Chapter 11 ®)
Nanomedicine Applied to Inflammatory e
and Infectious Pulmonary Diseases

Arshdeep Kaur, Rishika Sharma, Isaac Kirubakaran Sundar,
and Gopinath Packirisamy

Abstract Chronic pulmonary diseases often include inflammation in the upper or
lower respiratory tract causing severe/extreme discomfort. To subside inflammation,
currently, small molecules are administered to patients. Nano-based therapies have
the potential to replace drugs by significantly increasing efficacy and decreasing
dosage for long-term relief. In this chapter, we discuss the various nanotherapeutics
being employed in preclinical and clinical settings to ameliorate inflammation. We
also describe different nano-drug delivery systems used for diverse modes of
treatment. To specifically target pulmonary inflammation, nanoparticles developed
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and tested via inhalation are also discussed. Recent developments summarizing the
last 20 years for a variety of pulmonary diseases are explored. Although these nano-
based studies are promising, long-term toxicity and clearance strategies are still
debated and must be investigated.

Keywords Inflammation - Nanoparticles - Respiratory - Drug delivery - Nano-based
therapy - Airway disease

11.1 Introduction to Inflammation in the Respiratory
System

It is hard to imagine life without respiration. Yet, millions of lives are lost to
respiratory ailments each year. Science has progressed enough to identify the causes
and symptoms of respiratory diseases. The real challenge is to eliminate these
pathological conditions and alleviate the suffering of a patient. Understanding
respiratory diseases in a better way take us to history; many pieces of evidence
point to the existence of these illnesses as far back as 10,000 years ago (Comas et al.
2013). The long history of humanity has allowed pathogens to coexist in our
immediate community. However, infection or affliction by disease does not always
explain discomfort during respiration. The human body’s evolved response against a
pathological disturbance may create emergent symptoms in an individual. The host
immune response against a pathological disorder within the pulmonary system has
been well characterized over several decades of medical history. Inflammation is one
of the many articulated and cascaded pathways among these. Still, due to pathogen-
induced subversion of inflammation, prior genetic conditions, smoking, hypersen-
sitivity, and coexisting infections, it is often dysregulated in individuals, leading to
more severe disorders accompanying the original (Herbst et al. 2008). The presence
of lifestyle diseases such as obesity, hypertension, and type 2 diabetes mellitus in
modern times exacerbates inflammation in the human body, leading to extended
periods of discomfort and multiple disease complications (Sharma et al. 2019;
Rodriguez-Hernandez et al. 2013).

Inflammation is primarily mediated by an imbalance in the Th1 or Th2 immune
response against a pathological condition, elevated levels of pro-inflammatory
cytokines such as TNFa and IL-1f result in increased susceptibility to diseases
such as tuberculosis (Piergallini and Turner 2018). To combat inflammation in the
lungs arising due to a pathological condition, drugs must be delivered in a manner
that does not affect homeostasis and causes fewer or no side effects. Nanotechnology
has previously been employed for purposes of better deliverability of drugs to the
target site, sustained release, better solubility of hydrophilic drugs, and many others
(Alam et al. 2014; Azarmi et al. 2008). The variety and easy manipulation offered by
nanotechnology in therapeutics make it an application-based science, which is
essential for therapeutics in today’s world. In this chapter, we discuss and elaborate
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Fig. 11.1 (Introduction): An overview of recent developments in nanotechnology for treatment of
inflammation in the respiratory system due to various pathologies. The inset schematic represents an
inflamed alveolus

on the inflammatory mechanisms in the lung correlated to some of the most common
afflictions in humans, along with a detailed description of nanotechnology develop-
ments to tackle unwanted inflammation and the pathological condition itself
(Fig. 11.1). Further, we address knowledge gaps and important discoveries that
can aid nanoscience in the construction of newer, multipurpose devices that help
in the elimination of disease and reduce lung inflammation.

11.2 Asthma: Improving Nanotherapeutics for Longer
Relief

Asthma is a chronic, non-communicable respiratory disease originating from the
downstream effects of several genetic polymorphisms interacting with a reaction-
inducing environment (Wang et al. 2019). A comprehensive study conducted from
1990 to 2010 noted that asthma is prevalent in over 330 million people worldwide
(Vos et al. 2012). Smoking, increase in air pollution, and frequent occurrence of
smog-like weather with increased particulate matter in the lower strata of the
atmosphere are important risk factors for asthma after infancy, especially in genet-
ically susceptible individuals (Ober and Vercelli 2011). The term “asthma” is used
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for a set of clinically diagnosable characteristics, which includes inflammation of the
bronchial passages (Wenzel 2012). Conventionally, early-onset asthmatic individ-
uals are given symptomatic relief by inhalable vaporized p,-adrenoreceptor agonists
using a metered-dose inhaler. Newer drugs targeting inflammatory symptoms via
systemic or inhalation routes have also been developed (Keil et al. 2020).

Nanotherapeutics in the context of asthma is an oxymoron. There are many pieces
of evidence of inhaled environmental and occupational nanoparticles creating a
chronic inflammatory response within the pulmonary system (Lu et al. 2014;
Ferreira et al. 2013; Qiao et al. 2015). In 2005, PM10 was closely correlated with
daily hospital admissions for asthma, acute or chronic bronchiolitis, and lower
respiratory tract infections. However, in the same study, it was also noted that
nanoparticles (NPs) have a larger surface area than bigger particles and penetrate
deep into the respiratory tract (Inoue et al. 2005). Therefore, studies aim to target
inflammation using micro- and nano-scale particles, devices, and medicine. Initially,
experiments focused on micro-particle delivery to the pulmonary system. Shifting
from metered-dose inhalers to dry powder inhalers provides benefits of ease-of-use,
multidose capability, and greater chemical stability of the drug (Porta et al. 2005).
These rapidly gave way to the development of new nano-based therapeutic technol-
ogies against pulmonary inflammation in asthma.

11.2.1 Nucleic Acid Supplementation

Recent advances in nanotechnology have made direct pulmonary delivery possible.
Nucleic acid supplementation is an important and upcoming field in this respect
(Kaczmarek et al. 2017). Gene therapy technology is known for its longer effective-
ness. To develop NPs for alleviating asthmatic inflammation, cationic lipid NPs were
conjugated with locked nucleic acid oligonucleotides to target miR-154, a sequence
identified in regulating asthma of mouse models. Conclusively, the study correlates
miR-154 nanoparticle treatment of asthmatic mice with the downregulation of
multiple cytokine and chemokine genes associated with inflammation (Ramelli
et al. 2020). Targeting transcription factors provides yet another route. Keil et al.
attempted downregulation of GATA3, which is essential for the control of inflam-
matory processes. To stably transport a negatively charged GATA3-silencing
siRNA to activated T cells, polyethyleneimine (PEI), a positively charged polymer,
was conjugated with transferrin (Tf) for uptake to the T cells. However, due to the
inability of PEI to cross the mucus barrier, these nano-in-micro particles are being
tested in vivo with oligospermine instead for biological compatibility, as well as
spray-drying characteristics to develop a bench-to-bedside formulation (Keil et al.
2020). da Silva and colleagues developed murine models to test the efficiency of
thymulin gene-loaded biodegradable NPs for therapeutic relief from asthma. Mice
treated with the NPs indicated a reversal of inflammatory processes and a significant
reduction of eosinophil counts, CXCL1, CCL11 (BALF chemokines), and M2
macrophage counts. However, discontinuous mouse exposure to the allergen as
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compared to human asthma may play a critical role in demonstrating effectiveness in
humans (da Silva et al. 2020).

11.2.2 Plant-Derived Nanotherapeutics

An alternative approach to the development of nanotherapeutics for asthma is the
introduction of plant products. Quercitin and celastrol are examples of plant-derived
hydrophobic molecules introduced into liquid crystalline NPs and their in vitro char-
acteristics have been studied. Effects on cytokine suppression were observed to
conclude that these NPs could be a potential nano-based drug therapy to reduce
inflammation in asthma (Cherk Yong et al. 2019; Chan et al. 2020). Other plant-
derived products such as the extract of Eriobotrya japonica leaves and Hyssopus
cuspidatus Boriss can be employed in the NPs to alleviate inflammation (Kim et al.
2020; Yuan et al. 2019).

11.2.3 Drug Delivery Systems

NPs alone may not be the solution. Deposition of particles into the deep lungs
requires a diameter of 1-5 pm, which can be achieved by encapsulating NPs in a
microgel easily dissolvable in the lower lung environment, targeting cells by intro-
duction of enzyme-responsive crosslinkers on their surface. These nano-in-microgel
particles were designed as a drug delivery system and had a retention time of several
hours followed by clearance in a murine model (Mejias and Roy 2019). NPs as drug
delivery systems were previously coupled with salbutamol sulfate, the current
mainstay for asthmatic relief. Newer technologies include liposomal delivery vehi-
cles, which are biodegradable, safe, and sustainable as inhalable technology. Syn-
thetic liposomal carriers show enhanced persistence in the lungs of mice (up to 18 h),
whereas free salbutamol sulfate was retained for about 8 h (Yang et al. 2012).
Liposome bilayers shield less soluble molecules such as curcumin from the pulmo-
nary environment and provide a mechanism for sustained release in vitro (Ng et al.
2018). Curcumin was also part of hydrogel microspheres encapsulating PLGA NPs
to be used as a delivery system to the lungs. El-Sherbiny and Smyth concluded that
these particles could evade the rapid phagocytosis by macrophages, although in vivo
studies were not carried out (El-Sherbiny and Smyth 2012).

As an example of a prescription drug going back to the bench, montelukast is a
leukotriene receptor antagonist that binds to the CysLT1 receptor. Nanostructured-
lipid carriers encapsulating montelukast can be an alternative to conventional
montelukast tablets for temporary relief. These nanostructures were tested to be
safe in lung epithelial cell line A549; increased bioavailability, higher lung deposi-
tion, greater residence time, and slow release of the drug by the nanocarrier were
reported (Patil-Gadhe et al. 2014). Another drug delivery system utilized the
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tea-based compounds theophylline or budesonide for long-term relief from asthma.
A potent bronchodilator, theophylline, is commonly recommended to asthma
patients for late-stage management; however, it has a narrow therapeutic range.
Buhecha et al. studied the loading efficiency of budesonide and theophylline into
mono-encapsulated and co-encapsulated PLA NPs as well as their sustained release
to lung cell lines (Buhecha et al. 2019). Prior studies also evaluated the role of
cyclosporine A as an option for inhalation therapy (Sato et al. 2016).

11.2.4 Peptide Nanoparticles

Peptides and other biologics are increasingly employed as first-line drugs. Similarly,
nanotechnology is increasingly employing peptides and/or whole proteins. For
example, the overactive Th2 response in asthma induces a higher concentration of
IL-4 and IL-13. Both IL-4 and IL-13 share the IL-4a subunit in their structures which
presents itself as a target for nanotherapeutic development. Halwani et al. synthe-
sized an anti-IL-40x NP formulated using superparamagnetic iron-oxide NPs that
could control inflammation in ovalbumin-sensitized mice (Halwani et al. 2016).
Athari et al. developed a PLGA nano delivery system for the anti-inflammatory
vasoactive intestinal peptide. Their study was limited to in vitro observations and
in vivo characteristics of the particles remain to be tested (Athari et al. 2016).
However, peptide mimetics can be associated with adverse effects on high doses
of administration. Gene therapy of specific peptides might be useful in this respect.
To combat Th2-mediated airway inflammation, a chitosan NP incorporating the
IFN-g gene into plasmid DNA was administered intranasally to mice models. By
promoting a Thl-type response and balancing the immune reaction, airway inflam-
mation was successfully reduced in mice via a STAT4 signaling pathway (Kumar
et al. 2003). The challenges accompanying asthma treatments are slowly being
overcome by nanotechnological advances. The development of newer systems to
counteract inflammatory reactions in asthma patients due to an imbalanced Th2
response to allergens is encouraging. A greater number of microbubble- and
hydrogel-based technologies incorporating natural products also provide a positive
outlook (Corthésy and Bioley 2017; Secret et al. 2014).

11.3 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD), a combination of chronic bronchi-
tis and emphysema, is a chronic inflammatory lung disease that results in obstructed
airflow to and from the lungs and difficulty in breathing. According to the Global
Burden of Disease Study, 251 million cases of COPD were reported globally in
2016, and around 3.17 million fatalities were estimated in 2015 (Soriano et al. 2020).
Characterized by an abnormal inflammatory response, COPD patients suffer from
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chronic inflammation of the airways and damaged alveoli of the lungs (Hogg et al.
2004). Being a progressive disease that worsens over time, COPD is among the
leading causes of death due to respiratory illnesses. Cigarette smoking (CS) is known
to be the primary risk factor for COPD, and the immune response is mainly driven by
inflammatory cells such as macrophages, neutrophils, and T cells (Zuo et al. 2014).
Smoking elevates lavage iron and ferritin levels in the lungs which produce oxida-
tive stress leading to inflammation (Ghio et al. 2008). Other secondary risk factors,
including long-term exposure to inhaled noxious particles, chemicals, or gases, also
contribute to COPD pathogenesis (Boschetto et al. 2006).

11.3.1 No Smoke without Fire: Inflammatory Aspect

COPD is associated with inflammatory mucus accumulation, disruption of the
epithelial barrier, widespread damage to the bronchial epithelium, and lung paren-
chymal tissue destruction. The small airway morphology in a COPD patient shows
thickened airway wall, narrowed lumen along with mucus, and cellular debris
(Baraldo et al. 2012). This obstruction occurs due to the surge of tissue volume of
the bronchial walls, which occurs due to the infiltration of macrophages, neutrophils,
CD4, CD8, and B lymphocytes. Alveolar macrophages show impaired phagocytosis
of non-typeable Haemophilus influenzae, which increases the severity of the disease
by complementing bacterial colonization (Berenson et al. 2013). A complex network
of inflammatory cytokines, reactive oxygen species (ROS), and proteases are pro-
duced by phagocytes and epithelial cells damaging lung tissues. Cigarette smoking
elevates the expression of TNFa, IL-1, IL-6, and reduces the expression of the anti-
inflammatory cytokine IL-10 (King 2015) (Fig. 11.2).

Recent research has shown that autoimmunity linked to emphysema is also
among the most commonly associated factors with inflammation in COPD. Defi-
ciency of alpha l-antitrypsin (A1AD) due to a mutation in the SERPINAI1 gene
resulted in increased release of proteases like neutrophil elastase and decreased
production of inhibitors (alpha 1-antitrypsin), leading to disruption of lung tissues
(Alvarado 2018). Current therapeutic options with long-term adherence can control
the symptoms but do not cure the underlying disease. The most commonly followed
treatment includes antioxidant therapeutic agents like N-acetyl-L-cysteine (NAC),
and Nrf2 activators to reduce oxidative stress in the body during COPD. Other
treatment strategies include corticosteroids, bronchodilator inhalers, anticholiner-
gics, mucolytics, bronchodilator tablets, and even gene therapy (Vogelmeier et al.
2017). Nano-based therapeutics such as drug delivery systems overcome major
challenges like low diffusion rate, mucociliary clearance, acute inflammation, and
blocked airways which are generally encountered by conventional drug delivery
treatments (da Silva et al. 2017).
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Fig.11.2 Schematic representation of a diseased COPD alveolus. The bronchial epithelium begins
to slough off, while the cavity of each alveolus reduces due to wall thickening. The alveolus itself
becomes a host for pro-inflammatory processes resulting in bacterial infections and severe blockage
to gaseous exchange

11.3.2 Optimal Nanoparticle Characteristics

Nanocarriers for efficient drug release need to be optimized, like conjugation with
specific ligands, to enhance the targeted delivery and therapeutic effect of
nanomedicine. AuNPs have shown enhanced epithelial targeting in mice with
COPD/emphysema and can be utilized for targeting alveolar epithelial cells and
macrophages (Geiser et al. 2013). Similar to cystic fibrosis, nanoparticles to be used
as nanocarriers should be small-sized with a negative surface charge along with
surface modifications that facilitate easy penetration through a highly thick and
viscoelastic mucus layer. Mucus also acts as a barrier to inhaled gene therapy for
respiratory illnesses like cystic fibrosis and COPD which can be overcome with the
involvement of nanoparticles (Duncan et al. 2016). Li et al. used black phosphorus
quantum dots (BPQDs) along with PEGylated chitosan nanospheres which facilitate
the delivery of antibiotic amikacin through the mucus layer. BPQDs, being biocom-
patible and biodegradable, play a significant role in enhancing amikacin delivery to
the lungs (Li et al. 2020). Cerium oxide nanoparticles mimic the activity of super-
oxide dismutase (SOD) and catalase due to their tendency to coexist either in a
reduced or oxidized state and act as a potential nanozyme to treat oxidative stress in
COPD (Passi et al. 2020). Bhushan et al. synthesized biocompatible cerium oxide
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nanoparticles encapsulated in albumin nanoparticles that subsided intracellular ROS
(Bhushan and Gopinath 2015).

In an ex vivo model of COPD, the antioxidant and anti-inflammatory activity of
N-acetylcysteine (NAC) was demonstrated (Cazzola et al. 2017). NAC acts as a
mucolytic agent by loosening thick mucus in airways in patients with COPD or
cystic fibrosis, but it displays low bioavailability (6—10%), limiting its therapeutic
potential. To refine its therapeutic effect, nanoparticles that can stabilize it inside the
body, increasing its bioavailability are being developed. Lancheros et al. accom-
plished the NAC-loaded PLGA nanoparticles by nanoprecipitation method, which is
simple, economical, and results in the increased load capacity and efficient entrap-
ment of the compound (Lancheros et al. 2018). Muralidharan et al. reported for the
first time the use of therapeutic dry powder inhalers carrying micro or
nanoparticulate powders of dimethyl fumarate (DMF) that can be administered
using a DPI device. DMF is a nuclear transcription factor, Nrf2 activator, and has
shown both antioxidant and anti-inflammatory properties targeting the lung Nrf2/
Keapl pathway to treat pulmonary inflammation. Nrf2 (Transcription factor nuclear
factor erythroid 2-related factor) triggers cellular protection against inflammatory or
oxidative stress in lung cells. Their administration via DPIs has shown excellent
aerosol dispersion performance and enhanced penetration to lower airways
(Muralidharan et al. 2016). NPs have also been employed for early and better
diagnosis of COPD. In a study by Faraj et al., MR imaging coupled with
antibody-conjugated superparamagnetic nanoparticles was developed for targeting
a specific macrophage subpopulation which offers an attractive approach for timely
diagnosis (Al Faraj et al. 2014). The narrow safety range of theophylline can cause
adverse systemic side effects if administered in high doses hence nano-based sensors
are also developed for detection in drug analysis. One such electrochemical sensor
was developed by the fabrication of poly-sulfosalicylic acid on carbon fibers to
detect theophylline level (Duan et al. 2021).

11.3.3 Inhalation Therapy

Administration of pharmaceuticals for the treatment of lung disease by inhalation
show certain advantages over orally given drugs in terms of targeted delivery,
decreased side effects, and higher retention and their incorporation with nanotech-
nology can further enhance the efficacy of treatment (Kuzmov and Minko 2015).
Novel nano-based theranostics that can offer a real-time diagnosis of COPD along
with drug delivery can be an enticing invaluable approach for tackling COPD (Vij
2011). Furthermore, nanoparticles can also be incorporated into dry powder micro-
particles (NCMPs) to facilitate their deposition in the lungs. NCMPs have been
developed for carrying miR-146a with PFA-co-PDL nanoparticles. Micro RNAs are
short, regulatory, non-coding RNAs involved in the pathogenesis of COPD
(Ebrahimi and Sadroddiny 2015). A study indicated the role of miR-146a in the
severity of disease and differences observed in miRNA expression in COPD patients
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versus healthy individuals (Pottelberge et al. 2011). The expression level of miRNA
was found to be 2.5-fold lower in patients, which results in overexpression of
the cyclooxygenase 2 gene and in turn, prostaglandin E2 production in fibroblasts
contributing to chronic inflammation of the pulmonary system (Sato et al. 2010).
Hence, the administration of miR-146a by spray drying of NCMPs has emerged as
an attractive therapy in the management of COPD (Mohamed et al. 2019). Differ-
ential expression analysis of other miRNAs such as miR-223/1274a, miR-1,
miR-150, and let-7c have also been tested, but a more vigorous understanding of
disease complexity and relevance of these miRNAs is required (Ezzie et al. 2012;
Fujita et al. 2013). In a recent finding, it was found that miR-155 expression is
increased in lung tissues and alveolar macrophages in CS-induced inflammation and
COPD, which can also serve as a new therapeutic tool for COPD treatment (De Smet
et al. 2020).

Recent studies by Beyeler et al. have revealed that nanomaterials like multi-
walled carbon nanotubes are responsible for the polarization of alveolar macro-
phages toward pro-inflammatory M1 phenotype and affect the pulmonary mucosal
immune cells in mouse model studies (Beyeler et al. 2020). This can cause increased
susceptibility to adverse side effects in COPD patients and therefore marks the
importance of clinical assessment for the toxicity of nanomaterials. COPD is esti-
mated to be the world’s third leading cause of death; hence, it should be among the
prime focuses of the scientific community (Soriano et al. 2020). Efficient drugs with
high bioavailability, increased stability, and strongly targeted to the site of action
need to be developed to combat this complication. Nanotechnology is a potent tool
to accomplish the shortcomings faced by conventional drugs. More than a billion
people smoke globally on a daily basis and cigarette smoking is the primary risk
factor that poses a significant risk for airway blockage and the development
of COPD.

11.4 Crossing Mucus in Cystic Fibrosis

Cystic fibrosis (CF) is a chronic genetic disease affecting nearly 70,000 patients
worldwide (Cystic Fibrosis Foundation 2018; Velino et al. 2019). Characterized by
the build-up of thick, sticky mucus that can damage many of the body’s organs, CF
is an autosomal recessive disease caused by defects in the CFTR gene, encoding the
cystic fibrosis transmembrane conductance regulator (CFTR) protein (Turcios
2005). A membrane protein, CFTR forms a chloride channel for regulating transport
across the membrane of epithelial cells in pulmonary, gastrointestinal, renal, and
male reproductive tissues (Vankeerberghen et al. 2002). It regulates the secretion of
chloride ions out of cells producing mucus, sweat, tears, saliva, and digestive
enzymes thereby controlling fluid flow across epithelial cell membranes (Rey et al.
2019). More than 1900 mutations are described since the discovery of CFTR in 1989
(Kerem 1989; Rowe and Verkman 2013). Among all the mutations, the most
common is a 3-bp deletion, F508del, preventing protein movement to the cell surface
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(Kilin et al. 1999). 84.7% of individuals in the CF Foundation Patients Registry
have at least one copy of this mutation (Cystic Fibrosis Foundation 2018).

Mutations of the CFTR gene lead to impaired Cl™ ions secretion and
overabsorption of Na™ ions, resulting in an imbalance of ion concentration across
the cell membrane. As a result, cells lining lung passageways produce mucus that is
usually thick, sticky, and difficult to clear, and in the end, ducts become plugged and
atrophic. Chronic airway infection, progressing to bronchiectasis, persistent
high-intensity inflammation in lung epithelium, gas trapping, hypoxemia, and
hypercarbia, ultimately damage leading to respiratory failure are the hallmarks of
CF lung disease. Neutrophils are the first cells migrating into the pulmonary
compartment, releasing oxidants and proteases like elastase, which eventually over-
whelm the antiprotease capacity of the lungs, leading to bronchiectasis (Cantin et al.
2015). IL-10, anti-inflammatory cytokine production by bronchial epithelium cells,
is downregulated in CF airways, which may contribute to enhancing local inflam-
mation and tissue damage (Bonfield et al. 1995). On cell death, DNA released by
neutrophils also increases mucus viscosity leading to airway obstruction (Elizur et al.
2008). CF causes breathing difficulties, recurrent lung infections, persistent bacterial
infections (particularly Pseudomonas aeruginosa), edema, progressive impairment
of lung airways, malnutrition, chronic endobronchial inflammation, pancreatitis, and
death (O’Sullivan and Freedman 2009).

11.4.1 Nano-Based Therapies

Presently, treatment strategies used include CFTR modulators (potentiators, correc-
tors, and amplifiers) that restore CFTR functions, mucociliary clearance, antibiotics,
anti-inflammatory, gene therapy, etc. (Edmondson and Davies 2016). The disadvan-
tage of current treatments is their inability to reach the site of action due to thick
mucus (Velino et al. 2019). The use of NPs for CF creates new perspectives to
counter mucus formed within the alveolus and eliminate resulting bacterial infec-
tions. The mucus layer is a mesh structure composed of highly cross-linked mucin-
fibers, cytoskeletal fragments of actin, and DNA along with other macromolecules
creating hydrophobic and electrostatic barriers, reducing drug delivery efficacy
(Duncan et al. 2016). Viscoelasticity is increased dramatically due to changes in
mucus structure and composition in CF patients with mesh size reduced to
100—400 nm in size as compared to >500 nm in healthy individuals (Yaakov et al.
2007). Small NPs bypass steric hindrance effects and diffuse through the mucus
network. Electrostatic interactions can be countered by coating NPs with electro-
statically neutral molecules or muco-inert polymers such as polyethylene glycol
(PEG) or by using mucolytic agents like N-acetylcysteine (NAC) (Ong et al. 2019).
Suk et al. illustrated that PEGylation for 200 nm particles increased penetration into
the mucosal barrier in CF sputum pretreated with NAC and also increased NP
mobility in Burkholderia multivorans and Pseudomonas aeruginosa biofilms (Suk
et al. 2011).
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Mucus penetrating particles (MPPs), used as vehicles for drug delivery, possess
nonadhesive coatings to rapidly penetrate mucus through pores in the mesh at rates
similar to pure water. Highly compacted DNA NPs with block copolymers of poly-L-
Lysine and PEG have been shown to mediate effective gene transfer (Ensign et al.
2012). The molecular weight of PEG should be sufficiently less to avoid adhesive
interactions with mucins, and PEG coating density should be appropriate to effec-
tively shield or protect the hydrophobic NP core. The conformation should also be
taken into account; brush-like PEG facilitates penetration while mushroom confor-
mation increases the time of an adhered fraction of particles on the mucus layer
(citation). Another approach is the formation of nano-embedded microparticles
(NEMs). In an interesting article, Porsio et al. produced PEGylated, and
Transactivating transcriptional activator peptide (Tat)-decorated FNPs linked to
PHEA-PLA to deliver Ivacaftor to the pulmonary epithelial cells across the mucus
barrier and promote lung cellular uptake of the drug. FNPs showed proper
nanometric sizes (~70 nm), slightly negative { potential (~ —12 mV), and high
cytocompatibility. Tat, a cell-penetrating peptide (CPP), strongly enhanced the
uptake of FNPs by lung epithelial cells. Moreover, nano into micro strategy was
applied by encapsulating NPs into Matryoshka microparticles, inhalable by dry
powder inhalers (DPI) devices to achieve an inhalator therapy (Porsio et al. 2018).

The rapid progress of nanomedicine enhances the efficacy of inhalation treatment
for CF. Alton et al. conducted a randomized, placebo-controlled Phase2b trial
(clinicaltrials.gov ID NCT01621867) for the application of pGM169/GL67A gene
therapy formulations to CF patients. The GL67A, a cationic lipid mixed with equal
amounts of pGM169 drug, was given to patients once a month for a year with a
nebulizer. The administration of non-viral CFTR gene therapy gave statistically
significant results with improvements in Forced expiratory volume (FEV1), forced
vital capacity, and gas trapping (Alton et al. 2015). Over the last decade, different
types of NPs like liposomes, polymeric NPs, dendrimers, solid and lipid NPs have
been designed as nanocarriers for drug and gene delivery in CF treatment
(Table 11.1) (Upadhyay and Ganguly 2015; Mansour et al. 2009).

LIPOSOMES are the most widely used and best characterized lipid-based drug
delivery systems, especially for pulmonary applications, as it is prepared primarily
from phospholipids, which are inherent in the lungs. Liposomes can entrap both
lipophilic and hydrophobic drugs due to their amphiphilic nature. Studies have
shown that drugs encapsulated within cationic liposomes exhibit greater antibacterial
efficacy since they target bacterial biofilms via electrostatic interactions thus
allowing drug release close to the pathogen (Messiaen et al. 2013). But they were
found to be toxic to human lung cells and can introduce genetic aberrations (Shah
et al. 2013). Liposomes have been used to develop antibiotics. Inhalation formula-
tion of Amikacin liposome consisting of neutral liposomes (DPPC:Chol) completed
Phase III of clinical trials and was approved by FDA in 2018 (ClinicalTrials.gov ID
NCT03905642) (Paranjpe and Miiller-Goymann 2014).

SOLID LIPID NANOPARTICLES (SLNs) are lipophylic particulate colloidal
drug delivery systems comprised of solid lipids with mean diameters ranging in size
between 50 and 1000 nm. Various drugs for CF have been encapsulated within SLNs
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as it provides physical stability and low cytotoxicity. Amikacin-loaded SLNs were
developed previously (Varshosaz et al. 2013), and the results showed sustained
release and increased efficacy of the drug with respect to free drugs. Another
interesting approach for the treatment of Pseudomonas aeruginosa infection in CF
utilizes SLN loaded with quorum sensing inhibitor. The SLN penetrated artificial
sputum and also demonstrated a sevenfold higher anti-virulent effect in comparison
to free compounds (Nafee et al. 2014).

DENDRIMERS are ordered, highly branched structures synthesized and studied
for biomedical applications. Dendrimers for pulmonary therapies are developed as
both inhalable suspensions and dry powders. Considering gene therapy, Agnoletti
et al. prepared dendrimer-siRNA nanocomplexes, processed into microparticle-
based dry powders for inhalation, which showed enhanced cellular uptake and
gene silencing efficiency (Agnoletti et al. 2017). Brockman et al. developed a
polyamidoamine (PAMAM) dendrimer with terminal groups modified to obtain
Cysteamine-like structure (Cysteamine is an FDA-approved drug with antioxidant,
anti-biofilm, and mucolytic properties) to reduce Pseudomonas aeruginosa infection
in addition to preventing delF508-CFTR sequestration to aggresome bodies
(Brockman et al. 2017).

POLYMERIC NANOPARTICLES, a major class of nanotherapeutics widely
used as drug delivery systems, are highly versatile, having the ability to a prolonged
and controlled drug release, stabilize encapsulated drugs and promote cellular uptake
(Kuzmov and Minko 2015). PLA and PLGA are widely used because of their
biocompatibility and biodegradability. Developing efficient non-viral delivery sys-
tems for gene therapy had been a major challenge for CF. Guan et al. developed
synthetic peptides able to self-assemble to poloxamines and nucleic acids to form
compact and monodisperse NPs. This led to increased expression of both mRNA and
plasmid DNA expression in the lungs of CF mice with negligible toxicity thus
providing a new strategy for the development of non-viral gene delivery (Guan
et al. 2019).

11.5 Tuberculosis: A New Approach

Tuberculosis (TB) is an ancient illness associated with humans (Comas et al. 2013),
leading to its description as a ‘“heritage disease” (Cambier et al. 2014a). The
causative agent, Mycobacterium tuberculosis (Mtb), has developed strategies to
avoid the hosts’ immune responses by removing the need for colonization before
infection. Instead, M. fuberculosis manipulates the hosts’ immune system deeper
inside the respiratory tract (Cambier et al. 2014b). Although a significant fraction of
the population is infected with pulmonary tuberculosis, most of the population is
asymptomatic, harboring a very low bacterial load and resulting in a latent disease
period. Poor health triggers active infection in 5-10% of the infected individuals,
allowing transmission of disease (Piergallini and Turner 2018). The active infection
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however is often fatal, with an estimated 1.7 million deaths from TB in 2019 (World
Health Organization 2019).

11.5.1 Subverted Inflammation in Tuberculosis

Initial latent infection of the Mtb bacteria occurs ca. 80% in the lungs, serving as the
entry and exit points of transmission of the disease (Kaufmann and Dorhoi 2013).
On contact with the immune system, controlled inflammation is the first line of
response. Macrophages are the primary target of Mtb, where it lives in a modified
membrane-bound vacuole—altered Rab GTPase composition, increased pH, and
presence of the protein TACO are primary characteristics (Glickman and Jacobs
2001). Current knowledge indicates that Mtb can modulate processes such as the
production of the pro-inflammatory cytokines IL-1, TNFa, and interferons. IL-1
production requires caspase-1 and inflammasome complex activity, while also
regulating TNFa synthesis and TNFR expression. TNFa, on the other hand, can
be modulated directly or indirectly via eicosanoids by Mtb. A positive feedback loop
between TNFa and IL-1 works to the benefit of the bacterium, creating an intensely
pro-inflammatory environment (Kaufmann and Dorhoi 2013). Further, [FNy forces
T cells into apoptosis while lymphocyte activation is downregulated (Cooper et al.
2002). Inflammatory granuloma formation in tuberculosis is a disease hallmark, with
the observation of the granuloma replacing functional tissues, while also being
necrotic and damaging surrounding cells (Cooper et al. 2002). It is evident that
inflammatory responses in tuberculosis should be controlled to surmount a signifi-
cant response.

11.5.2 Emerging Nanotherapeutics

Although antitubercular drugs have been available via prescription for the last two
decades, patient noncompliance due to extended treatment is a common cause of
treatment failure. Biocompatible NPs encapsulating current drugs showed promise
with improved bioavailability. Other advances include the altered route of adminis-
tration, compatibility with hydrophilic and hydrophobic drugs, increased dosage
capacity, and better stability (Gelperina et al. 2005). As an example, Pandey et al.
described a poly-(pL-lactide-co-glycolide) (PLG) nanoparticle system containing
rifampicin, isoniazid, or pyrazinamide for inhalable therapy against tuberculosis
(Pandey 2003; Azarmi et al. 2008). Sustained release is also one of the main goals
for scientists currently developing better treatments (Gelperina et al. 2005). Consid-
ering this, the study detected the presence of rifampicin in the circulation for 4 days
and isoniazid and pyrazinamide for 9 days. They also reported a reduction in the
treatment period (Pandey 2003). In a similar light, wheat germ agglutinin lectin
coated or conjugated onto PLG NPs was used to deliver isoniazid, pyrazinamide,
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and rifampicin to Mtb-infected guinea pigs. The study noted severe necrosis in the
lungs of untreated guinea pigs, while the treated animals had no necrotic regions and
no observable hepatotoxicity (Sharma et al. 2004).

11.5.3 Tuberculosis and Drug Resistance

Multidrug treatment is usually prescribed to patients with tuberculosis infections for
the prevention of drug resistance. However, long periods of intensive care (6—
9 months) and high doses of drugs resulting in health and economic issues often
cause patients to opt out of the treatment course. An increase in drop-out rates and
drug resistance eventually led to the rise of multidrug-resistant tuberculosis
(MDR-TB) (Blasi et al. 2009). A separate category of drugs developed to treat
MDR-TB suffers from low effectiveness and higher toxicity. Other problems that
mark the treatment of patients include higher doses (125-200 up to 1000 mg/day),
even longer administration periods (up to 2 years), low cure rates (60%), and daily
intramuscular injections (Blasi et al. 2009). A compilation of several newer formu-
lations against tuberculosis is presented previously (Hussain et al. 2019).

Liposomal carriers easily take up hydrophobic drugs and exhibit low toxicity. In a
study, Le Conte et al. described capreomycin liposomes as being effective against
Mycobacterium avium infection (Le Conte et al. 1994). A study to increase the
content of capreomycin within liposomes was also reported (Ricci et al. 2006).
Another report by Adams et al. used clofazimine in liposomes for the treatment of
acute and chronic tuberculosis in mice. Their experiments conclusively indicated
that treatment with liposome-encapsulated clofazimine reduced mononuclear cell
infiltration significantly by localizing the granuloma formation (Adams et al. 1999).
Rifabutin is a broad-spectrum anti-mycobacterial agent, particularly in use for its
low resistance development against Mtb. To increase the bioavailability of the drug
to the lungs, liver, and spleen on intravenous administration, multilamellar liposomal
vehicles were developed by Gaspar et al. In vivo studies in BALB/c mice infected
with Mtb indicated an increase in drug efficiency and a significant reduction in
the lung inflammatory response. Although the liposomes were not effective in
reducing bacterial load within the lungs, the liver and spleen sections indicated
improvement in colony-forming units as compared to free rifabutin (Gaspar et al.
2008).

11.5.4 Alveolar Macrophages: Aiming for the Heart

The symptoms and duration of active disease widely vary person-to-person in
tuberculosis. The activation of inflammatory responses depends on bacterial ligand
expression and host cell type. Primarily mediated via MyD88 and TLR?2 as observed
in murine tuberculosis, the production of pro-inflammatory cytokines is beneficial to
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the bacterium by inhibition of the expression of major histocompatibility complex
class IT on the surface of antigen-presenting cells (Sasindran and Torrelles 2011). To
this effect, alveolar macrophages should be targeted; they are most modulated by
Mtb, making them a critical component of infection. A step in this direction was the
treatment of macrophages with PLGA NPs containing rifampicin to treat BCG
infection. Although the loading of rifampicin was insufficient, appropriate loading
enabled the clearing of infection from the cells (Kalluru et al. 2013).

Targeting lung macrophages has also been achieved by the development of
Stealth® liposomes coated using O-stearyl amylopectin, the liposomes increase
their affinity toward mice lung tissue (Deol and Khuller 1997). The development
of other nanocarriers for sustained drug release by targeting macrophages may be of
interest in newer studies. For example, O-palmitoyl mannan and O-palmitoyl
pullulan can be coated on the drug vehicle to assist in eradicating the bacterium
from its host (Vyas et al. 2005). Depending on the inherent design of NPs, such as
the charge, size, composition, and coating, they can be directed to not just the correct
cell type, but also the right cellular sub-compartment. This would increase the
possibility of the drug delivery system ending up together with the bacteria during
infection and aid in the targeted killing of the bacteria (Lawlor et al. 2011).

In this context, nonstructured lipid carriers containing linezolid were developed
and studied for their characteristics in vitro as well as in vivo. These drug carriers
exhibited phagocytosis by macrophages and were able to cross the mucus barrier in
the lungs. The particles showed effectivity as aerosols for inhalation therapy by
spray drying. This study could be used as a framework for the development of more
patient-friendly tuberculosis treatments using nanomedicine (Makled et al. 2020). In
summary, TB remains a major respiratory disease, affecting millions each year.
Although the prescribed treatments exhibit efficiency in pathogen clearance, severe
inflammatory response generation, and side effects often make patients discontinue
their treatment. To combat the growing drug resistance of Mtb, it is imperative to
develop newer nanomedicines that directly target macrophages, if not the site of the
residence of latent bacteria in order to eradicate the disease.

11.6 A Balancing Act: Battling Coronaviruses

COVID-19 or the Coronavirus Disease 2019 began with a coronavirus (SARS-CoV-
2) infecting several visitors in a seafood market in Wuhan, China. The virus binds to
the host cell’s ACE2 (angiotensin-converting enzyme 2) receptors present on the
epithelial cells of alveoli, trachea, bronchi, and serous bronchial glands of the lower
respiratory tract, rapidly producing new viral particles inside the host cell and
infecting more cells as the disease progresses (Shereen et al. 2020). Transmission
occurs by droplets of viral particles released on coughing, sneezing, or respiratory
distress (Rothan and Byrareddy 2020). Clinical features indicated by chest imaging
are pneumonia, RNAemia, acute respiratory distress syndrome, and incidence of
ground-glass opacities that led to death (Zhu et al. 2020).
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11.6.1 Cytokine Storms: Battling Inflammation

Similar behavior was previously observed in the SARS virus, an epidemic that
affected the human population in 2003 (Nile et al. 2020). Pathogenetic similarities
do not end there. The host response against SARS-CoV-2 includes aggressive
inflammation, which is conducive to causing increased damage to the airways
(Tay et al. 2020). Inflammation is typically caused by pro-inflammatory cytokine
activation in epithelial cells, endothelial cells, and alveolar macrophages induced by
the identification of damage-associated molecular patterns, including ATP and
nucleic acids released by pyroptotic host cells (Tay et al. 2020). Primary mediators
of cytokine-related inflammation include IL-6, IL-10, IP-10 (Laing et al. 2020),
macrophage inflammatory protein lao (MIP-1a), MIP1, and MCP1. These proteins
establish a chemoattractive gradient and a positive feedback loop of inflammation is
generated by the incoming monocytes, macrophages, and T cells at the site of
infection (Tay et al. 2020).

11.6.2 Potential Nanotherapy: Lessons from SARS
and MERS

Previously encountered coronaviruses SARS and MERS (Middle East Respiratory
Syndrome) exhibited quite a similar pathophysiology (Channappanavar et al. 2016).
Therefore, strategic targeting to cure infections can be derived from studies that
report effectiveness against SARS or MERS, albeit with some differences. By
modulating the immune response, Wiley et al. induced the formation of bronchus-
associated lymphoid tissue (iBALT) by the use of protein cage NPs in the lung
parenchyma. In subsequent experiments, they indicated how iBALT in the lungs
could help prevent the alleviation of SARS infection. Although it is unknown how
the NPs enhanced the host immune response, where B cell and/or CD4+ T cell-
dependent mechanisms are involved (Wiley et al. 2009).

In an attempt to synthesize an immunogen, a study in 2009 carried out a step-wise
assembly of SARS-CoV subunit virus-like NPs exhibiting properties of easy protein
expression, purification, and high stability. These NPs were conformation-specific,
had neutralization activity toward the virus, and did not infect any host cells
(Pimentel et al. 2009). A different approach to synthesizing vaccines could be the
DNA route, as in a report using polyethyleneimine NPs coated with spike protein-
encoding DNA to intranasally immunize mice from SARS (Shim et al. 2010).
Similarly, nucleocapsid protein-encoding DNA of SARS was loaded into
biotinylated chitosan NPs and intranasally administered to mice to target mucosal
dendritic cells. The NPs elicited a humoral immune response, exhibiting elevated
levels of IgG in mice (Raghuwanshi et al. 2012). The development of spike protein
NPs can be of interest to target multiple coronaviruses, as predicted in Coleman et al.
They synthesized spike protein NPs for SARS and MERS and depicted that these
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particles could generate an immune response in mice. However, none of these NPs
provided specificity to both diseases, leaving a potential gap for multiple-
coronavirus targeting NPs (Coleman et al. 2014). Peptide mimics that interact with
the viral particles in place of cellular receptors could be therapeutic in nature. Huang
et al. developed a peptide mimic conjugated with gold nanorods against MERS,
increasing its inhibitory effects by ten times and preventing membrane fusion of the
virus both in vitro and in vivo (Huang et al. 2019).

11.6.3 Current Drug Repurposing and Nanotherapeutics

In severe cases of COVID-19, different drug cocktails are being used such as
chloroquine (antimalarial drug), lopinavir/ritonavir (from AIDS treatments),
favipiravir (against influenza), and ribavirin (from Hepatitis C treatments) (Bhavana
et al. 2020). Better clinical outcomes by prevention of viral replication within the
host are required, either by aiding the immune response in capturing viral particles or
preventing their attachment to the ACE2 protein (Alphandéry 2020). Alphandery
et al. review several options available for modification and specific targeting of NPs
to SARS-CoV-2 (Alphandéry 2020). The majority of the antiviral nanotherapies
involved silver NPs; this may be due to their previously established role in amelio-
rating other viral infections (Bhavana et al. 2020).

Additionally, Zhou et al. developed a GSH-ZnS NP that could effectively target
multiple viruses, including both RNA and DNA viruses. The observed action of NPs
against the porcine epidemic diarrhea virus belonging to the Coronaviridae family
implied their probable use against SARS-CoV, SARS-CoV-2, and MERS (Zhou
et al. 2020). Interferons, critical components of the antiviral immune response, could
be induced to reduce the viral load and enable the strengthening of defenses.
Therefore, nanoceria or cerium oxide NPs are hypothesized to be a possible agent
in curbing inflammation—they attenuate cytokine signaling by modulation and
inhibition of MAP kinase/NF-xB, p65-NF-«kB, and Nrf2/NF-kB pathways, signifi-
cantly disrupting and halting disease progression (Allawadhi et al. 2020). Targeting
viral proteins such as proteases (3CLpro and PLpro), RNA polymerase (RdRp), and
the spike protein involved in cellular uptake is critical to the development of any
therapeutic against coronaviruses. Although these proteins do not directly undertake
immunomodulation, their role in the viral life cycle is indispensable, and inhibition
will substantially prevent inflammation. To this end, neutralizing antibodies coated
on the surface of NPs might be an effective nanotherapeutic approach available
(Chauhan et al. 2020).
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11.7 Conclusion and Future Prospects

Chronic lung diseases are often driven by the inflammatory state due to the complex
microenvironment involving close communication between the respiratory and
immune systems. Any dysregulation of the immune half results in inflammatory
processes sabotaging the exchange of gases. Action against inflammation is now
being explored through the use of nanotechnology, which promises better drug
availability, safer delivery, and efficacy. Although many preclinical studies have
been conducted for the diseases mentioned, clinical studies using nanotechnological
advances to improve patient rehabilitation are still far from reality. This may be due
to the unknown impact of nanodevices or vehicles as a systemic supplement. To
avoid this, several dry powder inhaler technologies have been developed to specif-
ically target the lung and avoid contact with other organs for maximal retention and
safety. Newer developments in drug technology, among other investigations,
revealed that drug delivery via oral or inhalation or IV route by nanovehicles is a
feasible strategy for application in pulmonary therapy. Further, liposomal and
dendrimer carriers are noted as drug vehicles gaining importance to improve effi-
cacy, targeting, and safety. To explore the full potential of nano-based drug carriers
and delivery systems, further studies and clinical trials are vital to test the toxicity
and long-term effects. Several natural derivatives can be employed as anti-
inflammatory agents in disease and the potential for combination with existing
treatments is noted as well.
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