well as immunological discrepancies with
human airways. As described above, mouse lungs differ in terms of lobar structure and
branching pattern of the bronchi.(41,267) Moreover, mice lack bronchodilatory nerves
and the ability to cough, along with a different pattern of mediators secreted by mast
cells.(362) The complex human in vitro and ex vivo systems now available embody a
valid support to the well-established in vivo models. Epithelial cells grown at ALI can be
used as a powerful tool to mimic the asthmatic epithelium in vitro with high similarity to
the in vivo situation. The simplest way to reproduce the polarized epithelium at ALI for
asthma studies is adopting common lung epithelial cell lines such as 16HBE140-, BEAS-
2B and Calu-3. They are easily accessible and relatively simple to grow on Transwell®
supports. Additionally, they express tight junctions, making them suitable for barrier
function studies.(362) Stewart et al. evaluated different immortalized cell lines in
comparison to primary bronchial epithelial cells in terms of TEER values and marker
expression. They observed that Calu3 cells featured a similar expression pattern of ZO-
1, E-Cadherin and MUC5AC to primary cells, although lacking a localized expression of
B-tubulin.(294) Nonetheless, secondary cell lines lack the genetic features and the
structural changes observed in asthmatic epithelium. The improvements achieved in
primary cell extraction from bronchial biopsies allowed their implementation in asthma
research as ex vivo model of airway epithelia. Primary cells from asthmatic patients show
marked differences from the ones obtained from healthy individuals due to the increased
secretion of inflammatory cytokines and mucus production. Furthermore, they retain a
less differentiated phenotype with diminished capability to repair injuries.(278)
Additionally, they have disrupted tight junctions that lower TEER values and increase

permeability.(363) ALI culture of asthmatic primary cells can therefore be considered a
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suitable model to depict the morphologic and inflammatory imbalances caused by
chronic inflammation. Notably, these models retain the phenotypic differences typical of
the disease state. Gras et al. confirmed that reconstituted bronchial epithelium from mild
and severe asthma patients retains a trend in inflammatory marker expression and
mucus production that varies in correlation to the severity of asthma.(364) Thanks to the
high resemblance to the real-life condition, ALI culture of primary airway epithelial cells
has been a valuable tool for the identification of novel drug targets and screening of
alternative therapeutic options. They were, for instance, used to investigate the role of
transforming growth factor-g (TGF-B) (365) and histocompatibility antigen G (HLA-G)
(366) in airway remodeling. Moreover, in vitro cultures of primary cells from asthmatic
patients are also exploited to detect novel subsets of asthmatic patients, as the recently
identified interleukin-6-driven asthmatic group.(367) As mentioned above, this model
system plays an important role in the preclinical investigation of novel therapeutic agents
and for understanding the mechanisms of action of therapies already in use. p2-
adrenoreceptor agonists, for example, together with corticosteroids are first choices in
the step therapy approach for the management of asthma symptomatology. Holden et
al. cultured primary cells as well as BEAS-2B cells at ALI as a simplified version of the
respiratory tract to investigate the effect on inflammatory response of the 2-agonists in
epithelial cells in combination with corticosteroids.(368) Potential anti-inflammatory
agents were also screened using ALI culture. An inhibitor of nuclear factor k-B2 (IKK2i)
was confirmed to mediate reduction of inflammatory mediators in corticosteroid
unresponsive epithelial cells,(369) while an src-family kinase inhibitor was able to reduce
TNF-a release, a key inflammatory mediator, and improved barrier properties of severe
asthmatic ALI cultures.(370) Sexton et al. tested the ability of a human monoclonal
antibody to inhibit a member of the tissue kallikrein family of serine proteases on primary
cultures of bronchial epithelial cells, which induces bronchoconstriction and mucus
hypersecretion in the airways. The monoclonal antibody reduced the mucus secretion
and the inflammatory burden. The results from ALI cultures showed that antibody
treatment restored kallikrein expression and reduced mucus sexretion. In vivo studies in
a sheep asthma model emphasized that the monoclonal antibody decreased

bronchoconstriction and hyperresponsiveness as well.(371)

As already discussed in the context of cystic fibrosis, nasal primary epithelial cells offer
an attractive alternative to bronchial primary cells thanks to their higher availability and
effortless extraction procedure. A study comparing primary asthmatic nasal cells with
non-asthmatic and bronchial cells demonstrated that the former express higher levels of

typical mediators which are commonly encountered in asthmatic patients, such as
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vascular endothelial growth factor (VEGF) and TGF-B. This observation strengthened
the hypothesis that nasal epithelial cells can be used as surrogate for primary lung
epithelial cells.(372) Healey et al. utilized nasal epithelial cells from asthmatic donors in
the preclinical testing of an siRNA-based therapy aimed at downregulating STAT-6
expression in epithelial cells, a gene involved in bronchial inflammation of asthma.(373)
Similarly, Bequignon et al. investigated the ability of a monoclonal antibody to bind the
neonatal Fc receptor in human nasal epithelial cells as a potential administration route
in asthma-related chronic rhinosinusitis.(288) Despite the advantages offered by this
alternative source of primary cells, it is important to consider that they have some intrinsic
differences in comparison to the bronchial ones that might affect the reliability of the
results. It is therefore important to keep in mind the implications of choosing one or the
other source of cells.

The asthma research field has greatly benefited from ALI culture of epithelial cells.
However, simple monoculture models cannot represent the complex cellular network
typical of the disease state. Asthma is a multicellular disease involving epithelial cells as
well as several immune cells. Co-culture systems more closely represent the complexity
encountered in asthmatic lungs since they bring together two or three different cell types
on the same Transwell® filter. Co-cultures for asthma-related studies generally present
lung epithelial cells, primary or immortalized, in the apical chamber of a Transwell® to
form a polarized epithelium, while the basolateral chamber hosts a subtype of immune
cells, such as dendritic cells,(374) eosinophils,(375) or T cells.(376) A co-culture formed
by primary epithelial cells and T cells was used by Wawrzyniak et al. to study the role of
T cell secreted cytokines and histone deacetylases on the integrity of the epithelial barrier
integrity. They demonstrated a beneficial effect on barrier integrity after treatment with a
histone deacetylase inhibitor.(376) Co-cultures were also used to study airway
remodeling in asthma, a typical feature of the disease. Haghi et al. developed an airway
remodeling model by growing primary bronchial epithelial cells on the apical chamber
and airway smooth muscle cells on the basolateral one.(377) In another study, Reeves
et al. co-cultured primary human bronchial epithelial cells from asthmatic children and
human lung fibroblasts to study the fibroblast-myofibroblast transition. They showed that
it is possible to restore the healthy condition by using a monoclonal antibody inhibiting
TGF-B, a central factor involved in airway remodeling.(378) Triple co-cultures would be
an even more exemplary model of the asthmatic environment. However, studies
exploiting this method are infrequent. A recent study by Paplinska-Goryca et al. provides

a triple co-culture model formed by primary epithelial cells, macrophages and dendritic

190



cells that might be helpful for better understanding the pathogenesis of asthma thanks

to the higher complexity of the system.(379)

4.4 Lung cancer
Lung cancer is the most common cause of cancer-related deaths, both in men and

women.(380) Therapeutic advancements of the last ten years are barely reflected in the
small decline of lung cancer mortality. One reason is the histologic diversity of lung
cancer. It includes three major types, namely adenocarcinoma, squamous cell
carcinoma and small cell carcinoma, and several less frequent types including
adenosquamous carcinoma and large cell neuroendocrine carcinoma. Due to this high
variability, it is necessary to examine the exact molecular mechanisms of each cellular
type to further improve therapy options. Hereby, animal models are an important
standard tool. Apart from known drawbacks such as high costs, species differences and
limited availability, ethical issues in relation to the use of animals in tumor research are
highly controversial.(381) Therefore, also in this field extensive research has been
conducted in the last years to establish reliable and physiologically relevant in vitro
models, thereby, reducing the number of animals used in tumor research and drug
evaluation. Since conventional 2D cell cultures are not capable of mimicking the complex
architecture and microenvironment of lung cancer in vivo, 3D cell cultures and co-
cultures contribute greatly to the understanding of tumor cell pathophysiology and in
therapeutic evaluations of anti-tumor drug discovery.(382)

Often, ALI systems are used to study the exact mechanisms of malignant
transformations of different cell types because of their resemblance to the human lung
physiology.(383,384) ALl systems also serve studies about how a specific signaling
pathway can potentially be inhibited.(385) Horie et al. established a 3D co-culture model
at the ALI using A549 cells and lung cancer-associated fibroblasts.(386) They found that
fibroblasts enhanced A549 cell invasion into collagen gels, suggesting their tumor-
promoting role through the production of various instructive signals, such as growth
factors and chemokines. Due to its aggressive nature and high mortality, it is especially
important to improve the early detection and chemoprevention of lung cancer. However,
the pathobiology of early stages is poorly understood. To this purpose, Correia et al.
engineered the inducible activation of oncogenes in an ALl culture of immortalized
human bronchial epithelial cells overlaid on a fibroblast containing collagen layer.(387)
In this work they provide direct evidence that deregulation of the putative oncogene
SOX2, under the appropriate in vivo mimicking circumstances, is sufficient to drive
bronchial dysplasia. These findings are important steps forward towards the

development of agents to be used for primary and secondary chemoprevention.(385)
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The most frequently found 3D in vitro tumor models are lung cancer spheroids
constituted of one or more cell types.(388,389) Tumor spheroids are cell constructs that
have self-organized to exhibit a 3D structure resembling the cancerous state. It was
shown that genes expressed in 3D spheroids, especially the ones responsible for
aggressive tumor growth, recapitulate the in vivo phenotype better than the respective
2D models.(390) Also, three dimensional models hold the potential to guide personalized
medicine in the future, clearly demonstrating their superiority over conventional
models.(391) However, particularly in lung cancer research, spheroid models have one
critical disadvantage. Many of them lack air exposure and therefore do not reflect the
physiological environment correctly. Subsequently, these cultures are unsuited models
for testing the efficacy of aerosolized drugs. Meenach et al. compared lung tumor
spheroids in air- and liquid-interface culture for treatment with paclitaxel-containing dry
powder PEGylated phospholipid microparticles.(392) For the cultivation at ALI
conditions, A549 cells were seeded on collagen coated transmembrane inserts in a 24-
well plate and incubated for 24 h under submerged conditions. Subsequently, the
medium on the apical side was removed and spheroid formation was evident after 9
days. The group showed that ICso values of paclitaxel can differ substantially between
treatment of a tumor spheroid grown under submerged conditions and another one
cultured at ALl conditions. Moreover, they stated that the results reported in ALl
evaluation were in pg/dose, in contrary to the usual uM results, thereby allowing for a
simple determination of the patient dose in terms of mg/kg via direct inhalation of the
drug. Gupta et al. developed a high-throughput model growing A549 lung
adenocarcinoma cells as 3D spheroids at the air-liquid interface.(393) They found that,
due to limited drug diffusion, the cytotoxic effect of paclitaxel in A549 ALI spheroids was
restricted only to the outer layer of proliferating cells. However, the co-administration of
a tumor penetrating peptide enhanced paclitaxel penetration depth. These results
emphasize the importance of air-grown three-dimensional in vitro models not only to
characterize tumor growth and microenvironment of different cell types, but also to
understand the mechanism of resistance in lung cancer. Such models strongly improve
efficacy and success of the screening process of chemotherapeutics and drug
combinations and serve as a first step before conducting expensive in vivo pre-clinical
or clinical studies.

Apart from spheroids, other ALI models have been developed. Movia et al. used a
multilayered cell culture of A549 cells to study four anti-cancer drugs delivered by a
clinical nebulizer as liquid aerosol.(394) Their results clearly demonstrated the

advantages of this model: incorporation of the necessary levels of biological complexity
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due to 3D architecture, closer resemblance to the patient status by modeling the
multidrug resistance (MDR) observed in human patients, and applicability of aerosol
administration methods due to ALI conditions. In a subsequent study, the group
incorporated human fibroblasts into their multilayered cell culture (MCC) model to assess
their role in MDR.(395) Indeed, cancer cell-fibroblast crosstalk led to a higher MDR than
the one found in an ALl multilayered monoculture. These studies emphasize that a
monoculture, even if it is three-dimensional and under ALI conditions, still does not reflect
the in vivo conditions sufficiently. Therefore, it is crucial to integrate several other key
factors, such as immune cells, extracellular matrix and genetic variability, into the in vitro
platform in further studies. Zhang et al. assessed the impact of tumor microenvironment
on bone marrow mesenchymal stem cells.(396) Conclusively, they found that an in vitro
ALI lung cancer A549 microenvironment might induce stem cells to undergo changes in
cell morphology, proliferation, karyotype, cytoskeleton and migration ability. This study
is an important example for the versatility and flexibility of advanced ALI in vitro models.
In lung cancer research, they can be used for the evaluation of various therapeutic
approaches by simply incorporating key factors of interest.

Due to the versatile nature of lung cancer and the increasing development of multidrug
resistance in tumors, new and innovative therapy options are constantly needed to
improve therapeutic efficacy. In the last decade, nanotechnology emerged as a
promising alternative and/or addition to conventional treatment strategies. When using
these nanocarriers in pulmonary administration, the lung can be used as port of entry
limiting systemic distribution and avoiding first pass metabolism.(397,398) Many
attempts have been described in the literature to improve the delivery of already
approved chemotherapeutics, such as paclitaxel or doxorubicin, by using
nanocarriers.(399-401) Furthermore, nanocarriers are often used to encapsulate new
therapeutic entities for the treatment of lung cancer such as nucleic acids,(255) and also
for the co-delivery of different therapeutic agents.(402)

The huge variety and number of combinations of delivery systems with already existing
or new active pharmaceutical ingredients requires testing in more complex and
physiologically relevant in vitro models to assess and compare efficacy. By using 3D co-
culture systems scientist can make reliable statements about penetration, efficacy,
toxicity and other characteristics of drug formulations, thereby reducing the amount of
animal experiments drastically. Conclusively, the development of these advanced cell
culture systems is crucial because in combination with organ-on-a-chip models and

simulation approaches they could potentially lead the way to animal-free research.
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4.5 COPD
Chronic obstructive pulmonary disease (COPD), together with asthma, is considered one

of the chronic respiratory diseases displaying the highest impact on healthcare systems
worldwide. Based on the World Health Organization report, it affects more than 250
million people around the world, with more than 90% of the deaths occurring in low- and
middle-income countries.(7) COPD is triggered by persistent exposure to toxic gases
and particles, where cigarette smoke exposure was identified as a central risk factor.
Tobacco smoke, in fact, mediates an abnormal chronic inflammatory status resulting in
severe consequences on lung structure and functionality.(8) COPD affects small
airways, lung parenchyma as well as larger airways, and it is characterized by a
progressive obstruction of the airways that ultimately leads to lung failure. The clinical
manifestations of COPD can be grouped into two major subsets, chronic bronchitis and
emphysema, which affect large and distal airways, respectively. Chronic bronchitis is
distinguished by chronic inflammation and remodeling of the large airways together with
mucus secretion, while emphysema shows a progressive destruction of airway walls as
well as loss of alveolar cells, which consequently impairs gas exchange.(403) The
abnormal inflammatory response typical of COPD is linked to an enhanced presence of
inflammatory cells in the airways, with neutrophils, macrophages and CD8+ T cells
playing a prominent role. These cells secrete cytokines and chemokines, such as TNF-
a, IL-1 and IL-8, which mediate a perpetuated inflammatory condition.(404) Similarly to
asthma, bronchial epithelial cells retain a central function also in COPD. While at
physiological condition airway epithelium acts as a defensive barrier towards external
agents, the alterations of the homeostatic environment driven by toxic agents cause
severe modifications of epithelium structure and functionality. This is reflected
particularly in terms of reduced mucociliary clearance and increased permeability to
external factors. Therefore, lung epithelium faces increased permeability, reduced cilia
beat ability as well as decreased mucus clearance. Moreover, in this imbalanced status,
epithelial cells are not only the target of inflammatory mediators, but they also secrete
cytokines and chemokines that perpetuate and worsen the inflammatory status. The
increased secretion of TGF-beta and EGF, for example, is directly linked to fibrosis and

mucus secretion.(405)

Considering the central role played by epithelial cells in COPD, ALI models can grant
deeper understanding of the disease driving mechanisms as well as identification of
novel therapeutic options. COPD is directly correlated to lung exposure to toxic pollutants
such as tobacco smoke or diesel exhaust. Therefore, ALl cultures represent a

straightforward tool mimicking the in vivo lung environment of the disease. Several
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studies have shown that after growing and differentiating cells at ALI, they can be
exposed to cigarette smoke to obtain an in vitro model incorporating most of the effects
observed also in vivo. Shamberger et al. showed that cigarette smoke exposure of
healthy human primary bronchial epithelial cells alters their differentiation and
functionality. Apart from impairing the epithelial barrier integrity, it also affected cellular
differentiation, resulting in an increased number of mucus-secreting cells while the
number of ciliated cells was decreased. These changes caused a mucus-rich lung
environment.(406) Indeed, mucus hypersecretion is one of the main features of COPD.
Culturing epithelial cells at ALI is essential to investigate this distinct mucus
hypersecretion trait of the disease (407) along with reduced mucus clearance by ciliated
cells.(408) The effect of tobacco smoke on epithelial barrier integrity has also been
explored in terms of tight junction loosening (409) and airway remodeling.(410) Both
factors are crucial for the pathophysiology of the disease and, similarly to the ones
described above, their understanding was expanded by ALI cultures. Cells grown under
this condition, in fact, form differentiated epithelia with different cellular subsets, such as
ciliated cells, and can even secrete mucus, a condition not reproducible under
submerged cultures. Recently, a novel protocol was established to grow primary small
airway epithelial cells at the air-liquid interface. Small airways are the part of the airways
mainly affected by chronic bronchitis. Gindele et al. showed that once primary cells from
COPD patients were grown at ALI and exposed to cigarette smoke, their behavior well
correlated to the in vivo conditions in terms of barrier integrity, mucus secretion and
cellular differentiation, making them a suitable tool for further COPD treatment
studies.(279) The effect of cigarette smoke on barrier integrity is reflected also in an
increased susceptibility to microbial infections.(411) Co-culture of epithelial cells grown
at ALI and bacteria were developed along with exposure to cigarette smoke. Amatngalim
et al. grew primary epithelial cells from COPD and non-COPD subjects at ALI and studied
the different response to Haemophilus influenzae after exposure to cigarette smoke.
They observed that antibacterial activity was lower in primary cells from COPD patients

and suppressed after cigarette smoke exposure.(412)

To further improve the translatability of ALI-based systems in COPD research, efforts
have been made towards the development of exposure systems for tobacco smoke.
Azzopardi et al. used an aerosol exposure chamber to uniformly expose lung epithelial
cells grown at ALI and used it to study the consequences on cellular viability and cytokine
release after the aerosolization of tobacco smoke. This system allowed the investigation
of tobacco effect on cells with various exposure regimens and exposure times that well

correlate with the real life parameters.(413) In another study, primary COPD epithelial
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cells were exposed to diesel exhaust, another toxic agent responsible for triggering the
disease, using a Vitrocell nebulization system. Instead of using suspended particles, this
exposure system allowed to reproduce in vitro exposure conditions similar to the ones
observed in everyday life.(414) As discussed above, co-culture models can fill the gap

between in vitro and in vivo models thanks to the more advanced cellular complexity.

In COPD research, several studies have exploited co-culture models to study the cellular
networks involved in the disease. Ladjemi et al. developed a co-culture model formed by
primary epithelial cells from COPD patients and B-cells. They used this system to test
how the bronchial epithelium influenced the humoral response in the lung. Specifically,
they observed the effect of Interleukin 6 (IL-6) secreted by epithelial cells on
immunoglobulin A (IgA) secretion by B cells, which is increased in COPD patients.(415)
In another study, co-culture of airway epithelial cells and lung fibroblasts was developed
to understand the mechanisms behind airway remodeling and inflammation in COPD.
The authors observed a stronger interleukin1 a (IL-1a) mediated inflammation in co-
cultures exposed to cigarette extract, confirming the connection between smoke and
inflammation.(416) An additional co-culture model was established between primary
small airway epithelial cells and macrophages to analyze the epithelial wound injury
mechanisms in respiratory diseases.(417) COPD co-culture models could therefore
represent a useful tool to obtain a deeper understanding of the driving mechanisms of
the disease as well as for in vitro screening of potential therapeutic agents. So far, most
of the treatment-related studies were carried out using ALI cultures involving only a single
cell line, mostly epithelial cells. The mucus-secreting cell line Calu-3, for example, was
used to test the ability of simvastatin, a drug mediating reduced mucus secretion of
epithelial cells of COPD patients.(418) Calu-3 cells were also exposed to cigarette smoke
extract to examine the ability of the antimicrobial peptide Cathelicidin LL-37 to prevent
the disruption of tight junctions. This effect was expected to reverse the impaired activity
of the epithelium typical of COPD.(419) Another study investigated the effect of the
phosphodiesterase inhibitor Roflumilast on mucociliary clearance impairment. Primary
human bronchial epithelial cells were exposed to cigarette smoke through a Vitrocell
nebulizer after Roflumilast pre-treatment. An Ussing chamber was used to determine the
recovery of mucociliary activity.(420) Primary cell-based ALI cultures were also used to
test the potential of monoclonal antibody candidates to improve the COPD phenotype.
ALI cells treated with an anti-TGF- monoclonal antibody reversed the progressive de-
differentiation of the epithelium typical of the disease.(421) Monoclonal antibodies
directed towards IL-1a and IL-1B decreased cigarette smoke-mediated airway

inflammation in primary human bronchial epithelial cells.(422) Taken together, ALI
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models of mono- and co-culture have been used in a variety of pharmacological and

pharmacotherapeutic studies trying to understand and treat COPD better.

5. Commercially available ALI models
As described above in detail, there is an urgent clinical need for standardized 3D in vitro

ALI models of the respiratory tract to be used in toxicology studies and for efficient drug
screening. Therefore, several companies have specialized in the fabrication of ALI
models mimicking the morphology of healthy and diseased human tissue. Two of these
models, available under the brand names MucilAir™ (Epithelix) and EpiAirway ™
(MatTek Corporation), are made of primary human epithelial cells freshly isolated from
nasal or bronchial biopsies.(423) They can accurately reproduce the biophysiology of
human airway epithelia including the presence of a functional mucociliary system and
the secretion of mucus in a homeostatic state.(424) It was shown that both, MucilAir™
and EpiAirway™ models, express tight and adherent junction proteins, as well as
functional ABC drug efflux transporters.(425,426) Hoffmann et al. showed similar
permeability of 30 model substances when comparing MucilAir™ to nasal and bronchial
epithelium in human tissue.(427) These findings confirm the match of these ALl models
with major features of a normal human nasal and bronchial epithelium.(428) Hence,
these models are widely used for toxicology studies, drug efficacy and formulation
screening.(429-432)
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Figure 3. SARS-CoV-2-derived cholesterol-conjugated peptides block SARS-CoV-2-mNeonGreen viral
spread in human airway epithelial cells (HAE). (A) HAE cells were infected with SARS-CoV-2 (2,000
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PFU/well for a multiplicity of infection of ~0.02) for 90 min before adding SARS-CoV-2 peptide. Fluid was
collected from the apical or basolateral surfaces daily for 7 days. (B) Spread of fluorescent virus is shown at

the indicated days with or without peptide treatment. Adapted with permission.(433) Copyright 2020,

American Society for Microbiology.

With two other models expressing a different phenotype, EpiAlveolar™ and SmallAir™,
scientists are additionally able to study the impact of different drugs on the lower
respiratory tract.(434,435) The two leading companies in this field, MatTek Corporation
and Epithelix, recently also developed co-cultures of epithelial cells at the ALI and
fibroblasts (EpiAirway™ FT, MucilAir™ HF) for advanced analysis of cell interaction and

better mimicking in vivo conditions.(436,437) These commercial models open various
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possibilities for further modifications with other cell types, bacteria and viruses depending
on the application. Outlaw et al. infected cells of the EpiAirway™ model with SARS CoV-
2 to study the efficacy of a lipopeptide as virus entry inhibitor (Figure ).(433) As shown
by Signer et al., MucilAir™ can readily be infected with different respiratory
coronaviruses in order to evaluate the effect of new antiviral agents.(438) Another
example to show the modularity of these systems is given by Mas et al.
(Epithelix).(439,440) They combined a functional airway epithelium, primary lung
fibroblasts and developing tumor nodules from a KRAS mutated Non-small Cell Lung
Cancer cell line. After confirming the biological relevance of this brand named
OncoCilAir™ model regarding the in vivo situation, the group showed reduced growth of
tumors when treated with MEK inhibitors and the standard anticancer agent docetaxel.
Subsequently, this model has been used in a variety of other studies including specific
tumor targeting and multi organ chips.(431,441)

In general, organ-on-a-chip devices present the possibility to create artificial cellular
microenvironments that closely mimic those found in the human body. This can also be
exploited to mimic lung functions, which involve a complex and hierarchical milieu of fluid
and solid mechanical stress.(442,443) Zamprogno et al. developed a lung-on-a-chip
model to reconstitute the lung alveolar barrier. They used a hexagonal gold mesh with a
suspended stretchable membrane to culture alveolar epithelial cells in ALI conditions
mimicking physiological lung movement.(444) Huh et al. developed a microfluidic device
replicating a functional unit of the living human lung. (445) Therefore, they constructed a
compartmentalized microchannel system consisting of two chambers separated by a
mesoporous elastomeric membrane. Human alveolar epithelial cells and pulmonary
microvascular endothelial cells were seeded into the chambers and cultured at ALI. With
this model, the group was able to simulate physiological breathing motions by stretching
the mesoporous membrane. Although these particular techniques and execution are not
yet optimized, there is already a microfluidic based ALI lung model on the market. The
company SynVivo developed a device containing a co-culture of epithelial cells
surrounded by vasculature comprised of endothelial cells. Hereby, tight junctions are
formed, functional cilia are built, and airway tubules form and transport mucus.(446)
These examples including many more that can be found in literature demonstrate that

lung-on-a-chip models are valid tools in pharmaceutical development.(447)
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Figure 4. The OncoCilAir™ model. (a) Schematic representation of lung cancer invasion of a human
functional airway modelled by OncoCilAir™ tissue. (b) Phase contrast and (c) fluorescence images showing
a human airway epithelium with EGFR tumor nodules (mMRFP labeled) at the air-liquid interface. (d + e)
Haematoxylin eosin histological staining of differentiated healthy region of the airway (e) and with a cluster
of non-polarized tumor cells (d, star) invading the epithelium (d). Reproduced with permission.(440)
Copyright 2017, Nature.

6. Aerosolization systems
All the models described above demonstrate the possibility to mimic the unique nature

of the lung epithelium in vitro with a high degree of complexity using ALI cell cultures.
However, so far, the development of aerosolized drugs for inhalation therapy is
hampered by the lack of a high-throughput technology for dosimetrically accurate and
efficient aerosol-to-cell drug delivery. Lenz et al. investigated the ALICE-CLOUD system,
an aerosol-to-cell exposure system with a vibrating mesh nebulizer developed for the
use in standard multi-well plates.(448) The same group found that aerosolized drug
delivery with the ALICE system results in a ca. 8 um thin liquid layer, which is about
1000-fold lower than typical media heights under submerged cell culture conditions.(449)
Therefore, it resembles the clinical conditions in the bronchial regime making aerosolized
drug delivery to ALI cells crucial for biokinetic studies. This system can be combined with
co-culture systems to study the potential effect of particles in the lung using a

sophisticated in vitro model.(450) A commercial version of this system has been made
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available by Vitrocell Systems. An interesting application of a tetra-culture in combination
with the Vitrocell system was developed by Klein et al. to investigate the effects of particle
deposition on the lung. (450) In this model, four different cell lines (epithelial cells,
macrophages, mast cells and endothelial cells) were grown on the same Transwell®
insert demonstrating the potential offered such ALI systems. Cells were cultured on both

sides of the insert to mimic in vivo cellular distribution (Figure 5).

Figure 5. Z-stack image series to analyze the distribution of THP-1 macrophages and HMC-1 in the tetra-
culture system present in the apical compartment of the insert. The distribution of A549, differentiated THP-
1, HMC-1 and EA.hy 926 cells in the tetra-culture was analyzed via CLSM. Cellular membranes are stained
with cell mask deep red dye (red), and nuclei are stained with DAPI (blue); Macrophage-like cells are
counterstained with an anti-CD11b-antibody. A: x-y projection with the respective side views. B: 3D
reconstruction of the tetra-culture based on the results of the z-stack from A. THP-1 (green arrows) and
HMC-1 (blue arrows) cells are found on top of the epithelial cells. EA.hy 926 cells were not considered in

the 3D reconstruction.(450) Reproduced with permission. Copyright 2013, BioMed Central.

Another example of a commercially available aerosolization system is CULTEX from
Cultex® Technology. The company did not only develop an exposure system but also a
computer-controlled long-term cultivation system.(451,452) Using these two modules
together allows prolonged ALI cultivation of normal human bronchial epithelial cells for a
period of 38 days exhibiting in vivo-like differentiation characteristics for inhalation
toxicological studies. The computer-controlled system can operate independently,
reducing the risk of contamination and eliminating process variability. With the CULTEX
aerosolization system, the particle or gas exposure takes place for 15-60 min under
humid atmosphere at 37°C. The device was extensively validated for the inhalation of
airborne particles by Tsoutsoupoulos et al.(451) After testing the aerosolization of 24
different substances, the results demonstrated the device to be robust, transferable and

predictive for in vitro screening. Other exposure systems with a limited number of users
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have also been described.(453) Additionally, nebulizers can be used as well with the
drawback of uncertain dose deposition after direct nebulization on top of ALI cultures.
Many of the systems described in the literature need further modification for standardised

particle deposition and dosimetry.(454—-457)
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Figure 6. Nebulization and sedimentation of liquid solutions or nanoparticle suspensions using the
VITROCELL® Cloud 6 system equipped with a quartz crystal microbalance (QCM). Phase 1: emission of
droplet cloud from nebulizer. Phase 2: emitted cloud is transformed into a fine mist of droplets, which is
distributed uniformely filling the chamber from bottom up. Phase 3: droplet deposition onto the cells via

sedimentation. Reproduced with permission.(458). Copyright 2020, BioMed Central.

7. Conclusion
In the last years, the need for alternatives to in vivo models to reduce, refine and replace

(3R) animal experiments increased drastically. Furthermore, anatomical differences
between commonly used laboratory animals, such as mice or rats, and humans lead to
a significant lack of functional homology, especially regarding the respiratory tract.
Modeling this part of the human body in vitro is particularly challenging and requires
multiple considerations in order to mimic in vivo pathophysiology as closely as possible.
In this review, different in vitro air-liquid interface cultures mimicking the human
respiratory tract were described in detail. The most frequently used cell lines for different
areas of the airways were discussed together with the possibilities of replacing these
with human-derived primary cells. Besides, different approaches to mimic diseases of
the human respiratory tract, such as asthma, COPD or viral infections, were discussed.
These can be of great use in gaining deeper understanding of disease pathophysiology
and in high throughput drug screening to find new therapeutic options. Yet, recreating
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such a complex environment in vitro using epithelial cells in combination with other cell
types, such as immune cells, bacteria or even viruses, as a field of research is still
progressing. Moreover, the large variety of cell sources, culture methods and exposure
setups requires further evaluation on ease-of-use, complexity and robustness of the in
vitro setup. Currently there is no golden standard model. However, a few companies
have started commercializing validated and standardized ALl models from primary
human respiratory epithelium. In conclusion, the use of the ALI culture technique,
especially in co-culture systems, could lead to significant advances in the development
of more physiologically representative tissue models for drug discovery and disease

modelling, thereby reducing the number of experimental animals.
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Summary and outlook

Within this work, efforts were made to identify formulations with optimized features for
lung delivery of therapeutics, with a focus on the development of siRNA delivery systems
for pulmonary administration. siRNA-based therapies could indeed be exploited to treat
several pathological conditions of the lung for which no resolving cure is available yet.
RNAI cascade can in fact be tuned to downregulate disease-specific genes and thus
target disease-related pathways specifically and efficiently. Despite the number of
advantages offered by siRNA, its translatability into clinics holds some major challenges.
Negative charge and susceptibility to nucleases make the formulation of siRNA with a
suitable delivery system of the essence. Additionally, the formulation should be further
optimized to overcome the main barriers found in the lungs, such branching of the
airways, mucus layer as well as mucociliary clearance. In this view, with this work we
aimed at identifying different strategies to improve the delivery of siRNA to the lungs in
different pathological conditions.

Chapter 1 and chapter 2 focus on the optimization of formulations for siRNA delivery to
the lungs. In Chapter 1, siRNA/PEI polyplexes were coated with a commercially available
pulmonary surfactant, Alveofact. After identifying a formulation with suitable
physicochemical characteristics, Alveofact-coated polyplexes were tested in vitro in 2D
as well as 3D cell culture lung models. The results suggested that coating with Alveofact
could indeed improve the activity of the formulation as well as the mucus penetration in
air-liquid interface cultures. However, Alveofact coating of polyplexes must be carefully
controlled to avoid instability issues. In chapter 2 lipid nanoparticles based on the well-
known formulation of Onpattro® were prepared with helper lipids with different net
charges to study how this affected pulmonary administration of SiRNA as well as their
interactions with mucus. The study underlined that the presence of lipid with different net
indeed affect cellular behavior of the formulations and should thus be carefully balanced.
Furthermore, the study underlined how the use of different models for studying LNPs
behavior in mucus led to different results, underlying the importance of using different
and complementary investigation tools to get a better understanding of the delivery

system under investigation.

Chapter 3 and chapter 4 describe the development of formulations for the treatment of
viral and bacterial infections. In chapter 3, an siRNA-based therapy using VIPER block
copolymer as delivery system was developed to treat SARS-CoV-2 infections. The

formulation was optime to enable target downregulation in lung epithelial cells and was
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tested both in 2D and 3D culture models. The inhibitory activity against SARS-CoV-2
was tested in a prophylactic set up in vitro in an air-liquid interface culture using lung
epithelial cells as well as ex vivo in human PCLSs. Finally, polyplexes distribution in the
lung as well as pro-inflammatory effects were tested in vivo following pulmonary
administration. This study confirmed the potential of local siRNA delivery as a promising
antiviral therapy in the lungs. Further studies should be addressed to evaluate the activity
of sSiRNA/VIPER polyplexes against SARS-CoV-2 in vivo. Chapter 4 focuses on the
development of formulation to deliver a novel antibiotic, SV7, to the lungs for the
treatment of MRSA infections. SV7 is a benzophenone antibiotic that shows activity
against MRSA at low concentrations that, however, shows low aqueous solubility. To
improve the solubility profile and to ensure a sustained release, SV7 was encapsulated
in PLGA nanoparticles. SV7-loaded NPs were optimized for pulmonary administration in
terms of physico-chemical parameters and their activity against MRSA was confirmed
both in vitro and in vivo in a G. mellonella infection model. Additionally, the activity on
SV7-loaded NPs was confirmed also against intracellular infections. Further in vivo
mouse experiments should be performed to confirm the activity and safety of the

formulation.

Chapter 5, chapter 6 and chapter 7 focus on the development of siRNA therapies
against inflammation in asthma and cystic fibrosis. Chapter 6 reviews the development
of an siRNA therapy to target the transcription factor GATA-3 in activated Th2 cells as a
strategy to treat asthma. Chapter 7 describes the ex vivo testing of siRNA/Tf-Mel-PEI
polyplexes in a PCLS models of asthma. Here, the safety, cellular uptake as well as
downregulation activity against GATA-3 were investigated. The findings support the
suitability and translatability of siRNA/Tf-Mel-PEI polyplexes as delivery systems to
target T cells in the lung and GATA-3 silencing as a potential novel treatment for allergic

asthma.

Chapter 7 describes the in vitro testing of siRNA-loaded hybrid lipid/polymer NPs to treat
inflammation in cystic fibrosis patients. PLGA NPs were coated with a phospholipid layer
of DPPC or DPSE-PEG to overcome the mucus barrier of the lungs typical of cystic
fibrosis. Additionally, PEI was included in the formulation to improve loading of SiRNA in
NPs. Here, hNPs were tested in vitro in terms of physicochemical parameters, cellular
behavior and mucus permeation. The results suggested that coating of NPs with a
phospholipid layer could indeed represent a promising strategy for local delivery to the

lungs for the treatment of inflammation in cystic fibrosis.
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Chapter 8 reviews potential and challenges of air-liquid interface culture models as
strategy to recreate typical features of the respiratory tract in vitro. ALI cultures represent
a valid tool to recreate the complexity of the lungs, particularly in terms of cellular
composition and mucus secretion. ALl models can indeed contribute towards the
development of more physiologically relevant models for drug discovery and disease
modeling, while reducing the number of experimental animals required for drug

development.

Taken together, in this work different strategies to deliver siRNA to the lungs were
developed. Care should be taken in optimizing formulations to overcome several barriers
that hamper siRNA activity in the lungs, both intracellular and extracellular, such as
endosomal escape, mucus and anatomical barriers. The formulation should in fact
ensure stability and protection to the therapeutic cargo throughout the respiratory route,
from inhalation up to cellular uptake in target cells. Importantly, the formulation should
be optimized for the production of an inhalable dosage form, and it should protect the
therapeutic cargo also during this process. Within this work we also understood the
importance of using different in vitro, ex vivo and in vivo models throughout the process
of drug development. Using different model gives indeed a better overview of the
potential and limitations of the formulation under investigation, thus leading to more
accurate and translatable results. Taken together, the findings presented in this work
contribute towards the development of an siRNA therapy for the treatment of lung

diseases following direct pulmonary administration.
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