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Preface

Chronic lung diseases are among the leading causes of mortality and morbidity
globally and are significantly associated with the economic burden as well as
drastically reduced quality of life and productivity. The currently available therapies
are mostly effective in managing the aggravated symptoms associated with the lung
diseases, especially the non-communicable diseases such as asthma and chronic
obstructive pulmonary disease (COPD). This warrants consistent rigorous research
into discovering novel therapeutic targets that could be then harnessed pharmaco-
logically to improve the quality of life of patients. This would require understanding
the underlying central/key molecular mechanisms that are generally referred as
“disease drivers.” Various molecules that drive the disease are key immune cells,
associated cytokines or chemokines, disease-associated genes, microRNAs, signal-
ling pathways, pathogen/damage associate molecules sensing receptors and disease-
associated oxidative stress molecules/pathways. Another key aspect of management
of lung diseases involves lack of effective drug delivery strategies that could
improve the bioavailability and subsequent efficacy of the existing/upcoming
therapies.

The primary objective of this book, Targeting Cellular Signalling Pathways in
Lung Diseases, is to comprehensively provide an overview of various cellular and
molecular mechanisms involved in chronic lung diseases and then to suggest the
currently available or upcoming therapeutic targets that could be efficacious in
managing these diseases. The book adequately highlights a myriad of drug delivery
approaches that could be developed and tested before implementing in real-life
scenarios for improving the drug bioavailability and efficacy in lungs and/or target
cells/tissues/pathways. Collectively, the book could be immensely informative for
readers who are interested in recent developments in lung diseases in terms of novel
mechanisms that could be targeted therapeutically, as well as the innovative drug
delivery systems that may become mainstream in coming years for effectively
treating the lung regions/cells/pathways that demonstrate associated pathology.

The book rightly begins with an elaborated introduction to the lung diseases and
then expands to the comprehensive chapters covering the crucial pathological
mechanisms in non-communicable respiratory diseases, i.e., asthma, chronic
obstructive pulmonary disease, lung cancer, and idiopathic pulmonary fibrosis.
Thereafter, the book contains comprehensive chapters on microbial infections of
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the lung, such as tuberculosis, Haemophilus influenzae, and viral infections (includ-
ing the novel Coronavirus Disease 2019). This section is followed by chapters
comprising discussions around the master molecular regulators of lung diseases,
including, phosphoinositide 3-kinase, the cholinergic system, Nrf2-Keap1 signalling
pathway, Toll-like receptor (TLR). There is a dedicated subsection on the impor-
tance of plant-based or natural compounds that could be potential in the management
of lung diseases. The final section of book exclusively summarizes the prospects and
challenges in developing and validating various drug delivery systems for respira-
tory diseases. The chapters in the book have extensive visual illustrations that make
it easier for readers to understand the complex disease mechanisms.

We believe that this book will be a valuable resource for academicians,
researchers, and industry engaged in the field of respiratory biology. It is also a
valuable resource for translational researchers, graduates, and postgraduates (Mas-
ter’s, PhD, and Post-Doctoral Researchers) of various disciplines including Pharma-
ceutical Sciences, Biotechnology, Immunology, and Medical and Health Sciences.

The editorial team has extensive research experience in the field of respiratory
diseases, respiratory infections, lung inflammation, and drug delivery systems for
respiratory system. The editors of this book would like to express their sincere
gratitude to all the authors for their time and for their valuable contributions in the
production of this book.

Sydney, NSW, Australia Kamal Dua
Edmonton, AB, Canada Raimar Löbenberg
Campinas, São Paulo, Brazil Ângela Cristina Malheiros Luzo
Sydney, NSW, Australia Shakti Shukla
Phagwara, Punjab, India Saurabh Satija
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Introduction to Lung Diseases 1
Shivraj Popat Jadhav, Himmat Singh, Salman Hussain, Ritu Gilhotra,
Anurag Mishra, Parteek Prasher, Anand Krishnan, and Gaurav Gupta

Abstract

Lungs come in contact with external environmental factors such as smoke,
pollens, microbes, dust, environmental chemicals, and various other pollutants
continuously. Exposure of lungs to these factors increases the risk of lungs to
develop various diseases and disorders. In the United States, lung diseases are the
third top reason of deaths. In infants, the majority of deaths are due to lung
diseases and other breathing problems. Lung diseases may affect the whole
respiratory system including the trachea, bronchi, bronchioles, alveoli, pleurae,
pleural cavity, and nerves and muscles responsible for respiration or part of the
respiratory system. Respiratory diseases make gas exchange difficult in
air-breathing animals. This can lead to mild and self-limiting to life-threatening
conditions. Lung diseases include asthma, chronic obstructive pulmonary disease
(COPD), idiopathic pulmonary fibrosis (IPF), lung cancer, and various bacterial
as well as viral infections like influenza, pneumococcal, respiratory syncytial
virus, etc. These conditions if are not treated well within time can lead to serious
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health complications and may often produce life-threatening situations. The
quality and productivity of the life of the patient are severely hampered because
of respiratory diseases due to the related symptoms like breathlessness and
chronic cough. This chapter introduces different kinds of respiratory disorders
along with their etiology, epidemiology, pathophysiology, sign and symptoms,
and treatment.

Keywords

Respiratory disorders · Respiratory infections · Etiology · Epidemiology · Lung

Lungs do continuous work of gaseous exchange to fulfill the body’s need for
oxygen. For this purpose, oxygen from the external environment is inhaled and
carbon dioxide is exhaled continuously. Along with oxygen, various other environ-
mental factors are also inhaled inside the lungs such as smoke, pollen grains,
microorganisms, dust particles, chemicals, and various other pollutants which at
all are not necessary for the human body. Exposure to these unnecessary factors may
lead to several lung diseases and disorders such as asthma, chronic obstructive lung
disease (COPD), lung cancer, and many more. Breathlessness, chronic cough, and
hypoxia are some of the complications associated with lung diseases which severely
hamper the quality and productivity of a patient’s life [1].

Patients suffering from lung diseases such as asthma or COPD are affected in
multiple ways in their day-to-day life. While the effect of lung diseases is different
for each patient, the main effects include difficulty in breathing, reduced day-to-day
activities, lowered self-esteem, lack of energy, disturbed relations, nervousness, and
depression [2, 3]. About 40% of patients with COPD suffer from depression [4] and
about 34% of patients suffer from anxiety [2]. There is a high incidence of anxiety
and depression in patients suffering from asthma. The major five lung diseases
across the world include chronic obstructive pulmonary disorder (COPD), asthma,
acute respiratory infections, tuberculosis, and lung cancer [5]. This chapter will
address epidemiology and causes, etiology, pathophysiology, and treatment in
short of each disease.

1.1 Chronic Obstructive Pulmonary Disorder (COPD)

COPD is a reversible disease of the lungs and is one of the major causes of mortality
and morbidity throughout the world. In the United States, after heart disease, cancer,
and cerebrovascular diseases, COPD is the fourth leading cause of death [6, 7]. As
projected, COPDmay become the third leading cause of death worldwide [5]. COPD
is a common term generally used for various medical conditions that are responsible
for impairment of airflow into the lungs which are not fully reversible [8]. Hence,
COPD could be better seen as a clinical syndrome identified as chronic respiratory
symptoms, pulmonary abnormalities like airway obstruction, emphysema, or airflow

2 S. P. Jadhav et al.



limitation [9]. Patients suffering from COPD will be at a higher risk of death due to
the development of coexisting conditions than patients without COPD [10, 11].

1.1.1 Definition

Several different definitions of COPD are present as per the different medical
societies. Some of them are as follows:

The American Thoracic Society (ATS) defined COPD as “a disease state
characterized by the presence of airflow limitation due to chronic bronchitis or
emphysema” [12]. According to the European Respiratory Society (ERS), COPD
is “reduced maximum expiratory flow and slow forced emptying of the lungs, which
is slowly progressive and mostly irreversible to present medical treatment” [13]. The
Global Initiative for Chronic Obstructive Lung Disease (GOLD) defined COPD as
“a disease state characterized by airflow limitation that is not fully reversible. The
airflow limitation is usually both progressive and associated with an abnormal
inflammatory response of the lungs to noxious particles or gases” [14].

1.1.2 Epidemiology

Global estimation of COPD is difficult as different methods are used for calculation
of prevalence [15]. About 174 million cases are present globally according to the
Global Burden of Disease Study 2015 [16]. According to population-based health
administrative data, there is a risk of 28% of getting COPD by the age of 80 in
Canada [17]. There is a maximum increase in COPD cases between 1990 and 2010
of about 119% in the Eastern Mediterranean and 102% in African regions
[18]. COPD is underdiagnosed in low-income countries, in younger patients, in
smokers, and in lower education groups [19]. COPD is more common in men than in
women, but due to increase in smoking among women in high-income countries and
exposure to different pollutants like biomass fuel in low-income countries, the risk of
COPD in women also increases. Low- and middle-income countries contributed
about 90% of deaths worldwide [20].

1.1.3 Causes

Globally, tobacco smoking remains one of the main causes of COPD [21]. The
World Health Organization evaluates that about 73% of COPD mortality in high-
income countries and about 40% mortality of COPD in low-income countries are
due to smoking [22]. Genetic factors may also be responsible for COPD as indicated
by the study. The deficiency of enzyme serine protease α1 antitrypsin is related to
COPD in 1–3% of patients. The genetic risk of COPD increases if the patient is a
smoker or is exposed to other pollutants [23]. Exposure to various chemicals,
pollutants, dust, vapors, and fumes at workplaces is also responsible for COPD.

1 Introduction to Lung Diseases 3



The incidence of COPD related to the workplace is more in countries where laws are
not stringent regarding exposure to pollutants [24]. Exposure to indoor air pollutants
such as biomass fuel like coal, dung, straw, wood, and crop residues may also
increase the risk of COPD. According to WHO, 35% of cases of COPD from low-
and middle-income countries is because of exposure to biomasses [22]. Other causes
for COPD are related to age, various infections, asthma, and socioeconomic factors
(Fig. 1.1).

Tabacco
Smoking

Exposure
to

Industrial
Pollutants

Exposure
to indoor
pollutants

Socio-
economic

factors
Age

Genetic
Factors

Infections
and

Asthma

Causes

of

COPD

Fig. 1.1 Causes of COPD
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1.1.4 Symptoms (Fig. 1.2)

1.1.5 Pathophysiology

Tobacco smoking is the major cause behind COPD. Harmful agents present in
tobacco smoke cause injury to the airway epithelium tissue and start the main
process which leads to airway inflammation and obstruction. Other changes include
increased oxidative stress and protease-antiprotease imbalance. In COPD small
airways and lung, parenchyma tissues are more affected, and the destruction of the
proximal airway epithelium is less. Walls of the small conducting airways are
thickened and obstruction worsens because of mucus exudates. Oxidative stress is
increased because of bronchial inflammation involving phagocytes like neutrophils
and macrophages. Squamous cell metaplasia and goblet cell hyperplasia are induced
because of smoking. There is an increase in smooth muscle mass [25]. Other major
changes observed are mucus hypersecretion, ciliary dysfunction, hyperinflation,
abnormalities in gaseous exchange, and other systemic effects [26].

1.1.6 Treatment

The damage done to the lungs in COPD is irreversible, but by the use of several
medications and self-discipline, COPD can be lowered. The following table
summarizes several approaches (Table 1.1):

Fig. 1.2 Symptoms of COPD
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1.2 Asthma

Asthma is among the most common chronic types of disease affecting 334 million
people throughout the world [31]. It is a more common chronic type of disease in
childhood [32]. Asthma is considered as a disorder localized to the lungs, but new
studies indicate a component of systemic airway disease which involves the entire
respiratory tract and often associated with other disorders like allergic rhinitis
[33]. Asthma control remains difficult although there is an increase in diagnosis
and management over the past decade. Control of asthma in a substandard way may
lead to unnecessary morbidity and limitation so of day-to-day activity of the patient
and overall degradation of life of the patient [31].

1.2.1 Definition

Asthma is defined as a chronic inflammatory disease of airways. Inflammation is
associated with hyperresponsiveness of airways due to specific triggers like viruses,
allergens, or exercise which leads to repetitive episodes of chest tightness, wheezing,
breathlessness, and coughing. These episodes often cause airflow obstruction and
may go away spontaneously or with appropriate treatment [33].

Table 1.1 Various approaches for the treatment of COPD

Sr.
no. Treatment Description

1 Smoking stoppage [27] • Stoppage of smoking is the main treatment for the cessation
of over the time reduction in lung functions
• Also, it will reduce smoking-related comorbidities like
cardiovascular diseases and lung cancer

2 Vaccination [15] • Vaccination of influenza and pneumonia is recommended
in patients with COPD to reduce the risk of exacerbations and
hospital admission

3 Physical activity [28] • Physical activity was found to be useful as much as
smoking cessation
• Walking at least for 15 min is related to 14% less morbidity
and hospital admission

4 Pharmacotherapy [29] • A long-acting muscarinic antagonist (LAMA)
• A long-acting beta-2 agonist (LABA)
• Glucocorticoids
• Phosphodiesterase-4 inhibitors

5 Intervention treatments • Surgeries in critical patients like volume reduction surgery
and the use of endobronchial valves and lung volume reduction
coils are suggested

6 Oxygen and ventilation
support [30]

• Patients with severe resting hypoxia are recommended
oxygen support
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1.2.2 Epidemiology

The global occurrence of physician-diagnosed asthma in adults is about 4.3%. This
occurrence has a large variation between country to country and age groups. The
occurrence of asthma is high in developed countries but low in developing countries
[34]. Epidemiological data may be underestimated in resource-poor countries where
patients do not get basic medications for asthma. The occurrence of asthma is higher
in boys as compared to girls, but the interesting fact is that the chances of a woman
getting asthma are more than 20% as compared to men which may indicate a switch
in prevalence during puberty [35]. Reemission of asthma is more in boys and
patients who are sensitized to furred animals. However, certain factors like obesity
and tobacco smoking may lead to the development of asthma [36]. Most countries
suffering from asthma are low- and middle-income countries as diagnosis and
treatment are poor which may lead to significant mortality. However, from the
past 25 years, there is a significant reduction in overall mortality because of
increased use of inhaled corticosteroids.

1.2.3 Causes (Fig. 1.3)

Fig. 1.3 Causes of asthma
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1.2.4 Symptoms (Fig. 1.4)

Asthma symptoms are unspecific and may include a variety of symptoms like
wheezing, coughing, shortness of breath, dyspnea, chest tightness, and tachycardia.
Symptoms are particularly related to the timing and nature of the trigger. A clear
difference should be made that observed symptoms are not because of any other
clinical condition like bronchitis, allergic rhinitis, or eczema.

1.2.5 Pathophysiology

Lower respiratory tract inflammation occurs because of a combination of different
reasons like genetic predisposition, exposure to different environmental factors, and
possible changes in microbiome and metabolites [37]. Asthmatic patients generally
suffer from type 2 inflammation. Type 2 inflammation is related to certain cytokinin
mediators like interleukin-4, interleukin-5, interleukin-14, and inflammatory cells
like eosinophils, mast cells, basophils, lymphocytes, and immunoglobulins
[38]. Asthmatic patients who do not suffer from type 2 inflammation are often
difficult to treat with the help of corticosteroids. Inflammatory changes that com-
monly occur in asthma are increased interleukin-33 in epithelial cells, an increase in
expression of OX40L in the dendritic cell, and goblet cell metaplasia. Also,
biological changes occur in lymphocytes, eosinophils, and mast cells which cause
type 2 inflammation. Histopathological changes observed during an asthma attack

Wheezing

Cough

Shortness of Breath

Dyspnea

Chest Tightness

Pale skin

Tachycardia

Fig. 1.4 Symptoms of asthma
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include hypertrophy of smooth muscles, hyperplasia of goblet cells, fibrosis of
subepithelial tissues, and deposition of collagen, increased number of blood vessels
in the submucosa, and edema of the submucosa [39].

1.2.6 Types of Asthma [40]

It is important to diagnose the type of asthma for proper treatment.

(a) Allergic asthma
Episodes of allergic asthma may arise if asthmatic patients come in contact with
common allergens like dust, pollutants, pollen grains, or animal hairs. When
these allergens enter into the respiratory system, a series of events start that lead
to an asthma attack. Keeping away from these trigger factors is the best practice
to avoid asthma episodes.

(b) Exercise-induced asthma
Exercise or physical exertion may lead to the induction of exercise asthma.
Airway narrowing is maximum after 5–20 min of starting exercise. Such
patients may be prescribed asthma inhalers before the start of the exercise.

(c) Occupational asthma
This type of asthma may trigger from the workplace environment. The patient
may suffer from asthma symptoms like difficulty in breathing because of various
trigger factors present at the job. Some typical jobs which may cause occupa-
tional asthma are hairdressers, painters, and woodworkers.

(d) Nocturnal asthma
Patients having asthma may experience episodes of asthma during nighttime.
This is because of the circadian rhythm. This type of asthma attack can be
dangerous and may be related to changes in the body such as hormonal
secretion, cooling of airways, and sleeping position. Treatment of such type of
asthma often includes medications before going to bed.

1.2.7 Treatment

Treatment of asthmatic patients includes both preventive and curative measures.
Initial treatment at the start of asthma symptoms is the best way of asthma manage-
ment [41]. Patients with a high risk of death require special attention in terms of
monitoring, self-care, and education. The following points should be considered
while battling with asthma [42]:
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– Patients and family members should be made aware of the severity of asthma.
– A written home plan for tackling early symptoms of asthma.
– Making patients aware of necessary skills for recognizing early symptoms of

asthma.
– Making patients aware of the importance of communication with a physician

about any serious complication of asthma.

Pharmacological management of asthma includes the use of various chemical
agents like inhaled β2-agonists like salbutamol, anticholinergics like ipratropium
bromide, methylxanthines such as theophylline, corticosteroids like methylprednis-
olone, epinephrine, and terbutaline. Other treatments may include the use of
antibiotics in case of infection. Mechanical ventilation along with sedation can be
used for patients with status asthmaticus. For sedation purposes, midazolam, mor-
phine sulfate, ketamine, and propofol are prescribed [43].

1.3 Lung Cancer

Lung cancer is the most fatal malignancy in the modern world and responsible for
over 40,000 deaths in the United Kingdom per year [44]. Smoking tobacco remains
one of the leading causes of lung cancer. From studies, it is indicated that only 10%
of smokers develop lung cancer; hence, other factors such as genetic and dietary
risk factors are also responsible. As compared to other types of cancers like breast
cancer, prostate cancer, and cervical cancer, lung cancer is diagnosed at an early
metastatic stage. The maximum incidence of lung cancer occurs between 75 and
80 years of age in the United Kingdom. Over 50% population of 500,000
diagnosed with lung cancer is above 70 years and above [44]. The high hope of
lung cancer cure is when it is detected in the early stages. Radiation therapy along
with chemotherapy plays an important role in the treatment of lung cancer
[45]. Lung cancer is of two types: non-small cell carcinoma (NSCC) and small
cell lung carcinoma (SCLC). NSCC accounts for 80% of cases, while SCLC
accounts for the remaining 20% [46].
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1.3.1 Classification

WHO classifies lung cancer as follows [46] (Fig. 1.5):

1.3.2 Epidemiology

Six million new cases of lung cancer were diagnosed in the year 2008 which is about
12.7% of the world’s total cancer incidence [47]. In the United States, lung cancer is
accountable for 160,340 deaths in the year 2012, which is about 28% of all cancer
deaths. There are marked regional variations in the global geographic distribution of
lung cancer. Lung cancer is the commonest type of cancer among men throughout the
world and the number four cancer type in a woman. The highest rate of occurrence in
men is from North America, East Asia, and central-eastern and southern Europe. In
underdeveloped countries like West Asia, South Africa, and the Caribbean, the rate of
incidence of lung cancer is high [47]. Data of Surveillance, Epidemiology, and End
Results (SEER) from 2004 to 2008 indicated the common age for diagnosis of cancer is
71 years, while no cancer is detected in men below 20 years of age [48]. Around 0.2%
of lung cancer incidents are from age 20 to 34, 1.5% between age 35 and 44, 8.8% from

Fig. 1.5 Classification of lung cancer
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age 45 to 54, 21% between age 55 and 64, and a maximum 31% between age 65 and
74. A huge advancement in diagnostic, surgical, and curative methods fails to increase
the overall survival rate in the last 5 years which is 15.6% in the United States, and
globally, it is worse in developing countries which is around 8.9% [49].

1.3.3 Etiology and Risk Factors [45] (Fig. 1.6)

1.3.4 Sign and Symptoms

No specific signs and symptoms are there which can conclude that a person is
suffering from lung cancer [50]. Lung cancer may have similar signs as that of a
smoker person or person suffering from other disorders like upper respiratory tract
infection. Signs and symptoms are related to the size and location of the tumor.

Fig. 1.6 Causes of lung cancer
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Common symptoms seen in a lung cancer patient are cough, wheezing, dyspnea, and
hemoptysis. Symptoms may worsen as the tumor increases in size and starts to
spread. Blood-filled sputum may be observed as the condition becomes worse.
Additional symptoms may include edema in the face, neck, and shoulders. Shoulder
and arm pain are common [45].

1.3.5 Diagnosis

Complete medical, as well as personal history, along with regular physical examina-
tion can help to diagnose lung cancer in an early stage. Smokers, who are at high risk
of lung cancer, suffer from cough and produce sputum regularly [50]. Any change in
the amount of sputum is important along with symptoms like shortness of breath,
chest pain, and blood in sputum or frequent respiratory infection. Chest radiography
is one of the first tests which can be performed for a possible diagnosis. Bronchos-
copy is another technique that uses a brush or forceps to obtain a sample from
lesions. Drawback related to bronchoscopy is that it can only detect lesions present
in the airways but fails to detect lesions deep within the bronchial tree. Fine-needle
biopsy of the lesion is another technique that can produce 95% positive results.
Mediastinoscopy and thoracotomy are other diagnostic procedures for the detection
of lung cancer.

1.3.6 Staging of Lung Cancer

Two main systems are designed for an indication of lung cancer severity. One of the
systems is the “TNM” system which denotes lung cancer depending upon T, primary
tumor, N, the extent of involvement of the lymph node; and M, distant metastases.
Each letter is designated with a particular number which denotes the advancement of
tumors. Based on TNM, characteristic numbers are designated from 0 to 4. NSCC
can be staged with the help of the TNM system [51, 52]. Veterans Affairs lung
cancer classification system is used for the staging of SCLC. The disease is classified
into two stages in this system, limited and extensive [53].

1.3.7 Treatment [54]

Depending upon the stage and type of lung cancer, there are different treatments.
Treatment differs in small cell lung cancer and non-small cell lung cancer. The most
common type of lung cancer is non-small cell lung cancer and adenocarcinoma is the
commonest subtype. Treatment of this type of lung cancer can be done with surgery,
chemotherapy, radiation therapy, or targeted therapy. The type of treatment will
depend upon the type and stage of cancer and if the patient has any other health
conditions. The following table gives an idea about treatments used for non-small
cell lung cancer depending upon stages (Table 1.2).
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Surgery involves the removal of the lung in part or full. Depending upon it, lung
surgery is of different types (Table 1.3).

For the treatment of small cell lung cancer, if diagnosed in an early stage, surgery
can be an option. But in the case of advanced stages, combination of chemotherapy
and radiation is used. For prevention of spread to the brain, prophylactic radiation to
the brain is used. There are several side effects of radiation and chemotherapy like
nausea, vomiting, alopecia, fatigue, increased infection risk, anemia, kidney damage,
and nerve damage.

1.4 Acute Respiratory Tract Infections

Acute respiratory tract infections are classified depending upon the area of infection,
i.e., upper respiratory tract infection (URI) and lower respiratory tract infection
(LRI). Different organs like nostrils, larynx, sinuses, and the middle ear are the
parts of the upper respiratory tract. The lower respiratory tract consists of the trachea,
bronchi, bronchioles, and alveoli. Acute respiratory tract infections are the cause of
illness and mortality in children all over the world [55, 56]. But the majority of cases
are found in high- and middle-income countries. As a lack of specific etiological
factors, severity of LRIs has become more worse in developing countries for
children below 5 years of age. Around 10.8 million children die annually
[57]. According to a study, 1.9 million children died because of ARIs. Among
them, 70% were from Africa and Southeast Asia [58]. According to the WHO,
two million children are susceptible to die because of pneumonia below the age of
5 [59].

Table 1.3 Different types of lung surgeries

Name of surgery Description

Wedge resection Removal of an infected small piece of the lung

Segmentectomy Removal of a larger part of the lung but not the whole lung

Lobectomy Removal of the complete lobe of the lung

Pneumonectomy The entire right or left lung is removed

Table 1.2 A treatment option for non-small cell lung cancer

Stage Treatment

I – The first treatment is the removal of the lesion by surgery
– If surgery is not possible, then radiation

II – Surgery
– Radiation if individual can’t undergo surgery along with adjuvant chemotherapy

IIIA – Surgery, chemotherapy, and radiation

IIIB – Surgery, chemotherapy, and radiation

IV – Chemotherapy or targeted therapy and for symptomatic relief palliative radiation
treatment can be used
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1.4.1 Upper Respiratory Tract Infections

These infections are the most common and include common cold (also termed as the
common cold), ear infection, sinusitis, pharyngitis, epiglottitis, and laryngitis.
Among these ear infections, pharyngitis may cause more complications like deafness
and rheumatic fever. The main cause of URIs is viruses. Twenty-five to thirty
percent of URIs are because of rhinovirus; 25–35% of UTIs are because of influenza,
parainfluenza, metapneumovirus, and adenovirus; coronavirus accounts for 10%;
and the remaining is because of anonymous reasons [60].

1.4.1.1 Acute Pharyngitis
This term is used to indicate common cold and other disorders that occurred due to
viral rhinitis. It is among the most common type of infection in childhood. Children
of age younger than 5 years may suffer five to eight recurrent occurrences per year.
Various viruses such as rhinovirus, coronavirus, influenza virus, adenovirus, and
coxsackievirus are responsible for pharyngitis [61]. Inflammation of the nasal
mucosa may lead to obstruction of Eustachian tubes and can cause secondary
bacterial infection. More complications can lead to acute childhood asthma [62].

Symptoms
– Runny nose
– Cough and fatigue
– Pharyngitis
– Fever and chills
– Diarrhea
– Vomiting
– Abdominal pain and headache

Mode of Transmission
– Viruses may get transmitted in the form of droplets by coughing or sneezing or by

a handshake.

Communicability
– Infection is communicable in closed and semi-closed areas like school and

daycare centers.

Incubation period
– Varies from 2 to 10 days

Treatment
– Rest, hydration, and air humidification
– Nasal hygiene and decongestion
– Antipyretics and pain killer
– Oral antitussive and antihistaminic drugs
– Antimicrobial agents
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1.4.1.2 Acute Sinusitis
It is a bacterial infection of paranasal sinuses which can remain up to 30 days. After
30 days, symptoms resolve completely on their own. In acute sinusitis, maxillary and
ethmoid sinuses are more infected. Bacteria such as S. pneumoniae andH. influenzae
are responsible for acute sinusitis. Some viruses may also be associated with sinusitis
[63]. If an infection is not treated well, then possible complications may include
meningitis, thrombosis of the cavernous sinus, and brain abscess.

Sign and symptoms
– Cough in the daytime and worsen at night
– Fever
– Eyelid edema, headache, discomfort, and pain at the infection site or teeth [61]

Diagnosis
– Clinical history with a physical examination
– Hemogram
– Nasal swab study
– X-ray [64]
– Compound tomography
– Nasal endoscopy

Treatment
– Rest and air humidification
– Painkiller and antipyretic
– Topical or systemic decongestants
– Antimicrobial agents
– Surgical treatment

1.4.1.3 Acute Viral Laryngitis
This infection consists of inflammation of a specific portion of the larynx due to
respiratory viral infection. Airway obstruction may be caused due to congestion and
edema. Acute viral laryngitis generally occurs in infants and preschool children with
a peak at age of 2. Causative agents involved in infection are parainfluenza I and II
and syncytial virus along with the influenza virus and adenovirus in some cases [65].

Sign and Symptoms
– Nasal congestion, dry cough, and fever of low grade
– Restlessness, intensified stridor, intense dyspnea, and cyanosis
– Seizure, apnea, and death in severe cases

Treatment
– Hydration and air humidification
– Inhaled corticosteroids
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1.4.2 Lower Respiratory Tract Infection

Pneumonia and bronchitis are the two major infections of LRI. Respiratory syncytial
viruses (RSV) are the most common cause of LRI. These viruses are highly seasonal
and contagious. The global burden of disease study indicated that infection of the
lower respiratory tract is the third most common cause of mortality after heart
disease and cerebrovascular diseases [66].

1.4.2.1 Pneumonia
Worldwide, Streptococcus pneumoniae is the main causative pathogen behind
community-acquired pneumonia (CAP) [67]. Bacteria as well as viruses are respon-
sible for pneumonia. Haemophilus influenzae, generally type B (Hib), along with
Staphylococcus aureus is also responsible for pneumonia infection. Other pathogens
responsible for pneumonia are Mycoplasma pneumoniae and Chlamydia
pneumoniae. Forty to fifty percent of cases of infection in infants and children are
due to viruses such as the measles virus, parainfluenza virus, and adenovirus [68]. A
report from Jain et al. in 2015 indicated that there was an increase in cases of
pneumonia as age is increased [69]. According to a study, around 24.8 episodes
per 10,000 adults were reported with the highest incidence around age 65–69. The
study also indicated that approximately one in three adults will die after hospitaliza-
tion within a year. According to a statistical health report, influenza and pneumonia
are responsible as the sixth leading cause of death in South Africa [70].

Classification of Pneumonia
1. By location:

– Community-acquired
– Hospital-acquired

2. By cause:
– Dust pneumonia
– Chemical pneumonia
– Chemical pneumonia
– Aspiration pneumonia

Sign and Symptoms of pneumonia
– Fever and chills
– Shortness of breath
– Chest pain during cough
– Nausea, vomiting, and diarrhea
– Cough with phlegm

Treatment
– Antibiotics
– Antivirals for viral pneumonia
– Antifungals for fungal pneumonia
– Oxygen therapy if the blood oxygen level is low
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1.4.2.2 Influenza
Influenza is caused by a variety of viruses. Generally, influenza is responsible for
causing upper respiratory tract infection. But it is more and more being recognized
for lower respiratory tract infection. It is the second most common cause of hospi-
talization of children with acute respiratory tract infection [71]. The influenza virus is
of three types, mainly, A, B, and C. Among these types, influenza A and influenza B
are responsible for causing human infection. Influenza A is more dangerous and
often responsible for global pandemics especially in developing countries
[72]. Chances of emergence of new strains of influenza A virus are maximum as
occurred in the 1950s and 1960s. Apart from this, influenza virus is capable of
transferring from animals, birds, to humans with improved genetic structure because
of gene shifting ability. Influenza A virus is responsible for 90% of flu cases. These
viruses are capable of transferring from human to human through various activities
like coughing, sneezing, and talking. Influenza is highly seasonal especially in
autumn and winter [73].

Sign and Symptoms of Influenza
– Fever, chills, and sweat
– Muscle pain and fatigue
– Headache
– Dry continuous cough
– Difficulty in breathing
– Sore throat
– Stuffed or runny nose
– Eye pain, vomiting, and diarrhea
– Chest pain

Treatment
– Antiviral drugs like oseltamivir, zanamivir, and peramivir.
– Vaccination is highly recommended before starting of flu season.

1.5 Idiopathic Pulmonary Fibrosis (IPF)

Interstitial lung diseases (ILDs) are a diverse family of parenchyma lung disease in
which lung inflammation and fibrosis occur. Idiopathic pulmonary fibrosis is the
most destructive among interstitial lung diseases. It is characterized by growing
fibrosis, cellular proliferation, interstitial inflammation of the alveolar wall with
irreversible unstoppable destruction of lung function, and respiratory failure leading
to high mortality [74]. Tissue damage of alveoli will be heal but if the process is
repeated the healing process stops which causes the thickening of the walls of
alveoli, due to which oxygen transfer from alveoli into capillaries becomes difficult.
For optimized treatment, accurate diagnosis is necessary. Progression of IPF in some
patients is unnoticeable, while in some, it progresses very fast [75, 76]. Adults aged
18 to 64 years may experience annual cases of 6 per 100,000 persons, while for

18 S. P. Jadhav et al.



adults 65 years and above, incidence increases up to 94 cases per 100,000 persons
[77, 78]. Increasing age, male sex, tobacco smoking, environmental exposures,
genetic factors, and microbial infection are some of the risk factors for IPF [79]. If
a person is a tobacco smoker, then there are 60% more chances of him getting
IPF [80].

1.5.1 Epidemiology

IPF prevails throughout the world. IPF seems to be higher in North America and
Europe as compared to South America and South Asia. In the United States, IPF is
reported in 10–60 cases among 100,000 individuals. The rate of hospitalization is
increasing which suggests an increase in the burden of disease [81]. Data can be
variable as results will depend upon the data collection method. The regional
variation between the numbers of cases can be observed depending upon the method
of data collection, exposure to different caustic agents, and occupational risk factors.
The mortality rate in IPF is high. It may be due to increased diagnosis [82]. It is well-
known that IPF is a heterogeneous disease with a changing disease course.

1.5.2 Causes

Pulmonary fibrosis causes thickening of air sacs which prevents oxygen transfer.
This damage can be caused by several factors like:

• Occupational and environmental factor
– Asbestos
– Silica
– Dust
– Long-term exposure to animals and livestock
– Metal dust

• Radiation
• Pharmacological agents like chemotherapeutic agents, CVS medications, anti-

inflammatory drugs, and antibiotics
• Also, some medical conditions like GERD, rheumatoid arthritis, pneumonia, and

polymyositis
• Genetic factors
• Tobacco smoking

1.5.3 Pathophysiology

Traditionally, IPF was considered to be an inflammatory disease of the lungs which
leads to fibrosis of lungs. IPF is now considered as a result of genetic as well as
environmental risk factors that repetitively cause tissue damage causing thickening
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of walls of alveolar sacs. In IPF, the aging of the alveolar epithelium tissue occurs
due to repetitive injury. These etiological factors start as unusual fibroblast
outgrowth, myofibroblasts cause the production of the matrix, and due to matrix
accumulation, the lung interstitium tissue becomes remolded [83]. Gas exchange
between alveoli and nearby capillaries is lost permanently.

1.5.4 Symptoms

• Dry cough
• Tiredness
• Shortness of breath and rapid and shallow breathing
• Fatigue
• Swelling of fingers called as clubbing
• Muscle and joint pain
• Weight loss

1.5.5 Diagnosis

• Checking of patient medical history and physical examination
• Various diagnostic tests like chest X-ray, high-resolution chest computerized

tomography scan, and lung biopsy
• Pulmonary function test, blood test, and genetic testing

1.5.6 Treatment

Presently, there is no absolute cure for IPF. Depending upon the patient condition,
physicians may attempt one or more of the following treatments:

• Medicines
– Kinase inhibitors: nintedanib and pirfenidone
– Antacids to relieve GERD

• Oxygen therapy
• Ventilation therapy
• Surgery like a lung transplant

Apart from the abovementioned diseases, there are numerous diseases which can
affect the lungs or respiratory systems like sarcoidosis, tuberculosis, silicosis, cystic
fibrosis, bronchitis, pleural effusion, SARS, and COVID-19.
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Abstract

Many a times, a very thin line exists between physiology and pathology. Airway
obstruction seen in the asthmatic subjects is exemplary of such phenomena.
Physiologically, airway obstruction is needed to guard the master regulator of
lung homeostasis, i.e. the alveolar epithelial cells, against the massive entry of
exogenous irritants like noxious particles, allergens and microbes into the airway.
Surprisingly, genetic predisposition with prolonged exposure to these exogenous
irritants sets off the pathological clock causing mild-moderate- severe asthma.
With time, numerous innate and adaptive immune cell types along with cytokines
have been pinpointed which participates in the pathogenesis of asthma. Though
Th2 cytokines form the foundation of the majority of the asthmatic situation,
researchers started dividing the patients as Th2-high and Th2-low asthma. The
recent concept of classifying asthma based on its endotypes is a more granular
approach to avert the progression of asthma rather than the phenotypic classifica-
tion. The identification of novel biomarkers based on the -omics technology will
leverage the molecular data and provide a precision-based care. Here, in this
chapter, we have described about the various immune cells responsible for the
heterogeneity of the disease such that it can be targeted for substantial improvi-
sation of asthma, along with current lacuna in the understanding of asthma
pathogenesis.
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2.1 Introduction

2.1.1 Rationale to the Study

Asthma causes a significant socioeconomic burden as well as family burden. The
major symptoms are wheezing (vibrations in the small airways that are almost closed
off due to obstruction), chest tightening, shortness of breath, cough with or without
sputum production and night waking due to combination of the above symptoms.
Asthma is an important global public health problem as 339 million people are
affected worldwide as of the 2016 report from World Health Organization (WHO)
[1]. It is one of the very few diseases that predominantly affects the people in
developed nations. This is in accordance with the hygiene hypothesis proposed by
Strachan in 1989 [2]. However, a dramatic increase in the prevalence, morbidity and
mortality due to asthma has been noted in developing countries according to a recent
report from the Global Initiative for Asthma [3] in spite of advanced understandings
and therapeutic strategies.

2.1.2 Asthma: A Global Health Burden

Despite emergence of newer therapeutic strategies, the prevalence of asthma keeps
on increasing [4]. It is the leading cause of hospitalisation among children. Asthma
had secured the 16th and 28th position worldwide in causing years lived with
disability and adjusted life years, respectively [2]. Its incidence varies from country
to country. It has been estimated that 34% of the man days in India are lost due to
airway-related disorders, of which asthma is the major cause [5]. It is also important
to note that higher mortality is observed in patients having features of refractory
asthma. This is due to limited therapeutic options for different pathophysiological
features such as greater involvement of neutrophils and increased airway
remodelling.

2.1.3 Asthma: GINA Definition

Asthma can be defined as ‘a heterogeneous disease, usually characterised by chronic
airway inflammation. It is defined by the history of respiratory symptoms such as
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wheeze, shortness of breath, chest tightness and cough that vary over time and in
intensity, together with variable expiratory airflow limitation’.

Since Hippocrates time, the concept of asthma had changed from psychological
disease to smooth muscle disease to inflammatory disease to current airway
remodelling. Parallel to change in the concept, the therapeutic strategy has also
changed from mind calming to bronchodilators to anti-inflammatory drugs to
thermoplasty. Though all these available traditional therapy are mostly
non-specific approach, the knowledge we obtained in the last two decades converts
this mere non-specific approach to combined non-specific coupled with pathway-
specific approach. In this chapter, we are going to witness the same.

2.2 Traditional Understanding and Parallel Non-specific
Therapy

2.2.1 Major Types of Asthma

There are two major types of asthma: atopic and non-atopic. Asthma which gets
triggered by allergens is called extrinsic or atopic asthma [6]. Atopic asthma is
characterised by heightened expression of cytokines like interleukin-4 (IL-4),
interleukin-5 (IL-5) by T helper 2 (Th2) cell, interleukin-2 (IL-2) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) in bronchoalveolar lavage (BAL)
fluid [7]. These atopic asthma patients have increased levels of allergen-specific
immunoglobulin E (IgE) in serum and skin prick positivity to susceptible allergens
[8]. Intrinsic, non-atopic, asthma that sets off by running, exercise, etc. generally
appears at a later life and is non-allergic in nature. Occupational asthma, one subtype
of non-atopic asthma, is triggered by the exposure to irritants found in workplace.

2.2.2 Allergens Are Major Inducers for Atopic Asthma

The inducers for the asthma symptoms vary depending on the type of asthma. The
inducers for atopic asthma are various types of allergens like different types of
common pollens, cockroach allergen, house dust mite, danders of cat and dog, etc.
Importantly, these allergens sensitise only allergy-prone individuals who are having
genetic tendency. After sensitisation, when they are exposed to same allergens again,
it leads to bronchoconstriction. In general, other environmental factors like air
pollutants may not instigate asthma development in such atopic individuals, but
they can aid in promoting the asthma initiation. For example, by damaging airway
epithelial barrier, cigarette smoke is seen to increase the accessibility of allergens. As
a result, air pollution could potentiate the allergen uptake following which they get
processed by antigen-presenting cells. On the other hand, in non-atopic asthma, both
indoor and outdoor pollutants could initiate the asthma development and this leads to
cause occupational asthma. Thus, children residing in the urban areas have an
increased tendency to develop asthma than non-urban children [9].
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2.2.3 Pathophysiology

In Greek language, the word asthma means panting and being out of breath. Initially,
asthma was misunderstood to have a psychosomatic history. But actually, this is not
completely a misunderstanding because neurogenic inflammation does happen in
asthma pathogenesis. Asthma is a complex disease commonly identified as hyperac-
tivity in the bronchial airways. Such hyperresponsiveness in the bronchial region
increases before the onset of the allergic trigger and reverts only after treatment.
There is an increase in the infiltration of inflammatory cells like eosinophils. This
eosinophil-dominant airway inflammation is associated with goblet cell metaplasia
with overproduction of mucus in the airways and hypertrophy and hyperplasia of
airway smooth muscles [10]. Airway hyperresponsiveness occurs due to the
increased sensitivity of the sensory nerves to allergen. In case of serious asthmatic
conditions, mucus plugs are formed which are made up of plasma proteins and
mucus glycoprotein [11]. Most of these asthma features are believed to be mediated
by Th2 response. Repeated airway inflammation also causes irreversible structural
changes in the airways. All these features, termed ‘airway remodelling’, is
characterised by airway wall thickening due to deposition of extracellular matrix
proteins underneath the airway epithelial layer. Such increase in the wall tissue of the
airways further causes more narrowing of the walls of the airways.

2.2.4 Symptomatic Therapy

Bronchodilators and corticosteroids are the two major types of anti-asthma drugs
that are in use for a long time. Both of these drugs fall under the category of
symptomatic treatment. There are other drugs like antihistamine agents and leuko-
triene modifiers that are considered as additional supplementary therapy. Though
leukotriene modifiers showed promising results at the initial times of launching, all
asthmatics did not show good improvement in lung function.

Bronchodilators are group of drugs which function by relaxing the tightened
airway muscles. This facilitates intake of air and improves breathing. They symp-
tomatically act in managing asthma [12]. Depending on their nature, bronchodilators
can be subdivided into two categories. These are beta-2-agonist drug and anticho-
linergic drug. Based on the time of action, beta-2-agonist drugs can be further
classified as long-acting beta-2-agonist (LABA) and short-acting beta-2-agonist
(SABA) [13]. Ultra-LABA is also used [12]. Tiotropium and theophylline are
long-acting muscarinic antagonists (LAMA). Salmeterol and formoterol are long-
acting beta-2- agonists that are administered by inhalation. Theophylline, whose
chemical name is dimethylxanthine, has been used for asthma therapeutics for a long
time. It works by inhibiting phosphodiesterase 3 (PDE3). Activation of PDE4 and
histone deacetylase-2 is also inhibited by theophylline. However, long-term theoph-
ylline use can pose some harmful effects. Low dose is recently recommended to
avoid therapeutic resistance [14].
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Inhaled corticosteroids (ICS) are common drugs to manage acute asthma
[15]. Combination therapy of both beta-2-agonists and ICS is the frequently used
strategy to control moderate to severe asthmatic conditions. LABA in combination
with ICS proves to be an effective treatment for asthma [12]. Corticosteroids inhibit
the inflammatory activities through transactivation and/or transrepression. The for-
mer leads to the transcription of numerous anti-inflammatory mediators, whereas the
latter suppresses the transcription of pro-inflammatory mediators. However, 5–10%
asthmatic patients do not respond to corticosteroids, and this condition is called
steroid-insensitive condition. This has been discussed in a separate chapter in
this book.

Anti-leukotriene drugs work by inhibiting the leukotriene receptors. Though lot
of expectations were there on leukotriene modifiers when these were launched, the
clinical trial findings were disappointing. However, leukotriene receptor antagonists
have been shown to be beneficial in certain asthmatic conditions like aspirin-
sensitive asthma, obese asthma, senile asthma and smoking-associated asthma
[16]. The effects of these leukotriene modifiers on airway remodelling and identifi-
cation of biomarkers of good responders are yet to be investigated [16].

The above-mentioned drugs are non-specific symptomatic therapies available in
asthma, except leukotriene modifiers. Though this non-specific therapy can be
successful in controlling the disease for a short term, it seems that this may not be
sufficient in a considerable number of patients when they have to control the disease
for a long time. With the emergence of multiple endotypes in asthma including
neutrophilic asthma, steroid-resistant asthma, obese asthma and so on, the asthma
field needs to be revisited. This would provide a better understanding of the disease
pathogenesis which would in turn aid in formulating more effective therapeutic
strategies. In this chapter, we have attempted to achieve the same. In this journey,
one can realise how non-specific therapy can be complemented with specific,
personalised strategy in asthma management.

2.3 Current Understanding and Steps Towards
Pathway-Specific Therapy (Fig. 2.1)

2.3.1 Cells Involved in Asthma Pathogenesis and Respective
Targets

2.3.1.1 Airway Epithelium
The respiratory organ is lined by epithelial cells. Being a frontline defence barrier,
the airway epithelium acts as a protective interface between the lung and environ-
ment [17]. Earlier, it was believed that airway epithelium is a mere victim of most of
the recruited immune cells. However, recent reports indicate that airway epithelium
can govern airway inflammation. For example, airway epithelium secretes
Th2-polarising cytokines on being exposed to mild irritants like allergen but secretes
interleukin-17 (IL-17) when they are exposed to severe irritants like cigarette smoke
[17]. The entire epithelial layer present in the airways provides two major barriers.
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They act as physical barrier by forming tightly connected airway epithelial layer that
does not allow foreign particles like allergens to enter. Airway epithelia also function
as a chemical barrier. The epithelial layer secretes a number of innate immune
cytokines that can further act as a signal to initiate the acquired immune response
[17]. This will then bring the right type of immune cells to the site of insult that can
lead to resolution. The protective mechanism also includes the mucus layer which
has two layers: gel and sol. These layers are responsible for entrapping foreign
particles. Such particles will be sent upwards in the airways by ciliary beating to be
removed from the airway [17]. In addition, the airways also have other physiological
mechanisms like sneezing and coughing. They are primarily responsible for elimi-
nation of foreign particles from the airway with the goal of protecting the alveoli, the
functional unit of lungs. Indeed, the partial closure of the airways,
bronchoconstriction, is meant for the prevention of massive entry of allergens and
other toxic particles from the environment into the airways. Thus, the airway
epithelial layer acts as a security force to protect the alveoli.

2.3.1.2 Dendritic Cells
Dendritic cells recognise foreign unknown agents which have a role in promoting
asthma. When the airway lumen is exposed to any antigen or allergen, they are
sampled by these dendritic cells. Dendritic cells insert their teeth-like projections
between two subsequent bronchial epithelia. Upon identifying allergens, dendritic
cell has the job to initiate allergic responses. They process the antigens and then
present them to the naïve T helper (Th0) cell. They also decide whether the response
would be vigorous or can be tolerated [18]. Studies have shown that dendritic cells
have a part in the differentiation of the CD4+ T cells. In response to aeroallergen,
dendritic cells dominate eosinophilic inflammation by regulating the activation of
lung Th2 cells. They may also have a role in tuning the immune balance between T
regulatory cell (Treg) and Th2 cells [19].

Dendritic Cell Modulator as a Target
It is known that successful migration of lymphocytes from the lymph node to the site
of inflammation is crucial for the development of active immune response. This
migration is facilitated by a number of events, and one such event is the gradient of
sphingosine-1-phosphate (S1P) [20, 21]. In general, the levels of S1P are always
high in both lymph nodes and blood compared to the tissues. Upon its receptor
interaction, S1P can inhibit the exit of lymphocytes from the lymph node. Applying
this strategy, fingolimod (FTY720), a synthetic sphingolipid, was developed. Upon
phosphorylation, fingolimod phosphate acts as an analogue of S1P. Fingolimod
prevents the movement of DCs present in the lung to mediastinal lymph nodes and
can thus function as an immunosuppressant in asthma [20, 21]. However, it could
cause lymphopenia that has important adverse effects. Studies have reported that
inhalation of FTY720 ameliorates the asthma features without causing lymphopenia
[20]. Though fingolimod seemed to be successful in murine asthma, its effects in
asthmatic patients are controversial. Thus, more investigation is needed to see
whether it provides beneficial effects in asthma.
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2.3.1.3 Lymphocytes
Lymphocytes have a crucial role in asthma pathogenesis and both B and T cells are
under its umbrella. Naïve T cells endorse T cell receptor (TCR) which, upon
recognising any antigen, differentiates and proliferates into effector T cells like T
helper 1 (Th1), Th2, T helper 17 (Th17) and Treg cells. Th2 lymphocytes lead to the
commencement and maintenance of allergic inflammation. Such phenomena occur
in asthma and it is dependent on various environmental factors like allergen expo-
sure. CD25+ Treg, a subclass of T lymphocytes, also has a part in asthma progres-
sion. Treg cells play an integral role in managing the allergy coupled asthmatic
response through immunotherapy [22]. They subdue the cytokine production and
proliferating ability of CD4+ CD25- T cells. Treg cells also produce interleukin-10
(IL-10) that have a role in safeguarding atopic sensitivity in humans [22].

2.3.1.4 T Helper Type 2 (Th2) Cells
They are dominantly involved in atopic asthmatic condition [23]. However, its
involvement is also reported in non-atopic asthma. GATA-3, the transcription factor
for Th2 cell subtype, gets overexpressed in asthma. In contrast, the transcription
factor for Th1 cell is T-bet whose expression gets reduced in asthma. The cytokines
released by Th2 cell like IL-13 have the capacity to induce airway
hyperresponsiveness (AHR), and subsequently inflammation in asthma, indepen-
dently without IgE and eosinophils. Allergic asthma which gets instigated by the
Th2 cells is called eosinophilic asthma.

Th2 cytokines like IL-4, IL-5 and IL-13, which are secreted by these Th2 cells,
are responsible for most of the asthma features. IL-4 is also released from mast cells
upon initial allergen exposure, and this event is crucial for the conversion of naïve T
cells to Th2 cells. IL-4 secreted by Th2 cells leads to a number of asthma features.
Since both IL-4 and IL-13 share a common receptor, IL-13Rα1/IL-4Rα complex,
most of the events, like signal transducer and activator of transcription 6 (STAT-6)
phosphorylation and IgE class switching, are common in IL-4 and IL-13 signalling.
In addition, IL-4 also leads to IL-13-independent effects, thanks to IL-4-specific
receptor subunit that is not shared with IL-13 [24].

IL-13 is a key Th2 cytokine that regulates major airway inflammatory events in
asthma. Genetic polymorphisms in IL-13, its receptor components, and its down-
stream molecules such as STAT-6 have been shown to be associated with asthma.
Therapies have been developed which will target IL-13/IL-4/STAT-6 pathway and
control this heterogeneous airway disease amount [25]. Mere administration of
recombinant IL-13 seems to be sufficient to induce most of the asthma features in
naïve mice even without allergen exposure. This indicates the dominant nature of
IL-13 in asthma pathogenesis. In addition to its participation in allergic airway
inflammation, IL-13 signalling also leads to airway remodelling changes like goblet
cell metaplasia and sub-epithelial fibrosis.

Th2 Cytokines as Target
In order to block the interaction between IL-13 and its receptors, development of
some monoclonal antibodies, that are presently having asthma based clinical trials,
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took place. Anrukinzumab monoclonal antibody (mAb) is of human origin that
works by blocking IL-13 and inhibiting the activation of IL-13 receptor subunits
IL-13Rα1 and IL-13Rα2 [26]. Lebrikizumab, which is also used in the treatment of
atopic dermatitis, is a human immunoglobulin G4 (IgG4) mAb that has high affinity
for IL-13, binds to IL-13 and inhibits signalling pathway that occurs through the
IL-4Rα/IL-13Rα1 heterodimeric complex. Humanised IgG4 mAb, tralokinumab,
that specifically targets and neutralises IL-13, is used for treating severe asthma. It
affects the mRNA level of IL-13 regulated dipeptide peptidase-4 (DPP-4) in
serum [27].

Inhibition of IL-4 can be done either by direct blocking of the IL-4 cytokine or by
inhibiting IL-4/IL-13 receptor. One such drug is dupilumab. Being a mAb,
dupilumab blocks IL-4Rα/IL-13Rα1 receptor complex and thus prevents interaction
between IL-4 with IL-4R and IL-13 with IL-13Rα1. Another such IL-4Rα/IL-13Rα1
antagonist is pitrakinra [28]. AMG17 is another humanised monoclonal antibody
which binds to IL-4Rα and inhibits both IL-4 and IL-13 pathways. However, it is not
effective for all groups of asthmatic patients [29]. Antagonists can also be designed
in the laboratory. By joining crystallisable IL-13Rα2 fragment with general antago-
nist mu11B11 through SCORPIO method, a research group developed dual IL-4/IL-
13 antagonist that has a role in inhibiting both the cytokine and lung inflammation in
OVA-challenged mice [30]. IL-13 also shares signalling pathway with thymic
stromal lymphopoietin (TSLP). A research group came up with bispecific nature
anti-IL-13/anti-TSLP antibodies for therapeutic benefit in Th2 asthma. These
antibodies are called Zweimab and Doppelmab which are monovalent bispecific
and bivalent bispecific, respectively. Both of them are very potent and target both
IL-13 and TSLP [31]. It is important to note that various IL-13 and IL-4 targeting
therapeutic molecules cannot be useful in all asthmatic patients. But it would be
useful in a subset of patients who are having eosinophilic asthma phenotype along
with increased levels of periostin [32].

2.3.1.5 B Lymphocytes and IgE
Allergen-induced T cells induce and activate B lymphocytes that further release IgE
after class switching. Indeed, atopicity is determined mainly by the existence of
higher IgE levels. The receptor proteins involved in such IgE signalling pathway are
high-affinity Fc receptor for IgE (FcεRI) and CD23 which has low affinity. Apart
from basophils and mast cells that constitutively express FcεRI protein, dendritic
cells also express FcεRI. Expression of FcεRI protein is also found in the airway
smooth muscle cells and airway epithelial cells of asthmatic individuals [33]. Apart
from IgE, low-affinity CD23 receptor has other ligands like CD21 and integrin.
CD23 causes transfer of IgE to the mucosal tissue. Concentration of IgE is
maintained in tissue as masts cells express FcεRI in high amount and the rate of
dissociation of IgE from FcεRI receptor protein is low [34].

Importantly, anti-IgE therapy reduces asthma features significantly. Omalizumab,
a humanised monoclonal anti-IgE antibody, selectively binds to IgE and prevents the
binding of IgE to its receptor [35]. This diminishes both early and late allergic
responses. IgE-stimulated allergic reaction response is also inhibited. It provides a
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long-term effect and reduces the use of inhaled corticosteroids. Administration of
omalizumab reduces the expression of FcεRI in basophils. IgE can also bind to its
low-affinity receptor found on B cells. Membrane-bound IgE on the B lymphocytes,
IgE+ B cell, has a critical role in controlling synthesis of IgE. Currently under
clinical trial, quilizumab is an immunoglobulin G1 (IgG1) mAb that acts on the
IgE+ B cells and further regulates the generation of IgE. It thus reduces the quantity
of serum IgE in allergic asthma [36]. However, IgE therapy may not be effective for
treating non-allergic asthma. Even in allergic asthma, it is being prescribed mostly to
patients who are having severe refractory asthma as it is very expensive. More
importantly, IgE mAb therapy would be useful in a subset of patients who are
having very high IgE levels [32].

2.3.1.6 Mast Cells
They belong to the haematopoietic lineage and are located near the airway epithe-
lium in the mucosal region. In airway mucosa, they are present at the junction point
where the foreign antigen enters the host. When activated, degranulation of mast
cells happens, following which, the progenitors of mast cells are recruited to
inflammatory sites [37]. There is a significant difference in the mast cells found
near airway smooth muscle between asthmatic patients and normal individuals. In
asthma, airway smooth muscle cross talks with infiltrating mast cells [38]. Airway
smooth muscle uses chemokine (C-X-C motif) ligand 10 (CXCL10) or chemokine
(C-X-C motif) ligand 3 (CXCR3) axis for the recruitment of mast cells. Degranula-
tion of the infiltrated mast cells is positively correlated with airway obstruction by
mucus inside the airway lumen. Inhibiting the secretion by mast cells can be a
therapeutic treatment for asthmatic patient [39].

Type 1 hypersensitivity-mediated mast cell degranulation in asthma is controlled
by mast cell stabilising agents. Cromolyn sodium, a chemical derived from khellin,
obtained from the medicinal plant Ammi visnaga, is a stabilising compound that
blocks the release of inflammation-mediating agents from the mast cells [40]. Atopic
asthmatic individuals who undergo pre-treatment with cromolyn sodium show
decrease in asthma features [41]. Cromolyn, which is given in aerosolised form
via nebuliser, acts on both early and late phases of asthma. Nedocromil sodium, an
agonist of G protein-coupled receptor 35 (GPCR35), is another mast cell stabilising
compound [42] that works by acting against the flux of chloride ion in the mast cells.
Though it is not used commonly in asthmatic patients, it is the main therapy in case
of other allergies like ocular allergy [42].

2.3.2 Th2-High Eosinophilic Asthma Versus Th2-Low Neutrophilic
Asthma

Depending on the nature of infiltrated cells inside the airways, there can be two
major types of asthma. One is the allergic mild to moderate eosinophilic asthma
which is regulated by Th2 cells. It has an early onset and occurs in children at a
young age. The other more severe type is the neutrophilic asthma which is controlled
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by Th1 and Th17 cells. They are mediated by two different pathways and they
regulate different cytokines and co-stimulatory molecules [43]. It is also called
Th2-high asthma and Th2-low asthma. The person having neutrophilic Th2-low
asthma will not respond when they are given the same drug which is used for
treating eosinophilic inflammation. Therefore, the approach for treating asthma is
gradually changing from one size for all to personalised therapeutic. Hence, it is very
important to study the pathobiology in asthma.

The most commonly defined phenotype of asthma is the IgE-regulated eosino-
philic asthma.

2.3.2.1 Eosinophilic Asthma/Th2-High Asthma
Airway eosinophilia accompanied with shredding of the bronchial epithelium is the
hallmark of asthma. The major basic protein (MBP) found inside the eosinophil
granules is toxic to the respiratory epithelial barrier. It results in desquamation
followed by destruction of the ciliated cells. Heightened MBP levels in the sputum
are an important marker of asthma [44]. Eosinophilia can be identified by measuring
the eosinophil count in the sputum. Reduction in eosinophilia also indicates decrease
in exacerbations that happen in asthma [45]. Reduced apoptosis of eosinophils is
noted in asthma. GM-CSF production is primarily the reason behind this. In vitro
studies have showed that β2-agonist has a role in lengthening the lifespan of
eosinophils and inhibits apoptosis [46]. Hence, it is concluded that in asthma,
eosinophilia occurs both in blood and in tissue. Eosinophil maturation that happens
in the bone marrow, recruitment of eosinophils by chemokine receptor 3 agonists,
eosinophil transition and their survival are the steps that occur in asthma. Therapeu-
tic strategies aimed at inhibiting eosinophil maturation and trafficking are some
strategies to combat asthma [47].

Though it was believed that Th2 response is entirely due to Th2, acquired
immune cells, the similar response can also be generated through type 2 innate
lymphoid cell (ILC2) that secretes Th2 cytokines. However, type 2 response in
asthma via ILC2 cells is carried out by interleukin-33 (IL-33) and interleukin-25
(IL-25) cytokines and TSLP. These cytokines, airway epithelial signature proteins,
stimulate the ILC2 cells residing in the pulmonary region to produce more IL-5 and
IL-13. IL-5 has the major role for mediating the maturation, growth, migration and
viability of eosinophils. Cytokine profiles can cluster population in various
subsections as they possess diverse patterns in inflammation. The subgroups can
be either mixed granulocytic ‘IL-5-high and IL-17F-high’ or eosinophilic ‘IL-4- or
IL-13-high’ [48].

This Th2-high asthma accounts for about 50% of asthma which can be of mild to
moderate severity. They are receptive to corticosteroids. Overall, this Th2-high
asthma encompasses the following features: hypersensitiveness to aeroallergen by
IgE, epithelial barrier lining the airways get activated and effector cells like mast
cells and basophils come into action which in turn lead to airway remodelling. The
second type is Th2-low asthma that shows neutrophilic inflammation. They are
non-reactive to glucocorticoids and also not receptive to Th2-high treatment
[49]. Th2-low asthma is regulated by Th17 cells. This subgroup of T cell causes
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emission of cytokine IL-17 and interleukin-22 (IL-22) in the bronchial region. It
leads to AHR and hypersecretion of mucus followed by obstruction in the airways.
Degree of IL-17 is correlated with the seriousness of disease [50]. These cytokines in
Th2-low asthma elevates the growth of airway smooth muscle cell and propels
deposition of collagen in the airways. Interleukin-8 (IL-8) guides the recruitment
of neutrophils. Transient receptor potential vanilloid 1 (TRPV1) channel expressed
in the bronchial region is activated, and this incites the production of more
neutrophils [51].

IL-13 signature genes like periostin, chloride channel accessory 1 and serpin
β2 are considered to be biomarker in Th2-high asthma. Th2-high asthma shows a
unique gene phenotype in airway epithelial cells (AECs). Th2 asthmatic patients
have high level of exhaled nitric oxide fraction (FeNO). They also exhibit increased
level of eosinophils in blood and sputum. Analysis has showed that there is not much
difference in the IL-4, IL-5 and IL-13 levels in both Th2-high and Th2-low asthma.
Mucosal C-C motif chemokine ligand 26 (CCL26) gene expression was higher in
Th2 asthma. Statistical studies showed that still better biomarkers are required for
easy detection at bedside level [52].

Interleukin-5, a central Th2 cytokine, helps egress of immature eosinophils from
the bone marrow, activates them and recruits them into the airways, increases their
survival and also causes the eosinophil degranulation upon allergen induction. IL-5
is another therapeutic target in asthma. Mepolizumab is an anti-IL-5 monoclonal
antibody which is of human origin. Mepolizumab administration is safe and causes a
decline in the number of circulating eosinophils in tissues and peripheral blood
[53]. Mepolizumab got a FDA approval for treating eosinophilic phenotype asthma.
Reslizumab is another FDA-approved IL-5 antagonist, monoclonal anti-IL-5 anti-
body given in severe asthma [54]. Compared to placebo, IL-5 neutralising
reslizumab causes reduction in the eosinophilic counts and also improves the airway
obstruction happening in eosinophilic asthma [55]. Another drug undergoing clinical
trial is benralizumab. Being a humanised mAb, benralizumab acts on the α-subunit
of IL-R receptor IL-5αR. Upon administration, benralizumab also causes a decrease
in eosinophilic amount in sputum and peripheral blood. A decrease in asthma
exacerbations is also observed [56].

2.3.2.2 Neutrophilic Asthma
In case of severe asthma, the Th1 and Th17 pathways also get activated. This then
brings about neutrophilic inflammatory asthmatic response [43]. Upon facing insults
from different allergens, various chemotactic factors are released. They recruit the
inflammatory cells to the site of injury in the lung. The different types of structural
cells in the lung like epithelial cell, endothelial cell and fibroblast also release some
mediators that promote inflammation. In asthma, both branches of immune response
get involved. B cell and T lymphocytes provide the adaptive immunity. Innate
immunity is provided by eosinophils, neutrophils, mast cells, macrophages and
dendritic cells [11]. Acute asthma often occurs by viruses. In respiratory virus-
induced asthma, increased neutrophilic inflammation is observed. There are
incidences of heightened neutrophilic degranulation in sputum of asthmatic patients.
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Increase in cell lysis was also observed [57]. Interleukin-8 (IL-8) has a role in the
neutrophil infiltration and is upregulated in severe asthma. Upon IL-8 stimulation,
neutrophils cause transmembrane migration of eosinophils. This in turn leads to
neutrophil accumulation in the airways [58]. Detailed analysis of patient’s sputum
has showed that there are some sub-phenotypes in asthma. Multivariate analysis of
clusters was performed. In mild to moderate sub-phenotype of asthma, there is more
eosinophil. However, in case of moderate to severe asthma, there is more predomi-
nance of neutrophils [59]. Monocyte-derived immune cells, macrophages, have an
unclear role in asthma. They can secrete both pro-inflammatory and anti-
inflammatory cytokines. However, it is predicted that the anti-inflammatory cytokine
is reduced in asthma [11]. There is another study which showed that alveolar
macrophages (AM) are the source of pro-inflammatory cytokine Th17. In
OVA-induced allergic mice model, the IL-17 positive cells were primarily
CD11b+F4/80+ macrophages. Neutralising IL-17 or depletion of AM diminishes
the effect of OVA-induced asthma inflammation and reduces the infiltration of
inflammatory cells [60]. Thus, AM has a variety of roles in the context of immune
regulation in asthma. It is like a double-edged player, where, on the one hand, it can
promote inflammation and on the other hand its anti-inflammatory role can maintain
lung homeostasis. Further studies are required to figure out macrophage’s function in
different phenotypes of asthma [61].

2.3.3 Asthma: A Complex Syndrome with Multiple Endotypes

Depending on the types of various inflammatory cells in asthmatic sputum, asthma is
differentiated into different phenotypes. In addition to eosinophilic and neutrophilic
asthma phenotypes, the third phenotype is mixed granulocytic asthma and the last
one is steroid-insensitive paucigranulocytic asthma (PGA) [62]. But why do we need
such phenotypic and endotypic classifications? In non-Th2 asthma, Th2 cell-targeted
asthma therapeutics may not be beneficial [63]. Thus, phenotyping asthma helps in
planning better treatment procedure. For doing it, understanding the molecular and
cellular mechanism behind this disease is of utmost importance. Thus, a better
understanding of these asthma phenotypes will aid in the development of specific
biomarkers for each of the phenotypes [64], and phenotype-specific molecules or
mechanisms can be targeted for treating asthma.

There are some comorbidities that can further heighten the asthma triggers.
Additional disease pathologies found in the upper airway tract are chronic
rhinosinusitis, polyposis in nasal areas, allergic rhinitis and so on. These
comorbidities in the upper airway tract augment complications and take part in
worsening asthma [65]. Hence, it becomes very important to deeply understand
the complex pathophysiology of this heterogeneous airway inflammatory disease.
Owing to various risk factors, sometimes asthma therapy becomes complicated. It
becomes refractory to the standard treatments. One such refractory condition is
called steroid-resistant asthma, and this is elaborately discussed in the chapter
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entitled ‘Targeting Cellular and Molecular Mechanisms in Steroid-Resistant
Asthma’ in this book.

Among various comorbid conditions, obesity is found to be an important condi-
tion in recent times, thanks to westernisation in food and lifestyle [66]. In mice
model, it is noted that the obese mice have airway hyperresponsiveness at an innate
level. Such mice also show a heightened allergic response to several asthma-
triggering agents [67]. There are many emerging studies which showed that there
is some association between asthma and obesity. During obesity, a systemic
pro-inflammatory response gets triggered in the adipose tissue. The lung volume
capacity is also decreased in obese people with reduction in the peripheral airway
diameter, which can further contribute to airway hyperresponsiveness. Alteration in
the smooth muscle function was also observed [68]. Another study proposed that the
oxidative stress that happens during obesity has a role in augmenting the airway
inflammation. These also reduce the efficacy of the inhaled corticosteroids, which
are commonly given drugs in asthma [69]. Asthma has also become partly a lifestyle
disease.

Western lifestyle also introduced a hygiene hypothesis that has a role in an
individual’s susceptibility to asthma. Evidences have shown that children who
were given antibiotics at a sensitive childhood age have a genetic predisposition to
develop asthma [70].

2.4 Nitro-Oxidative Stress in Asthma Pathogenesis

2.4.1 Oxidative Stress

The superoxide (O2
�), hydroxyl radical and hypochlorous acid that are reactive

oxygen species (ROS) are constantly formed in the lung for physiological reasons to
guard against a number of environmental irritants including microbes. However, in
asthmatic condition, there is a release of more ROS into the airways by various
recruited inflammatory cells like Th2 cells, eosinophils, etc. The dominant role of
ROS in causing various asthma features has been demonstrated in earlier literature
[71, 72]. On the other hand, the lung also produces antioxidants. Once the balance
between oxidants and antioxidants is disturbed, radicals can both damage the cell
and initiate, amplify the inflammatory response. In the cell, these radicals damage
DNA, lipids, proteins and carbohydrates. The lipid peroxidation product,
8-isoprostane, is a known bronchoconstrictor [71]. Similarly, oxidative DNA dam-
age product, 8-hydroxydeoxyguanosine, also leads to bronchoconstriction. Exces-
sive oxidative free radicals can also induce apoptosis of airway epithelium. This
could further induce the airway remodelling by activating epithelial mesenchymal
trophic unit (EMTU) to cause further airway hyperresponsiveness. In addition,
oxidative free radicals combine with nitric oxide (NO) free radicals to form
peroxynitrite, which is a powerful bronchoconstrictor. Overall, oxidative stress
seems to play a detrimental role in asthma pathogenesis. Despite being beneficial
in animal models of asthma, exogenous antioxidants have not shown any drastic

2 Targeting Molecular and Cellular Mechanisms in Asthma 41



improvement in asthma. Such discrepancy could either be due to species difference
or it could be also due to physiological benefits of ROS. In any event, using
antioxidants in lung diseases becomes controversial as it may also lead to develop-
ment of lung cancer.

2.4.2 Mitochondrial Dysfunction in Asthma

On the one hand, oxidative stress has a major role in causing airway epithelial injury,
and on the other hand, mitochondria are the major sources of reactive oxygen
species. So theoretically, one can expect dysfunctional mitochondria in asthma
pathogenesis. Our lab and others have demonstrated such mitochondrial dysfunction
in bronchial epithelium of asthmatic subjects [73, 74]. Further, we have
demonstrated how 15-lipoxygenase (15-LOX) leads to mitochondrial dysfunction.
Though 5-LOX has been studied in detail in asthma pathogenesis, detailed studies of
15-LOX revealed more interesting observation in asthma pathogenesis [75, 76]. Fur-
ther, 15-LOX inhibitors like esculetin and baicalein have attenuated asthma features
[74]. Also, we have further demonstrated that mesenchymal stem cell can replace the
dysfunctional mitochondria present in airway epithelia which can in turn cause
attenuation of asthmatic features [77]. All these indicate that improvement of
mitochondrial function in airway epithelia could be an attractive therapeutic strategy.
This also emphasises the importance of airway epithelia such that epithelial protec-
tive agents could be an effective therapeutic strategy in the future. Traditionally,
airway epithelium was considered as a victim of immune cells. In contrast to earlier
belief, a number of recent literatures indicate that a healthy airway epithelium is
crucial to have a healthy lung.

2.4.3 Nitric Oxide (NO)

Nitric oxide is produced from L-arginine, catalysed by constitutive nitric oxide
synthases (cNOS), namely, endothelial NOS (eNOS) and neuronal NOS (nNOS),
and their isoform, inducible nitric oxide synthase (iNOS). Under normal physiologi-
cal conditions, NO produced from cNOS functions as a bronchodilator and has an
anti-inflammatory action in the airways through the cyclic guanosine
monophosphate (cGMP) pathway [78]. NO produced by iNOS reacts with superox-
ide and leads to peroxynitrite radical formation which has negative effects like
inflammation and bronchoconstriction in the airways [78]. L-arginine is also utilised
as a substrate by arginase, the last hepatic urea cycle enzyme, which catalyses the
conversion of L-arginine to L-ornithine and urea. It also occurs in non-hepatic
tissues like the airways and has two isoforms – arginase1 and arginase 2. cNOS,
iNOS and arginase vie for their common substrate L-arginine. A rise in iNOS
expression in asthmatic condition limits the bioavailability of L-arginine for
cNOS. In asthma, there is also an upregulation of arginase by transforming growth
factor β (TGFβ) and Th2 cytokines like IL-4 and IL-13, reducing the substrate
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availability of cNOS [79]. This competition for substrate causes depletion of
L-arginine in the asthmatic airways. Previous work from our lab has shown how
L-arginine supplementation at high doses can alleviate allergic airway inflammation
[78]. The harmful form of NO, made from arginine utilisation by iNOS, causes
L-arginine depletion and promotes peroxynitrite production. Peroxynitrite causes
mitochondrial dysfunction by haem degradation in cytochrome c oxidase, a crucial
mitochondrial electron transport chain enzyme. Our lab has demonstrated that
L-arginine administration is able to lower peroxynitrite generation and rescue the
impaired mitochondrial function in allergic airway inflammation [80].

Asymmetric dimethylarginine (ADMA), an endogenous NOS antagonist, is
increased in asthmatic condition. It is a product of protein methylation formed during
post-translational modification catalysed by protein methyltransferases. ADMA is a
naturally occurring uncoupler for the all NOS isoforms, halting NO production by
the NOS, which promotes superoxide production. Besides, an increased level of
ADMA is also found to upregulate arginase activity [81]. Rise in arginase activity
boosts L-ornithine production that functions as a precursor for polyamines and
L-proline. Polyamines are involved in cell proliferation, whereas L-proline promotes
collagen production and fibrosis [79]. Indeed, ADMA-induced arginase
upregulation is found to contribute to collagen deposition and airway
hyperresponsiveness in murine lungs [81].

NO, derived from iNOS activity, is highly prevalent in asthmatics. However,
considerable amount of variation has been found in the FeNO in asthma patients,
with some patients having FeNO levels within normal range. Nevertheless, a major
population of asthmatics with high FeNO levels represent a distinct phenotype
defined by their higher arginine metabolism and a more severe form of the disease.
The higher arginine metabolism is attributed to the increased levels of iNOS and
arginase present in their airways [82]. This highlights the clinical relevance of
understanding the role of arginine biology in asthma.

2.5 Airway Remodelling in Asthma: The Knowledge that Will
Shape the Future Treatment

Now, it is very clear that the airway epithelium works beyond mere mechanical
barrier in the airways. It indeed maintains healthy lung homeostasis by protecting
against obnoxious particles entering the airways [83]. The injury to the airway
epithelium is traditionally believed as a converging event of various inflammatory
pathways. In contrast to this view, recent evidences indicate that epithelial injury and
its subsequent airway remodelling changes can be parallel set of events happening
along with airway inflammation. This is the possible reason why anti-inflammatory
agents could not reduce the initiation of irreversible airway remodelling changes.
The challenges faced by the epithelium every minute are commendable, and its
structural alteration leads to ‘airway remodelling’ [83].

Defining ‘airway remodelling’ is very challenging. It is a collective term to
indicate the overall changes happening in the airway wall. Almost every cell type
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in the airways increases in number and size that further causes obstruction in the
airway diameter. Airway narrowing, which occurs in early stages of asthma, seems
to be physiological and temporary, with smooth muscle contraction and mucosal
oedema. However, thanks to the airway remodelling changes, airway narrowing that
occurs in late stages of asthma seems to be a combination of physiological and
anatomical changes. As a result, even without allergen exposure, at a later stage,
asthmatic patients constantly have airway narrowing. As a consequence, there occurs
a continuous difficulty in breathing in later stage compared to earlier stages. Airway
remodelling is thus a characteristic hallmark of asthma that has a notable functional
implication in asthma pathogenesis.

Epithelial alterations in asthmatic airway remodelling are characterised by
features like epithelial cell shedding, goblet cell hyperplasia and metaplasia, loss of
ciliated cells [84] and compensatory hypertrophy and hyperplasia of epithelial cells.
Clinically, the extent of epithelial injury is correlated to airway hyperresponsiveness
[83]. Sub-epithelial fibrosis, another important feature of airway remodelling, is
due to the dense deposition of a variety of extracellular matrix (ECM) proteins like
proteoglycan, tenascin and collagens, predominantly in the lamina reticularis
[85]. The deposition of ECM proteins in sub-epithelial regions is facilitated by the
transformation of fibroblasts to myofibroblasts. Myofibroblasts are a kind of hybrid
cells that have the functions of both muscle and fibroblasts. These hybrid cells are
majorly responsible for the overall thickening of airway wall. The imbalance
between proteases and antiproteases may favour a profibrotic balance. A number
of matrix metalloproteinases (MMPs) like MMP-2, MMP-3, MMP-9 and MMP-12
are seen to have a role in asthmatic airway remodelling [84]. Hypertrophy and
hyperplasia of airway smooth muscle cells (ASM) are other key features in
airway remodelling. This leads to prominence of smooth muscle mass that has
been correlated to clinical severity and duration of asthma. Hypertrophy and hyper-
plasia seem to comprehend both the small and large airways. Distinctly, various
molecular mechanisms, involving pro-inflammatory cytokines, chemokines and
ECM proteins, can be attributed to causing hyperplasia or hypertrophy [86]. The
goblet cell and mucous gland hyperplasia leads to bronchial mucous plugging
[83, 84] in the airways of chronic asthma. This causes enhanced production of
sputum, airway narrowing and congestion from sputum secretion followed by
increase in the thickness of airway walls [86]. The interstices and folds of the airway
surface are filled with liquid and mucus. These features could be conducive, leading
to the narrowing of the airways by amplifying the surface tension at the air-liquid
interface. Angiogenesis, a part vascular remodelling, includes increased vascular-
ity, vasodilatation, angiogenesis and leakage in microvascular region [84]. Various
cytokines, mediators released from mast cells like histamine, leukotriene B4 and
prostaglandins, hypoxia-inducible factor 1 (HIF-1) and vascular endothelial growth
factor (VEGF) [84] are important factors contributing to angiogenesis.

Even though it was believed that inflammation-induced airway remodelling
occurs via epithelial injury, the incidences of airway remodelling changes even in
young children indicate the possibility of inflammation and its subsequent repair-
induced airway remodelling. This further reemphasises the need to explore the
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possible genes involved in airway remodelling happening in asthma pathogenesis
[83, 84, 87]. More research is required to explore the possible surrogate markers of
future airway remodelling that could help us to segregate and treat high-risk
populations at early stages.

2.6 Non-pharmacological Intervention for Asthma: Bronchial
Thermoplasty

Medication is important in the treatment of asthma, to prevent and control asthma
attacks. However, many people like to do something more than just taking
medications. Such non-pharmacologic approaches for asthma like focused breathing
techniques, pulmonary rehabilitation, avoiding triggers and bronchial thermoplasty
[88] have a significant, yet underappreciated, role. In asthmatic patients who are
unresponsive to the medical therapies and have evidence of airway remodelling,
bronchial thermoplasty is carried out. Those patients not only exhibited long-term
improvement in the quality of life but also showed reduced severity of exacerbations
and health-care utilisation.

Asthma is characterised by the sub-epithelial deposition of collagen and
remodelling of the bronchial architecture. In late asthma, permanent airway
narrowing and airflow obstruction in asthmatic patients further leads to increase in
the airway smooth muscle mass. This causes a gradual decline in lung functions
[89]. Hence, a new concept of bronchial thermoplasty (BT) has been developed [88–
90] that intents to decrease the airway smooth muscle mass and sub-epithelial
fibrosis. The objective of bronchial thermoplasty is to modify the airway
remodelling and diminish the bronchial constriction, thus ameliorating asthma
symptoms. Thus, thermoplasty is a new therapeutic option that has to be used
along with other pharmacological options in the treatment of uncontrolled severe
asthma.

When thermal energy is applied to airway wall in a controlled manner, it heats the
tissue that causes a reduction in the airway smooth muscle mass. A thermal energy of
65 �C temperature is delivered through bronchial thermoplasty system [90]. It
comprises a sterile, single-use catheter and a radiofrequency electrical generator.
BT targets for treating the distal intra-parenchymal airways up to the main stem
bronchi, down to airways 3 mm in diameter. BT promotes a marked improvement in
the quality of life, along with a decrease in steroid use and reduced number of
patients visiting the emergency room with exacerbations. The improvement moni-
tored is not short term; rather, it seems to be committed for a long-term positive
impact. A large number of controlled human trials have shown FEV1 improvements
along with improvements in the lung function [91]. However, thermoplasty-treated
patients have shown adverse effects in the form of worsening and infection of the
upper respiratory tract occurring during the first week of the thermoplasty session.

Although BT seems to be tedious, it is an attractive strategy that specifically
targets ASM and improves the standard of asthma-related life. Therefore, future
studies are called for in order to explore the possible mechanisms behind the
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improvements. There is also a pressing need to know the asthmatics’ phenotypes that
get the maximal benefits from BT as no uniform improvement has been seen among
asthmatics.

2.7 Tailoring the Patient Needs Via ‘Personalised Approach’
in Asthma

Now that we are living in an era of ‘magic bullets’, a personalised approach to
asthma will undoubtedly be a fairy tale for asthmatic patients who are striving to
cope up with the difficulties. Personalised medicine is an emerging approach (oppo-
site of the approach ‘one size fits all’) to treat and prevent disease by assessing the
individual’s variability in genes, environment and psychosocial characteristics.

Now we have moved from traditional gross phenotypic classification of asthma to
refined molecular classification called endotypic classification [92]. After correlating
with clinical and cellular phenotypes, various endotypes have been demonstrated in
asthmatic patients in the form of clusters. Such endotypic classification is gradually
being refined with aid from other technological advancements like analysis of genes
and proteins through genomic, microbiolomic and metabolonomic strategies
[92]. As a result, we can pinpoint the dominant biochemical pathways that are
responsible for the appearances of symptom in a given patient. Thus, this approach
can be called ‘treating the right patient with the right drug at the right time’
[93]. Biomarkers are surrogate measures that refer several indicators. They can be
measured and evaluated to assess the normalcy of pathological state or any physio-
logical state. Endotypes are thus significantly different forms of classification from
phenotypes and distinctly describe the entities of the disease with a defining
aetiology and/or a pathophysiological mechanism.

Asthma is considered as an umbrella condition. It comprises numerous distinct
diseases (endotypes) caused by distinct pathological mechanisms. Hence, under-
standing the underlying heterogeneity is very vital. The observable characteristics
(phenotype) in asthma are the various physiological, clinical, morphological and
biochemical characteristics based upon which medications are provided [51]. All the
asthma patients manifest with the similar symptoms of wheezing or squealing, chest
tightness and shortness of breath and fatigue and are accompanied by variable
airflow obstruction. Despite this similarity in symptoms, there is a huge variation
in response to common therapy. One such example of a treatment is omalizumab that
works only for IgE-dominant asthmatic patients [94]. The mechanism of action for
omalizumab is focused predominantly on reducing the circulatory IgE. This further
inhibits its binding to FcεRI receptors of mast cells and basophils. Sometimes,
omalizumab treatment results in exacerbations of symptoms. Similar to IgE, there
are many other biomarkers like sputum eosinophils, sputum neutrophils, blood
eosinophil count and fractional exhaled nitric oxide. These biomarkers could help
respiratory clinicians to subcategorise asthmatic patients like eosinophil-dominant
airway inflammation and neutrophil-dominant airway inflammation. Such
sub-classification can in turn help clinicians to choose corticosteroid for
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eosinophilic-dominant patients. Similarly, some biomarkers like periostin has been
used as a promising surrogate marker of severe asthma [51]. Hence, it has become
very crucial to look for more generic medicines instead of population-based
medications. Thus, with the available huge number of biologic agents, a befitting
endotypic classification with well-characterised biomarkers is essential to correlate
the molecular data to phenotypes and provide tailored medicines for asthma patients.

2.8 Conclusions and Future Perspectives

Asthma is not a single entity; instead, it’s a heterogeneous, complex disorder with
overlapping syndromes which makes it difficult to treat. The traditional approach of
‘blockbuster drugs’ to treat asthma is losing their edge as the drugs available in the
markets are unable to alter the course of the disease. Thus, there is a pressing need to
adopt the ‘personalised approach’ based on the endotype-driven classification of
asthma. In this report, we have elucidated the exigency to understand the underlying
disease mechanisms in different individuals with different endotypic asthma. We
have also presented the idea of various cellular and molecular drivers of allergic
airway inflammation that can be targeted to design novel therapies in the near future.
The concept of asthma has continuously evolved, from being presumed to be an
intrinsic smooth muscle abnormality of the airways to the notion accrediting the
‘inflammation theory’ for the asthmatic diathesis. Recently, the researchers are
giving weightage to the concept of ‘airway remodelling’ as the primary event
responsible for effectuating asthma. We have also highlighted the important facet
of airway remodelling. A milieu of factors is involved in mediating the airway
structural alterations including cytokines (IL-5, IL-13 and TGF-β), growth factors
(VEGF) and MMPs (MMP-9, MMP-12). Targeting these genes will undoubtedly
present us with a curative pharmacological intervention in the immediate future.
However, caution is required in targeting MMPs as it could create havoc in lung
homeostasis as they are required to act against various microbes that are entering into
the airways from the environment.

Steroid-resistant asthma handicaps the situation of treating patients with
corticosteroids and has emerged as a global problem for the clinicians. With the
various inconclusive underlying mechanisms, like neutrophilia, obesity, bacterial or
viral infection, etc., that contribute to the steroid refractory condition, it has become
obligatory to understand the mechanisms intricately in order to identify novel
therapeutic treatments. We have discussed about steroid-resistant asthma elaborately
in the chapter entitled ‘Targeting Cellular and Molecular Mechanisms in Steroid-
Resistant Asthma’. The expenses of asthma due to frequent hospitalisations and the
intangible expense in terms of reduced standard of living have increased due to poor
management and knowledge of the exact underlying mechanism. Future research
should focus on personalisation of anti-asthmatic therapeutic strategy to satiate the
individual needs based on the distinct disease endotypes.
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Abstract

Asthma is a chronic inflammatory disease described by impaired lung function,
airway hyperresponsiveness, episodic wheezing, and dyspnea. Asthma preva-
lence has risen drastically, and it is estimated that more than 339 million
individuals worldwide had asthma with marked heterogeneity in pathophysiology
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and etiology. Several factors involved in the progression and development of
asthma include allergens, pollutants, obesity, viruses, antigens, and many more,
eliciting strong inflammatory and immune responses, causing airflow obstruction,
and tightening of respiratory smooth muscle causing the characteristic asthma
symptoms. Multiple complex molecular pathways are involved in asthma
pathophysiologies such as immunoglobulin E, cytokines, nitric oxide, dendritic
cells, leukotrienes, oxidative stress, and inflammatory infiltrate of mast cells,
neutrophils, eosinophils, lymphocytes, innate immunity, and many more. The
current chapter focuses on illustrating the various molecular pathways that
contribute to asthma development and its progression.

Keywords

Asthma · Airway hyperresponsiveness · Cytokines · Inflammation · Immunity

3.1 Introduction

Asthma is a clinical syndrome characterized as chronic inflammation of airways,
bronchial hyperresponsiveness with reversible airway obstruction, wheezing, and
increased mucus production, ultimately leading to breathing problems, particularly
at night or in the early morning [1]. Asthma is associated with impaired lung function
parameters such as either diminished peak expiratory flow or forced expiratory
volume in 1 second [2]. Asthma is characterized by multiple reasons including
genetic and environmental factors. Asthma of childhood and young adults is
associated with atopic asthma (triggered by an allergen) leading to modulation of
the Ig (immunoglobulin) E-dependent pathway. However, asthma that emerges later
in life is non-atopic asthma (non-allergic) and most commonly reported in women
and smokers [3, 4]. Asthma in the adult is often non-allergic to the normal level of
IgE, and usually, treatment will not work. Patients are generally intolerant to
nonsteroidal anti-inflammatory drugs leading to diminished prostaglandin E2,
thereby presenting inflammatory conditions, rhinosinusitis, and nasal polyps
[5, 6]. Atopic asthma is the most common form of endotype of disease representing
over 60% of cases. In contrast, phenotype non-atopic eosinophilic represents about
25–30% of the cases and 5–10% of patients having severe refractory asthma.
Clinical evidence showed that the pathology of asthma involved 55% of eosinophilic
forms, 20% of neutrophilic forms, 18% of paucigranulocytic forms, and 6% of
mixed forms [7].

In the nineteenth century, Henry Hyde Salter has contributed to understanding
asthma pathology. In 1908, the first asthma patient died and presented eosinophilic
infiltration in the airways [8, 9]. However, until now, the inflammation was not
believed to be involved in asthma pathology. Later in the 1980s, the role of
inflammation has been reported using fiberoptic bronchoscopy, and subsequent
involvement of other mediators including Th (T helper) 2 cells, Th2 cytokines,
and CD (cluster of differentiation) 4 Th subsets has been reported in the airways
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of asthmatics [8]. Besides, several molecular mechanisms are also involved in the
pathogenesis of asthma, including mast cells, eosinophil, neutrophils, macrophages,
cytokines, autacoids, nitric oxide, epithelial cells, and many more. Therefore, this
chapter aims to concentrate primarily on the various cellular and molecular axes
involved in the pathophysiology of asthma.

3.2 Epidemiology and Risk Factors

Worldwide, asthma is ranked 16th among the foremost causes of years of life lived
with disability and 28th among the leading causes of the burden of disease, as
measured by disability-adjusted life years [10]. According to the report of the
World Health Organization (WHO), there are more than 339 million people in the
world had asthma, and it is a common disease among children. Asthma-related
deaths was most commonly observed in low- and lower-middle-income countries,
but the increase in occurrence seems to have plateaued in some developed countries,
while asthma prevalence is higher among high-income countries. Globally, there
were 417,918 deaths reported due to asthma [11]. Out of the total cases reported,
25 million of asthmatics were Americans, of which 6.4 million are children. Child-
hood asthma is more common among boys, while adult asthma is commonly
observed among women indicating that sex hormones play a crucial role in asthma
pathology [10, 12]. Since 1960, there was a sharp rise in the prevalence of asthma in
developed countries, and the cause of the epidemic was unclear. There are sev-
eral hypotheses stated to describe the outbreak; for example, in the late 1980s, it was
believed that exposure to allergens like house dust mite, fungi, cat, furniture plush,
carpets, and tighter insulation of modern house might increase the risk of allergies
and asthma. Further, in 1989, “hygiene hypothesis” was proposed by Strachan and
explains that the reduced exposure to unhygienic conditions in the early stages of life
made the individual more prone to allergies [13]. Later, supporting this hypothesis,
in 2003, Rook et al. suggested that reduced exposure to nonpathogenic microbes and
commensal organisms also enhances asthma and allergic disease prevalence. Thus, a
new hypothesis, named “microbial diversity,” has emerged indicating microbes of
the gut, mucosa, and respiratory tract are the crucial factors in grooming and
regulating the immune system [10, 14]. The incidence of asthma prevalence is rising
among patients with other immune-mediated diseases, including multiple sclerosis,
inflammatory bowel disorder, and type 1 diabetes mellitus [15].

The risk factor for asthma is multifactorial including a combination of genetic
predisposition, age, and immunological and host factors (Fig. 3.1). Factors such as
environmental exposure to allergens, tobacco smoke, chemical irritants in the work-
place (like varnishes, paint, isocyanate, and adhesives), pollution, cold air, and
extreme emotional arousal irritate the airways, thereby leading to asthma attacks.
Furthermore, drugs such as beta-blockers, aspirin, and other nonsteroidal anti-
inflammatory drugs also provoke asthma attacks [16–20]. Besides, asthma is well
correlated with infectious respiratory pathogens such as human respiratory syncytial
virus, coronaviruses, influenza viruses, and rhinoviruses as well as atypical bacterial
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infections (Mycoplasma pneumoniae and Chlamydia pneumoniae) and fungi [21–
23].

3.3 Granulocytes: As Predictors of Asthma

Immune cells like basophils, eosinophils, and neutrophils contain specialized
granules in their cytoplasm and are categorized as granulocytes. Other types of
immune cells that contain such granules are termed as mast cells, but as they
primarily reside in tissues, their classification as granulocytes is seldom stereotypi-
cal. The majority of granulocytes contain antimicrobial peptides like cathelicidins
and inflammatory mediators packed in their cytoplasmic granules. Basophils,
eosinophils, neutrophils, and mast cells are essential for preserving normal lung
function as they alone, or in combination, not only evade latent and budding
infectious agents but also stimulate lung repair responses. Granulocytes are thus
vital for maintaining lung homeostasis. Conversely, overstimulation, or recruitment,
of granulocytes can induce or exacerbate lung injury, i.e., bronchoconstriction that is
responsible for the augmentation of asthma [24, 25]. Asthma is a phenotypically

Fig. 3.1 Risk factors for asthma

56 G. K. Bhatti et al.



heterogeneous long-lasting ailment of the airway and often follows either neutro-
philic or eosinophilic inflammatory patterns [24, 26].

3.3.1 Basophils and Allergic Inflammation

Recently a growing body of evidence cemented that basophils, even though being a
minor population of granulocytes, portray a significant role in allergic inflammation.
Discovered in 1879 by Paul Ehrlich, basophils are now known to be involved in
IgE-independent and IgE-dependent allergic inflammation, consequently due to their
mobilization at the location of inflammation, releasing several chemokines,
cytokines, and proteases. Another major focus is their capability to release IL
(interleukin)-4 and IL-13 after being stimulated and known to exacerbate allergic
inflammation in combination with serine proteases and other cells like macrophages,
fibroblasts, endothelial cells, and some innate lymphoid cells. Moreover, reports
have advocated that basophils are involved in Th2 differentiation and amplification
of humoral memory responses [27–30].

3.3.1.1 Stimuli for Basophil Activation
Basophils are activated by a plethora of pathways arbitrated by antibodies,
cytokines, serine proteases, complement component C5a, or antigens directly. In
the case of antibody-mediated basophil activation, the most well-known activation
modality is via IgE and FcεEIα cross-linking, which results in the release of
leukotrienes (LT) (LTC4, LTD4, and LTE4) and histamines responsible for the
contraction of airway smooth muscles. Besides, IgE-, IgD-, and IgG1-dependent
antigen complexes also mediate basophils, activation [30, 31]. From the perspective
of cytokine-mediated activation of basophils, the most prominent mediator is IL-3.
Several reports point toward the induction of basophil production from bone marrow
precursors by IL-3. Also, the survival of basophils is enhanced by IL-3 wherein it
activates nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and
upregulates serine/threonine kinase Pim1 (proto-oncogene serine/threonine-protein
kinase) [32, 33]. Further, IL-3 and IgE in liaison increase the production of IL-13 and
IL-4 in IgE-facilitated activation [30]. Another medium of basophil activation is via
serine proteases like Derp1 (Dermatophagoides pteronyssinus), a house dust mite
protein that was found to stimulate IL-4, IL-5, and IL-13 production in human
basophil cell lines [34, 35]. Necator americanus, Nippostrongylus brasiliensis,
Strongyloides venezuelensis, schistotome-derived IPSE-alpha-1, HIV-derived
GP120 (glycoprotein 120), and TLR (Toll-like receptor) ligands are some antigenic
bodies thought to activate basophils in IgE-dependent or IgE-independent manner
[28, 30, 36, 37]. Another example of IgE-independent basophil activation is of
primary epithelial cell-derived cytokine thymic stromal lymphopoietin (TSLP)
responsible for IL-4 release from basophils [30].
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3.3.1.2 Inflammatory Mediators of Basophils
In addition to IL-4, other primary inflammatory mediators were released by
basophils including LTC4, platelet-activating factor (PAF), other IL (3, 6, 8, and
13), vascular endothelial growth factor (VEGF), heparin, histamine, and macro-
phage inflammatory protein 1-α (MIP-1α) [38]. Several of these basophil products
are major inflammatory mediators or else are involved in chemotaxis or help in the
propagation of inflammation. Further, it has also been discovered that basophils can
also produce cyclooxygenase and 5-lipoxygenase metabolites after stimulation and
thereby act as a central propeller of inflammation [28, 39].

3.3.1.3 Basophil Adhesion Molecules
Adhesion of basophils to the endothelium is a landmark event before it migrates to
the site of allergy or any inflammatory stimulant. IL-3, GM-CSF (granulocyte-
macrophage colony-stimulating factor), IL-5, and IL-33 are responsible for adhesion
of basophils before their transendothelial migration upregulation of surface β2-
integrin (CD11b/CD18) expression [40]. A study by Lim et al. reported that under
physiological shear flow conditions after IL-3 treatment of endothelial cells, basophil
adhesion was facilitated through the P-selectin and β1 integrins (CD49d and CD49e/
CD29) [41].

3.3.2 Neutrophil Granule Contents

Neutrophil granules are classified into five different types: (A) azurophilic granules
that are mainly antimicrobial; (B) specific; (C) gelatinase granules, which are vital
for migration through tissues and possess antimicrobial functions; (D) ficolin-1-rich
granules, which are required in neutrophil locomotion, firm adhesion, and
transendothelial migration; and (E) secretory vesicles, which are specialized for
neutrophil recruitment and are enriched in proteins required for extravasation from
the circulation [42–44]. The granule proteins present in neutrophils are described in
Table 3.1.

3.3.2.1 Mechanisms in Neutrophil Activation
After acute infection or trauma, neutrophils effectively participate in the activation of
innate immunity, either in a resting state or activated state depending upon their cell
membrane and secretory activity. Conscription of circulating or resting neutrophils
by innate immune system occurs precipitously via two major ways: (A) adhesion of
neutrophils to the vascular endothelium via cell adhesion molecules (CAMs) upon
leukocytes and on endothelial cells in postcapillary venules and (B) neutrophil
transmigration via the endothelium and its ECM (extracellular matrix) by virtue of
chemotactic factors. In order to escape from blood vessels, resting neutrophils must
adhere to activated vascular endothelial cells [45]. This occurs in response to several
innate stimuli like a physical wound and LPS (lipopolysaccharide), thrombin,
leukotriene, or histamine release (Fig. 3.2). The process is initiated by neutrophil
rolling wherein a reversible loose bond is established between nonactivated endo-
thelial cells and neutrophils. The molecules involved in this process belong to three
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different families of CAM, namely, (a) selectin (E-, L-, P-selectin), (b) integrins
(LFA-1, Mac-1), and (c) immunoglobulin superfamily molecules (ICAM-1 and
ICAM-2) [46].

Post-immune stimulation, nonactivated neutrophils express L-selectin, which
helps in binding weakly to endothelial cells, and then endothelial cells get activated
and bind to neutrophils using E- and P-selectin initiating adhesion. Following these,
various factors like cytokines, PAF, and endotoxins induce β-integrin upregulation
in neutrophils which leads to the shedding of selectins. Subsequently, neutrophils,
by virtue of immunoglobulin superfamily molecules, bind firmly to endothelial cells
[47]. The next stage after adhesion is transmigration carried out by short-range
signaling molecules called chemotactic factors, which attach themselves to neutro-
phil membrane receptors. Some noteworthy chemotactic factors include fibrin split
products, C5a like complement products, substance P, bacteria-derived fMLP,
leukotrienes, and IL-8. The most efficient triggers of neutrophil activation are
bacteria and their endotoxins like LPS. Alternate innate or adaptive immune
mechanisms like complement pathway and other chemical mediators like PAF and
leukotrienes also carry out neutrophil activation. Finally, post-activation, instead of
recirculating like other lymphocytes, neutrophils get perished [48, 49].

Fig. 3.2 Mechanisms involved in neutrophil activation. It occurs in response to several innate
stimuli like physical wound and LPS, thrombin, leukotriene, or histamine release. The process is
initiated by neutrophil rolling wherein a reversible loose bond is established between nonactivated
endothelial cells and neutrophils. Consequently, neutrophils adhered to endothelial cells, and this
phase is reliant on integrin (LFA-1 and Mac-1) stimulation, which is facilitated by GPCRs
interacting with chemokines presented on the endothelium. After that, neutrophils crawl beside
the endothelium, through ICAM-1 and ICAM-2 interactions with Mac-1 and LFA-1, till they reach
their site of transendothelial migration. Abbreviations: GPCR, G protein-coupled receptor; ICAM,
intracellular adhesion molecule; Mac-1, macrophage-1 antigen; LFA-1, lymphocyte function-
associated antigen-1; LPS, lipopolysaccharide
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3.3.2.2 Neutrophil in Airway Inflammation and its Signal Transduction
Pathways

Post-activation of lung neutrophils, granule proteins are released such as
myeloperoxidase and human neutrophil elastase, both involved in bronchial inflam-
mation in carrying out structural changes leading to emphysema and peribronchiolar
fibrosis. Generally, neutrophils are recruited to the airways via IL-1B, IL-8, TNF-α
(tumor necrosis factor- α), and LTB4 [50].

A varied range of endogenous and exogenous agonists are involved in neutrophil
signaling pathways like leukotrienes, IL-8, C5a, formylated peptides, LPS,
immunoglobulins, C3b, GM-CSF, tumor necrosis factor, IL-1, fibrinogen, ICAM-
1, etc. These agonists mediate their signaling via explicit receptors on plasma
membranes like GPCRs, Fc receptors, integrin and selectin ligand receptors, cyto-
kine receptors, and some innate immune receptors [51, 52]. There are multiple
pathways of neutrophil signal transduction, such as G protein-coupled receptor
(GPCR), calcium, protein kinase C (PK C), phosphatidylinositol 3-kinase (PI3K),
and tyrosine kinase. A varied number of neutrophil agonists interact with GPCRs
that share the physiognomies signal transduction via interaction with heterotrimeric
GTP binding proteins (G proteins). These G proteins are involved in GPCR activa-
tion in neutrophils, but additional studies need to be carried out to understand their
role completely. Some studies have pointed out the major role of Gi family proteins
based on chemoattractants’ sensitivity to pertussis toxin [53]. Further, a transient
increase in cytoplasmic free calcium occurs during neutrophil activation, which has a
varied role in controlling neutrophil phases and its properties, including but not
limited to shape changes, adhesion, degranulation, secretion, motility, and NADPH
oxidase activation [54]. Moreover, PKCα, PKCβ, and PKCδ are expressed in
neutrophils. In neutrophils, phorbol esters (PKC stimulants) effectively trigger,
among other things, an oxidative burst, inducing the degranulation of some distinct
granules like the specific granules [55].

PI3K enzymes are responsible for phosphorylation of phosphatidylinositols (and
PtdIns (4,5,) P2 in particular) in the third position. This is important for the functional
responsiveness of neutrophils. The main PI3Ks involved in the early events of
neutrophil activation are of class IA and IB PI3K. These enzymes are involved in
the regulation of adhesion of neutrophils, chemotaxis, phagocytosis, and
antibacterial activity through the regulation of the assembly and activation of the
NADPH complex [56].

Tyrosine kinases are involved majorly in the phosphorylation of tyrosine
residues, which are related to neutrophil activation. For example, dimerization of
opsonin receptors of neutrophils, namely, CD32a and CD16b, leads to recruitment
and further activation of Src, Syk, and Tec which are the three prominent families of
tyrosine kinases. Enhanced levels of tyrosine phosphorylation upon engagement of
CD32a or CD16b have been observed [51, 52].

3.3.2.3 Neutrophil Apoptosis: The Resolution of Inflammation
Apoptosis occurs due to the activation of intrinsic, extrinsic, or endoplasmic reticu-
lum stress pathways. Generation of reactive oxygen species is likely responsible for
the activation of the intrinsic pathway and loss in mitochondrial transmembrane
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potential, thereby releasing cytochrome c, endonuclease G, and apoptosis-inducing
factor (AIF). The released cytochrome c induces oligomerization of apoptotic
protease activating factor 1 (Apaf-1) that stimulates caspase-9, followed by
caspase-3 [57]. The inhibitor of apoptosis protein (IAP) family members can
increase cell survival via inhibiting both caspase-9 and caspase-3. The problem is
that neutrophils express such IAPs at very low levels and so their effect on
neutrophils is still uncertain. Extrinsic pathway causes cell death after ligation of
death receptors present on cell surfaces like TRAIL receptors or Fas or TNF-α
forming death-inducing signaling complex (DISC). The downstream signaling
consists of adaptor proteins like the Fas-associated death domain (FADD), which
results in cleavage of caspase-8. The extrinsic pathway is not fundamentally
involved in neutrophil apoptosis. The Fas-facilitated signaling supersedes the
anti-apoptotic effects of the GM-CSF by binding SHP-1 (Src homology 2 domain-
containing protein tyrosine phosphatase 1). The resistance to Fas-facilitated apopto-
sis contributes to the deferred neutrophil apoptosis [58]. TNF-α effect on neutrophils
is intricate as it can generate signals for neutrophil survival that was eliminated by
TNF-α.

Further, TNF-α exerts rather complex actions on neutrophils and could generate
survival signals in neutrophils that were not initially killed by this cytokine. Another
mechanism regulating caspase-8 activity is cathepsin D translocation from
azurophilic granules to the cytosol in a caspase-independent and ROS-dependent
manner. Any type of genetic or pharmacologic inhibition of cathepsin D may result
in a delay of neutrophil apoptosis. Calpains (noncaspase cysteine proteases) and
calpastatin (calpain-1 inhibitor) are also present in neutrophils. The expression of
calpastatin is decreased in neutrophils undergoing apoptosis. This results in an
increased activity of calpain-1, which then cleaves and activates Bax, a proapoptotic
factor. The role of autophagy in fundamental neutrophil apoptosis is still unclear, but
some studies have pointed out that autophagy like cell death is observed in the case
of autoantibody response [59].

3.3.3 Eosinophilic Asthma

The innate immune system consists of some cytotoxic granules containing effector
cells known as eosinophils which post degranulation release toxic proteins like
eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), eosinophil
peroxidase, IL-5, major basic protein (MBP), and cysteinyl leukotrienes (cysLTs).
During asthma tissue, eosinophilia is also considered along with blood eosinophilia
to track disease pathology. Accumulation of eosinophils at the site of allergic
inflammation is one of the factors contributing to bronchial asthma. This might
play a role in the remodeling of the airway through TGF-β (transforming growth
factor-beta) and cysLTs. Furthermore, they induce airway hyperresponsiveness with
the production of MBP. The transendothelial migration of eosinophils is induced by
LTD4 which subsequently leads to the release of specific granule proteins via
cysLT1 receptor and β2-integrin [60]. The development and conservation of
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inflammation mediated by eosinophils in the airways occurred by cysLTs in combi-
nation with the Th2 network. Vascular cell adhesion molecule-1 (VCAM-1)/α4
integrin is involved in eosinophil adhesion to endothelial cells leading to their
recruitment. IL-4 and IL-13 upregulate VCAM-1 in endothelial cells responsible
for the induction of eosinophil activation. Also, in asthmatic patients, the expression
of eotaxin (eosinophil-specific chemoattractant) and its receptor CCR3 (C-C chemo-
kine receptor type 3) is increased [61].

3.3.3.1 Eosinophil-Derived Cytokines and Associated Bronchial
Hyperresponsiveness

A proliferation-inducing ligand (APRIL); GM-CSF; interleukin-1α, interleukin-1β,
interleukin-2, interleukin-3, interleukin-4, interleukin-5, interleukin-6, interleukin-
10, interleukin-11, interleukin-12, interleukin-13, interleukin-16, interleukin-17, and
interleukin-25; TNF-α; and interferon γ are the cytokines derived from eosinophils
[62]. Eosinophils appear to be using a specific tubulovesicular system for the
transportation of some of these cytokines via crystalloid granule to the cell mem-
brane. This is known as piecemeal degranulation, and it allows shuttling of granule
contents to the cell surface via swiftly mobilizable secretory vesicles that bud from
the surface of crystalloid granule [63].

Chronic airway inflammation in asthma causes precipitous contraction of airway
smooth muscles leading to the development of bronchial hyperresponsiveness.
Eosinophil chemotactic factor secreted by T-lymphocyte propels eosinophil infiltra-
tion [64]. The cytotoxic eosinophilic proteins like MBP, ECP, and cysLTs mediate
damage in the bronchial epithelium leading to bronchial hyperresponsiveness in
asthma patients [65]. Bronchial hyperresponsiveness is caused by a decrease in the
function of neuronal M2 muscarinic receptors on the parasympathetic nerves of the
lungs. This occurs in response to the release of MBP from granules of
eosinophils [66].

3.4 Fibroblasts and Myofibroblasts

The spindle-shaped cells associated with ECM are termed as fibroblasts. They reside
in the majority of tissue and organ systems of the body. In an adult lung, they reside
in the adventitia of vascular structures and airways. A distinct feature of fibroblasts
includes vimentin expression in the absence of α-smooth muscle actin and desmin.
Fibroblasts embryologically are of mesenchymal origin with a range of phenotypic
entities, including noncontractile fibroblasts, contractile myofibroblasts, and other
intermediates like protomyofibroblast. Myofibroblasts not only have the properties
of fibroblasts but also contain α-smooth muscle actin with stress fibers. However,
they still lack smooth muscle markers like desmin and smooth muscle myosin,
which distinguishes them from smooth muscle cells. Myofibroblasts arise from the
transdifferentiation of smooth muscle cells and fibroblasts [67, 68].
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3.4.1 Extracellular Matrix Production in the Airways

ECM is produced and maintained by fibroblasts and airway smooth muscle cells in
the respiratory tract. Additionally, fibroblasts also synthesize and secrete ECM
components like collagen, fibronectin, proteoglycans, laminin, and tenascin. ECM
is implicated in the airway remodeling occurring in asthma and is regarded as the
bridge between airways and lung parenchyma. It is responsible for the preservation
of pulmonary structure and function, promoting the dissemination and adhesion of
inflammatory cells, elasticity, and fluid balance, and acts as a repository of inflam-
matory mediators. Some mediators like TGF-β induce fibroblasts to increase the
production of ECM components. Airway smooth muscle cells also produce a variety
of ECM proteins in the lungs. In some respiratory disorders, excess deposition of
ECM proteins occurs as a result of profibrotic factors like TGF-β1 (released by
eosinophils), which mediates Wnt and Smad signaling pathway [67, 69, 70].

3.4.2 Fibroblast to Myofibroblast Transition

In patients with moderate to severe asthma, airway remodeling is a frequently
observed phenomenon followed by a narrowing of the bronchial tree. In asthmatic
patients, upon histological examination, several epithelial abnormalities were
observed, followed by subepithelial fibrosis, smooth muscle cell proliferation,
angiogenesis, and ECM accumulation. This suggests the role of fibroblasts and
other mesenchymal subtypes. An increase in airway smooth muscle mass occurs
in the bronchi of the asthmatic patient due to cell hypertrophy and proliferation
accompanied by an influx of blood-derived mesenchymal progenitors and
transdifferentiation of fibroblasts into a contractile phenotype [71]. Thus, fibroblast
to myofibroblast transition (FMT) may take place, which increases ECM production
and causes hyperplasia of smooth muscle in asthmatic bronchi. This phenotypic
switch can occur in response to several stimuli like growth factors, pro-inflammatory
cytokines, mechanical tension, and epithelial-mesenchymal interactions [72].

3.5 Pathological Signaling Pathways Involved
in the Activation of Lung-Resident Macrophages
and Dendritic Cells (DCs)

3.5.1 Macrophage Activation Pathways

3.5.1.1 IL-4/IL-13 Signaling Pathway
IL-4 and IL-13 have unique physiological roles based on their immune response
phase. First is the afferent immunity, which is the induction part of physiological
immune response wherein T and B cells mature after the initial encounter with
antigens and respond to the local immune system-mediated signals. Second is the
efferent immunity where effects are driven by the mature T and B cells. IL-4 plays a
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critical role in afferent immunity. On the other hand, IL-13 elicits vital functions
during the phase of effector immunity [73].

The primary features of IL-4 and IL-13 in asthma phenotypes relate mainly to
afferent immunity. Some of the critical presentation of asthma, like airway obstruc-
tion and excess mucus production, are directly related to the airways and are
mediated through the effector immunity [73, 74]. Both IL-4 and IL-13 have crucial
pathological roles in the effector immune response of asthma; however, IL-13 is the
major effector molecule. The vital role of IL-13 in murine lungs and the deviation of
action of IL-4 and IL-13 have been shown through different approaches. Antigen
induction in IL-4 knockout mice exhibits severe defects in Th2 cell generation and
directs important asthma phenotype [75, 76]. Further, deficiency of IL-4Rα in mice
leads to even more detrimental effects in asthma phenotype, and the response is
shared owing to the response of IL-4 and IL-13 receptors [77, 78]. This unique
asthma phenotype is the same as the simultaneous deficiency of IL-4 and IL-13 in
mice. This phenotype persists irrespective of Th cell developmental defects and is
the result of knockout of IL-4Rα [79]. Also, T cells deficient in IL-4 can produce all
other Th2 cytokines, which can induce asthma-related phenotype, but the airway
eosinophilia is absent. These observations appreciate the role of cytokines other than
IL-4, likely IL-13 and others, in airway obstruction and are mainly driven by mature
Th2 immunity. The vital role of IL-13 was proved in studies wherein IL-13 was
specifically inhibited by the synthetic antagonist, soluble IL-13 receptor
α2 (sIL-13Rα2). It neutralizes the IL-13 but does not affect IL-4 [80]. The adminis-
tration of sIL-13Rα2 or polyclonal antiserum against IL-13 in inflammation signifi-
cantly decreased the severity of the asthma phenotype. However, the treatment does
not completely reverse the disease. On the other side, inhibition of IL-4 during
airway inflammation does not have any major effects except the minor reduction in
the recruitment of airway eosinophils [81, 82]. In conclusion, these findings show
that during mature Th cell immunity, both IL-4 and IL-13 play a significant role in
asthma phenotypes. However, IL-13 outweighs IL-4 in terms of critical pathological
role [83].

3.5.1.2 TNF-a Signaling Pathway
TNF-α is an ubiquitous cytokine which is responsible for a wide array of normal
physiological functions, like the stimulation of growth, inhibition of growth, inflam-
mation, blood vessel formation, cytotoxicity, and immunomodulation [84]. TNF-α
plays critical roles in a variety of inflammatory conditions like pancreatitis, psoriasis,
fibrosis, and diabetes [85–88]. It is mainly produced by activated macrophages.
Besides, some other immune cells like mast cells, lymphocytes, and natural killer
cells produce it. It is also secreted by stromal cells like fibroblasts, endothelial cells,
and microglial cells. Its responses are mediated and regulated by the TNF receptors
1 (TNF-R1) and 2 (TNF-R2). The TNF receptors are membrane-bound
glycoproteins, which specifically binds with TNF. However, the two TNF receptors
are different in terms of expression, affinity, tail structure, and activation of down-
stream pathways [89, 90]. On the other side, the cytoplasmic regions of TNF
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receptors are linked to a plethora of intracellular pathways and are unrelated to each
other.

The role of TNF-α is widely known in many of the lung diseases. It plays a critical
role in asthma, chronic obstructive pulmonary disease (COPD), bronchitis, acute
respiratory distress syndrome, the pathogenesis of SARS-CoV-2 viral infection, and
acute lung injury [90, 91]. It is expressed in the airways of asthma patients. It has a
crucial role in enhancing severe inflammation via activation of AP-1, NF-κB, and
other important cellular transcription factors. The sputum and the bronchoalveolar
lavage fluid (BALF) of asthma subjects tend to have increased levels of TNF
[92]. Further, TNF overexpression in mast cells, lung macrophages, and bronchial
epithelial cells is well reported. TNF-α is responsible for the increased expression of
a plethora of epithelial cell genes, like chemokines, cytokines, mucins, adhesion
molecules, extracellular matrix (ECM) glycoproteins, etc. It stimulates the activated
eosinophils for adhesion to the respiratory epithelial cells and increases the chemo-
taxis of neutrophils [93]. TNF-α is also responsible for transient bronchial
hyperresponsiveness (BHR) as it decreases the expression of M2 muscarinic
receptors. Further, it has been shown that the polymorphism of the TNF-α gene is
associated with asthma, its severity, and BHR [94].

3.5.1.3 TGF-b Signaling Pathway
TGF-β is a multifunctional profibrotic cytokine and an important growth factor. It is
extensively recognized as a master player that significantly drives the pathogenesis
of asthma [95]. It presents a superfamily of growth factors which include TGF-β1,
TGF-β2, TGF-β3, activins, inhibins, bone morphogenetic proteins (BMP), and
growth differentiation factors (GDFs). It is involved in embryogenesis, modulation
of the immune system, adhesion, migration, and cellular differentiation. Further, it
participates in ECM deposition and angiogenesis [96–100]. Its effects are mediated
by its receptors, including TGF-β R1, R2, and R3, which regulate the function of
serine-threonine kinases. TGF-β R1 is also known as activin receptor-like kinases
(ALK) with seven subtype receptors ALK 1–7, where ALK 1 and 5 are mainly
implicated in the pathogenesis of asthma. TGF-β R2 consists of five receptor
subtypes, and TGF-β R3, also recognized as beta glycans, inhibits TGF-β1 degrada-
tion that results in augmented cellular response [101–103].

Despite the versatile role of TGF-β involvement in various diseases, its role in the
pathogenesis of wound healing and asthma is fundamental [104, 105]. TGF-β acts
via a stringently synchronized process, which involves reactive oxygen species
(ROS), proteases, and integrins. The integrin proteins engage a key responsibility
in instigating latent TGF-β [106]. Integrins belong to a transmembrane family that
connects intracellular and extracellular environments and regulates ECM synthesis
and cytoskeleton of the cells. Integrins exist as two subtypes, namely, α and β, of
which α subtype of integrins forms dimerization with TGF-β, which is responsible
for the activation of latent TGF-β, thus triggering the asthmatic events
[107, 108]. Besides integrins, thrombospondin-1 and proteases are also found to
be potent activators of TGF-β. However, the activity of TGF-β1 in healthy tissues is
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harmonized by an endogenous pro-peptide, namely, latency-associated peptide
(LAP), that inhibits the association of TGF-β1 with its target receptors [109].

3.5.2 Reactive Oxygen and Nitrogen Species

The imbalance in the redox system, which is defined as an impairment of oxidant and
antioxidant production contributing to cellular and tissue dysfunction, is involved in
inflammatory responses [110, 111]. Shreds of evidence suggest the potential role of
oxidative stress (OS) in asthma pathogenesis [112, 113]. The reactive oxygen
species (ROS) are the key players in the OS-mediated damage to the lungs during
asthma. As the lung is extremely sensitive to OS compared to other tissues, several
exogenous oxidants and other chemical exposures trigger oxidants’ production,
which promotes the inflammatory cells to generate free radicals. Medications and
exposure to allergens are well-known causes of asthma [112].

Malondialdehyde (MDA) is a critical pathological OS biomarker. MDA relates to
the extent of pulmonary lipid peroxidation. Further, myeloperoxidase (MPO) is an
important mediator responsible for the overproduction of ROS. MPO concentration
is directly linked to the degree of cellular damage [114]. Isoprostanes (IsoPs) are
prostaglandin isomers which serve as important biomarkers of OS and lipid peroxi-
dation [115]. Earlier, the levels of hydrogen peroxide (H2O2) and nitric oxide were
also examined in the breath condensate of asthma patients [116]. H2O2 is generated
from the reduction of O2 which is catalyzed by superoxide dismutase (SOD)
enzyme. H2O2 can internalize through the cellular membrane and elicits some of
its actions as a signaling molecule. During OS in the lungs, H2O2 can react with
metal-complexed proteins, like ceruloplasmin (Cu2+) and ferritin (Fe2+), and
generates extremely reactive hydroxyl radical. Further, in the Haber-Weiss reaction,
superoxide anion reacts with H2O2 further worsening ROS burden. In addition,
reaction of H2O2 with halide ions led to production of highly reactive compounds
which trigger a variety of ROS mediated damage, e.g., hypochlorous acid, which is
produced under the influence of MPO enzyme [117].

Nitrosative stress is another important component of redox imbalance. In physio-
logical conditions, endothelial NO synthase (eNOS) generates nitric oxide (NO),
which acts as a secondary messenger. NO affects the blood vessel smooth muscles
and acts as blood flow and pressure regulator. The cytokines IL-1β, IL-6, TNF-α,
and interferon-γ activate macrophages via sustained induction of inducible NOS
(iNOS) and trigger the release of massive amounts of NO [118]. This activates a
cascade of events leading to the stimulation of xanthine oxidase and NADPH
oxidase. These in turn stimulate the mast cells to secrete activators of selectin,
e.g., histamine and thrombin, which promote the first contact of white blood cells
with endothelial cells and aid in cell rolling [119]. These events stimulate the
secretion of adhesion-promoting molecules like LTB4, PAF, and C5 and thus help
in the adhesion of leukocytes to endothelial cells and further migration to the
inflammatory site [120].
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The superoxide radicals can directly elicit their effects or couple with NO,
synthesized from iNOS during inflammation, resulting in reactive nitrogen species
(RNS). Several antioxidants, including superoxide dismutase (SOD), glutathione,
etc., protect the lungs from oxidative insult [121–124]. These antioxidant enzymes
present in airway epithelial cells, macrophages, and extracellular spaces of the lung
are modulated by nuclear factor erythroid-related factor 2 (Nrf2) as evident from a
study, wherein deficiency of Nrf2 augmented asthma [125]. A study examined the
expression of neutrophils, and the lung tissue demonstrated that OS decreased the
intracellular concentrations of reduced glutathione (GSH). OS either directly or
indirectly is significantly implicated in the pathogenesis of asthma [126]. Besides,
various inflammatory cytokines and growth factors, including angiotensin II, PDGF,
and TGF-β, were found as pro-oxidative and drive inflammatory responses
[127]. Further, a growing evidence suggested the enhanced differentiation of patho-
logical cells mediated by TGF-β via NADPH oxidase and NADPH oxidase (Nox)
4. It is understood from numerous studies that the stimulus of OS promotes a wide
spectrum of asthmatic events.

3.5.3 Antigen Presentation by Dendritic Cells and their Role
in the Pathology of Asthma

Dendritic cells (DCs) are critical immune cells, and their immature form is
distributed ubiquitously in the lungs [128]. DCs are crucial in the control of host
immune response to inhaled antigens. The basement of the respiratory epithelium
harbors a network of airway DCs [129]. It has been shown that antigens which
cannot pass the epithelial tight junction (TJ) are taken up by the airway DCs. These
airway DCs, within 12 hours, take it to the T-cell area of mediastinal lymph nodes
(MLNs) [130]. The DCs which encounter antigen in the periphery are immature and
do not have the ability to induce T cells [131]. However, once the DCs carrying
antigen reach MLN T-cell area, a cascade of events triggers an array of
co-stimulatory factors and an increased concentration of MHC class II molecules
capable of stimulating growth and proliferation of naive T cells [132, 133]. It has
been proved that airway adoptive transfer of T-cell receptor (TCR) transgenic T cells
to lipopolysaccharide (LPS) free antigens induces significantly high T-cell prolifer-
ation. The proliferation is mainly seen in lymph nodes and MLNs, and not in the
lungs directly [134, 135]. This results in tolerance, which is probably due to the fact
that nontoxic antigens or self-antigens dead cells to not activate the network of
airway DC completely. It has been proven that antigen presentation by airway DCs
which present inducible co-stimulatory molecule ligand (ICOSL) and release IL-10
stimulates the generation of T-regulatory (Treg) cells. The Treg cells have the
potential to inhibit consequent inflammatory responses [136].

It has been reported that rodents with experimental asthma exhibit an 80-fold rise
in the number of myeloid DCs in the airway mucosa as well as in the
bronchoalveolar lavage (BAL) fluid [137, 138]. Interestingly, the DCs in naive
animals were immature, whereas the airway DCs of ovalbumin-challenged mice
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exhibited mature phenotype. This shows that the interaction of DCs with primed T
cells takes place in the airways [139]. The airway DCs form clubs in the airway
mucosa with primed T cells, resulting in local maturation of DCs. The conditions in
which DCs locally interact with primed T cells in lung airways are pathologically
very much possible as airway DCs produce chemokines (CCL17) which selectively
promote chemotaxis of CCR4 expressing Th2 memory cells to lungs [140].

3.6 Bronchial Epithelial Cells

The type of pulmonary injury and the resultant immunological response govern the
cellular involvement and the pathological phenotypes cells in the normal and
asthmatic pulmonary epithelium [128, 141]. Inflammatory cytokines promote goblet
cell metaplasia and excessive mucus production and recognized by upregulation of
mucus-related gene expression in epithelial cells, like MUC5AC or MUC5B. There
are two cell lineages that originate from the epithelial cells which are incredibly
relevant for mucus production. The ciliated cells and the secretory cells mainly the
goblet cells and the club cells [142]. It has been shown by detailed single-cell
analysis of inflammatory and structural cells that the asthmatic and healthy
phenotypes have specific disease-related proinflammatory genes in the epithelial
cells. This indicates the basis of distinct epithelial cellular states. The goblet cell
hyperplasia is responsible for the mucous cell hyperplasia in asthma patients and is
mainly driven by the mucous-producing phenotype of ciliated cells. The mucous-
secreting ciliated cells found in asthma conditions are detected by simultaneous
co-expression of ciliary and mucous genes and other critical asthma pathogenesis-
involved genes generating a transition ciliary cell state characterized by mucous
metaplasia. The production of mucous ciliated cells is critically based on the IL-4/IL-
13 signaling pathway. Hence, this signaling pathway is associated with increased
mucus production and inflammation in asthma patients [143]. The ovalbumin
challenge in mice not only aggravates mucus production but simultaneously
stimulates the metaplasia of club cells and transforms them into mucus-secreting
cells [144]. The ethmoid sinus epithelium basal cells in patients with chronic
rhinosinusitis with polyposis show effects of IL-4/IL-13 recognized byWnt pathway
activation, which are absent in non-polyposis patients. This indicates the role of
inflammatory memory as a result of chronic type 2 cytokine exposure. This may be
the responsible factor for epithelial cell differentiation leading to increased severity
of disease [145]. However, in the case of asthma patients, a pro-inflammatory
cellular role of epithelial cells in result to chronic cytokine exposure has not been
described yet.
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3.6.1 Mechanisms of Endothelial Cell Activation

3.6.1.1 Cytokine Activation
The type 2 cytokines like IL-4- and IL-13-mediated signaling is associated with
mucous metaplasia. Further, it has been implicated in MUC5AC overexpression in
the ciliated cells [146, 147]. Further, IL-4 and IFN-γ (type 1 cytokine) elicit opposite
genetic patterns in epithelial cells of the bronchi, indicating that they have a type
1/type 2 driven opposite impact on epithelial gene regulation [148]. The biological
response of type 1 cytokines in asthma indicates opposing effects as compared to
overexpression of mucous-related genes by type 2 cytokines. The neutrophil-derived
inflammation in asthma is associated with the activation of the inflammasome and
IL-1β-/IL-17-mediated recruitment of neutrophils [149, 150]. The comparative
analysis between neutrophilic and eosinophilic murine asthma models showed
distinct and differential expression of tight junction proteins. Further, overexpression
of mucin genes, like MUC5AC and MUC5B, has been mainly seen in neutrophil-
driven inflammation. Moreover, Gob5 is a highly inducible gene linked with exces-
sive mucus production in asthma patients [151]. This gene also was found to be
overexpressed in neutrophil-mediated asthmatic inflammation. The bronchial epi-
thelial cell stimulation with inflammasome-associated IL-1β and IL-17 cytokines
induces enhanced mucus synthesis and disturbance of epithelial cell barrier function
[152]. Further, the activation of heat shock protein 90 (HSP90) is an essential
condition that involved in the hyperplasia of goblet cells mediated IL-13 and
IL-17 [153]. IL-1β and IL-17 stimulate MUC5AC and MUC5B genes by Janus
kinase (JAK2)-mediated autocrine/paracrine loop signaling and NF-κB pathway
[154, 155]. On the other side, type 1 cytokine IFN-γ inhibits MUC5AC transcription
via suppression of MUC5AC expression through JAK/STAT signaling pathway
[156]. It was reported in the ovalbumin-induced murine model of asthma that the
involvement of activated Th1 and Th2 cells causes Th2 function inhibition through
IFN-γ. Thus, IFN-γ may be responsible for eliciting a regulatory role in the patho-
genesis of asthma [157].

3.6.1.2 Role of Epithelial Cells in Type 2-Driven and Non-type 2 Allergic
Asthma

Allergic asthma driven by type 2 mechanisms is the most common and the most
studied type of asthma (Fig. 3.3). For this reason, our current understanding of the
role of epithelial cells in asthma pathogenesis is obtained from the investigations of
type 2 allergic asthma. Earlier, it was believed that allergic asthma is initiated by
abnormal stimulation of type 2 immune response upon allergen challenge. Conse-
quently, it causes local changes in airways, like alteration of the epithelium, e.g.,
hyperplasia of the goblet cells, and disturbed integrity of barrier and tissue
remodeling through the epithelial-to-mesenchymal transition (EMT). This theory
was countered by a hypothesis stating that asthma is mainly an epithelial disease
wherein a dysfunctional barrier leads to immune activation, e.g., by viruses, entry of
pollutants, or allergens [158]. However, it is believed that both mechanisms are
involved in asthma pathogenesis, i.e., the epithelial changes and the overactivation
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of type 2 inflammatory pathway. These develop simultaneously and are interdepen-
dent [159]. Further, the attenuation in epithelial barrier features and multiple airway
epithelial cell types is integral to the initial innate immune response which drives the
increased type 2 adaptive immune reaction. This response is mediated by the
secretion of many epithelial cell-derived cytokines formed upon induction due to a
variety of environmental insults. Along with the chemokines and inflammatory
cytokines, alarmin molecules such as IL-25 and IL-33 are released [142]. The airway
epithelial cells elicit the expression of IL-25 physiologically, but the levels remark-
ably increase upon stimulation with allergens containing protease activity like dust
mite. It was shown that the apically expressed protease-activated receptor 2 (PAR2)
mediates the signaling mechanisms causing expression of epithelial IL-25 [160]. Fur-
ther, tuft cells are the major IL-25-secreting cells in the airways indicating its crucial
role in the regulation of type 2 immune mechanisms [161].

On the other side, the pathogenesis of non-type 2 asthma is poorly understood. In
general, the non-type 2 asthmatic subjects undergo severe disease state and respond
poorly to corticosteroid treatment [162]. The inducers of neutrophil-mediated airway
inflammation include chronic obstructive pulmonary disease (COPD), smoking,
viral infection, and obesity-related inflammation. Sustained secretion of mediators
like TNF-α, IL-6, IFN-γ, and IL-17 in fat tissue leads to a state of chronic low-grade
inflammation. This process stimulates the development and pathological features of

Fig. 3.3 Involvement of epithelial cells in pathomechanisms leading to type 2-driven asthma
phenotypes. Abbreviations: IL, interleukin; TSLP, thymic stromal lymphopoietin; IgE, immuno-
globulin E; DC, dendritic cells, Th, T helper cells; ILC, innate lymphoid cell; Eos, eosinophils; MC
mast cells. The figure is reproduced with permission from reference [142]
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non-type 2 asthma in obese people [163]. The age when disease initiates plays a
critical role in asthma development, and obese people have an extremely increased
bronchial hyperresponsiveness. Due to this, obese people tend to have type
2-associated phenotypes of asthma [164]. In a large number of patients, asthma
due to neutrophil inflammation is mediated by Th17 signaling, enhanced IL-8
synthesis, and increased innate immune system stimulation [162]. Figure 3.4
shows the pathomechanism of non-type 2 asthma.

3.7 Airway Epithelial and Smooth Muscle Cells

Asthma is a disorder of the respiratory system where dynamic structural alterations
are observed in all the layers of the airways of bronchi [165]. Airway remodeling is a
collective event of recurring tissue injuries followed by cellular reactions that leads
to abnormal repair in the respiratory tract [166]. The normal growth or repair process
in lungs, aging, and transient response to bronchial injury with the re-establishment
of normal anatomical structures constitute the phenomenon of airway remodeling.

Fig. 3.4 Involvement of epithelial cells in pathomechanisms leading to non-type 2-driven asthma
phenotypes. Abbreviations: COPD, chronic obstructive pulmonary disease; CCL, CeC type che-
mokine ligand; TNF, tumor necrosis factor; IL, interleukin; MΦ, macrophages; DC, dendritic cells,
Th, T helper cells; Neutro, neutrophils; Eos, eosinophils; MC mast cells; NETs, neutrophil
extracellular traps. The figure is reproduced with permission from reference [142]
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Airway remodeling is considered as a consequence of airway inflammation due to
either allergen exposure in sensitized patients or other environmental hazards. On the
other hand, a response to chronic injury or inflammation results in persistent aberrant
airway structure and function. Moreover, mechanical stress or early life events also
contribute to the pathophysiology of airway remodeling. The changes in epithelium,
sub-epithelium, and airway smooth muscle thickening and bronchial
neoangiogenesis comprise airway remodeling in asthma [167]. Furthermore, epithe-
lial damage and angiogenesis are major etiological factors of asthma in both children
and adults. It is well-known that airway inflammation and bronchial remodeling are
major pathological manifestations of chronic asthma. The reciprocal intercellular
communications between airway inflammation and remodeling involve several
cytokines and growth factors. The pathobiology of airway remodeling in asthma
includes shedding of the epithelium, hyperplasia of goblet cells, fibrosis of the
sub-epithelium, abnormal deposition of the extracellular matrix and increased thick-
ness of the smooth muscle layer, and neoangiogenesis of bronchial
vasculature [168].

3.7.1 Physiological Barrier

The airway epithelium is the first barrier to environmental agents such as pollution,
viral infection, and allergens. The cells in the airway epithelium exhibit the
properties of mucociliary cells. The pathogens are trapped in the mucus of inflam-
matory airways and subsequently removed by the ciliary movement of the epithelial
cells, which is known as the mucociliary escalator phenomenon. Moreover, the
inflammatory cells are mobilized by chemokines and cytokines to remove the
microbes [169, 170]. Epithelial cells also regulate tissue homeostasis through
modulating endogenous chemicals, including growth factors, antioxidants,
chemokines, cytokines, and lipid mediators [171]. Additionally, the epithelium can
also reduce inflammation in the airways to maintain homeostasis. On the contrary,
the exaggerated protective mechanism triggers the onset of chronic inflammation of
airways in asthma.

The ciliated and goblet cells within the columnar epithelial layer undergo changes
in structure and function during asthma, and these are fragile and susceptible to
injury. Intrinsically, they are susceptible to destructive damage and apoptosis
[172, 173]. Additionally, the infiltrating cells such as eosinophils and mast cells in
asthmatic airways also produce TGF-β that can also induce bronchial epithelial
apoptosis [174]. One of the clinical manifestations of remodeling of airway epithe-
lium is hyperplasia or metaplasia of goblet cells that is present in between columnar
ciliated cells. These cells are mostly responsible for increased secretion of mucus
[175, 176]. Indeed, a damaged epithelium promotes the proliferation of smooth
muscles, increases angiogenesis, increases collagen deposition, and thickens the
reticular basement membrane. These events collectively may involve airway
remodeling.
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Epithelial cells form sheets with adjacent cells giving rise to a typical “cobble-
stone” pattern [177, 178]. The tight and adherens junctions comprise the array of
cell-cell junctions in the epithelium closest to the apical junction of airway lumen
[179]. The tight junction (TJ) is selective and permeable to ions and solutes through
the paracellular pathway [180]. The permeability in TJ can be regulated by TNF-α,
IFN-γ, interleukins, and growth factors [181]. Gap junctions in the epithelium also
provide a link between the cytoplasms of adjacent cells such as desmosomes and
hemidesmosomes. Thus, additional junctions can be considered as an important
factor in the pathophysiology of asthma [182].

The increased proliferation and cytokine production from bronchial smooth
muscle cells are considered as other characteristic features of severe asthma
[183]. It is well established that airway smooth muscle hypertrophy is the conse-
quence of mechanical stretch that is the result of persistent bronchoconstriction
[184]. Several growth factors including insulin-like and platelet-derived growth
factors exert proliferative action in the airway smooth muscles [185, 186].

3.7.2 Airway Epithelial Cell-Derived Mediators

3.7.2.1 Nitric Oxide (NO)
It is a potent bronchodilator of endogenous as well as an exogenous origin [187]. In
airways, the major source of NO is airway epithelium [188], nonadrenergic/
noncholinergic innervations [189], and airway smooth muscles [190]. Nitric oxide
synthase (NOS) catalyzes the conversion of L-arginine to NO. The different types of
NOS such as neuronal, endothelial, and inducible are expressed within the respira-
tory tract [191, 192]. The inducible NOS is mostly expressed in epithelial and
inflammatory cells of the airway and is induced after exposure to
pro-inflammatory cytokines [193]. NO produced by iNOS contributes maximally
to asthmatic inflammation, epithelial injury, and clinical exacerbations in asthma;
hence, the inhibition of NOS can be used to manage the respiratory illness
[194, 195]. The measurement of NO flux is considered as a diagnostic marker for
airway diseases [196]. An increased level of NO is reported in exhaled air and BALF
in patients suffering from asthma [197].

3.7.2.2 Endothelin
Endothelin (ET), in particular ET-1, is reported to exhibit bronchoconstriction,
airway inflammation, and structural remodeling of the mammalian airways. ETs
exert their effect through ETA and ETB receptors [198, 199]. ET-1 exerts
pro-inflammatory activity through mediators such as IL-6, IL-8, and GM-CSF
[200]. It is reported that the level of ET-1 is significantly elevated in asthmatic
cats, and therefore, ET-1 could be considered as one of the diagnostic markers for
asthma [201]. The primary source of ET-1, the most studied of the three ET
isoforms, is cells of epithelial, endothelial, smooth muscle, and inflammatory cells
of airways [202]. Clinical studies reveal that both ET-1 and ET-3, as well as their
precursors, are present in the airways [203]. ET-1 increases mucus secretion,
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contracts bronchial smooth muscle, enhances pro-inflammatory mediator release,
and stimulates collagen production by pulmonary fibroblasts [202]. ET-1 contributes
to airway inflammation through the upregulation of VCAM-1 and promotes migra-
tion and adhesion of leukocytes in the respiratory system of the mammalians. ET
antagonist, BQ-123, attenuates the recruitment of inflammatory cells in the airways
and total cell counts assessed in lung lavage. Thus, it has been reported that
antagonizing ET is an effective strategy against inflammation and remodeling [204].

3.7.2.3 Arachidonic Acid Metabolites
Arachidonic acid metabolites play an important role in the pathogenesis of airway
disorders. The enzyme cyclooxygenases (COX) catalyzes the conversion of
arachidonic acid into prostaglandins (PGs), thromboxanes (TXs), and other
eicosanoids [205, 206]. Each metabolite is involved in the process of inflammation
[207]. The level of prostanoids in bronchoalveolar lavage fluid increases in asthma.
Reports suggest increased activity of both COX-1 and COX-2 in the asthmatic
airways. The isoprostanes activate the thromboxane receptor and exert similar
biological activity to that of thromboxane A2 [208]. It has been reported that
prostaglandin D2 (PGD2) is released in large amounts in asthma patients [209]. Fur-
ther, a major culprit for asthma are leukotrienes, and LTB4, a potent lipid mediator of
inflammation, mediates multiple biological functions through LTB4 receptor
1 (BLT1) and LTB4 receptor 2 (BLT2). The LTB4/BLT1 pathway is well established
in the pathophysiology of asthma [210, 211]. The LTB4 receptor antagonists in
asthma fail to exhibit therapeutic benefit from asthma and COPD. However, selec-
tive BLT1 antagonists exhibit potential therapeutic effects in asthma and other
related airway disorders [212]. Further, drugs like aspirin precipitate the asthma in
patients through the modulation of lipoxygenase leading to overproduction of
inflammatory leukotrienes [213].

3.7.2.4 Inflammatory Cytokines
The biomarkers, type 2 cytokine IL-13 like periostin in serum and blood eosino-
philia, are also the clinical manifestations of asthma [214]. The inflammatory
cytokines can induce inflammation through the generation of allergy-specific immu-
noglobulin E. Thus, they promote recruitment, growth, and differentiation of
eosinophils [215, 216]. The elevated interferon (IFN)-γ is related to antigen-induced
airway hyperresponsiveness and eosinophilic infiltration [217].

3.7.2.5 Cell Adhesion Molecules
The increased level of adhesion molecules on the surfaces of respiratory epithelial
cells is an important cause in the pathogenesis of asthma [218]. Surface adhesion
molecules such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) play a significant role in the pathophysiology of
asthma [219]. Tumor necrosis factor-α (TNF-α) exerts pro-inflammatory and immu-
nomodulatory properties in the airways. TNF-α increases the expression of ICAM-1
and VCAM-1 on epithelial cells of the airways [220]. Therefore, strategies can be
implicated to suppress TNF-α-induced biological functions [221]. ALCAM has
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pro-inflammatory functions in a model of delayed-type hypersensitivity. The
ALCAM levels increase in the bronchoalveolar lavage fluid (BALF) and serum
and decreases in the allergic mice lungs. Further, ALCAM deficiency induced a
significant amelioration in airway dysfunction in the experimental condition
[222]. ICAM-1 causes intercellular adhesion by binding with macrophage adhesion
ligand 1, leukocyte function-associated antigen 1, fibrinogen, and human rhinovirus
[223, 224].

3.7.2.6 Platelet-Activating Factor (PAF)
PAF is one of the important mediators of inflammatory reactions in asthma. Preclin-
ical studies suggest that PAF can directly exert bronchial obstruction and increase
bronchial tree hyperreactivity in the mammals [225, 226]. PAF antagonists such as
Y-24180, GB, and others can relieve the symptoms of asthma and improve the
respiratory function in airway inflammation [227]. PAF exerts its action through
phospholipase A2 and phospholipase C. PAF stimulation can activate MAPKs,
including Erk1/2, p38, and JNK in different cell types [228, 229]. PAF stimulation
can also increase the level of IL-6, IL-1β, and TNF-α and thus augments the airway
inflammation in asthma [230].

3.7.2.7 Tachykinin
Tachykinins exert a wide range of physiological actions in the mammalian system.
The neurokinins act mainly through neurokinin receptors (NK1, NK2, and NK3).
These are potent mediators of the physiology of airways [231]. Substance P is the
predominant tachykinin neuropeptide within the mammalian airways that is released
from the nonadrenergic-noncholinergic system by inflammatory, thermal, chemical,
or mechanical stimuli. The NK1 receptor is predominantly located in the bronchial
vessels, epithelial cells, submucosal glands and vascular endothelium [232]. How-
ever, the NK2 receptor is located in airway smooth muscle and NK3 receptor is also
involved in the regulation of airway functions in healthy and diseased conditions
[233]. Selective tachykinin receptor antagonists attenuate the late allergic and airway
hyperresponsiveness and thus ameliorate eosinophilic infiltration and vascular per-
meability in the guinea pigs [234]. Substance P induces bronchoconstriction and
airway hyperresponsiveness in the mammalian system and also binds to NK2
receptors in the mammalian system [235, 236].

3.7.2.8 Histamine
Histamine is predominantly produced from mast cells through the stimulation of a
vast array of receptors on their surface such as FcεR1 and FcγRI and receptors for
nerve growth factor (NGF), vasoactive intestinal peptide (MrgX2), complement
components (C3aR and C5aR), substance P, adenosine phosphate, etc.
[237, 238]. Basophils and other immune cells can also produce histamine; however,
the higher concentration of histamine is found in the bronchial tissues, skin, and
intestinal mucosa [239]. Histamine exerts bronchoconstriction of smooth muscle
through H1 receptor-mediated mechanism in the mammalian respiratory system
[240]. Histamine also increases the secretion of mucus and glycoprotein from the
human airways. This action is inhibited by the H2 receptor antagonist cimetidine
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which is not done by H1 receptor antagonists. Further, histamine facilitates
the chloride ion transport of the airway epithelial cells to promote water transfer in
the airways [241]. The H4R stimulation enhances the migration of eosinophils and
the recruitment of mast cells which subsequently leads to the amplification of
chronic inflammation and immune responses in the airways [242]. Similarly, H4R
stimulation promotes T-cell differentiation and dendritic cell activation [243], and its
inhibition of H4R exhibits anti-inflammatory activity in a murine asthma
model [244].

3.7.2.9 Adenosine
Adenosine exhibits immunomodulatory activities, an endogenous purine nucleoside.
The increased level of adenosine is observed in lung inflammation with patients of
bronchial asthma [245, 246]. The role of adenosine and its receptors in the activation
of monocytes and monocyte-derived mature myeloid cells (macrophages and inflam-
matory cells) is well established in the animal models of lung inflammation
[247, 248]. A1 receptors are upregulated in asthmatic airways due to chronic
inflammation and can mediate hyperresponsiveness in the mammalian bronchi
[249]. It is suggested that the stimulation of A2A receptors on lymphoid cells
leads to inhibition of the inflammatory response in the mammalian system. There-
fore, a selective agonist to A2AR could exhibit anti-inflammatory potential in airway
inflammations [250]. In addition, relatively high density of functionally active A3Rs
is expressed in human eosinophils [251]. Transcript levels of the A3Rs are elevated
in the lungs of asthma or COPD patients and inhibit the eosinophil chemotaxis when
stimulated in the airways [252]. Furthermore, selective A3R agonist, IBMECA,
inhibits pro-inflammatory functions of human eosinophils in respiratory
dysfunctions [253]. Adenosine 50-monophosphate (AMP), an indirect
bronchostimulant, stimulates specific mast cell surface adenosine A2b receptors
and contracts the airway smooth muscle. Thus, bronchial response to adenosine in
humans is an indirect mechanism that involves mast cell activation probably through
A2B receptor activation and contributes in either acute or chronic symptoms of
asthma [254, 255].

3.8 Role of Innate Immunity in Asthma

Lungs, being the primary organs of the respiratory system in humans, are continu-
ously exposed to a diverse array of microbes and microbial products, in addition to
small particulate matter such as smoke, pollen, and aerosols, on a daily basis. This
constant exposure necessitates the provision of an inherent defense system to cope
with the unknown harmful threats. In fact, the respiratory airways are strategically
protected with well-regulated components of the cellular and humoral innate defense
system. This immune system is active and immediately responsive to distinguish and
combat potentially harmful foreign elements, determining the outcome of host-
pathogen interactions within the respiratory airways. The primary cells that orches-
trate this dynamic response are the T cells. Studies have shown that the airways of
asthmatic patients are endowed with T cells [256]. Moreover, asthma, recognized to
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be a heterogeneous disease, is classically labeled as a T helper 2 cell-driven
inflammatory disease [257]. This topic reviews the role of different immune cells
with their contribution to the immunology of asthma that has led to the concept that
asthma is more than just a Th2-type disease.

3.8.1 CD4+ and CD8+ T Cells in Asthma

CD4+ T cells remain the central players in the pathophysiology of asthma as they are
the cells that initiate and direct myriad inflammatory cascades in respiratory airways
[258]. CD4+ T cells (named as they express CD4 on their surface) basically assist
other immune components, including maturation of B cells, activation of cytotoxic T
cells, and production of several cytokines. Therefore, these cells are also termed as T
helper cells (Th cells). CD4+ helper T cells further differentiate into one of the
several Th subtypes such as Th1, Th2, Th17, Th9, and regulatory T cells, according
to their specific functions. The long-established Th1-Th2 prototype is considered as
the backbone for helper T cell-mediated inflammatory pathways. Earlier, Th1 helper
cells were anticipated to play an inhibitory role in asthma. Interleukin-12 (IL-12) and
interferon-γ (IFN-γ) are the specific cytokines that set up the downstream signaling
cascade for the development of Th1 helper cells. However, when based on this
earlier hypothesis, IFN-γ (Th1-associated cytokine) was administered to patients
with asthma; no improvement in the associated symptoms was observed [258]. In
fact, later studies suggested that Th1 helper cells do not possess any inhibitory role
and might even exacerbate lung inflammatory responses [259].

Looking into the profile of Th2 helper cells, it is widely accepted that Th2 cell
activation initiates as well as perpetuates the asthma pathogenesis. Th2 cells induce
the proliferation of basophils and mast cells (interleukin-3, interleukin-4) and stimu-
late the differentiation and proliferation of eosinophils (interleukin-5). Th2 cells also
signal B cells (via IL-4, IL-5, and IL-13) to produce IgE antibodies, mediating type1
hypersensitivity reactions. Thereby, the salient features of Th2-type immune
response in asthma include eosinophilic inflammation, edema, and increased
mucus production, which subsequently results in airway obstruction. A distinct
class of helper T cells, Th 17 cells, produce interleukin-17 (IL-17) which plays a
pleiotropic role in asthmatic airways. IL-17 is known to induce neutrophilic airway
inflammation, by stimulating the expression of mucin MUC5B implicated in airway
remodeling. Moreover, IL-17 has been observed to be significantly elevated in
sputum and bronchial biopsies obtained from asthmatic patients [260]. Th 9 cells
are another subset of T cells mainly secreting interleukin-9 (IL-9, the signature
cytokine), but are also known to produce interleukin-10 (IL-10) and interleukin-21
(IL-21) cytokines. Studies have demonstrated that IL-9 is sufficient in itself to
initiate the bronchial hyperresponsiveness by significantly enhancing Th2 cytokine
secretions [261, 262].

With regard to these CD4+ T cell subsets, it appears that regulation by
T-regulatory (Treg) cells is the shared controlling factor, particularly in allergic
asthma, as Treg cells are able to suppress the effector cells. This Treg-mediated
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negative regulation is carried out through the transforming growth factor-β (TGF-β)
and interleukin-10 (IL-10). Any defect in Treg cell functioning is being viewed as a
sufficient requirement for the pathogenesis of asthma [263, 264] .

Most of the research has been focused upon CD4+ T cell subsets in elucidating
the role of immune cells in the asthmatic inflammatory response. In contrast, CD8+
T cells have not gained much attention in this context. CD8+ T cells (named as they
express CD8 marker on their surface) are also known as cytotoxic T cells or killer T
cells as they can directly kill the infected cells and, therefore, are more important in
virus-infected pathological states. However, CD8+ T cells are known to induce
interleukin-12 (IL-12) and interleukin-18 (IL-18) and regulate IgE production.
They also play a moderating role in the polarization of Th2 cells during allergic
sensitization. However, the profound role of CD8+ T cells in allergic or inflamma-
tory asthma demands further exploratory studies.

3.8.2 Cellular Receptors of Innate Immunity in Asthma

The cellular receptors that distinguish self from non-self in the development of
allergic immune response in asthma through the interaction with microbes or
microbial products play a crucial role in determining the disease manifestation.
Toll-like receptors (TLRs) are the chief members among these receptors. TLRs
belong to a class of pattern recognition receptors (PRRs), usually expressed on the
surface of immune cells that recognize specific structurally conserved molecules
derived from pathogens. The respiratory tract, being continuously exposed to the
environment, is particularly much susceptible to foreign pathogens. Therefore, as the
first line of defense, the TLRs are expressed on the airway epithelial cells (AECs) to
recognize the foreign and microbial components. Among the ten active TLRs
(TLR1–TLR10) that have been explored in humans so far, particularly TLR2 and
TLR4 are accountable for the inflammatory response in pulmonary disorders. TLR2
and TLR4 recognize the lipopolysaccharides and lipoproteins, respectively. These
receptors are known to induce the transcription of MAPK and NF-κB by guiding
their migration into the nucleus and then further triggering the release of IL-1β and
IL-8, initiating the cascade for neutrophilic asthma. Another Toll-like receptor,
TLR7, which is mainly involved in autoimmune disorders, is also present intracel-
lularly in AECs as well as on the surface of innate immune cells (such as dendritic
cells and natural killer cells). TLR7 recognizes the nucleic acid component of
respiratory viruses (mainly ssRNA) and induces the activation of IFN-γ via Th1
response in immune cells. Besides, it also reduces the Th2 cytokines such as IL-4
and IL-5 and thereby prevents the local eosinophilic inflammation. Altogether, these
various TLRs present on the AECs pose as the early responders of innate immunity
that hold the asthmatic inflammatory response in check.

Furthermore, the AECs drive the airway hyperresponsiveness and associated
inflammation through transmitting the signals to various innate immune cells such
as macrophages, NKT cells, and innate lymphoid cells (ILCs). ILCs are the innate
counterpart of T cells that present the immune responses via signaling molecules.
Based on the signaling molecules produced and the difference in their differentiation
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pathways, ILCs have been categorized into three groups: ILC1s (produce IFN-γ),
ILC2s (secrete Th2 cytokines), and ILC3s (produce IL-17 and/or IL-22). Several
studies have linked ILC2 cells directly or indirectly to allergic inflammation
[265, 266]. These studies reveal that early exposure to allergens can activate ILC2
cells that triggers the release of IL-5 and IL-13 inducing eosinophilic inflammation
and airway hypersensitivity, respectively, in the lungs. Moreover, during the effector
phase, ILC2 cells express the major histocompatibility complex (MHC) class II and
subsequently activate CD4+ T cells. However, this MHC II expression by ILC2 cells
is quite low in lung tissues, which questions this mechanism to be relevant to asthma.

3.8.3 Innate-like T Cells and Asthma

Natural killer T (NKT) cells are the subset of T cells that express a variety of natural
killer cell markers, constituting only 0.1% of the total peripheral blood T cells.
Unlike conventional T cells, these NKT cells express invariant T cell receptors
(TCRs) presented as CD1d and MHC-related molecule (MR1). The classical NKT
cells carry an invariant TCR α-chain paired with β-chains. For instance, human
invariant NKT (iNKT) cells carry a Vα24-Jα18 chain paired with the Vβ11 chain.
These iNKT cells can be detected and activated by the environment microbial
components (mainly glycolipids) through their invariant TCR. The activated iNKT
cells in the lungs stimulate airway hyperresponsiveness and neutrophilic inflamma-
tion by producing IL-13 and IL-17, respectively. They are also involved in the
exacerbation of allergic airway inflammation. Surprisingly, a study exploring the
role of these iNKT cells in asthma found that the number of iNKT cells detected in
the bronchoalveolar lavage fluid from asthmatic patients was almost similar to the
numbers observed in those of healthy individuals [267]. The study demonstrated that
in the asthmatic patients, iNKT cells produced the cytokines IL-4 and IL-13 but not
IFN-γ. However, iNKT cells from healthy individuals were producing all three
cytokines. Therefore, it’s the question of research if the allergic asthma is causing
iNKT activation or the activated iNKT cells are causing the development of asthma.

Gamma delta (γδ) T cells are another type of unconventional T cell and, similar to
NKT cells, represent only a small subset of peripheral blood T cells. The
heterodimeric T cell receptors expressed on these cells are composed of γ- and
δ-chains, as indicated by their name. Their prime function is stress surveillance in
response to their environmental signaling, as reflected during wound healing. Unlike
their low prevalence in peripheral blood cells, the predominant sequestration
(8–20% of pulmonary lymphocytes) in mucosal and airway epithelial tissues
makes the γδ cells as “sentries patrolling the border.” These cells are reportedly
elevated in asthmatic patients [268] and investigated as the active negative regulators
of inflammation. Moreover, they have been recognized to mediate the resolution of
acute airway hyperresponsiveness and airway inflammation via the production of
IL-17 [269]. Furthermore, γδ T cells are also involved in inflammation-associated
airway remodeling. These multiple protective facets of γδ cells clearly express the
obligation of these cells in conserving normal airway homeostasis.
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3.9 Conclusion

The increasing prevalence of asthma cases and the diverse pattern of its clinical
features within a population have increased the researchers’ interest in the mecha-
nistic insights of asthma. Various cellular and molecular pathways discussed in this
chapter are briefly summarized in the figure that direct new interventions targeting
asthma (Fig. 3.5). The available therapeutic agents for the treatment of asthma are
mainly suppressing the associated symptoms. With the recognition and understand-
ing of the underlying molecular targets in the pathophysiology of asthma, we can
reach the stage where it would be possible to cure the disease rather than just
suppressing the symptoms.
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Fig. 3.5 Cellular and molecular pathways in asthma pathophysiology. Abbreviations: IL interleu-
kin, TGF-β transforming growth factor-β, Th T helper, IFN-γ interferon gamma
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Abstract

The ‘era of corticosteroids’ brought about a revolutionary change in the course of
asthma treatment in the mid-twentieth century. A few decades later, a lack of
response to corticosteroids was recognised in some asthma patients, thereby
revealing a distinct endotype of the disease called ‘steroid-resistant asthma’.
This finding set in motion a plethora of research to elucidate its inducers and
unravel the underlying mechanisms driving this variant. Surprisingly, apart from
possible genetic factors and infection, lifestyle-related conditions like stress and
obesity were found to invoke this disease. Alteration in the pathways mediating
anti-inflammatory effect of glucocorticoids, defective autophagy, certain immune
mediators and micro RNAs has been found to slacken the steroid response in
asthma. This chapter focuses on the fundamental cell types and key mechanistic
pathways involved in steroid-resistant asthma and also discusses the treatment
strategies that have been adopted to combat the disease in the recent past.
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4.1 Introduction

The year 1935 marked the advent of the ‘wonder drug’ corticosteroid, when it was
first isolated from bovine adrenal glands by Edward Calvin Kendall and found to be
effective in enhancing muscle strength in adrenalectomised dogs or rats. But it was
not until 1946, when Kendall’s Compound E (cortisol) among all the isolated
steroids was first chemically synthesised by an industrial chemist Louis Sarett, that
it was available for clinical testing. In 1948, Rheumatologist Philip Hench tested it
on a woman with rheumatoid arthritis which yielded spectacular results within just
3 days. The 1950 Nobel Prize awardee Dr. Kendall and Dr. Hench shared their
honour with Dr. Tadeus Reichstein in the field of physiology and medicine for the
discovery of cortisone [1]. Several decades after this path-breaking discovery,
corticosteroids still continue to be a blockbuster drug, noted for its powerful anti-
inflammatory and immunosuppressant properties, albeit with quite a few twists and
turns on its journey.

Synthetic glucocorticoids (or corticosteroids or simply steroids) are biologically
active synthetic derivatives of cortisol [2] which are widely used in the treatment of
different inflammatory and autoimmune diseases like RA (rheumatoid arthritis),
nephrotic syndrome (NS), sarcoidosis, multiple sclerosis and systemic lupus
erythematosus [3]. All the while cortisol was being glorified as an elixir drug, its
efficacy was found to be limited by excessive salt and water retention as it also has
mineralocorticoid activity [1]. Eventually, modern glucocorticoids like prednisone,
prednisolone, fluticasone, budesonide, dexamethasone, etc. were developed by
modification of the cortisol structure to enhance the anti-inflammatory action and
reduce mineralocorticoid receptor binding of steroids [4].

Owing to its high efficacy and cost-effectiveness, about 1% of adults in the UK
use oral glucocorticoids at any particular time, which generates a market size of
10 billion dollars yearly [3]. The clinicians prescribe glucocorticoids (GCs) for
numerous diseases as it has broad-spectrum biological activities [1, 2, 5, 6]. How-
ever, 20–30% of patients belonging to otherwise steroid-responsive diseases develop
steroid insensitivity that precludes them to use GCs [7–12]. The management of
steroid insensitive/steroid-resistant patients is really a big challenge for clinicians
who use either very high-dose GCs or secondary immunosuppressants such as
calcineurin inhibitors, methotrexate, etc. Both of these strategies lead to worser
side effects including early death [13–16]. Thus, understanding mechanisms to
improve steroid sensitivity would help us to use GCs in an effective and safer way.

The diseases like RA, inflammatory bowel disease, NS, ulcerative colitis and
Crohn’s disease can be quite effectively treated with GCs, yet there are some patients
showing poor responsiveness to them [17]. As in case of NS, after the diagnosis, NS
patients will be prescribed prednisolone (2 mg/kg/day or 60 mg/m2/day) in single or
divided doses for 4 weeks. If there is an absence of proteinuria for three subsequent
days, it is considered as remission or steroid sensitive NS. Steroid-resistant NS is
defined if there is no such remission in spite of the abovementioned treatment [18–
21].
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Systemic corticosteroids started being used for asthma therapy soon after its
arrival in the market, in the 1950s, and there was a steady rise in its popularity in
the 1960s. Meanwhile, when the side effects of systemic corticosteroids were
becoming evident, the first inhaled corticosteroid beclomethasone dipropionate
was introduced in the early 1970s, to ensure direct delivery into the lung tissue
and minimise systemic side effects [5, 22]. Yet, soon enough, steroid resistance
emerged as a new menace in the course of asthma treatment. Steroid responsiveness
in asthma represents a spectrum which ranges from steroid insensitivity to complete
resistance. In steroid insensitive asthma, there is a relative resistance to corticosteroid
treatment in some asthma patients, requiring higher doses of inhaled corticosteroids
(ICS), maybe even oral corticosteroids. However, absolute steroid-resistant asthma
is a rare case, where some asthmatics show complete resistance to corticosteroid
therapy, even high oral doses [7, 23]. Steroid-resistant asthma is defined as <15%
FEV1 (forced expiratory volume in 1 s) improvement after subsequent oral adminis-
tration of prednisolone (40 mg/day) for 14 days or high inhaled corticosteroid dose
[23, 24].

About 5–10% of the asthmatics show diminished response to glucocorticoids
which accounts for around 50% of the economic burden of asthma [24]. Steroid
resistance in asthma was first noted in 1968, in six patients who showed no clinical
response or decline in blood eosinophil count to systemic glucocorticoid treatment
even in high doses. Later, steroid-resistant asthma was identified in a larger group of
patients. These patients neither had cortisol deficiency nor had familial glucocorti-
coid resistance with sex hormone abnormalities. Diminished gastrointestinal absorp-
tion or other pharmacokinetic mechanism was also ruled out as a reason for
inefficient steroid response. Moreover, patients with glucocorticoid-resistant asthma
are found to have normal levels of plasma cortisol and adrenal suppression upon
administration of glucocorticoids exogenously, and due to the use of corticosteroids,
they tend to manifest the conventional Cushingoid side effects. These evidences
indicate that the lack of responsiveness to steroids is probably due to their impaired
anti-inflammatory effect in these patients and not their endocrine or metabolic
function [17]. This calls for a detailed understanding of the cellular and molecular
mechanisms accountable for the ineffectiveness of the steroids to exert their anti-
inflammatory effects that culminates into steroid-resistant asthma.

4.2 Inducers of Steroid Resistance in Asthma

The SARP III cohort study on severe asthma showed that there is a distinction in the
context of corticosteroid response between children and adults. This indicates that
ageing might have a role in steroid responsiveness in asthma [25]. This link has been
mechanistically explored by Dietz et al., who showed that there are alterations in
remodelling factors with age and they contribute to steroid-resistant airway
remodelling in asthma. These factors are, namely, transglutaminase 2 (TGM2),
group X secretory phospholipase A2 (sPLA2-X), Wnt 5a and leukotrienes
(LTs) [26].
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Stressful experience can lead to steroid resistance in asthma. In both the
conditions of acute and chronic stress, patients with childhood asthma have reported
5.5-fold decrease in their glucocorticoid receptor (GR) mRNA, such that it affects
the sensitivity to anti-inflammatory action of glucocorticoids [27]. Another study
showed that psychosocial stress in asthmatic mice can trigger corticosterone release,
activate the hypothalamic-pituitary-adrenal (HPA) axis and also reduce the level of
glucocorticoid receptor (GR) expression, which in part contributes to the steroid
insensitivity [28, 29].

Steroid insensitivity has been reported in obese children as well as obese adults
with asthma [30, 31]. The previous study in our lab has demonstrated that the steroid
resistance is due to an altered nitric oxide metabolism in obese and house dust mite-
induced asthmatic mice [32]. Another study from our lab showed that a metabolite of
dietary lipid, 13-S-hydroxyoctadecadienoic acid (HODE), induces steroid insensi-
tivity in asthmatic mice by activation of NF-κB and reduction of glucocorticoid
receptor α (GRα). This highlights that how food choices such as omega-6 fatty acids
like linoleic acid-rich foods giving rise to the lipid metabolite HODE can not only
predispose individuals to the risk of obesity but also steroid insensitive asthma [33].

Genetic susceptibility is a vital contributing factor in invoking steroid refractory
asthma. Mutation in the glucocorticoid receptor (GR) gene might result in a protein
malfunction, thus engendering steroid resistance. The D641V variant of the GR was
found to give rise to steroid-resistant asthma in the Chinese Han population
[34]. McGeachie et al. identified Family With Sequence Similarity 129 Member A
gene (FAM129A) as a modulator of steroid responsiveness in asthma [35]. However,
mechanistic studies are necessary to provide a clear picture on how this gene
regulates steroid response. The gene cysteine-rich secretory protein LCCL
domain-containing 2 is comprehended to be linked with lung development and
endotoxin response. It was identified in GWAS studies to have SNPs with a
moderate association with steroid resistance and bronchodilator response in asthma.
Later, this association was validated by functional studies in airway smooth muscle
cells [36]. Fc fragment of IgE (FCER2 gene) encodes CD23, a low-affinity IgE
receptor. Koster et al. have highlighted that the T2206C variant of the FCER2 gene
was notably related with a severe outcome in asthmatic children having a diminished
response to ICS [37]. Glucocorticoid-induced transcript 1 (GLCCI1) is a gene
induced by glucocorticoids that may act as an early marker in glucocorticoid-
mediated apoptosis. Two studies have identified the functional variant rs37973 of
the GLCCI1 gene that reduces the expression of GLCCI1, to be associated with a
marked decline in response to ICS in the asthmatics of white non-Hispanic and Han
Chinese population, respectively [38, 39]. Recently, it was shown that GLCCI1
knockout in asthmatic mice hinders the activation of GR and consequently the
downstream mitogen-activated protein kinase phosphatase-1 pathway, leading to
the phosphorylation of p38 MAPK and subsequent production of pro-inflammatory
cytokines. However, the mechanism by which GLCCI1 influences GR activation is
not yet clear [40].

Respiratory infections are also significant contributors to the development of
steroid insensitivity in asthma. The effects of bacteria like Chlamydia and
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Haemophilus influenzae and viruses like influenza virus and respiratory syncytial
virus (RSV) have been investigated in this regard. It was found that infection caused
by these agents was able to hamper the steroid sensitivity in asthmatic mice by
inducing the micro RNA, miR-21. miR-21 is capable of supressing histone
deacetylase 2 (HDAC2), a key molecule controlling glucocorticoid response, via
PI3K/AKT pathway [41]. Another study by the same group reported that infection
by Chlamydia and Haemophilus activates the NLRP3 inflammasome, triggering an
IL-1β response that drives the steroid-resistant neutrophilic inflammation in asth-
matic condition. However, the exact mechanism by which IL-1β brings about this
steroid-resistant neutrophilic inflammation remains to be determined [42]. Similarly,
LPS, a bacterial component, was shown to drive asthma exacerbation through a
steroid-resistant IL-13 pathway [43]. Another group showed that LPS and fungal
β-glucan can cumulatively cause steroid refractoriness in asthma via Dectin-1 and
TLR4 [44]. Apart from transient bacterial infection, the effect of a persistent
low-dose bacterial colonisation has also been explored in this context. It was
found that a long-term low-dose H. influenzae infection induced IL-17-mediated
steroid resistance. The authors reasoned that this insensitivity to glucocorticoids
might be attributed to the role of IL-17 in diminishing the expression of GRα
(receptor for corticosteroid binding) and heightening the expression of GRβ (inhibi-
tor of GRα) [45].

Therefore, apart from the fact that family history of asthma is common in
asthmatics with poor response to steroids [46], unhealthy diet, stressful life
experiences, respiratory infections and progressive age are the principal factors
that predispose individuals to steroid insensitive asthma.

4.3 Shedding Light on the Cellular Mechanisms Underlying
the Glucocorticoid Receptor Signalling Pathway-Mediated
Steroid Resistance

4.3.1 Neutrophils

Out of the different types of white blood cells that serve as the armamentarium of our
body system, neutrophils are rendered less sensitive to glucocorticoids [47]. The
poor response of neutrophils to glucocorticoids can be attributed to the fact that the
cascade of events involved in neutrophil activation, including adhesion, chemotaxis,
phagocytosis, degranulation and the release of the arachidonic acid metabolite is not
effectively inhibited by glucocorticoids [48]. Asthmatic patients characterised by
neutrophilic inflammation and obesity-induced asthma have been categorised as the
non-Th2/type 2 asthma by Wenzel [49, 50]. Accumulating evidence has shown an
increased percentage of neutrophils in the sputum, BAL (bronchoalveolar lavage)
fluid and peripheral blood samples from patients suffering from severe asthma and
acute asthma exacerbation. Although there’s no compelling evidence that
acknowledges how the neutrophils induce a steroid-resistant condition, the increased
levels of various cytokines are believed to be involved in driving this condition

4 Targeting Molecular and Cellular Mechanisms in Steroid-Resistant Asthma 101



[49]. Reports from mice and humans have revealed elevated levels of transcripts for
IL-17A produced from Th7 in the sputum of asthmatic patients [51]. IL-1β and IL-23
released by the APCs (antigen-presenting cells) are crucial in differentiating the
naïve CD4+ T cells into Th17 cell lineages. The pro-inflammatory cytokine IL-17
appears to participate in ushering a condition of neutrophil-predominant phenotype
leading to steroid-refractory asthma [51]. The chemokine CXCL8 (IL-8) which is a
potent chemoattractant engaged in recruiting neutrophils is also found to be
increased in the sputum of asthmatic lungs. The increased release of IL-17 and
IL-8 was correlated with the severity of asthma [52]. Adoptive transfer of Th17 cells
compared to Th2 cells exhibited severe airway neutrophilia and airway
hyperresponsiveness and was way more resistant to corticosteroid treatment as
observed in a preclinical model [53]. Additionally, TNF-α level was also found to
be significantly enhanced in asthma patients who showed an inadequate response to
glucocorticoid medications [52]. In a murine model demonstrating neutrophilic
airway inflammation, TNF-α was highlighted to be associated with manifesting a
steroid-resistant asthmatic condition [54].

NETosis: In 2004, first emerged the concept of specific cell death of neutrophils
or ‘NETosis’ as reported by Brinkmann and his colleagues. Neutrophil extracellular
traps or NET formations are a new mechanism employed by the innate immune
system in response to infections and injuries [49, 55]. Following injuries, the
neutrophils are activated and infiltrate in the area of injured tissues or organs,
cumulating to form NETs. Various stimuli including reactive oxygen species
(ROS) generation can activate the peptidyl arginine deiminase 4 (PAD4)
[56]. Activated PAD4 citrullinates the histones, which is crucial for the formation
of NETs. This causes decondensation of the chromatin material and finally the
ousting of the chromosomal DNA [56, 57]. The surge of NETs can turn out to be
a double-edged sword wherein the constituents of the NETs like the proteases and
others can damage the epithelial and endothelial cells, hence exacerbating the
inflammation-induced tissue or organ damage.

Patients with allergic asthma have been reported to have increased levels of NET
formation and autophagy in their BAL fluids, sputum granulocytes and peripheral
blood cells [58]. NETosis has been highlighted in contributing to lung pathology by
stimulating airway obstruction, damaging the alveolar-capillary network and
disrupting the host cellular matrix. In an asthmatic PAD4-deficit mice model, the
allergen-induced airway neutrophilia was found to be reduced along with a reduction
in NETosis [59]. Recently, the formation of neutrophil extracellular traps (NETs) in
asthma has been implicated in rendering steroid resistance conditions via the IL-17-
mediated pathway. Krishnamoorthy and his colleagues have demonstrated that the
NETs did not trigger the neutrophilic airway inflammation, but the neutrophilic
cytoplasts were responsible for inducing Th17 cell-mediated inflammation in the
murine model [59]. Patients with severe asthma indicated high levels of both the
neutrophilic cytoplast and NETs which showed a positive correlation with the IL-17
levels present in the lungs. Hence, it is critical to ascertain whether NETs and
neutrophilic cytoplasts are responsible for the manifestation of the steroid-refractory
asthma or not.
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4.3.2 Factors Inducing Airway Neutrophilia

Leukotriene B4: Another factor that possibly contributes to the booming of steroid-
refractory condition in asthma is the pro-inflammatory lipid mediator leukotriene B4
(LTB4) [60]. It is an oxidative product of the arachidonic acid metabolism pathway.
Various respiratory diseases including COPD (chronic obstructive pulmonary dis-
ease) and allergic rhinitis are linked with remarkably elevated levels of LTB4
[60]. Glucocorticoids which are the cornerstone therapy against various inflamma-
tory diseases seem to behave paradoxically with neutrophils by increasing their
longevity. Similarly, the LTB4 has been approved of having an anti-apoptotic effect
on the neutrophils [61]. Studies have reported that upon administration of cortico-
steroid, CD8+ T cells expressing BLT1 (the high-affinity receptor of LTB4) are
comparatively more resistant than CD4+ T cells [60, 62]. The CD8+ T cells were
found to be activated with enhanced functionality in the presence of corticosteroids
by upregulating the steady-state expression of the BLT1 by increasing the expres-
sion of the IL-2 receptor [62, 63]. The upregulated BLT1 in turn intensifies the
airway inflammation and hyperresponsiveness in an allergen-induced asthmatic
murine model. Reports from asthmatic patients have shown increased LTB4 levels
in serum, nasal and BAL fluid samples when medicated with corticosteroids [63].

Concomitant respiratory infections: Microbial virulence are critical in the
induction and development of steroid-resistant asthma [64]. Several studies have
substantiated that patients with Chlamydia pneumoniae infection tend to have severe
asthma featuring frequent exacerbations along with airway neutrophilia which
makes them resistant to steroid treatments [64]. Clinical studies have shown that
infection with another respiratory pathogen, Haemophilus influenzae, is commonly
associated with the manifestation of IL-17-driven neutrophilia in the airways of the
asthmatics [65]. Enhanced neutrophils correlate with the severity of the disease,
aggravated symptoms and decline in lung function. Viral respiratory infections also
contribute to deteriorating the standard of life of asthmatic patients. Infections
caused due to organisms like influenza, rhinovirus and respiratory syncytial virus
(RSV) [66] further contribute to health hazards as they are responsible for severe
airway inflammation and wheezing and thus insinuating asthma exacerbations. The
virus-induced infections increase the severity of the diseases that causes a significant
reduction in FEV1 and elevated levels of infiltration of mixed immune cells, i.e. both
neutrophil and eosinophil in the airways. This makes the patients incompetent to
respond to steroid medications [51]. Thus, uncovering the mechanisms underlying
the respiratory microbiome load contributing to asthma severity can be interrogated
in the future to underpin the steroid-refractory pathogenesis.

4.3.3 Eosinophils

Eosinophilic asthma is elucidated as the sub-phenotypes with eosinophils as the
major inflammatory cells infiltrating in the airways effectuating the pathobiology of
both childhood-onset asthma and adult asthma. Eosinophils co-migrating with other
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inflammatory cells release an array of cytotoxic products that range from
eosinophils-derived neurotoxins, cationic proteins and peroxidases that contributes
to the features of severe asthma [67]. Although asthmatic patients with eosinophilic
inflammation respond fairly when treated with corticosteroids, recently, a large
section of asthmatic patients with eosinophilic airway inflammation have been
distinguished and categorised as ‘refractory eosinophilic asthma’ [68]. This sub-
group of asthmatic patients is associated with poor prognosis and is resistant to any
sort of treatment either inhaled or oral corticosteroids. Reports have proclaimed that
the clinical features of the patients suffering from late-onset eosinophilic asthma
were characterised by features of low FEV1, chronic rhinosinusitis with nasal
polyposis and systemic inflammation in the entire respiratory tract, i.e. from
paranasal sinuses up to the distal airways [69]. Even high doses of ICS (inhaled
corticosteroids) were found not to be effective against these features of eosinophilic
asthma, presumably, because it’s not feasible for the ICS or topical corticosteroids to
reach the distant airways [69]. The pathophysiological mechanism of eosinophilic
asthma orchestrates the involvement of both the adaptive immunity (Th2 cells) and
the innate immunity. Recent studies have underscored the participation of IL-33 in
inducing robust type 2 immune responses and consequently an eosinophilic inflam-
mation which is steroid-resistant [70]. Enhanced secretion of IL-33 has been
implicated in the poor control of asthma and the steroid-refractory phenotype of
asthma. Due to the lack of signal sequence on IL-33, they are released from the
epithelial cells instead of being secreted when hurled upon with injuries or stress
conditions [71]. IL-33 is responsible for the release of IL-5-producing memory-type
Th2 cells, which induces eosinophilia in the lungs. IL-33 also induces the production
of IL-13 that is accountable for smooth muscle cell hyperplasia and mucus produc-
tion [72]. IL-33 is demonstrated to confer steroid-refractory features upon memory
ST2 positive CD4+ T cells which plays a decisive role in the eosinophilic phenotype
of lung inflammation [71, 73]. Elevated levels of IL-33 are contemplated as a
ramification of severe asthma, chronic airway inflammation and bronchial deface-
ment [74]. Nevertheless, subsequent studies are crucial to demonstrate the exact role
of IL-33 in mediating steroid-resistant eosinophilic asthma to pave the way for more
effectual therapeutics.

4.3.4 Group 2 Innate Lymphoid Cells (ILC-2)

ILC-2, a subset of innate lymphoid cells, is involved in initiating and fine-tuning of
immune responses by dint of chemical mediators and cytokines. Recent studies have
started unveiling the importance of ILC-2 in mediating steroid resistance in allergic
airway inflammation (AAI) [75]. Upon stimulation with allergens, viruses or fungi,
bronchial epithelial cells release endogenous mediators (alarmins) like IL-25, IL-33
and TSLP (thymic stromal lymphopoietin) which initiate the activation of ILC-2 s
[76]. ILC-2 s sequentially initiate a type 2 immune response, releasing elevated
amounts of cytokines like IL-5 and IL-13 that provoke severe eosinophilic inflam-
mation and airway hyperreactivity, respectively [76]. A growing body of evidence
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has implicated the increased frequency of ILC-2 production in bronchoalveolar
lavage as well as the sputum of allergic asthma patients. Kabata et al. have recently
highlighted that in a murine model, ILC-2 s develop steroid resistance which is
TSLP (thymic stromal lymphopoietin) dependent [77]. Accumulating evidence has
shown the involvement of TSLP being biased towards the Th2 (T helper) type
immune response, a hallmark of the allergic inflammation. Liu and his co-workers
have established the prominence of the TSLP-STAT5 (signal transducer and activa-
tor of transcription 5) axis in steroid resistance in a murine model of asthma
[78]. They have identified IL-7 as the possible modifier of corticosteroid sensitivity
as they cause induction of the STAT5 pathway which upregulates the expression of
Bcl-2 and Bcl-xL (anti-apoptotic proteins), which insulates the cells from apoptosis
[78]. Upregulation of IL-7Rα (interleukin-7 receptor subunit alpha) was found to be
crucial in developing steroid resistance in ILC-2 s of human, as only IL-7Rα agonists
and no other ILC-2-stimulating cytokines were capable of rendering steroid resis-
tance condition. Out of the three cytokines (IL-25, IL-33 and TSLP) secreted from
the epithelia, only TSLP which is a dexamethasone (a corticosteroid medication)-
regulated IL-7Rα ligand induces steroid-refractory condition in ILC-2 s [78].

4.3.5 T Helper Type 9 Cells (Th9 Cells)

Identified a decade ago, the Th9 cells are a new subset of CD4+ T helper cells that
secretes IL-9 characteristically. Upon priming with TGF-β (transforming growth
factor-beta) and IL-4, naïve CD4+ T cells are differentiated to produce Th9 cells
[79]. IL-9 released from these cells kindles the various asthmatic features like airway
inflammation with excessive infiltration of eosinophils, goblet cell hyperplasia,
bronchial hyperresponsiveness, mucous secretion, etc. [80]. An increased level of
IL-9 in blood and sputum samples of patients with bronchial asthma demonstrates
the clinical significance of Th9 cells. Researchers have shown the involvement of
IL-9 in nurturing the survivability of ILC-2 and that ILC-2 might be responsible for
driving the steroid resistance of Th9 cell-mediated airway inflammation [80]. Kara
et al. reported a probable mechanism by which the Th9 cells migrate to cause steroid
resistance [81]. They demonstrated that Th9 cells exhibited expression of chemokine
receptors like CCR3, CCR6 and CXCR3, and on the other hand, Th2 cells express
CCR3 and CCR4 [81]. Treatment with corticosteroid has been elucidated to
upregulate the expression of IP-10 (interferon gamma-induced protein 10), a ligand
for CXCR3, in the airway mucosal region of asthmatics [80]. Therefore, dexameth-
asone is believed to facilitate the infiltration of Th9 cells by the means of upregulated
IP-10. However, subsequent researches are necessitated to elucidate the exact
mechanism recruited for Th9-mediated steroid resistance in the light of
chemokine-related responses.
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4.3.6 CD8+ T Cells

In the murine models of asthma, along with ILC-2 and CD4+ Th2 cells, another
subset of the T cells, i.e. CD8+ T cells, are also proposed to drive the asthma
pathogenesis and mediating a steroid-refractory condition [82]. CD8+ T cells display
plasticity and undergo transdifferentiation, switching their functional activities.
Interferon-gamma (IFN-γ)-producing CD8+ T cells sustain through various phases
of transcription and translation when subjected to IL-4 in vitro that resulted in
epigenetic poising [83]. This transforms the IFN-γ-producing CD8+ T cells into
CD8+ T cells that are competent enough to generate Th2 cytokines like IL-5 and
IL-13 [83]. These cytokines elicit the recruitment and survival of eosinophils in the
airways leading to inflammation. Studies have revealed that activated CD8+ T cells
are comparatively less susceptible to corticosteroid than CD4+ T cells. A possible
explanation could be the lowered expression of the ATF2 (activating transcription
factor-2), a DNA-binding protein that is capable of specifically acetylating the
histones H2B and H4 in in vitro conditions [83, 84]. ATF2 is necessary for the
corticosteroid-stimulated transactivation. A diminished corticosteroid-stimulated
transactivation is demonstrated by these CD8+ T cells, in addition to reduced
induction of IL-10. Many questions remain undetermined; many mechanistic studies
are needed to demonstrate how these cells engage in driving the Th2 cytokines
leading to steroid-resistant eosinophilic asthma.

4.4 Possible Molecular Mechanisms behind Steroid-Resistant
(SR) Asthma (Fig. 4.1)

Though asthma cannot be fully cured, it can be regulated through various
medications and lifestyle changes. Severe asthmatic exacerbations positively react
to steroids and provide quick relief. Generally, asthmatic patients respond to steroid
therapy. However, a small group of people do not exhibit the normal response to
steroid treatment. This can be due to various reasons like incorrect disease diagnosis,
inadequate quantity of steroid reaching airway mucosal barrier or unidentifiable
factors. Other grounds could be inappropriate use of drug and unregulated disease
management [85]. Further detailed studies have to be carried out. Glucocorticoids
are the major therapeutic drug group in asthma. It is seen that this group of people
unresponsive to steroid treatment possess alterations in the GR signalling. The
glucocorticoid drugs cannot bind to the GR properly. Such GR binding abnormality
makes them unresponsive to the therapeutic drugs. After oral steroid treatment,
steroid sensitive individuals exhibit increase in FEV1 (forced expiratory volume 1)
by about 30 per cent. However, such increase was not observed in steroid-resistant
individuals. They exhibit only about 15 per cent improvement in FEV1. These
steroid-resistant individuals also show less number of GR in the PBMC (peripheral
blood mononuclear cells). Even after incubation with cytokines like IL-2 and IL-4,
the number didn’t improve [86].
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4.4.1 Bioavailability of Glucocorticoid Receptor
(GR) and the Underlying Molecular Mechanism

Glucocorticoid or glucocorticosteroid, which is the main therapy for asthma, can be
inhaled or orally administered. Upon inhalation, ICS gets diffused into the tissues of
the airways and activation of GR occurs. Alternative splicing of the GR mRNA
causes generation of two isoforms of GR. GRα isoform is found in the cytoplasm
and GR β resides in the nucleus. GRα is the only form of GR which binds to
corticosteroids. GRα mediates anti-inflammatory effect by ligand binding to the
transcription factor. GR binds to ligand and undergoes dissociation from Hsp90 kD
protein complexes, and following conformational change, they migrate to the

Fig. 4.1 Schematic diagram showing molecular mechanisms of steroid-resistant asthma. Steroid
resistance in asthma involves diverse signalling pathways. Before being activated, glucocorticoid
receptor (GR) remains in the cytoplasm by complexing with Hsp90. Upon binding with
corticosteroids, GR undergoes conformational change in such a way that it dissociates from
Hsp90 and translocates to the nucleus. In the nucleus, GR binds with glucocorticoid receptor
element (GRE) and causes transactivation of anti-inflammatory genes. By tethering with other
transcription factors, GR also causes transrepression of pro-inflammatory genes. Such
transrepression occurs through activation of HDAC2 molecules. There are two isoforms of GR:
GRα and GRβ. While GRα is the main isoform involved in the corticosteroid-induced effects, GRβ
acts against GRα and its expression is increased in steroid-resistant asthma. Decoy receptor GRβ
competes with GRα in binding with DNA. Cytokines secreted by Th17 cells can promote the
upregulation of GRβ. On facing oxidative stress, PI3K gets phosphorylated and further causes
phosphorylation of AKT kinase that leads to phosphorylation and inactivation of HDAC2.
p38MAPK also causes phosphorylation in serine 226 residue in GRα. This will hinder the binding
of GRα to ligand and hinder the translocation of GRα into the nucleus
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nucleus and bind to glucocorticoid receptor element (GRE) [87]. Scatchard analysis
of PBMCs has showed that steroid-resistant individuals have no change in the
binding ability of glucocorticoid receptors to DNA. However, they also possess
less number of DNA-binding receptors. Thus, the ability of binding of
glucocorticoids to DNA-binding GRE is weakened due to the presence of such
less number of GR receptors [88]. Activated GR variant upon binding to the
corticosteroids mediates molecular effect by two ways. GR binds to GRE present
in the various steroid sensitive genes that would lead to generation of anti-
inflammatory gene. Activated GR also interacts with co-activator molecules like
CBP [cyclic AMP response element binding (CREB)-binding protein]. This reverses
the phenomena of acetylation of core histone molecules and causes transrepression
of the activated pro-inflammatory genes [89]. Lower expression of GRα is seen in
steroid-resistant asthma. Resistance to glucocorticoids in asthma occurs due to
impaired nuclear translocation of GRα from the cytoplasm, even after being bound
by corticosteroid. Impaired GR phosphorylation can be the cause of this diminished
GR transport to the nucleus. This would hamper the binding to GRE which would in
turn diminish the transrepression of pro-inflammatory genes [7].

The other spliced variant, GR isoform β, is the dominant inhibitor molecule of
GRα which does not bind to corticosteroids but interacts with DNA. Expression
level of GR isoform β is seen to increase under steroid insensitive asthmatic
conditions. Upon stimulation with pro-inflammatory cytokines, GRβ competes
with GRα for binding with GRE. As GRβ does not bind to ligand, it is often regarded
as the decoy receptor [87].

There occurs abnormal tethering of GR with other transcription factors. GR
interacts with transcription factors like activated protein-1 (AP-1) and NF-kB.
AP-1 forms a complex with activated GR and blocks GR from binding with DNA.
This would reduce the activated GR found in the nucleus for binding to GRE and
thus lead to steroid resistance phenomena [90]. Further ligand binding analysis has
shown that in steroid sensitive individuals, there is decreased interaction between
AP-1 and GR. However, interactions with other transcription factors remain unhin-
dered. An increase in the AP-1 protein is also observed in such steroid-resistant
individuals. All these suggest that in steroid resistance, either increased level of AP-1
or altered binding capacity accounts for such impaired binding between GR and
AP-1 [91]. Studies by Serra et al. have showed that repeated allergen exposure in A/J
mice changes the nature of their responsiveness to steroid and they become steroid-
resistant. With increase in the number of exposures, loss in glucocorticoid receptor
bioavailability takes place [92]. Thus, glucocorticoid receptors play a pivotal role in
modulating steroid responsiveness in asthma.

4.4.2 IL-17A High and IFN-g High Phenotypes

Steroid-resistant asthmatic airway inflammation is mediated via Th17 subtype T
cells. These Th17 cells release IL-17, IL-17F and IL-22 cytokines that further
stimulate several pro-inflammatory cytokines and growth mediators. Studies were
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done in the PBMCs where researchers analysed the level of Th17 transcription factor
RORγt. It is seen that compared to healthy individuals, heightened expression of
retinoic acid-related orphan receptor γt (RORγt) is seen in the PBMCs of severe
allergic asthmatics. With increase in the disease progression, IL-17 and IL-22 levels
increase both in PBMC and in plasma. IL-23 which is a Th17 cell maintenance
cytokine also increases simultaneously and showed positive correlation with IL-17
level [93]. These Th17 cytokines cause upregulation of the innate isoform glucocor-
ticoid receptor GRβ. There also occurs a subsequent decrease in the expression
pattern of active glucocorticoid receptor GRα which is mediated by IL-2 or IL-4.
This leads to development of insensitivity upon treatment with the steroid, dexa-
methasone. Thus, Th17 cytokines found in the airways play a part in causing steroid
insensitivity in PBMCs in severe grade asthma patients [94]. IL-17 also had other
varied functions which changes the profile in bronchial epithelial cell. IL-17 has a
major role in neutrophilic inflammation that happens in severe asthma. IL-17 causes
generation of chemokines like CXCL-8 from the bronchial epithelial cell and thus
coordinates the recruitment of granulocytes like neutrophils. Indirectly, IL-17 also
stimulates the production of cytokines like IL-6, chemokines and CSF from epithe-
lial cells and IL-17 secreting ILC3 cells [95]. Another group of researchers found
that although IL-17A-stimulated IL-8 secretion is sensitive to glucocorticoid
(GC) treatment, IL-17A pre-treatment done on TNF-α-induced IL-8 cytokines
makes them insensitive to GCs. Cytokine IL-17A not only works by regulating
downstream signalling components p38 and PI3K but also affects the HDAC
pathway. IL-17A cytokine causes a decrease in the activity of HDAC gene.
Overexpression of HDAC2 gene causes a reversion in the IL-17A-induced steroid
insensitivity effect. However, it is seen that IL-17A does not affect or hinder the
binding affinity of the GC receptor. Thus, by modulating GC sensitivity, IL-17A can
be a potent therapeutic target in steroid insensitive asthma [96].

Steroid-resistant asthmatic individuals show irresponsiveness to the oral drug
prednisone. Despite drug administration, mRNA of BAL fluid shows no alteration in
the IL-4 and IL-5 level. However, the level of pleiotropy characterised by the IFN-γ
cytokine, which is released by Th1 cells, increases. These indicate the possibility of
an imbalance between Th1 and Th2 cytokines in steroid-resistant asthma [97]. It is
seen that in addition to Th17 cytokines, cytokines secreted by Th1 cells also have a
role in mediating the steroid resistance in asthma. TNF-α and IFN-γ are released by
Th1 subtype of T cell and have a role in causing corticosteroid resistance in airway
smooth muscle. Here, IFN-γ augments other inflammatory pathways and amplifies
the effect of pro-inflammatory cytokine, TNF-α. Studies were carried out to see the
effect of TNF-α or IFN-γ on human airway smooth muscle cell in vitro. It was
observed that compared to each of their individual effect, when administered in
combination, both TNF-α and IFN-γ pose greater curbing effect on the chemokine
inhibiting activity of steroid fluticasone propionate. This highlights the significance
of the interaction between TNF-α and IFN-γ in steroid-resistant asthma [98]. Th1
cells produce IFN-γ and its level gets heightened in severe asthma. Mast cells secrete
chemokine CXCL10 that acts downstream of IFN-γ, which also contributes to
steroid unresponsiveness occurring in Th1 high asthma. The mRNA level of
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CXCL10 is found to be increased in those severe asthma patients having poor
disease prognosis. Thus, it can be concluded that such Th1 signalling IFN-γ and
CXCL10 axis that occurs via the CXCR3 receptor have a role in steroid resistance
[99]. Another cytokine secreted by macrophages that can also trigger the release of
IFN-γ by Th1 cell is IL-27. The effect of IL-27 and IFN-γ occurs via MYD88
pathway which inhibits the translocation of the glucocorticosteroid receptors. Thus,
such host defence mechanisms encompassing IFN-γ and Th17 cells occur in steroid-
resistant non-allergic asthma [100, 101]. Studies on PBMCs by Chambers et al. have
shown supporting evidences in this regard. Compared to steroid sensitive
individuals, steroid-resistant asthmatic individuals exhibit higher level of IL-17A
and IFN-γ. IL-17A was observed in sputum and BAL fluid and correlates to AHR.
With dexamethasone treatment, IFN-γ level seems to slightly decrease in steroid-
resistant individuals, whereas upon dexamethasone treatment, both IFN-γ and
IL-17A levels decrease in steroid sensitive and steroid-resistant individuals. It is
also seen that the increased levels of IFN-γ and IL-17A in steroid-resistant
individuals are non-overlapping and do not get affected by each other [102]. Elevated
expression of IL-17A can serve as a risk factor identifier and also a biomarker in
steroid-resistant asthma. In addition, IFN high phenotype is also observed.

4.4.3 PI3K/HDAC Signalling Pathway

Phosphatidylinositol 3-kinase (PI3K) signalling pathway plays a deciding role in
orchestrating the steroid resistance in asthmatic airways. The lipid kinase PI3K has
several isoforms which are PI3Kα, PI3Kß, PI3Kγ and PI3Kδ. The isoform
phosphoinositide 3-kinase-δ (PI3K-δ) has an important role in steroid-resistant
asthma. PI3K-δ phosphorylates the downstream serine threonine kinase, AKT
[103]. When oxidative stress happens in asthma, PI3K-δ is phosphorylated.
HDAC2 gene undergoes phosphorylation and is inactivated. This occurs via
phosphorylated AKT [7]. Besides engaging with GR, glucocorticosteroid given to
asthma patients also recruits histone deacetylase (HDAC) molecules for
transrepression. Experiments have shown that there is a decrease in the HDAC2
level in BAL fluid of steroid-resistant patients but not in steroid sensitive asthmatic
individuals. Further study by this group shows that GRβ suppresses HDAC2 expres-
sion level and thus regulates steroid insensitive asthma [100, 101].

Generally, upon stimulation, transcription factor like NF-kB which is found in
alveolar macrophages activates histone acetylation. This in turn causes acetylation of
lysine residue which is followed by activation of the pro-inflammatory genes. In
steroid sensitive asthmatic individuals, corticosteroids promote the GR migration
into the nucleus. Then, there occurs interaction between GRs and histone 4 which
then leads to acetylation of K5 and K16 lysine residues. In some steroid-resistant
asthmatic patients, despite proper nuclear localisation of GR, there occurs impaired
acetylation of K5 residue. This hinders the GR-bound steroid-mediated effect
leading to corticosteroid resistance. Corticosteroids cause recruitment of HDAC-2,
which aids in reversing the effect. This also stops activation of inflammatory genes
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by NF-kB. However, oxidative stress and peroxynitrite formation has the potential to
hinder HDAC-2 activity. In such case, not only the activation of inflammatory genes
by NF-kB is increased, but also the anti-inflammatory response mediated by HDAC2
is reduced [23].

HDAC2 is also expressed in lower amount in the peripheral lung region and
alveolar macrophages of severe and steroid insensitive asthmatics. Here, PI3K-δ
plays a major role. Thus, by inhibiting PI3K-δ, there can be selective upregulation
and activation of HDAC2 [87]. Being a tumour suppressor, PTEN (phosphatase and
tensin homologue) is the naturally occuring endogenous PI3K inhibitor found in the
cell. Increased expression of PTEN causes diminished PI3K activity and heightened
nuclear expression of HDAC2. Pan-PI3K inhibitor LY294002 exhibits similar
effects on severe steroid-resistant acute airway disease (SSRAAD) [104]. PI3K
inhibitor, CL27c, is another pan prodrug which also has an inhibiting effect on
asthma. It is seen that in allergic asthma which exhibits corticosteroid resistance,
administration of both CL27c and dexamethasone diminishes the inflammation in
the lung and restores the lost lung function. While single administration of drug
dexamethasone did not show change, single administration of CL27c remarkably
reduced the score of lung damage. Such pan-PI3K inhibitors are more preferred over
direct PI3K inhibitor and mTOR inhibitor. As pan-PI3K inhibitors act upstream of
mTOR pathway, additional off-target side effects and lung toxicity are
reduced [105].

4.4.4 p38 MAPK

The p38 mitogen-associated protein kinase (p38 MAPK), a serine threonine kinase,
exerts its effect on transcription factors like NF-kB and AP-1. Severe asthmatic
people who are unresponsive to corticosteroids show an increased expression of p38
MAPK [106]. Presence of p38 MAPK is observed both in epithelial cells in the
alveolar region and in alveolar macrophages. An association is seen between sever-
ity of asthma and the presence of p-p38 in the airways. Western blot analysis has
shown the presence of activated phospho-p38 MAPK and stress activated protein
kinase-1. Compared to steroid sensitive patients, phosphorylated form of p38 is
found in increased amount in the CD14+ monocytes of SR patients. Downstream of
p38 MAPK, there is presence of phosphorylated mitogen- and stress-activated
protein kinase 1 (MSK1). MSK1 kinase can interact with other pro-inflammatory
transcription factors that cause more synthesis of inflammatory genes. This would in
turn lead to steroid resistance. Phosphorylated form of MSK1 is also found in the
PBMC lysates of steroid-resistant individuals. Hence, both MSK1 and p38 phos-
phorylation can serve as biomarkers in SR asthmatic patients [107].

Studies by Bhavsar et al. have showed that p38 MAPK has the potential to cause
corticosteroid insensitivity in severe asthma. PBMCs and alveolar macrophages
were isolated from severe and non-severe asthma patients who were then subjected
to LPS both in the presence and absence of p38 MAPK inhibitor SD282 and drug
dexamethasone. Compared to solo dexamethasone use, heightened inhibition on the
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release of pro-inflammatory cytokines in alveolar macrophages was observed when
SD282 and dexamethasone were administered together. Hence, it was noted that use
of p38 MAPK inhibitors can have a positive effect in reversing steroid
resistance [106].

P38 MAPK stimulates phosphorylation of the glucocorticoid receptor. GR phos-
phorylation imparts a negative effect and curbs the ability of dexamethasone. Studies
in healthy individual’s PBMCs have shown that IL-2 and IL-4 incubation alters the
GR’s ligand binding activity inside the nucleus as indicated by Kd value. This will in
turn reduce the binding capacity of GR to drug dexamethasone. Additionally, it is
observed that incubation with p38 MAPK inhibitor SB203580 lessens the IL-2- and
IL-4-stimulated reduction of glucocorticosteroid receptor’s binding affinity. Thus,
IL-2/IL-4 controls p38 MAPK-mediated GR phosphorylation and the presence of
SB203580 can inhibit this phenomenon [108]. The region of phosphorylation in the
GR is serine 226. There are some phosphatases that dephosphorylates the action of
kinase p38 MAPK. Phosphatase MKP-1, the endogenously found p38MAPK inhib-
itor, gets activated by corticosteroids. It is seen that SR asthmatic individuals have
diminished expression of MKP-1 and increased level of p38 MAPK in alveolar
macrophages. The other phosphatase whose expression gets reduced in asthma is
serine/threonine phosphatase protein phosphatase 2A (PP2A) [7]. Thus, selective
p38 MAPK inhibitors might be propitious in treating steroid-refractory conditions of
asthma.

4.4.5 NLPR3 Inflammasome

Multiprotein nucleotide-binding domain and leucine-rich repeat containing (NLR)
protein inflammasome works on complex signalling pathways. It mediates the
release of several cytokines that exert pro-inflammatory effects. NLR family pyrin
domain-containing 3 (NLPR3) inflammasome encompasses various apoptosis-
related subunits. The pyrin domain recruits procaspase 1 and activates caspase-1.
Ideally, inflammasome requires two major events like assembly and activation
before exerting its effector function. A major adaptor protein component involved
here is apoptosis-associated speck-like protein containing a CARD (ASC). Several
stimuli like danger associated molecular pattern, infection or allergen plays a role in
activating the inflammasome. After being activated, NLPR3 interacts with ASC.
Then, NLPR3 inflammasome intervenes in cleaving procaspase 1 into activated
caspase-1. This caspase-1 in turn causes cleavage of pro-IL-1ß into active IL-1ß.
Along with IL-1ß, pro-IL-18 is also released [109].

In neutrophilic asthma, the level of NLPR3 and caspase activity increases. The
protein level of IL-1ß also increases in the sputum of neutrophilic asthmatic patients.
A correlation could be seen between neutrophil chemoattractants IL-8 and IL-1ß
[110]. IL-1ß-dependent inflammatory response happens in steroid-resistant asthma.
Another group of researchers also showed increased level of IL-1ß and NLPR3
mRNA in sputum of patients who displayed clinical parameters of severe steroid-
resistant asthma. A correlation is noted between increased IL-1ß and NLPR3 with
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more neutrophil occurrence and heightened airway obstruction. These in turn are
associated with fall in steroid responsiveness and incidence of neutrophil-mediated
airway inflammation. Treatment of IL-1ß intranasally to naive mice generated
hallmark features like steroid-resistant Chlamydia infection. When caspase-1 is
inhibited by pan-caspase inhibitor z-VAD-fmk (ZVAD), the IL-1ß level and Chla-
mydia infection-induced severe steroid-resistant allergic airway disease (SSRAAD)
characteristics get reduced. In SSRAAD, which is induced by Chlamydia infection,
it is seen that on administration of NLPR3-specific inhibitor MCC950, both IL-1ß
and asthmatic features get diminished. Thus, inflammasome-driven caspase-1/IL-1ß
signalling pathway has a potential role in promoting AHR in steroid-resistant asthma
[41, 42]. A recent study by this group has shown that inflammasome has a role in
obesity-driven steroid-resistant asthma. In high-fat diet-induced obesity-related
asthma, it is seen that NLPR3 level is more in the airways, and there occurs
activation of caspase-1. However, along with MCC950, use of anti-IL-5 and anti-
IL-13 neutralising antibodies is also seen to reduce NLPR3-mediated inflammatory
AHR responses [111]. Studies by Wood et al. also highlighted the presence of
inflammasome in the obese asthma. It is seen that compared to non-obese asthmatic
adults, obese asthmatic individuals displayed upregulation of the NLPR3 and nucle-
otide oligomerisation domain 1 NOD1 gene expression. They also have more IL-1ß
in the sputum. Subsequently, the non-obese asthmatic individuals were given food
filled with saturated fatty acid FA. An increase in the neutrophils, TLR4 and NLPR3
were found in them after 4 h of eating [112]. Thus, NLPR3 inflammasome does have
an important role in regulating the IL-1ß pathway in steroid-resistant asthma.

4.4.6 Lack of Autophagy

Autophagy is involved in asthma and has a role in regulating airway remodelling that
occurs in asthma. In human asthma, autophagy-related gene 5 (Atg5) is prone to
undergo single nuclear polymorphism. There is an association seen between increase
in Atg5 gene polymorphism and reduction in the value of FEV1%. Atg5 gene
polymorphism and variation in the gene promoter region are seen to have an
association with childhood asthma [113]. In Atg5 knockdown mice, it is seen that
the AHR occurring is Th17 dependent. There is neutrophil accumulation in BAL
fluid, and even though eosinophil count is a bit reduced, steroid resistance is seen.
HDM was administered a day after neutralising anti-IL-17A antibody in both Atg5
knockout mice and wild-type mice. It was seen that AHR and neutrophil count was
reduced in Atg5 knockout mice; however, no such change was observed in wild-type
mice after anti-IL-17A antibody treatment. On the contrary, steroid treatment altered
inflammatory effects on steroid-resistant asthma, and no significant improvement
was seen in Atg5 knockout mice. Further studies showed that in asthma, autophagy
is an important phenomenon in immune cells. CD11c-specific ATG5�/� cells in
mice can develop severe grade neutrophilic asthma. Impairing autophagy in Cd11c-
positive cells can also lead to increased neutrophilia in BAL fluid. It is also seen that
in ATG5�/� in bone marrow dendritic cells can lead to increased secretion of IL-17
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and IL-23 after HDM or LPS administration. All these indicate polarisation into
Th17 subset of T cell. Thus, it is seen that Atg5-mediated autophagy is important,
and its absence can lead to the development of severe grade steroid-resistant
neutrophilic asthma [114].

4.4.7 Other Key Mechanisms

IL-33 cytokine released by epithelial cell is the ligand for Th2-linked ST2 receptor. It
is seen that in allergic asthma, ILC2 cell that is activated by IL-33 becomes resistant
to glucocorticoid treatment [49]. IL-33 can stimulate AHR upon allergen exposure,
and IL-33/ST2 signalling pathway has the potential to activate eosinophils. IL-33 is
also identified as an important mediator in severe therapy-resistant asthma. In
endobronchial specimens obtained from asthmatic children, increased expressions
of IL-33 are associated with thickening of the basement membrane. In the neonatal
mice who were suffering from allergic airway disorder, blocking of IL-33 is also
seen to partially inhibit the AHR. IL-33, which acts on various cell types having ST2
surface receptor, thus plays the role of a mediator in steroid-resistant asthma [115].

MicroRNAs that are small RNAs of non-coding nature have major interfering
role in the inflammatory response that happens in asthma. Studies show that the
miRNA-21 level is enhanced in steroid-resistant individual than in steroid respon-
sive people. The miRNA-21 level also correlated with FEV1 [116]. It is seen that in
Chlamydia-induced severe, steroid-insensitive allergic airway disease (SSIAAD),
the level of miRNA-21 is elevated. miRNA-21 targets PTEN, and the level of PTEN
is less in SSIAAD. However, with the use of miRNA-21-specific antagomir,
improvement could be seen. This in turn highlights the role of miRNA-21 in
promoting steroid resistance [41, 42].

Thus, steroid-resistant asthma is a multidimensional approach with complex
mechanism. More clinical-based studies should be carried out to identify and treat
such patients at the hospital bedside. Asthma itself poses several therapeutic
challenges. Often, there are incidences like communication gap, poor medical
devices used in the treatment and medicine unavailability. Proper identification of
the grade of severity in asthma is of utmost importance [117]. Even there are
situations when patients underestimate their own symptoms. Such delayed diagnosis
and non-follow up of the medications is a major problem in asthma [118]. Asthma
management requires perseverance and effective medications from both the doctor
and patient’s side.

4.5 Tailoring Steroid-Refractory Asthma: The Possible
Diagnosis and Therapeutics

Although the proportion of patients with steroid-refractory asthma is low, they are
the major contributors when it comes to the frequent hospitalisations, visit to the
emergency ward and enhanced health-care-related costs. Clinicians face gruelling
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challenges while treating this subgroup of patients. The paucity of knowledge
underlying the steroid resistance mechanism and the limited availability of
medications for diagnosing these patients need every effort that will outweigh the
risks associated with steroid resistance. In this section, we will talk about the
appropriate alternative therapies to diagnose steroid-refractory conditions in asth-
matic patients.

4.5.1 Immunosuppressive Drugs

Immunosuppressive drugs mediate its action by inhibiting the production of various
inflammatory mediators coming from mast cells and basophils. Several immunosup-
pressive drugs have been screened to achieve significant improvement in the case of
steroid-resistant asthma. Various immunosuppressants that can be used to treat
severe asthma and the steroid-resistant conditions include cyclosporine A (CsA),
mycophenolate mofetil (MMF), tacrolimus, azathioprine, auranofin [119], etc.
Here, we have discussed a few of them that can be our drugs of choice in the future.

Cyclosporine A (CsA)—It is a metabolite ensued from the fungus
Tolypocladium inflatum that was identified having immunosuppressive properties
in the 1970s by Borel and Stahelin. They selectively inhibit the activation of T
lymphocytes along with eosinophils and mast cells [120] and have been rigorously
used for preventing allograft rejection and other inflammatory ailments like RA
(rheumatoid arthritis), nephrotic syndrome, asthma, etc. Steroid-resistant asthmatic
patients when administered with a daily dose of 5 mg/kg of cyclosporine A have
shown improvements in FEV1 and peak expiratory flow rate (PEFR) [120, 121]. The
results of human trials obtained provide a gleam of hope such that it can be used
judiciously in severe asthmatic condition and steroid-refractory conditions.

Mycophenolate Mofetil (MMF)—This is another immunosuppressant that can
be used in treating asthma patients with steroid resistance. In vitro studies have
elucidated the immunosuppressive properties of MMF, wherein MMF suppresses T
and B lymphocyte proliferation and enhances the apoptosis of T cells [122]. The T
cells are an important component of steroid-resistant asthma pathogenesis, and the
use of MMFwould be a great choice in averting the severity of the disease. MMF has
been demonstrated in alleviating the severity of asthma by decreasing the production
inflammatory genes like TNF-α and IL-1 [123], and by preventing the transition of
fibroblast to myofibroblast, thus reducing airway remodelling [123, 124]. However,
sufficient trials are not available to confirm its efficacy.

Tacrolimus—It is an immunosuppressive agent that works similar to cyclospor-
ine A [125]. Reports have suggested that tacrolimus suppresses the activation of T
lymphocytes along with the release of pro-inflammatory cytokines [126] like IL-4.
Taniguchi et al. have demonstrated that thwarting of T cell activation subdues the
manifestation of the airway inflammation in addition to improvement in AHR and
reduced mucus secretion [125]. However, more studies are needed to validate the use
of tacrolimus, such that in the future, this drug could be considered while treating
steroid-resistant asthma.
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4.5.2 Biologic Therapies

As the researchers are moving from the idea of ‘one-size-fits-all’, they have recently
developed ‘biological therapies’ for treating steroid-resistant asthma which provides
targeted therapy to this population of patients. These sorts of medications are derived
from the cells of living organisms which are meant to target the inflammatory
pathways that are involved in the pathogenesis of steroid-refractory asthma
[127]. Currently, the FDA has recommended five biologics for treating asthma:
omalizumab, reslizumab, mepolizumab, benralizumab and dupilumab [128].

Omalizumab—It is a recombinant, monoclonal antibody that downregulates the
IgE receptors on mast cells. B cells are responsible for producing IgE antibodies
upon activation by allergens [128, 129]. IgE is averted from attaching to the FcεRI
(high-affinity IgE receptor), found on mast cells and basophils when treated with
omalizumab, hence suppressing the progression of allergic response. The use of
omalizumab has shown favourable outcomes including improvement in lung
functions and reduced exacerbations and hospitalisations in asthmatic patients [130].

Mepolizumab, Reslizumab and Benralizumab—These are anti-IL-5 biologics
that target the eosinophilic pathway [130] and hence suppress the eosinophilic
airway inflammation. Trials have indicated positive response in terms of increase
in FEV1, ameliorated lung function and reduced eosinophilic count when medicated
with these therapies [131].

Dupilumab—This is an anti-IL-4R (interleukin-4 receptor) biologic therapy that
targets the receptor for two crucial cytokines, IL-4 and IL-13 [132, 133] linked with
the pathogenesis of asthma. These cytokines stimulate the IgE production and
infiltration of inflammatory cells in the airways leading to mucus production and
goblet cell hyperplasia. Clinical response of dupilumab has shown improvement in
lung function and AHR along with a reduction in asthma exacerbations [130, 133].

However, further efforts are needed to understand the pathogenesis of asthma and
develop new biologic agents that instead of targeting the downstream Th2 inflam-
matory pathways could also target the inflammatory upstream modulators which
include IL-25, IL-33, TSLP, etc.

4.5.3 Highly Potent Glucocorticoids

Inhaled glucocorticoids (GCs) form the mainstay therapy of asthma. However,
treatment with inhaled GCs faces obstacles when it comes to treating steroid-
resistant asthmatic patients, and excessive use leads to adverse side effects. Hence,
researchers have developed GCs with utmost potency which has increased binding
affinity to the receptors and has an immediate course of action which suppresses the
inflammation response in conditions of severe steroid-refractory asthma
[134, 135]. Recently, an extremely potent glucocorticoid, i.e. VSG158, has been
developed [135] that displayed excellent pharmacokinetic properties with apprecia-
tive pulmonary circulation distribution. This compound was found to be very
effective in alleviating asthma symptoms and reversing the steroid-resistant
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conditions in the murine model of asthma [135]. They exhibited a striking ability to
repress the airway hyperresponsiveness and accumulation of inflammatory cells like
neutrophils and eosinophils. It was found to be ten times more efficient than the
former most fruitful clinical glucocorticoid, fluticasone furoate (FF), for treating
steroid-resistant asthma. It elicited negligible side effects, and thus it is a strong
candidate for future treatment of severe asthma which is unresponsive to glucocorti-
coid treatments. Earlier, another potent GCs was discovered, VSGC12 [134]. It had
demonstrated maximal anti-inflammatory properties and effectively subdued the
lung inflammation at low dosage compared to FF which makes it a potent drug for
clinical investigations against severe asthma.

4.5.4 Vitamin D

Vitamin D (calciferol), a fat-soluble nutrient, has been reported to be crucial in
regulating various immune responses and respiratory infections [136]. It improves
steroid sensitivity by participating in various cellular and molecular pathways like
HDAC2, Il-17, IL-33, TSLP, etc. Studies have demonstrated that vitamin D behaves
synergistically by augmenting the effects of corticosteroids or reversing the steroid-
refractory conditions when administered along with corticosteroids [137]. In 2016,
researchers have elucidated that in in vitro and in vivo models of asthma, vitamin D
supresses the manifestation of steroid resistance [137].

Vitamin D had displayed to upgrade SR asthma by reducing neutrophil-mediated
airway inflammation. The production of TNF-α, a key cytokine involved in the
accumulation of neutrophils [54], is arrested when vitamin D is used. Besides,
vitamin D downregulates the TNF-α expression by obstructing the MAPK
(mitogen-activated protein kinase) pathway [138].

Th17 cells are implicated in neutrophil chemotaxis in airways leading to steroid
resistance in asthma. Nanzer et al. had shown the inhibitory role of vitamin D on the
development and function of Th17 cells [139], thus increasing the sensitivity of the
SR asthma. Studies have shown that histone deacetylase 2 (HDAC2) deacetylates
the glucocorticoid receptor (GR) [16]. Reduced expression of HDAC2 correlates
with the manifestation of SR conditions [140]. The use of vitamin D had exhibited
increased histone acetylation and enabled gene transcription for robust GR activity.

Another cellular pathway involved in the GC resistance is the IL-33/NH (natural
helper cells) axis. NH cells are induced by the TSLP protein during airway inflam-
mation resulting in glucocorticoid resistance by phosphorylating STAT5 [77]. Vita-
min D had shown to inhibit the expression of IL-33 by increasing the expression of
ST2, hence preventing airway neutrophilia that leads to steroid resistance in
asthma [141].
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4.5.5 Sulforaphane

Sulforaphane, a dietary isothiocyanate compound, is present in cruciferous
vegetables. It has gained noticeable recognition due to its inherent antioxidative
and anti-inflammatory properties [142]. The deficit of antioxidants is related to
deterioration in lung function and alleviated airway inflammation in asthma
conditions. Disrupted oxidant-antioxidant balances are also inflicted in mediating
SR asthma [143, 144]. The Nrf2 (nuclear factor erythroid-related factor 2) signalling
pathway is crucial in triggering the first line of cellular homeostasis by regulating the
synthesis of various cytoprotective enzymes, and this anti-oxidant and anti-
inflammatory gene suppresses the cytokine-mediated airway inflammation
[142]. Nrf2 knockout murine model has elicited a role of impaired Nrf2 in prompting
severe eosinophilic inflammation and the release of pro-inflammatory Th2 cytokines
[28, 29, 142, 143]. The perturbed Nrf2 pathway is associated with steroid-refractory
state due to magnified oxidative stress conditions. Hence, this proposes that the
upregulated Nrf2 pathway could be a promising therapeutic target for treating SR
asthma [143]. Studies have highlighted the appreciative role of sulforaphane in
activating the Nrf2 pathway which leads to the upregulation of the antioxidant
enzymes. In a mixed-granulocyte murine model of asthma, treatment with sulfo-
raphane had shown a significant reduction in neutrophil counts and dampened MPO
(myeloperoxidase) activity through activation of Nrf2 [143, 145]. The combined
therapy of corticosteroids with sulforaphane has proven to be more beneficial
compared to only corticosteroid treatments as the combined treatment impedes the
Th17/Th2 immune responses in asthma [143]. Clinical studies have shown a signifi-
cant reduction in hyperresponsiveness, an increase in the luminal area of the airways
and improvement in lung function in asthmatic individuals. These observations raise
the prospect of using sulforaphane as an adjuvant to curb airway neutrophilia and
combat SR asthma.

4.6 Conclusions and Future Outlook

The use of a couple of puffs of steroids acts as a magic potion for asthmatic patients
with mild to chronic symptoms. However, a subset of patients exists that struggles
with the calming effect of these anti-inflammatory steroids. In 1981, Carmichael and
his co-workers identified these patients who responded poorly to systemic
corticosteroids and labelled them as ‘steroid-resistant’ patients. They demonstrate
a therapeutic dilemma to the clinicians and consume a pronounced share of medical
resources. Hence, monitoring the inflammation effectively and treating the SR
patients timely is of paramount significance. In this chapter, we have discussed the
probable aetiologies underlying this condition and the pharmacological
interventions that have proved promising in the preliminary studies and need further
validation. Alternative therapies such as immune-modulators, high-potent GCs and
biologics have shown notable success in relieving asthmatic symptoms and
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reversing the SR asthma state. Mastering the underlying cellular and molecular
mechanism will benefit us with more therapies in the long run.

As researchers, we need to continue our venture to unravel the complexity of this
disease. Evaluating endotypic responders based on the underlying cellular and
molecular players and use of novel biomarkers will provide the needful means for
pulling the strings to control the severity of the disease. Moreover, stratifying
patients based upon endotypes and bringing forth a ‘personalised approach’ will
always be a cherry on the cake.
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Abstract

Chronic obstructive pulmonary disease (COPD), also known as chronic obstruc-
tive airway disease (COAD) or chronic obstructive lung disease (COLD), is the
leading cause of disability worldwide. It is an increasing worldwide health issue
and becomes the third most important reason of mortality and the fifth commonest
cause of ill health and compromised quality of life in the world by 2020. Cigarette
smoking is one of the prominent causes for pathological development of COPD.
In addition, alpha1-antitrypsin (AAT) deficiency is an inherited condition, which
is associated with COPD. The two main peculiar features of the disease are
chronic bronchitis (contraction of airways/bronchi due to inflammation) and
emphysema (damage of alveolar wall). COPD is recognised by increased number
of cytotoxic T-lymphocytes, neutrophils (NPHs) and alveolar macrophages
(MPs) and number of inflammatory mediators like growth factors, cytokines
and chemokines. In addition, reactive oxygen species (ROS) and imbalance
between oxidant and antioxidant mechanisms are also involved in pathophysio-
logical progression of inflammatory COPD. The pulmonary inflammation may
also responsible for growth, progression and development of lung cancer. Plasma
levels of elastolytic enzymes such as serine proteases, cathepsins and matrix
metalloproteinase (MMP) are highly increased in COPD. The pulmonary inflam-
mation leads to development of systemic inflammation and other comorbid
disorders. The disease is progressive and inflammation is predominant in
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comparison to asthma which seems to be resistant towards corticosteroid treat-
ment. Specific treatment options that are working against the remodelling and
inflammation need to be developed for the treatment of COPD. Hence, the present
book chapter will discuss about the strategies for targeting COPD at cellular and
molecular levels including their signalling pathways.

Keywords

Cellular signalling · Emphysema · Macrophages · Matrix metalloproteinase ·
Reactive oxygen species

5.1 Introduction

COPD is a progressive disorder of the lung that exhibits emphysema and chronic
bronchitis as peculiar features. Coughs, excessive mucus production, chest tightness
and difficulty in breathing with shortness of breath are the most common
manifestations of the disease. COPD patient is not able to sleep properly due to
difficulty in breathing. It is a progressive condition as disease get worsens over a
period of time. Smoking cigarette is the primary cause of the disease [1]. Around
75% of COPD patients have a habit of smoking [2, 3]. However, 25% of the patient
never smoked directly but may have affected with the passive smoking or chronic
exposure respiratory system irritants such as chemical fumes, air pollution, dusts,
etc. which may contribute to COPD. In addition, one important genetic cause of
COPD is deficiency of AAT enzyme [4, 5]. Alveoli of the normal lung vs alveoli of
the patient affected with COPD have been shown in Fig. 5.1.

In COPD, the elasticity of alveoli is lost and walls between the air sacs are
destroyed that is known as ‘emphysema’. The airways lose their peculiar spherical
shape and become floppy. Emphysema causes overall reduction in effective surface

Fig. 5.1 Alveoli of the normal lung vs the COPD-affected lung
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area of alveoli and leads to difficulty in holding gases, resulting in difficulty in
breathing [6]. Moreover, it also exhibits the feature or symptom of inflammation in
airways that is known as ‘bronchitis’. Thick mucus is produced in airways and it
becomes clogged. The comprehensive burden of disease study reports a prevalence
of 251 million cases of COPD worldwide in 2016. The data suggests an estimated
3.17 million mortalities were caused by this disease in 2015. The death ratio is higher
in low- and middle-income countries [7]. COPD is the third leading cause of death
worldwide, and the global burden of the disease can be increased further. The
previous data demonstarted that, the main reason of COPD death was found to be
cigarette smoke or second-hand smoke [3]. In addition, long-term cases of asthma
also have chances to get converted into COPD. Avoidance or early cessation of
smoking could prevent progression of COPD; however, the disease is not curable,
but the treatment can reduce the symptoms, leading to an improvement in the quality
of life as well as reducing the death risk [8, 9]. The differences between asthma and
COPD are mentioned in Table 5.1.

Diagnosis of COPD is done on the basis of an obstructive pre-bronchodilator
spirometry (FEV1/FVC < 0.70) in agreement with the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) guidelines. This approach is identified to be easy
to operate; however, it must be appreciated that these merits should be well adjusted
against the demerits of possible false diagnoses [11,12].

The management of COPD depends on individual’s condition, evaluation/assess-
ment of symptoms of the patient and forthcoming risk of exacerbations. The patients
who smoke are stringently advised and supported to quit. The management of the
disease seeks reduction in symptoms as well as future risk of exacerbations. The
treatment approach includes both non-pharmacological and pharmacological
interventions.

Table 5.1 Comparison between asthma and COPD on the basis of clinical characteristics [10]

S. N. Clinical characteristics Asthma COPD

1. Onset of disease Common in children and
young population

Usually >35 years old

2. Parenchyma
involvement

Inflammation involvement in
all airways is common but does
not have association with the
lung parenchyma

Bronchioles and
parenchyma are involved
in COPD

3. Cell involvement Eosinophil (Eos) and CD4-T-
lymphocytes are involved

MPs, NPHs various
inflammatory mediators
and CD8 (cytotoxic)
T-lymphocytes

4. Smoking history Reason for the disease in some
patients

Common in 90% of
sufferers

5. Chronic cough and
sputum production
with difficulty in
sleeping at night

Rare Common
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5.2 Pathophysiology of COPD

COPD is associated with poorly reversible obstruction of airflow and highly
exaggerated inflammatory responses inside the lungs and respiratory tract. The
inflammatory responses have participation of innate and adaptive immune
components to chronic exposure to noxious particulate matter and poisonous
gases, specifically cigarette smoke [13]. The extent of limitation of airflow is
determined by the degree of inflammation. It is seen that all cigarette smokers
have certain types of lung inflammation, but individuals who develop COPD have
unusual response to inhaling toxic substances [14]. Around 20% of all cigarette
smokers have shown that abnormal reaction. This exaggerated response may lead to
mucous hyper-secretion (chronic bronchitis), tissue destruction (emphysema) and
deterioration of normal physiological repair and defence mechanisms causing
inflammation of the small airway and fibrosis (bronchiolitis). Moreover, increased
resistance to airflow is also a peculiar feature of COPD [15].

In particular, COPD is characterised by increased numbers of cells such as NPHs,
MPs and T-lymphocytes (CD8) in the lungs. These inflammatory cells are responsi-
ble for proliferation of various inflammatory cytokines and mediators that have
predominant role in inflammation and obstruction of airways [16]. The inflammatory
pattern of COPD is predominantly different from asthma. The inflammatory
mediators that are involved in asthma are as follows:

5.2.1 Inflammatory Mediators and Cells

The obstruction of airway in COPD is due to various types of cytokines and
mediators. The important ones are as follows: (a) epithelial cells (EP), MPs and
NPHs which are involved in the production of leukotriene B4 and T-cell
chemoattractant [17]; (b) chemotactic factors which are produced by MPs and EP
have mediated CXC chemokines interleukin-8 (IL-8) and oncogene α-related
pro-inflammatory response and growth [18]; (c) other important pro-inflammatory
cytokines, namely, tumour necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) and
interleukin-6 (IL-6) [19]; and (d) transforming growth factor-β (TGF-β) which is
involved in immunosuppression and causes fibrosis of the airways [20]. The mecha-
nism of production of fibrosis is either direct or involving other cytokines, connec-
tive tissues or growth factors.

RANTES and eotaxin chemokine expression may underlie the airway-associated
eosinophilia in some COPD patients [21]. ROS can also enhance the expression of
many inflammatory mediators like TNF-α and IL-1β [22]. Moreover, extracellular
matrix glycoproteins like tenascin are produced by bronchial EP, and MMP-9 is
produced by MPs under the influence of inflammatory mediators [23]. Increased
TGF-β and epidermal growth factor (EGF) expression takes place in the submucosal
cell and epithelium in chronic bronchitis. Stimulation of TGF-β and EGF receptor
results in expression of mucin gene [24]. The involvement of various cells is
discussed in detail in this section.
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5.2.1.1 Neutrophils (NPHs)
Human patients and murine cell culture with AAT deficiency to develop COPD have
shown the involvement of NPHs-derived proteases and NPHs elastase as key
mediators of tissue damage. The elevated levels of NPHs have been found in sputum
and BAL fluid of COPD patients [25]. However, they are raised comparatively less
in the airway and lung parenchyma. Smoking leads to accumulation of NPHs in the
lungs. The serine proteases released by NPHs such as elastase, cathepsin G and
MMP-3, MMP-8, MMP-9 and MMP-12 are involved in great extent in the destruc-
tion of alveoli. In addition, these serine proteases also stimulate the cough or mucus
production [26]. Recruitment of NPHs in the parenchyma and airways consists of
adhesion of endothelial cells, and E-selectin is upregulated on the endothelial cells in
the airway of COPD patients [27]. Several chemotactic signals are involved in NPHs
signalling or recruitment such as LTB4, IL-8 and related CXC chemokines
[28]. These well-recognised cytokines are involved in modulating NPHs functions
as well as survival. Moreover, it is evident that hypoxia influences NPHs function
[29]. Involvement of various cytokines, proteases and chemokines via involvement
of MP and fibroblast signalling on hypersecretion of mucus, emphysema and fibrosis
has been shown in Fig. 5.2.

5.2.1.2 Macrophages (MPs)
MPs are important cells that have a pivotal role in the pathophysiology of COPD.
Predominantly increased levels of MPs have been observed in airways, parenchyma
of lungs, BAL fluid and sputum of COPD patients. Cigarette smoke triggers MPs
and associated inflammatory pathways [30]. Alveolar MPs also secrete elastolytic
enzymes such as MMP-2, MMP-9, and MMP-12; cathepsins K, L and S; and NPHs
elastase taken up from NPHs [28, 31]. MPs present in alveoli of COPD patients
release proteins linked with inflammation and marked loss of elasticity in chronic
smokers. MMP-9 is an important elastolytic enzyme released fromMPs [32]. MPs of
MMP-12�/� mice have a significantly reduced capacity to degenerate extracellular
matrix components. In addition, MMP-12�/� MPs are specifically not able pene-
trate reconstituted basal membranes both in vitro and in vivo [33, 34]. COPD
patients and smokers have shown significantly amplified expression of the anti-
apoptotic protein Bcl-XL and p21CIP/WAF1 in the cytoplasm that leads to prolong
survival of MPs [13]. This suggests that MPs may have a prolonged life span in
smokers and COPD patients.

5.2.1.3 T-Lymphocyte
CD8+ T-cells’ amount in lungs of the COPD patients can be directly linked with the
degree of limitation of airways. Increased number of T-lymphocyte is seen in the
lung parenchyma and peripheral and central airways of COPD patients [14]. CD8+
T-cells increased more than CD4+ T-cells [35]. A correlation is observed between
the amount of destruction in alveoli and airway obstruction and the number of
T-cells. In addition, CXCR3 activating chemokines are also involved in the activa-
tion of the T-lymphocytes in airways of COPD patient [36]. Through release of
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mediators like perforins, granzyme-B and TNF-α, CD8+ T-cells have the capacity to
cause cytolysis and apoptosis of alveolar EP [37].

Eosinophils (Eos)
The significance of Eos in asthma is well established; however, their role in the
pathological progression of COPD is uncertain [38]. Some reports showed increased
numbers of Eos in lavage and airways of COPD patients, whereas others have not
reported its increased numbers in biopsies of the airway, BAL or induced sputum
[39]. During acute exacerbations of chronic bronchitis in bronchial biopsies and
BAL fluid, increased levels of Eos have been observed [40]. The patient subset with
COPD has shown the involvement of Eos directed airway inflammation. In addition,
these patients showed good response to corticosteroids. Moreover, sputum Eos are
increased in COPD patients, and use of corticosteroids reduced the observed num-
bers of Eos count. However, the prevalence of Eos in COPD patient is unknown
[28, 40].

Fig. 5.2 Involvement of cytokines, proteases and chemokines on COPD progression
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5.2.1.4 Dendritic Cells (DCs)
DCs offer immune surveillance of the small airways, important in health but
significantly participate in COPD progression [41]. DCs/antigen presenting cells
play a predominant role in the starting of innate as well as adaptive immune response
[42]. The lungs and airways contain rich numbers of DCs to initiate its signalling on
the entry of foreign particle or antigen. The activation of DCs leads to initiation of a
variety of other inflammatory and immune cells, including MPs, NPHs and T- and
B-lymphocytes [43]. The glycoprotein obtained from cigarette smoking of tobacco
exhibits strong immunostimulatory actions. In the lungs of the mice, increased
number of DCs was seen after cigarette smoke [44]. In addition, lung DCs can
participate substantially in the initial development of tertiary lymphoid tissues,
including the largest lymphoid follicle [41].

5.2.1.5 Epithelial Cells (EP)
EP of the airway and alveoli is activated by smoking and produces mediators of
inflammation such as TNF, IL-1, GM-CSF and IL-8 [45, 46]. It is also an important
source of TGF which is important for the induction of local fibrosis [47]. In addition,
cigarette smoke also leads to proliferation of EP, and this may contribute also to
proliferation of basal cell, resulting in carcinoma of bronchi and squamous
metaplasia [48].

5.2.2 Protease and Antiprotease Imbalance

The disproportion of protease and antiprotease also results in worsening the condi-
tion of COPD patients. The reason of the imbalance is increased in the production of
proteases and inactivation or less production of the protective antiproteases. Smok-
ing is the prime cause of this imbalance with enhanced levels of oxidative stress
(OS) markers and inflammatory markers. The increased OS stimulates several
inflammatory cells to release a protease combination and inactivation of
antiproteases [49]. The examples of various main proteases are (1) NPHs derived,
serine proteases such as elastase, protease 3 and cathepsin G; (2) MPs derived,
cysteine proteases and cathepsins E, A, L and S; and (3) MMP, MMP-8, MMP-9 and
MMP-12 [50]. On the other hand, the important antiproteases that are involved in the
pathological progression of COPD are AAT, secretory leucoprotease inhibitor and
tissue inhibitors of MMP [49].

5.2.3 Oxidative Stress (OS)

Increased OS is one of the important pathological features involved in the progres-
sion of COPD [51]. An imbalance in oxidant and antioxidant mechanism is observed
in COPD. The ROS and reactive nitrogen species (RNS) are involved in oxidative
damage of macromolecules such as DNA, lipids, carbohydrates and proteins
[52]. Effects of ROS on progression of OS have been shown in Fig. 5.3. They
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further cause activation of resident cells of the lung specifically EP and alveolar
MPs, to generate chemotactic molecules that recruit other inflammatory cells such as
monocytes, NPHs and lymphocytes into the lungs [53]. Collectively, these events
lead to involvement of various inflammatory markers accompanied by chronic OS
which finally leads to imbalance between the protease and antiprotease balance,
abnormality in tissue repair processes, accelerated apoptosis and increased
autophagy in lung cells. These all are associated with pathological progression of
COPD [54].

Cigarette smoke, ROS and nitrogen species released from inflammatory cells are
the main source of oxidants [55]. ROS induces the peroxidation of lipids and leads to
the formation of malondialdehyde (MDA). This MDA is responsible for inducing
pulmonary inflammation. Increased levels of MDA have been observed in the
plasma of patients affected with COPD [56]. The increased MDA and associated
inflammation also targets signalling transduction cascade molecules like small G
proteins and various pro-inflammatory transcription factors (e.g. NF-κB), to induce
and sustain a pro-inflammatory state that stimulates the formation of cell-derived
ROS [57]. The main source of ROS production in inflammatory cells is NADPH
oxidase [22]. In addition, xanthine and haem peroxidase enzyme system is also
upregulated in patients affected with COPD [57]. In a similar way, inducible nitric
oxide synthase (iNOS) is formed or generated in the RNS pathway, which in the
presence of superoxide anion forms a more dangerous and comparatively powerful
peroxynitrite anion. Upregulation of this iNOS pathway is considered as the main
culprit that triggers emphysema and pulmonary hypertension which can be linked

Fig. 5.3 Effect of ROS on progression of COPD
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with cigarette smoking [58]. Plasma levels of antioxidant enzymes like catalase,
superoxide dismutase (SOD) and glutathione peroxidase (GPx) are highly reduced in
the patients affected with the disorder [59]. The increased OS results in inactivation
of antiproteases or overproduction of mucus. It can also increase inflammation by
enhancing the activation of transcription factor (such as nuclear factor κB) and hence
gene expression of pro-inflammatory mediators. This finally leads to activation of
caspase pathway and responsible for cell death. Moreover, cigarette smoke also
compromises levels of reduced glutathione (GSH) [60].

The above-mentioned dysfunctions lead to functional abnormalities in mucus
hypersecretion and ciliary dysfunction, obstruction of airflow and pulmonary hyper-
tension including other systemic effects.

5.3 Mediators Involved in COPD

5.3.1 Lipid Mediators

5.3.1.1 Prostaglandin
The higher level COX-2 enzyme expression is observed in alveolar MPs of COPD
patients. COX-2 enzyme is having a substantial role in inflammation process and
involved in the production of prostaglandins by arachidonic acid pathways. Exces-
sive formation of prostanoids and its signalling might be responsible for the
increased rate of infection that may lead to exacerbations of COPD and reduction
of alveolar repair that leads to emphysema [28, 61].

The increased levels of prostaglandin E2 have been demonstrated in exhaled
breath of COPD patients. Prostaglandin E2 is a bronchodilator and has an anti-
inflammatory action [62]. It is also involved in the enhancement of anti-
inflammatory actions of PDE4 inhibitors. The other prostaglandin increased in the
breath is PGF2α. It has a bronchoconstrictor action and is also involved in hyperse-
cretion of cough [63].

5.3.1.2 Thromboxane
Concentration of thromboxane (TX) B2 is also found to be increased in the COPD
patient’s breath [64]. The metabolite of TXB2, 11-dehydro-thromboxane, is found in
higher amounts in urine, and low-dose aspirin was linked with more than 90%
inhibition of excretion of thromboxane metabolite, demonstrating that it originated
from platelets [65].

5.3.1.3 Leukotrienes (LT)
It is an important mediator for both asthma and COPD progression. Leukotriene B4
(LTB4) is found to be increased in the serum and breath of COPD patients like other
autacoids [66]. LTB4 is a powerful chemoattractant of NPHs. The cells involved in
the production of LT are NPHs and MPs [28]. Their levels are further found to be
increased in the plasma of the patients affected with COPD. There is an observed
selective increase of LTB4 in patients with COPD which may be resistant to inhaled
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corticosteroid therapy. The meta-analysis study conducted with leukotriene receptor
antagonists (LTRA) suggests neither acute nor chronic exposure of LTRA can
improve the function of lung decline in COPD [67].

5.3.1.4 Platelet-Activating Factor (PAF)
The role of PAF in COPD patient is uncertain though it is a potent chemoattractant
and activator of NPHs and alveolar MPs [68].

5.3.2 Peptide Mediators

5.3.2.1 Endothelins (ET)
These are the potent vasoconstrictor peptide autacoids [69]. Endothelin-1 (ET-1)
levels are increased in the lungs and airways of COPD patients. It has role in asthma
and may be involved in the pathogenesis of COPD. This potent vasoconstrictor
substance is involved in pulmonary endothelial cell and vascular smooth muscle
hyperplasia. ET-1 is also associated with vascular remodelling and linked to hypoxic
pulmonary hypertension. Sputum levels of ET-1 are increased in COPD patients and
may involve in inflammatory changes of airways during exacerbations [70].

5.3.2.2 Bradykinin (BK)
BK is an effective and potent vasodilator peptide. It is studied well in asthma;
however, its role in COPD is not clear. BK is a vasoactive pro-inflammatory peptide
intermediating acute responses in asthma [71]. Airways of COPD patients exhibited
enhanced expression of B1 and B2-BK receptors. BK is a potent bronchoconstrictor
at small airways. It is also involved in more protruding mucus production and
remodelling of cells [72].

5.3.2.3 Tachykinins (TK)
Substance P is the important member of TK family involved in the pathogenesis of
COPD via induced sputum production and chronic bronchitis [73]. The receptor NK
(neurokinin)-1 and NK-2 for substance P are found in airways, submucosal glands
and blood vessels [28]. Moreover, NK-2 receptors are also found in the inflamma-
tory cells [74]. In addition, substance P also contributed in the secretion from
airways of human in in vitro studies [75]. The TK antagonists have predominant
potential against COPD and worked by reduction of mucus production [76].

5.3.2.4 Chemokines
Chemokines are small molecules that belong to the cytokine superfamily. They
produce their effect through interaction with GPCR and mediate the cellular process
like chemotaxis. Four subgroups of chemokines (CC, CXC, XC and CX3C) have
been identified based on the positions of sequentially conserved residues and their
quaternary structures [77]. Several chemokines have been identified which have an
important role in the initiation of inflammatory and immune response as well as
trafficking of inflammatory and immune cells to the target organs [78]. So, specific
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chemokine receptors develop a great interest in the development of treatment
strategies for COPD, and targeting chemokine receptors could be important as
involved in long-term inflammation and remodelling of bronchi [79].

5.3.2.5 Interleukin-8 (IL-8)
The CXC chemokine IL-8 (CXCL8) is a strong chemoattractant of NPHs and
implicated in the progression of COPD [80]. In the sputum and BAL fluid of
COPD patients, levels of IL-8 are increased significantly and also co-relate with
the levels of NPHs [81]. The IL-8 levels are increased in emphysema cases due to the
deficiency of AAT enzyme [82]. In addition, IL-8 levels are also found to be
increased during exacerbations of COPD. The airway EP releases IL-8 under the
influence of TNF-α, il-1β, LPS certain viruses, ROS and cigarette smoke [83]. In
addition, NF-KB also has stimulatory effect on the production of IL-8. It works
through CXCR-1 and CXCR-2 receptors. Neutralisation of IL-8 with a blocking
antibody reduces the NPHs chemotactic activity in sputum of patients with
COPD [28].

5.4 Potential Targets and Therapies for COPD

The potential targets/therapies which have shown some marked response in COPD
patients have been discussed in this section of the chapter.

5.4.1 PDE (Phosphodiesterase) Inhibitors

The PDE enzyme is involved in various cellular processes such as release of
mediators of inflammation and relaxation of smooth muscles by hydrolysing the
cAMP and cGMP [84]. PDE3 is involved in the bronchoconstriction and inhibition
of this enzyme leading to bronchodilation. PDE4 enzyme is present in most inflam-
matory cell types and is considered as one of the important targets for emerging
COPD therapies [85, 86]. The PDE4 inhibitor roflumilast (ROF) is already approved
by the US Food and Drug Administration (FDA) as a potential treatment option for
COPD. Despite its relatively poor tolerability, ROF was approved by the FDA in
2011. The main drawback of ROF is its gastrointestinal adverse events
[87]. Low-dose combinations of PDE4 and PI3Kδ inhibitors predominantly reduced
the apoptosis of EP of lungs induced by the cigarette smoke, NPHs elastase
production MP secretion of TNF-α, phosphorylated protein kinase B and MMP-9
in in vitro studies [88]. PDE4 inhibitors’ inhaled AWD-12-281 (Elbion/GSK)
showed preclinical efficacy in a variety of species. Development of this compound
has been discontinued in 2006 due to poor efficacy [89]. Tofimilast (Pfizer) also
failed to demonstrate its efficacy and was discontinued. UK-500,001 (Pfizer) was
also discontinued because it failed to show efficacy in COPD patients. However,
some companies are still working on targeting PDE enzyme such as AstraZeneca,
Glide Pharma, Eisai, etc. [89].
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5.4.2 Hypersecretion of Mucus

The hypersecretion of mucus can be modulated by blocking the overproduction/
secretion of it. Various signalling mechanisms are involved in the secretion of mucus
such as by-products of bacteria, cytokines, cholinergic drugs, elastases, MMP and
activation of epidermal growth factor receptor (EGFR) [90]. Cigarette smoke
induces EGFR- and hypoxia-inducible factor-1 (HIF-1)-mediated signalling and
thus can induce hyperplasia of goblet cells involved in mucin production
[91]. NPHs recruited to the epithelium of airways also potentiate the production of
mucus via NPHs proteases and OS. N-Acetylcysteine and carbocysteine, EGFR
tyrosine kinase receptors, muscarinic receptor antagonist and corticosteroids are
some examples which have been studied for their effect on mucus [92]. Gefitinib,
an EGFR inhibitor, has been demonstrated to inhibit spontaneous and cigarette
smoke-induced MUC5AC production in cultured airway EP. However, the potential
of gefitinib on secretion of mucus in clinics is yet to be established. In a similar way,
N-acetylcysteine or carbocysteine showed reduced MUC5AC production in cell
culture, ex vivo and preclinical studies of COPD [90].

5.4.3 Bronchodilators

β2-Adrenoreceptor agonists (β2-AA) and muscarinic receptor antagonists are used as
treatments for COPD. β2-AA mediate bronchodilation through stimulation of bron-
chi. Muscarinic receptors (M2 and M3) affect the tone of bronchi and mucus
secretion. M2 receptors indirectly affect contraction of airway smooth muscle,
while M3 receptors predominantly lead to constriction of airway smooth muscles
and mucus secretion [93]. Selective M3-muscarinic receptor inhibition leads to
bronchodilation as well as reduction of mucus production. The short-acting β2-AA
(SABA), namely, levalbuterol and salbutamol, and short-acting muscarinic antago-
nist (SAMA) such as ipratropium bromide are used. The combination of SABA and
SAMA is also used such as fenoterol/ipratropium and salbutamol/ipratropium
[94]. On the other hand, the long-acting β2-AA (LABA), namely, arformoterol,
formoterol, indacaterol and salmeterol, and long-acting muscarinic antagonist
(LAMA) such as aclidinium bromide, glycopyrronium bromide and tiotropium are
used. The combination of LABA and LAMA is also used such as formoterol/
aclidinium, formoterol/glycopyrronium, indacaterol/glycopyrronium, vilanterol/
umeclidinium and olodaterol/tiotropium. In patients who have further exacerbations,
LABA in combination with inhaled corticosteroids (ICS), e.g. formoterol/
beclomethasone, formoterol/budesonide, etc., are used [95]. Treatment approaches
with LAMA, LABA and ICS have been shown in Fig. 5.4.
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5.4.4 Glucocorticoids (Inhaled Corticosteroids)

Inhaled corticosteroids are well-known for their anti-inflammatory activity. These
inhaled corticosteroids are mainly working through glucocorticoid receptor
(GR) [96]. This receptor is an example of a nuclear receptor which is expressed
intracellularly. Patients with peripheral Eos counts >300 cells/μL may be best
treated with LABA + ICS as the preferred choice for preventions of exacerbations,
on the basis of clinical evidence. Once the COPD is controlled, ICS can be removed
from the combination. However, clinical evidence suggests the limited beneficial
effects of the ICS therapy in COPD patients. Despite this, 40–50% of patients with
COPD receive ICS therapy [94].

5.4.5 Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR)

Chronic bronchitis, asthma and cystic fibrosis (CF) have many common
characteristics. Moreover, a COPD model is developed by gene mutations in the
CFTR. Some recent reports also suggested that cigarette smoke leads to dysfunction
of CFTR. The smokers exhibit reduced CFTR functions [97]. The dysfunction of
CFTR is also closely interlinked with chronic bronchitis and is closely related with
reduced forced expiratory volume (FEV1) in the lungs of patients with COPD [98].

Fig. 5.4 Treatment approach of inhaled corticosteroids, beta agonists and muscarinic antagonists
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5.4.5.1 CXCR2 Inhibitors
CXC chemokine receptors CXCR2 are the promising target that affects infiltration of
NPHs predominantly. CXCR2 belong to the GPCR category and have a marked
influence on chemotaxis, influencing cell migration to sites of inflammation
[79]. Danirixin is a small molecule non-peptide. It has high affinity (IC50 for
CXCL8 binding ¼ 12.5 nM) and selectivity for CXCR2 antagonist [99]. It showed
good result in preclinical and clinical setup. The drug is well tolerated with high
efficacy [94].

5.4.6 Phosphoinositide-3 Kinase Delta (PI3Kd) Inhibitor

PI3Kδ also appeared as an important target for the treatment of COPD. It contributes
to the proliferation of fibroblasts and development of them which is associated with
bronchoconstriction [100]. Nemiralisib is a PI3Kδ inhibitor that is delivered as an
inhalant dry powder. It is being developed as an anti-inflammatory drug for the
treatment of airway diseases with inflammatory component [94]. Nemiralisib inhal-
ant is in phase IIb clinical stage of development for the COPD patients [94].

5.4.7 Targeting Inflammatory Markers

Inflammation is a peculiar feature of COPD; hence, various inflammatory markers
can be targeted by anti-inflammatory drugs. Markers such as interleukin (IL)-1β,
IL-13, IL-17A, IKK2, iNOS, β2-integrin, TNF-α, p38, secretory phospholipase A2
and adenosine receptor 2a are some important examples of this category
[28, 94]. IL-5 receptor antagonists are considered as one of the important investiga-
tional targets/therapies which efficiently reduce inflammation mediated through Eos
and lower asthma exacerbations [101]. However, mepolizumab and benralizumab
failed to show their effectiveness in COPD patients [102]. Both drugs were unable to
show their potential in phase III trials [102, 103]. Recent studies also have showed
the importance of IL-17 and IL-22 in the progression of COPD. Increased IL-17
secretion leads to recruitment of NPHs that is responsible for chronic inflammation
and emphysema. Moreover, pathogen-linked infections and disease exacerbations
are mediated by defective IL-22 response [94]. Altered formation of these markers
results in destructive functions of antigen-presenting cells and complex network of
immune system. Targeting these inflammatory mediators may be serving as a useful
approach for the treatment for COPD.

5.4.8 Other COPD Treatments

Tools helpful in smoking cessation are also considered as important treatment
options for COPD. In this connection, varenicline is a potential treatment which is
helpful to leave smoking habits. Nicotine lozenges, patches and non-combustible
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cigarettes, like E-cigarettes, are also considered as beneficial options to reduce the
exposure to poisonous and toxic chemicals found in cigarette smoke [94].

5.5 Conclusion

COPD is a progressive disease which is characterised by emphysema and chronic
bronchitis. The cellular and molecular level mechanisms underlying COPD are not
understood well. Cigarette smoke is the one of the main causes for stimulation of
various inflammatory markers. As compared to asthma, it is complicated to hamper
the progression of the disease. The disease has complex pathophysiology
characterised by the involvement of various mediators such as inflammatory and
lipid mediators.

There is no effective treatment available for complete reversal of the disease.
There are recently no treatment approaches that markedly reduce disease progression
or mortality and prevent COPD exacerbations. However, drugs like long-acting beta
agonist and steroids as well as anticholinergic drugs can reduce the progress of the
disease to some extent. The newer agents and targets such as PDE inhibitors, CFTR
and CXCR2 inhibitors have shown some promising results in some preclinical and
clinical studies.
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Abstract

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory lung
disease which is characterised by the blockade and destruction of small airways,
emphysema, structural remodelling, etc. The COPD Foundation classifies COPD
into three subtypes, including chronic bronchitis, emphysema and small airway
disease. Males are reported to be more susceptible to COPD than females. There
are various inflammatory reactions that occur in COPD patients, which may
persist even after cessation of smoking. This may be due to the production of
memory T cells and bacterial/viral colonisation. The inflammatory reactions were
triggered by the presence of various inflammatory cells, which included epithelial
cells, macrophages, dendritic cells, etc. The inflammatory mediators such as
lipids, free radicals, cytokine and growth factors have a role in the pathogenesis
of COPD. The comprehensive knowledge on the cellular and molecular
mechanisms involved in triggering COPD helps to develop novel treatment
strategies.
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6.1 Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory lung
disease which is characterised by the blockade and destruction of small airways,
emphysema, structural remodelling, etc. The elasticity of the lung tissue was
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decreased because of the alveolar wall destruction. The patients may surrender to
death due to the slow destruction of lung tissue, with systemic infections like lung
cancer and cardiovascular disease in COPD patients [1]. Males are reported to be
more susceptible to COPD than females. COPD is mainly seen in cigarette smokers
and is caused by inhaling smoke from burning carbon compounds and other irritants.
It was found that only 25% of the patients developed COPD due to cigarette
smoking. There may be some other predisposing factors that trigger chronic lung
infections [2]. Exposure to passive smoking may also lead to COPD [3]. There are
various inflammatory reactions that occur in COPD patients, which may persist even
after cessation of smoking. This may be due to the production of memory T cells and
bacterial/viral colonisation. The airways of non-COPD individuals were expanded
with the help of alveolar attachments during breathing process, which allows alveo-
lar emptying. But in case of COPD patients, alveolar attachment is altered due to
emphysema. The poor mucociliary clearance may lead to thick mucus-filled airway
(Fig. 6.1). The inflammatory reactions were triggered by the presence of various
inflammatory cells, which included epithelial cells, macrophages, dendritic cells, etc.
[4]. The comprehensive knowledge on the cellular and molecular mechanisms
involved in triggering COPD helps to develop novel treatment strategies.

6.2 Subtypes of COPD

The COPD Foundation classifies COPD into three subtypes, including chronic
bronchitis, emphysema and small airway disease.

6.2.1 Chronic Bronchitis

Chronic bronchitis is a disease condition in which the bronchial tubules were
subjected to inflammations or lesions due to the activation of innate and adaptive
immune system followed by the production of sputum and severe cough [5, 6]. Severe
cough may be due to the hyper-secretion of mucus in the airway tract [7]. The high

Fig. 6.1 Airway epithelium in normal and COPD conditions
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amount of mucus will be deposited in the small airways due to the disruption in the
epithelial barrier cells and reduction in mucociliary clearance [8]. The airway will
become thick due to the over-deposition of connective tissue [9].

Various predisposing factors including smoking, chemical irritants and smog may
cause chronic bronchitis. The microorganisms like influenza A and B and Staphylo-
coccus and Streptococcus may induce bronchitis. Patients with a history of asthma
and cystic fibrosis are more susceptible to this condition.

6.2.2 Emphysema

It is a disease condition in which the elastic recoil force of the lung is reduced,
followed by shortness of breath [10, 11]. It is mainly caused by the inhalation of
chemicals, irritant gases, etc. The hereditary autoimmune disease, deficiency in
alpha-1-antitrypsin (AAT), may lead to emphysema [12–14]. The elastic nature of
the lung wall is maintained by the balance of protease-anti-protease activity, which is
required for the proper lung function. Any imbalance in this activity will lead to
emphysema [15]. Respiratory bronchiole, alveolar sac and alveoli were also
destroyed in emphysema. Due to these problems, the lung may not exchange gases
efficiently [16].

6.2.3 Small Airway Disease

Small airway disease is seen in the terminal part of lungs, i.e. it did not include the
alveoli. The internal diameter of the small airway is less than 2 mm [17, 18]. It was
reported that the structure of small airways was altered in smokers without COPD
[19–21]. But in case of COPD patients, airways will be filled with thick mucus
[22, 23].

6.3 Inflammatory Cells Involved in COPD

There are various cellular processes that occur in COPD patients (Fig. 6.2). They are
innate immunity and adaptive immunity. The innate immunity includes neutrophils,
macrophages, mast cells, eosinophils, natural killer cells, gamma and delta T cells
and dendritic cells, and the adaptive immunity includes T and B lymphocytes. There
are a few other inflammatory cells included, i.e. airway and alveolar epithelial cells,
fibroblasts, endothelial cells, cellular activation, extra-pulmonary effects, somatic
mutation, etc. Cigarette smoke/other chemical irritants stimulate alveolar
macrophages in the respiratory tract, which release massive amount of interleukins
and leukotriene like IL-8 and LTB4, respectively. These chemotactic factors activate
the protease enzymes that break the connective tissues present in the lung paren-
chyma, resulting in emphysema and chronic bronchitis. These protease enzymes are
blocked by protease enzyme inhibitors present in our body like AAT, tissue inhibitor
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of metalloproteinase (TIMP), etc. But deficiency of these enzymes may lead to lung
tissue destruction. Fibrosis occurs due to the activation of fibroblast cells with the
help of growth factors released from macrophages and epithelial cells.

6.3.1 Epithelial Cells

The lung epithelial cells have a crucial role in COPD pathogenesis. When compared
to healthy population, numerous epithelial goblet cells were found in the lungs of
COPD patients. The goblet cells of COPD patients became hyperplastic and pro-
duced inflammatory reactions. The stimulation of goblet cells resulted in the
enhanced mucin production with a thick mucus as well as enhanced mucin gene
synthesis. This impaired function made the lung more susceptible to viral/bacterial
infections [24, 25]. The stimulated epithelial cells produced not only the mucin but
also some inflammatory mediators like tumour necrosis factor (TNF)-α, interleukin
(IL)-1, IL-8 and granulocyte-macrophage colony-stimulating factor. The cellular
apoptosis that occurred in human adult lungs may be an important component in
reducing the inflammation. But in COPD patients, the alveolar epithelial apoptosis is
high in comparison with healthy population. The habit of smoking may drastically
affect the epithelial lung repair in COPD patients.

Immunoglobulin A (IgA), transported by epithelial cells, had a vital role in
adaptive immunity of a healthy individual. In cigarette smokers, there may be an
imbalance between innate and adaptive immunity, thereby the airway epithelium
may be prone to inflammation and infection. Squamous metaplasia was observed in
COPD patients, which may be due to the high proliferation of epithelial cells

Fig. 6.2 Inflammatory cells involved in pathogenesis of COPD

150 C. Sarath Chandran et al.



[26]. The epithelial repair was not proper because of the overexpression of epithelial
growth factor (EGF) receptors [27].

6.3.2 Macrophages

The alveolar macrophages have a crucial role in triggering COPD. The increased
number of macrophages (about 10–25-fold) was seen in the lung parenchyma,
bronchoalveolar lavage fluid (BALF) and sputum of COPD patients (Fig. 6.3).
The habit of cigarette smoking and presence of other irritants may trigger the
production of macrophages and increase the inflammatory mediators. The main
inflammatory mediator produced was protease enzyme, which included matrix
metalloproteinase (MMP)-2, MMP-9 and cathepsins K, L and S. The overproduction
of these inflammatory mediators and protease enzyme may destroy the lung paren-
chyma [28, 29]. In COPD patients with smoking history, the alveolar macrophages
secrete more inflammatory mediators which have high elastolytic activity than in
normal smokers, and it will increase upon further exposure to cigarette smoking [30–
32]. MMP-9 shows the highest elastolytic activity among other inflammatory
mediators secreted by the alveolar macrophage. The up-regulation of majority of
the inflammatory mediators secreted from the alveolar macrophage is controlled by

Fig. 6.3 Role of macrophage in lung tissue destruction
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the nuclear factor kappa B (NF-κB). This is particularly stimulated by the help of
alveolar macrophage at worse COPD condition of patients [33, 34]. It is difficult to
find out the survival time of macrophages in COPD patients directly. An alternative
method is to determine the overexpression of antiapoptotic protein B-cell
lymphoma-extra-large (Bcl-XL) and cyclin-dependent kinase inhibitor 1 (p21CIP/
WAF1) in the cytoplasm of COPD patients [35]. Host defence is one of the main
activities of alveolar macrophage by phagocytic action. It engulfs bacteria and other
foreign substances. But any impairment in this function led to the formation of
bacterial colonisation in lung tissues of COPD patients. Phosphatidylserine is
overexpressed on the cell surface of apoptotic cells, which is recognised by macro-
phage by special receptors, which is capable of binding with phosphatidylserine
[36]. Alveolar macrophage cannot identify the apoptotic neutrophils because of the
cleavage that occurred in phosphatidylserine receptor by neutrophil elastase,
resulting in the presence of high concentration of apoptotic neutrophils in the airway
tract [37]. The distinct phenotypes of macrophages were identified as M1 and M2.
M1 macrophage produced pro-inflammatory cytokines, high level of reactive oxy-
gen species and oxygen intermediates. M2 macrophage secreted anti-inflammatory
cytokines which included interleukin-10, TGF-β, CCL-8, etc. M1 macrophage is
secreted more in COPD patients which led to destruction of the lung tissue.

6.3.3 Neutrophils

Neutrophils are the first line of defence against infection and they were rapidly
accumulated at the infection site. It was mainly concise in blood rather than in lung
tissues of healthy adults, but it was abundantly seen in the lumen and bronchial wall
of COPD patients [38]. The antimicrobial defence of the lung is due to the IL22/
IL22R signalling pathway. In COPD patients, the neutrophil-derived protease may
impair the IL22/IL22R signalling pathways, which made the lung more prone to
inflammation and infections [39]. The neutrophils may rapidly migrate to the
infectious cells due to the triggering of some chemotactic factors like leukotriene
B4, chemokine (C-X-C motif) ligand 1 (CXCL1), CXCL5 and CXCL8. The
activation of neutrophils in COPD patients may be due to the presence of
neutrophil-lipocalin, myeloperoxidase, etc. The neutrophil secreted some serine
protease composed of neutrophil elastase (NE), cathepsin G, proteinase-3, matrix
metalloproteinase (MMP)-8 and MMP-9. Among these, the NE is highly potent and
has a vital role in the pathogenesis of COPD. It was an elastin degrading enzyme, in
which its action was blocked by some protease inhibitors like alpha-1-antitrypsin
(AAT), secretory leukocyte proteinase inhibitors (SLPI) and α2-macroglobulin
(α2M) [40]. There is a balance in between the concentrations of NE and AAT,
which was impaired in the presence of reactive oxygen intermediate (ROI) in COPD
patients. The AAT-deficient patients are more susceptible to lung diseases due to the
protease activity of neutrophil elastase [41].

As we know, the sputum is rich in neutrophils, which protect it from infection, but
in cigarette smokers, it was considerably lesser than non-smokers. Cigarette smoking
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may induce neutrophil cell death via mitochondrial dysfunction, damage-associated
molecular pattern (DAMP) release, etc. DAMP is a set of cytotoxic endogenous
molecules which was abundantly released from dying cells. It may trigger the
activation of innate immune system by binding with pattern recognition receptors
(PRRs), which included toll-like receptors (TLR)2, TLR4 and TLR9 [42]. The
serum concentration of DAMP gene expression is high. The activation of PRR
receptor TLR2/TLR4 may enhance the migration of neutrophil into the lung,
which may lead to elevated airway inflammation [43]. It was found that cigarette
smoking extract (CSE) induced the release of one chemotactic factor CXCL8 by
TLR9 activation. CSE promoted the degranulation of secondary neutrophils. These
two processes contributed in the massive accumulation of neutrophils in the airway
of COPD patients which led to inflammation [44].

6.3.4 Eosinophil

Eosinophil plays a vital role in triggering inflammation in COPD pathogenesis. The
concentration of eosinophil is high in sputum and the airway walls [45]. The
presence of interleukin-8 has a chemotactic property on eosinophil. It was reported
that elevated level of eosinophil count was seen in sputum, but low in airway biopsy
in COPD patients with chronic bronchitis syndrome compared to those who are
asymptomatic [46–48].

Generally, in normal condition, eosinophil is concentrated in general circulation,
but upon some stimuli like pro-inflammatory mediators (IL3, IL5, granulocyte-
macrophage colony-stimulating factor). It activates and accumulates at the site of
infection. Pro-inflammatory mediator IL5 is the predominant one, which plays a
crucial role in triggering inflammation [49, 50]. Eosinophil migration is controlled
by some chemotactic factors which include chemokine (C-C motif) ligand (CCL)5,
CCL7, CCL11 (exotoxin), CCL-B (MCP-4), etc. Eosinophil had the ability to
synthesis and secrete some pro-inflammatory cytokines and growth factors which
include IL-2, IL-3, IL-4, IL-5, IL-10, IL-13, etc. and tumour necrosis factor and
transforming growth factor (TGF) α/β which trigger immune response [51].

6.3.5 Dendritic Cells

Dendritic cells form a bridge in between the innate immunity and adaptive immu-
nity. It recognises various danger signals like foreign bodies, infection and cell
damage and initiates the adaptive immunity [52, 53]. Dendritic cells are mainly
located in the airways and lungs, so it can easily recognise the foreign body
[54]. Dendritic cells are antigen-presenting cells which activate the T cell. The T
cell plays a vital role in the initiation of specific antigen response [55]. The activation
of immune system by tobacco smoking is not clear; some glycoproteins present in
tobacco was isolated which potentially activates the immune system [56]. An exper-
iment in rat showed that upon exposure to cigarette smoke, there is an increase in the
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number of dendritic cells in rat lungs, and a similar condition is observed in the walls
of COPD patients with smoking [57–59]. A similar experiment was done by
Bruggemann et al. on mice; the animal was exposed to cigarette smoke for 30 min
twice a day for 12 days. The data showed that high amount of dendritic cells is
present in the airway as well as in the lung parenchyma [60].

Dendritic cell is subdivided into two, i.e. mature dendritic cells and immature
dendritic cells. The immature dendritic cells are latter transferred into mature
dendritic cells upon migration from peripheral to lymphoid tissues [61]. Pulmonary
immature dendritic cells are more seen in COPD patients rather than the normal
ones. Initially, the amount of mature dendritic cells is low in non-COPD patients
with active smoking, but its level increases as smoking ceases [62]. The activated
dendritic cells trigger adaptive immune response which includes T-helper cells,
cluster of differentiation 4+ (CD4+), cluster of differentiation 8+ (CD8+), T cell, B
cell, etc. responses. The overexpression of CD80 and CD86 and the release of
cytokine interferon (IFN)-α were seen in the dendritic cells of COPD patients [63].

6.3.6 T-Lymphocytes

T cells are also called T-lymphocytes. They are produced in the thymus gland. In the
thymus gland, they are matured and differentiated into T-helper cells (CD4+ cells)
and cytotoxic T cells/memory T cells (CD8+ cells) [64]. The lung T cells were
activated in the presence of biologic mediators. Upon antigenic activation, CD4+

cells are activated and release cytokine. Studies show that CD4+ cells have less
contribution in developing COPD. The autoimmune response in COPD patients was
triggered by CD4+ T lymphocytes. The increased production of CD4+ cells indicates
chronic antigenic exposure [65]. The CD4+ T-helper cells were subdivided into two,
i.e. type 1 T-helper cells (Th1) and type 2 T-helper cells (Th2). The interferon and
interleukins like IL-2 and TNF-γ, and ΤΝF-α was produced by Th1, while the IL-4,
IL-5, IL-9 and IL-13 were produced by Th2 cells [66]. The reports shows that the
presence of Th1 and Th2 was higher in COPD patients than the healthy ones [67].

CD8+ cells play a vital role in the pathogenesis in COPD. It is found in the airway
epithelium and airway lumen of COPD patients. Previous reports revealed that CD8+

lymphocytes secrete cytokines including increased production of IFN-γ, interferon-
inducible protein-10 (IP-10) and monokine. These cytokines will cause tissue
destruction by inducing matrix metalloproteinase production. CD8+ lymphocytes
cause cell death because of secretion of cytotoxic agents such as granzyme, perforin
and FaS (a type 2 membrane protein under tumour necrosis factor family)
[68, 69]. IP-10 will induce the production of matrix metalloproteinase-12, which
causes degradation of elastin. The degraded elastin fragments will serve as chemo-
tactic agents, leading to macrophage-mediated lung destruction [70].

Hodge et al. conducted a study on 48 COPD patients and found out the potential
of CD8/CD8null cells in triggering COPD. In this study, the production of
pro-inflammatory cytokine, granzyme, perforin and co-stimulatory molecules was
measured in smoke-induced murine models. IFN-γ, OX-40, 4-IBB, CTLA4,
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granzyme and perforin were found to be in increased production than CD8/CD28null

cell stimulation. Overall, these produced cytokines by the stimulation of
CD8/CD28null cells play a vital role in autoimmune response or inflammatory
response in COPD patients [71].

6.4 Inflammatory Mediators Involved in COPD

Not only the inflammatory cells like macrophages, T and B lymphocytes, etc. but
also some inflammatory mediators have a role in the pathogenesis of COPD. It
includes lipids, free radicals, cytokine and growth factors [72]. The mediators are
secreted from the inflammatory cells and interact with the lung tissues.

6.4.1 Lipid Mediators

Prostaglandin E2 is a lipid-derived substance from arachidonic acid that is generated
by the action of cyclooxygenase (COX), which plays a vital role in the pathogenesis
of COPD. It acts as a pro-inflammatory mediator. The level of PG E2 is higher in
COPD patients, which is due to the presence/stimulation of inflammatory cytokines
[73]. COX-2 and PG E2 were overexpressed in COPD patients which suggested the
possibility of airway inflammation [74]. PG E2 potentially stimulates the hyper-
secretion of mucus in the airway tract and induces coughing in COPD cases [75].

6.4.2 Pro-inflammatory Cytokines

Pro-inflammatory cytokines like TNF-α, IL-1β, and IL-6 are at high concentrations
in COPD and they induce inflammations. TNF-α, a pro-inflammatory cytokine
which is activated by macrophage, causes damage to the lung tissues [76]. Nuclear
factor kappa B (NF-κB) plays a great role in triggering inflammation, especially in
COPD patients. And TNF-α is a potential activator of NF-κB.

IL-1B is also a pro-inflammatory cytokine which is activated by macrophage for
the secretion of inflammatory cytokine in COPD patients. The level of IL-6 is high in
sputum of patients. Certain studies showed that the level of C-reactive protein (CRP)
is high, which can be effectively used as a biomarker in the detection of COPD
[77]. IL-6 is a potential inducer of CRP. IL-32 is correlated with CD8+ cells, tumour
necrosis factor-α, etc., suggesting that IL-32 cytokine contributes in the pathogenesis
of COPD [78].

Thymic stromal lymphopoietin (TSLP) from IL-7 cytokine family is
overexpressed in the airway epithelium of COPD patients [79]. It has a major role
in the stimulation of dendritic cells for the massive release of chemokine (C-C motif)
ligand (CCL) 17 and CCL22, which attract CD4+ Th-2 cells towards the airways
[80]. It also triggers the release of some chemotactic factors like CXCL-10, and this
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attracts Th-1 and cytotoxic T (Tc)-type 1 cells to the lung tissues. TSLP is
overexpressed in the smooth muscles of COPD patients [81].

6.4.3 Inflammasomes

The lung is continuously exposed to various foreign bodies like smoke, irritants,
viruses, bacteria, etc., and the adaptive as well as innate immune system plays a key
role in the protection of the lung from these foreign bodies. They protect the lungs by
activation of special receptors like toll-like receptors (TLRs), nucleotide-binding
oligomerisation domain-like receptors (NLRs), etc., which release massive amount
of inflammatory mediators [82]. Interleukin-1 (IL-1) family which includes IL-1β
and IL-18 produces high proteolytic activity. This is controlled by a large macromo-
lecular signalling complex called inflammasomes [83–86]. Various inflammasomes
are present, in that nucleotide-binding oligomerisation domain receptor protein
3 (NLRP3) is mainly involved in the triggering of various inflammatory reactions
[87, 88]. Continuous activation of NLRP3 by irritants may lead to the progression of
chronic pulmonary disease like COPD, asthma, etc. The higher concentration of
inflammasomes was reported in lung tissues of COPD patients [89]. The effective
blocking of the activation of NLRP3 is a better way to reduce the disease pathogen-
esis in COPD [90].

6.4.4 Role of Reactive Oxygen Species (ROS) and Oxidative Stress
in COPD

Reactive oxygen species (ROS) plays a pivotal role in the pathogenesis of COPD.
Some endogenous and exogenous factors like cigarette smoke, irritants, and ROS,
respectively (Fig. 6.4), will cause an impairment in oxidant/antioxidant balance
(oxidative stress), leading to damage of lipids, proteins and DNA and finally to
cell death [91–93]. The lipids react with ROS and undergo lipid peroxidation
followed by formation of malondialdehyde. This compound forms cross-linkage
with the cellular proteins and inactivates them, followed by the stimulation of
pulmonary inflammation, and finally leads to destruction of alveolar walls
[94, 95]. 4-Hydroxynonenal is also an end product formed after lipid peroxidation,
which has cytotoxic activity towards lung tissues [96]. The oxidative stress inhibits
the anti-protease activity of AAT, and secretory leukocyte protease inhibitor’s
activity, thereby an imbalance between the protease/anti-protease activity occurs
followed by destruction of lung tissues [97–100]. Upon oxidative stress,
carbonylated proteins were produced, which leads to the formation of autoantibodies
which trigger the inflammatory reactions [101].
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6.5 Conclusion

COPD is a chronic lung disorder which is characterised by emphysema, destruction
of air walls, etc. The factors such as cigarette smoking, inhalation of chemicals,
environmental factors, etc. may trigger the pathogenesis of COPD. Many inflamma-
tory mediators were involved in the pathogenesis of COPD. They are activated and
released from inflammatory cells like alveolar macrophages and neutrophils and also
from some structural cells like epithelial cells, etc. These mediators not only alter the
functions of lungs by tissue damage but also produce some systemic effects like
muscle wasting and cachexia. A deep understanding of the cellular and molecular
mechanisms involved in the pathogenesis of COPD is essential in the development
of therapeutic strategy as well as drug delivery systems to effectively manage this
condition.
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Chronic Obstructive Pulmonary Disease:
Molecular Basis of Pathogenesis
and Targeted Therapeutic Approaches

7
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Abstract

Chronic obstructive pulmonary disease (COPD) is a heterogeneous inflammatory
disorder that is strongly associated with cigarette smoking. Its prominent
symptoms include chronic bronchitis, dyspnea, and emphysema. Goblet cell-
mediated mucus hypersecretion and chronic inflammation in the respiratory
tract lead to the congestion and narrowing of small airways and alveolar wall
destruction (emphysema). Increased number of alveolar macrophages, cytotoxic
T lymphocyte, and neutrophils along with upregulated multiple inflammatory
mediators (cytokines, chemokines, growth factors, etc.) cause the exaggerated
inflammatory reaction. Sustained oxidative stress additionally amplifies this
inflammatory cascade. Moreover, increased elastolysis by several elastolytic
enzymes, including serine, proteases, cathepsins, and matrix metalloproteinases,
causes the alveolar wall destruction. Besides this, various genetic and epigenetic
factors are also responsible for the early onset of COPD. This inflammatory
disorder, in marked contrast to asthma, is resistant to corticosteroid therapy.
Different physiological activities along with bronchodilator therapy, antioxidant
intake, and oxygen supplementation can effectively subdue the disease outcome
and improve the quality of life of COPD patients.
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Abbreviations

BTVA Bronchoscopic thermal vapour ablation
CHARGE Cohorts for Heart and Aging Research in Genomic Epidemiology
DEFB1 Defensin beta 1
ENA-78 Epithelial neutrophil activating protein of 78 kDa
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
GRO-α Growth-related oncoprotein
HAT Histone acetylate
HDAC Histone deacetylase
IL Interleukin
IP-10 Interferon gamma-induced protein-10
I-TAC Interferon-inducible T-cell alpha-chemoattractant
LTB-4 Leukotriene B4
LVR Lung volume reduction
MCP-1 Monocyte chemoattractant protein-1
MIG Monokine induced by gamma interferon
NE Neutrophil elastase
PCNA Proliferative cell nuclear antigen
PS Phosphatidylserine
SOD Superoxide dismutase
TLD Targeted lung denervation
TNF Tumour necrosis factor

7.1 Introduction

Chronic obstructive pulmonary disease (COPD) is a major health-care burden all
over the world which causes the third worldwide mortality. Persistent inflammation
in the airways and the destruction of lung parenchyma lead to the onset of chronic
bronchitis and emphysema in COPD patients [1]. Shortness of breath, whizzing, and
continuous production of cough along with sputum are the clinical symptoms of
COPD patients. In recent years, advancement in lung imaging technique explored
the detailed view of airway and lung parenchyma that help to design novel endo-
scopic interventions for emphysema management. No specific drug treatments can
target emphysema except α1-antitrypsin treatment in α1-antitrypsin deficiency
associated emphysema [2]. Based upon a large clinical trial studies, dual bronchodi-
lator therapy has been used extensively than others anti-inflammatory corticosteroids
therapy to prevent the airway suffering [3, 4]. In this chapter, we aimed to discuss the
molecular basis of COPD pathogenesis and various aspects of therapeutic
approaches to inhibit the disease progression.
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7.2 Epidemiology

COPD is responsible for worldwide morbidity and mortality. Tobacco smoking is
the main stimulating factor of COPD development. The estimation of COPD
prevalence is quite difficult due to the adaption of different approaches (like
spirometer-confirmed airflow survey) to calculate the disease incidence. In 2010,
the prevalence of COPD was 384 million globally based on the spirometric analysis
of the epidemiological cohort [5]. In 2015, the prevalence of COPD was almost
about 174 million according to the Global Burden of Disease Study [6]. In Canada,
the risk for COPD development is near about 28% [7]. These data indicate that the
burden of COPD occurrence is similar to the risk of diabetes in high-income
countries. Although, the prevalence of COPD is more common in men than
women, the increase in popularity of tobacco smoking among women in well-
developed countries also might lead a similar prevalence of COPD development in
the future. It has been found that one-third of the COPD affected patients died due to
cardiovascular diseases [8, 9]. The rate of global mortality in COPD is high due to an
increased number of ageing populations. Majority of deaths in COPD occurs mainly
in low-income and middle-income countries. Additionally, smoke inhalation from
biomass fuel, second-hand smoke, and ambient particulate matter are also associated
with COPD development in low-income countries [10–12]. It has been estimated
that long-term exposure to indoor smoke from biomass fuels accounts for 35% of
COPD cases in the middle- and low-income countries [13].

7.3 Aetiology of Disease Progression

Numerous discrete and overlapping phenotypes comprise the symptoms of COPD.
Not all the cigarette smoker develops the airway obstruction which indicated there
are other susceptibility factors like genetic, epigenetic, and environmental issues that
also trigger the onset of COPD. A detailed investigation for a better understanding of
complex cellular mechanisms and molecular pathways involved in COPD progres-
sion is needed for the early detection of this disease. Figure 7.1 shows various factors
responsible for COPD progression, and their roles have been discussed below:

7.3.1 Inflammation

COPD is a heterogeneous inflammatory disorder where numerous inflammatory
cells and various inflammatory mediators are involved to switch on the inflammatory
cascade. Although the presence of various inflammatory cells in COPD has been
recognized, the exact relationship between these cell types, their sequential appear-
ance, and persistence are basically undetermined. After analysing the cellular profile
of alveoli and small airway, it has been found that neutrophils, B and T lymphocytes,
and macrophages are mainly responsible for COPD progression [14].
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7.3.1.1 Neutrophils
In COPD patients, though there is an increased percentage of neutrophils in the
sputum and BAL fluid [15, 16], its abundance in lung parenchyma or airways is still
relatively small [17]. The secretory product of neutrophils is serine proteases in
nature that include cathepsin G, neutrophil elastase (NE), matrix metalloproteinase
(MMP)-8, and MMP-9, all of which play a significant role in alveolar destruction.
Besides their matrix degradation property, these proteases are also potent mucus
stimulators for submucosal glands and goblet cells in the airway tract
[18, 19]. Circulating neutrophils adhere to the endothelial wall of blood vessels
with the help of E-selectins, and there is upregulated E-selectin expression in
endothelial cells of airways in COPD patients [20]. From blood vessels, neutrophils
transmigrate to the respiratory tract by the activity of various chemoattractants like
interleukin (IL)-8, leukotriene B4 (LTB-4) growth-related oncoprotein (GRO-α),
epithelial neutrophil activating protein of 78 kDa (ENA-78), etc. The process of
adhesion and transmigration of neutrophil differs between systemic and pulmonary
circulation. Inside the respiratory tract, cytokines, such as granulocyte-macrophage
colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor
(G-CSF), help to neutrophil survival. Due to significant difference in timing of
neutrophil transition in different area of lungs, a different form of emphysema like
centriacinar, panacinar, and paraseptal has been developed. The process of survival
and apoptosis of neutrophils in the airways of COPD patients is not studied in detail.
It has been found that smoking directly stimulates the generation of granulocyte and

Fig. 7.1 The role of various factors responsible for COPD progression
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its subsequent release from bone marrow [21, 22]. The rate of lung function (ratio of
forced expiratory volume and forced vital capacity) decline is directly proportional
to increased neutrophil number in the lung parenchyma [15, 23]. The increased
neutrophil accumulation leads to respiratory outburst which induces tissue damage
and inflammation [24]. GM-CSF assist prolong survival of neutrophil, but the
culture of neutrophils from sputum samples is very difficult. Although in some
diseases like cystic fibrosis, bronchiectasis, etc. chronic neutrophilia is developed
in airway, there is an absence of neutrophil elastolytic activity. This indicates the
involvement of other factors in emphysema generation. Therefore, airway
neutrophilia is more related to mucus hypersecretion in bronchitis other than alveolar
destruction.

7.3.1.2 Macrophages
Macrophages account for most of the pathophysiological conditions associated with
COPD [25, 26]. Patients with COPD show a marked increase in macrophages
number in the airways, lung parenchyma, BAL fluid, and sputum of patients.
There is a 25-fold increase in total macrophages in alveoli in patients with emphy-
sema compared to normal smokers [14]. Moreover, in the site alveolar destruction, a
huge number of macrophage have been identified in emphysema patients. Therefore,
there is a strong correlation in macrophage number in airway and COPD severity
[23]. The increased number of macrophages is due to monocyte infiltration from
circulation in response to monocyte selective cytokines. The level of monocyte
chemoattractant protein-1 (MCP-1) is upregulated in BAL fluid and sputum of
COPD patients along with increased number of macrophages [27]. Cigarette
smoke-induced activated macrophages release various inflammatory mediators like
tumour necrosis factor (TNF)-α, IL-8, MCP-1, LTB-4, etc. Moreover, alveolar
macrophage-mediated secretion of various elastolytic enzymes like MMP-2,
MMP-9, MMP-12, cathepsins K, and S play an important role of elastolytic activity
for COPD patients [28, 29]. CXC chemokines also attract monocytes via CXC
chemokine receptor 2 (CXCR2), and the level of CXC chemokine GRO-α is
noticeably upregulated in the BAL fluid and sputum of COPD patients
[30]. Macrophages also release various chemokines like interferon c-inducible
protein (IP-10), interferon-inducible T-cell alpha-chemoattractant (I-TAC),
monokine induced by gamma interferon (MIG), all of which are potent
chemoattractant for CD8+ TC 1 cells by interacting with CXCR3 receptor expressed
on CD8+ TC 1 cells [31]. In COPD, the increased number of macrophage is due to
increased monocytes recruitment from the circulation and their increased prolifera-
tion and long-term sustention inside the lung microenvironment. It has been found
that there is upregulation of proliferative cell nuclear antigen (PCNA), a cell
proliferation marker, in the lung tissue [32]. Moreover, there is an increased expres-
sion of anti-apoptotic protein BCL-XL and p21CIP/WAF1 in the macrophages of
smokers [32]. All of these results indicated the prolonged survival of macrophages in
COPD patients.

The phagocytic activity of macrophages is responsible for providing the host
defence mechanism. The presence of specific receptors in the macrophage cell
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surface helps to recognize the phosphatidylserine (PS) moiety present on the outer
leaflet of apoptotic cells and subsequent phagocytosis to remove these damaged cells
[33]. It has been found that in COPD patients, there is phagocytic impairment that
results the bacterial upsurge in the respiratory tract. This is due to the increased
neutrophils elastolytic activity which cleaves the PS receptor of macrophage and
therefore impairs the macrophage ability to recognize and engulf the apoptotic
neutrophil and resulting inflammation in the respiratory tract [34]. Figure 7.2
represents the role of macrophages in COPD pathogenesis.

7.3.1.3 T Lymphocytes
The central and peripheral airways of COPD patients show an increased number of
total T lymphocytes. Mainly, increased number of CD8+ T lymphocytes compared
to CD4+ T lymphocytes have been found in the airways of COPD patients [14, 17,
35–37]. The exact mechanism by which CD8+ T lymphocytes and to a lesser extent
CD4+ T lymphocytes is upregulated in the airways and lung parenchyma in COPD is
still not clear. The homing of T cells to lung required initial activation, adhesion, and
chemoattractant-mediated migration. In the peripheral airways, T cells exhibit
upregulated expression of CXCR3 which is recognized by chemoattractant like
IP-10, MIG, I-TAC, etc. It has been found that in bronchiolar epithelial cells, the

Fig. 7.2 The role of macrophages in COPD pathogenesis
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increased IP-10 expression caused CXCR3 receptor expressing CD8+ T
lymphocytes accumulation [31]. Dendritic cell migration from airways to regional
lymph nodes stimulates the proliferation of CD8+ and CD4+ T lymphocytes. The
number of CD8+ T lymphocytes are often upregulated in airway infection due to the
accumulation of bacterial pathogens in the lower respiratory tract [38]. Additionally,
neutrophil and macrophage-mediated breakdown of lung tissue or cigarette
smoke-induced alveolar destruction perhaps produces peptides which are recognized
by T cells as an antigenic molecules and initiate T cell-mediated inflammation.
Therefore, T cell-mediated lung injury due to an antigenic stimulus originating in
the lung indicates COPD could be an autoimmune disease induced by smoking [39].

7.3.1.4 Eosinophils
In COPD, the exact role of eosinophil is undefined. Some study reports show that
there is increased eosinophil in airways and BAL fluid of COPD patients, wherein in
another studies, there was no significant increase of eosinophil numbers in sputum
and BAL fluid [40]. However, the increase of eosinophil in COPD indicates a
coexistence of asthma [41]. During acute exacerbations of chronic bronchitis,
eosinophil upregulation is reported in bronchial biopsies [42]. Interestingly, one
study showed that instead in the absence of eosinophil, the level of eosinophil basic
proteins was upregulated in sputum of COPD. Perhaps, the neutrophil elastase
activity caused the degranulation of eosinophil, and therefore these degranulated
eosinophil are no longer detectable under microscope [43, 44].

7.3.1.5 Dendritic Cells
The role of dendritic cells to elicit the innate and adaptive immune response in our
body is indispensable [45]. The presence of a rich network of dendritic cells in
airways and lungs assists to detect inhaled foreign substances [46]. The activation of
various inflammatory cells like macrophages, neutrophils, and B and T lymphocytes
is dependent upon dendritic cells [47]. Therefore, the dendritic cell has a critical role
to evoke inflammatory response in the lung after cigarette smoke exposure in COPD.
It has been found that in the alveolar walls and the airways of smokers, a number of
dendritic cells were highly upregulated [48]. Dendritic cell granulomata in the lung
causes significant destruction of lung parenchyma (which is similar to emphysema)
is known as pulmonary histiocytosis [49]. This disease ensues almost entirely in
smokers. The role of dendritic cells in regulating other effector cells in COPD
deserves the advance research. Figure 7.3 represents the role of dendritic cells to
stimulate the proliferation of other inflammatory cells in COPD pathogenesis.

7.3.1.6 Epithelial Cells
Airway and alveolar epithelial cells are the major sources of proteases and inflam-
matory cytokines production. Upon cigarette smoke exposure, epithelial cells lead to
the production of various inflammatory mediators like TNF-α, IL-1β, IL-8,
GM-CSF, etc. [50–52]. In the small airways, epithelial cell-mediated TGF-β secre-
tion causes local fibrosis in the small airway [53]. Interestingly, airway epithelial
cells play an important role in airway defence mechanism. Goblet cell-mediated
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mucus secretion helps to trap the bacteria and inhaled particulate matters
[54]. Besides goblet cells, epithelial cells produce various antimicrobial agents like
defensins, cationic peptides as a part of innate defence mechanism [55]. Furthermore,
epithelial cell-mediated immunoglobulin A transport arouses the adaptive immunity
in the lung [56]. Exposure of cigarette smoke and other noxious substances disrupts
the immune response of airway epithelial cells and increases the susceptibility of
infection in the airways. In chronic bronchitis, increased proliferation of epithelial
cells results squamous metaplasia which is correlated with PCNA upregulation in
airway epithelial cells of smokers [57]. Moreover, the increased expression of
epithelial growth factor receptors in airway epithelial cells suggests that various
growth factors stimulate basal cell proliferation to promote squamous cell metaplasia
and resulting bronchial carcinoma [58].

Fig. 7.3 The role of dendritic cells to stimulate the proliferation of other inflammatory cells in
COPD pathogenesis
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7.3.2 Oxidative Stress

Oxidative stress has a significant role in COPD pathogenesis [59–61]. Excessive
production of reactive oxygen species (ROS) causes the damage of lipids, proteins,
and DNA by impairing antioxidant defence mechanisms [62–64]. In the airway of
COPD patients, various inflammatory cells like macrophages, neutrophils, and
airway epithelial cells generate a huge amounts of ROS [60]. NADPH oxidase
present inside the neutrophils produces the superoxide anions which is subsequently
converted into hydrogen peroxide (H2O2) by superoxide dismutase, and then the
catalase is converted H2O2 into water. In the presence of free iron, H2O2 interacts
with free iron to form highly reactive hydroxyl radical (OH). Oxidative stress-
mediated arachidonic acid oxidation generates isoprostanes which lead to
bronchoconstriction and plasma exudation [65–67].

Antioxidants system efficiently counteracts with oxidants produced in the respi-
ratory tract [40]. Major antioxidant enzymes in our lung environment include
superoxide dismutase (SOD), catalase, and glutathione. It has been found that the
concentration of reduced glutathione is increased several folds after cigarette smok-
ing [68]. Moreover, epithelial cell-mediated glutathione peroxidase secretion is
upregulated after cigarette smoke exposure to mitigate the ROS as well as RNS
production [69].

In the airways, cigarette smoke-induced ROS production causes the activation of
NF-κB molecule which in turn switches on several inflammatory genes and
intensified inflammatory responses [70, 71]. In airway epithelial cells, oxidative
stress upregulated histone acetyltransferase (HAT) activity that unwinds the chro-
matin structure and turns on the transcription of inflammatory gene [72, 73]. Activa-
tion of NF-κB and AP-1 causes the upregulation of IL-8 and other chemokines to set
up neutrophilic inflammation. Moreover, oxidative stress impedes the activity of
anti-proteases like α-1 antitrypsin, secretory protease leukocyte inhibitor, etc. to
speed up the process of elastin breakdown of lung parenchyma [74]. Additionally,
oxidative stress also triggers the apoptosis of alveolar epithelial and endothelial cells.
Specially, stress-induced apoptosis of type 1 pneumocytes causes the emphysema
development. The survival of alveolar endothelial cells is regulated by VEGF.
Inhibition of VEGF receptors results apoptosis of alveolar septal cells and resulting
emphysema [75].

The presence of oxidants in cigarette smoke and inhaled particulates also induces
the mitogen-activated protein (MAP) kinase pathway. H2O2 triggers the activation of
P-38 MAP kinase pathways which in turn upregulate the expression of inflammatory
genes and stimulate the spreading of macrophages [76]. Besides cigarette smoke,
these activated macrophages and neutrophils also act as a potent source of ROS
[77]. ROS directly damage the DNA by inhibiting the activity of polyadenosine
diphosphate ribose. Various markers of oxidative stress, such as 8-isoprostane and
H2O2 have been detected in the exhaled breath condensate of COPD patients
[78]. Immunocytochemistry study on COPD lung showed increase expression of
4-hydoxy-2-nonenal (product of lipid peroxidation) which forms an adduct with
amino acid residues of protein [79, 80]. Moreover, oxidative stress negatively
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regulates the translocation of glucocorticoid receptors from cytoplasm to nucleus. In
COPD patients, the marked reduction of histone deacetylase (HDAC2) expression of
alveolar macrophage results reduced corticosteroid response as corticosteroid recruit
HDAC2 for deacetylating hyperacetylated promoter region of inflammatory gene
[81–83]. This limits the corticosteroids therapy in COPD as it does not render anti-
inflammatory protection against COPD [81, 84–86].

7.3.3 Genetic Predisposition

Although the risk of COPD development is associated with smoking, other factors
also stimulate COPD progression. Based on the pedigree analysis and twin study
report, it has been found that at least 30% of COPD risk is associated with
heritability [87–89]. First-degree relatives of COPD patients are more susceptible
to develop COPD in comparison to non-smokers in the general population which
indicates genetic determinants have a role to enhance the risk of COPD develop-
ment. Different Mendelian syndromes like α1-antitrypsin deficiency and cutis laxa
are associated with emphysema progression. In α1-antitrypsin deficiency, mutation
of the Z allele in SERPINA1 gene results a very little production of α1-antitrypsin.
Genotype with PIZZ has only 10% of α1-antitrypsin level in serum which is highly
insufficient to prevent neutrophil elastase destructive activity upon lung paren-
chyma. Mutation of S allele in SERPINA1 gene produces the enzyme moderately
low level [90]. The PIZZ α1-antitrypsin deficiency is responsible for approximately
1% of COPD cases. Although the exact role of PISZ genotype in COPD is still
controversial, several recent studies showed PISZ heterozygote individuals are under
the risk of COPD if they smoke. Additionally, in cutis laxa, elastin (ELN) 29 gene
mutation hampers the production of elastin which is a major constituent of lung
extracellular matrix. Due to the disrupted formation and assembly of elastic fibre,
lung flexibility to expand and contract is lost resulting emphysema [91]. Whole
genome sequencing approach can identify the rare genetic determinants of COPD
and comprehensive genomic analysis of chain smokers without COPD help to
identify the possible genetic determinants of COPD resistance. In general popula-
tion, genome-wide studies have been performed in the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) and Spirometa consortia to
explored the genetic loci associated with FEV1 and its ratio to FVC [92, 93]. It has
been found that eight loci (ADAM19, AGER-PPT2, GPR126, HHIP, PTCH1, PID1,
FAM13A, and HTR4) are related with FEV1/FVC, and one locus (INTS12-GSTCD-
NPNT) is related with FEV1. Moreover genome-wide association studies (GWAS)
revealed the susceptible loci associated with COPD-related traits. For example,
COPD-susceptible locus like 15q25 locus is strongly linked with lung cancer and
nicotine addiction. Recently whole-exome sequence analysis revealed that a coiled
coil domain containing 38 (CCDC38) variant, which is associated with ciliary
function, provides COPD resistance. The presence of cilia in lung epithelial cells
helps to sweep out inhaled particulates; therefore the ciliary abnormalities contribute
the COPD development.
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7.3.4 Epigenetics

Imbalance in HDAC/HAT activity leads to anomalies in histone acetylation and
resulting change in gene expression [94]. In the case of histone methylation, the
functional outcome of gene expression is dependent upon the target residues
[95, 96]. In COPD, the presence of oxidants in cigarette smoke alters the activity
of both HATs and HDACs to stimulate NF-κB-dependent inflammatory gene
expression [82, 97]. In vitro exposure of human airway epithelial cells causes
remarkable changes in histone acetylation and methylation and thereby modifies
the cellular phenotype [98]. Short-term exposure of cigarette smoke in primary
human airway epithelial cells causes phosphorylation and acetylation of NF-κB
p65 and histone residue (H3S10-P, H3K9-Ac, and H4K12-Ac) and results in
inflammation in the airway [99]. On the other hand, HDAC, suppresses the gene
expression by recruiting corepressor proteins to switch off gene transcription
[100]. It is the prerequisite molecule for corticosteroids to turn off numerous
inflammatory genes. Therefore, decreased HDAC2 expression in alveolar
macrophages of COPD patients leads to reduced glucocorticoid sensitivity. This
reducing activity of HDAC2 is strongly correlated with upregulated inflammatory
genes expression in alveolar macrophages [101, 102]. Moreover, the reduced level
of total HDAC in peripheral lung and alveolar macrophages of COPD patients is
associated with increased CXCL8 gene expression by increased histone acetylation
of NF-κB binding site on the CXCL8 promoter region [103, 104]. Patients with
advanced stage of COPD (GOLD stage 4), the HDAC2 expression is below 5%
compared to healthy one. It has been found that the expression of HDACs 2, 3,
5, and 8 was decreased and HDACs 4 and 6 increased in a selective manner [95]. The
level of defensin beta 1 (DEFB1) mRNA was upregulated in the lung of COPD
patients which has strong correlation with HDAC5 mRNA expression. Chromatin
immunoprecipitation revealed that upregulated DEFB1 expression was related with
H3K4 methylation [105]. Furthermore, a reduced level of mRNA suggested that
there may be transcriptional downregulation of HDAC2 gene or fragility of its
mRNA. A recent GWAS on COPD showed that approximately 27,000 CpGs were
examined for methylation [106]. It has been found that hypomethylation of CpGs
occurs near to SERPINA1 gene (coding alpha1-antitrypsin) in COPD patient.
Inclusively, 349 CpGs in 330 genes showed altered methylation along with disease
progression. Genome-wide study to detect epigenetic change in COPD patients
should be carried out [107].

7.3.5 Activity of Proteases

The balance between proteases and anti-protease is very much crucial for
maintaining normal lung homeostasis. When this homeostasis is disrupted, anti-
proteases are insufficient to neutralize the proteases mediated breakdown of connec-
tive tissue component. Elastin, the major connective tissue of lung parenchyma, is
the main target of protease enzymes as its degradation causes loss of elasticity in
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lung parenchyma and resulting emphysema. Once emphysema has been developed,
elastin cannot be regenerated in an active form. Excessive excretion of desmosine,
involved in elastin cross-linking, has been reported to COPD patients due to elastin
degradation [180]. Although, initially neutrophil elastase gained attention for
emphysema, now it has been found other proteases also degradation [108].

7.3.5.1 Neutrophil Wlastase
Neutrophil elastase (NE) is a serine protease which is inhibited by the action of
antitrypsin in the lung parenchyma. Tracheal instillation of NE stimulates neutrophil
infiltration and induces emphysema progression in animal models [109]. NE induces
the secretion of various chemokines like IL-8 and CCL-20 in airway epithelial cells
[110]. It is a potent mucus secretor, and it stimulates MUC5AC expression in airway
epithelial cell line [111]. NE causes phosphatidylserine receptor inactivation of
macrophage and inhibits phagocytosis of apoptotic cells [89]. Although, several
NE inhibitors are showed promising effect in guinea pig model of emphysema, but
their effect on human emphysema is not sufficient. MR889, a neutrophil inhibitor
administration, shows reduced urinary desmosine concentration in short-time COPD
patients but no effect for long-term COPD smokers [112]. However, flurithromycin,
erythromycin, and macrolide antibiotics inhibit NE activity and reduce mucus
hypersecretion [113]. Besides elastase, neutrophils also contain two other serine
proteases cathepsin G and proteinase 3 which have similar functional properties like
neutrophil elastase [18, 19].

7.3.5.2 Cysteine Proteases
Cathepsins and lysosomal cysteine proteases, are involved in COPD progression
[114, 115]. Interferon-γ induced the cathepsin S expression in different cell types,
including smooth muscle cells. Overexpression of interferon-γ causes emphysema
development by upregulating the cathepsins S, L, B, D, and H expression [116]. The
use of cathepsin inhibitors reduced the emphysema progression that ensured its
elastolytic potential [117]. Patients with emphysema show upregulated expression
of cathepsin L in BAL fluid [118].

7.3.5.3 Matrix Metalloproteinases
Increasing evidences suggest that MMPs play a significant role in COPD patients
[119]. The expression of MMP-1 and MMP-9 is upregulated in the BAL fluid of
COPD patients [120–122]. In emphysema patients, type 2 pneumocytes showed
increased expression of MMP-1 [123]. In alveolar macrophages, MMP-9 expression
is increased at a significant level that also accounts for its elastolytic activity for
emphysema progression in COPD patients [28]. Chronic exposure of cigarette
smoke in MMP-12 null mice (macrophage metalloelastase) did not show emphy-
sema progression [124]. When IL-13-mediated emphysema induction was done in
these MMP-12 null mice, there was a marked reduction of IFN-γ and monocyte
recruitment in lung tissue [116, 117]. This is due to MMP-mediated production of
chemotactic peptides which stimulate the recruitment of macrophages in airways and
lung parenchyma. MMPs cause activation of TGF-β from its latent form. Mice with
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integrin avb6 knockdown (Itgb6-null mice) were unable to activate TGF-β and
developed emphysema [125]. This indicates that under normal conditions, TGF-β
downregulates MMP-12 expression, and in its absence, excessive MMP-12 leads to
emphysema development. Cigarette smoke exposure in MMP-9 null mice still
causes emphysema without development of small airway fibrosis [126]. Therefore,
MMP-9-induced proteolytic activation of TGF-β1 links MMP-9-mediated
elastolysis and TGF-β-mediated fibrosis progression [127, 128]. Figure 7.4 depicts
a link in between elastolysis and TGF-β1-mediated fibrosis under MMP-9 induction.

7.4 Current Treatments and Their Drawbacks

7.4.1 Quit Smoking

In COPD patients, progressive decline of lung function and smoke-induced
comorbidities (cardiovascular disease, lung cancer) have been found over time
[129–131]. Quitting smoking is one of the major steps to prevent COPD develop-
ment as 40% of COPD patients are chain smokers in nature. It has been found that
nicotine has a very strong psycho-additive effect, so quitting smoking requires

Fig. 7.4 Relationship in between elastolysis and TGF-β1-mediated fibrosis under MMP-9
induction
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extensive counselling. During cigarette smoking, nicotine from pulmonary circula-
tion crosses blood-brain barrier and binds to nicotinic acetylcholine receptor. This
interaction causes the release of dopamine into synaptic cleft of dopaminergic
pathway in the brain and activates brain reward function [131]. During low nicotine
intake, dopamine reuptake occurs into the axon terminal vesicles. This reduced
dopamine release causes decreased brain reward function and results in nicotine
withdrawal symptoms (like emotional anxiety, craving of smoke). Bupropion, an
antidepressant drug, inhibits this dopamine reuptake by controlling the dopamine
transporter system [132, 133]. This dopamine reuptake inhibition by bupropion
attenuates nicotine withdrawal symptoms [134]. Varenicline, a cytisine analogue
of alkaloid nature, is a partial agonist of α4 β2 nAChR neurotransmitter receptor.
Compared to nicotine, it produces less (50%) dopamine but blocks any effects of
nicotine added to the system. Study reports show that it is more potent than smoking
cessation and effectively reduces the chance of relapsing of smoking habit of those
who are abstinent 12 weeks after initial therapy [135, 136]. This therapy makes
smoker less satisfied about cigarette, and they less likely want to resume smoking.
Besides this, reduction of indoor air pollution (produced during incomplete combus-
tion of fossil fuel) is also a protective measure for COPD progression [137]. The
replacement therapy is quite cost-effective, and most national health-care systems
are indifferent of free campaigning of nicotine replacement therapy.

7.4.2 Vaccination

Though, there is no vaccine designed for COPD specifically, vaccination against
influenza virus and streptococcus pneumonia provides a secondary protection by
minimizing the effect of COPD exacerbations due to respiratory infections. Influenza
and pneumonia attack impair the lung functions, and people with COPD tend to
develop pneumonia and other respiratory diseases due to compromised immune
system. PCV13 and PPSV23 are widely used as pneumococcal vaccines which can
be used to COPD patients to minimize the chance of exacerbation of COPD
[138, 139].

7.4.3 Physical Activity

In daily life, physical workout is effective for a better quality of lifestyle. As
comorbidity like diabetes, hypertension, and cardiovascular disease is associated
with COPD, exercise can help to reduce the rate of morbidity and mortality of COPD
patient. People who are physical inactive during early course of COPD are more
susceptible of hospitalization and mortality [140, 141]. Physical exercise also helps
to cope up with nicotine withdrawal symptoms like anxiety, depression, and insom-
nia. Walking for 15 min per day reduces 14% risk of all kinds of mortality, and that
for 600 steps per day decreases the chance of hospitalization of COPD patients
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[142, 143]. Therefore these data indicate little exercise can be clinically significant
for COPD patient.

7.4.4 Pharmacological Treatment

Muscarinic receptor antagonist is an anticholinergic agent that blocks the activity of
the muscarinic acetylcholine receptor. Inhalation of long-acting muscarinic
antagonists (LAMAs) reduces air trapping and improves the rate of airflow in
COPD patients [144]. Long-acting β2 agonists (LABAs), another long-acting bron-
chodilator, are used from several years that also improve the lung function and
reduce exacerbations rate [145]. But the polymorphism of β2-adrenergic receptor
causes LABA less effective over LAMA tiotropium [146–148]. Moreover, though
inhalation of LABA is well tolerated, occasionally adverse effects like tremors and
palpitations occur in COPD patients. Therefore, LAMA monotherapy is always
preferred over LABA monotherapy in patients with COPD exacerbations
[149]. Dual bronchodilation has advanced effect over monotherapy, but it is difficult
to detect these advanced benefit based on patient report outcome. In one study, it has
been reported that during the treatment of LAMA-LABA (indacaterol-
glycopyrronium) dual therapy, significantly less exacerbation occurs than only
LAMA monotherapy (glycopyrronium) [150]. Furthermore, the addition of
LAMA and LABA along with inhaled corticosteroids provides a better outcome
than LAMA corticosteroid alone [151]. Future research should be carried out to
elucidate the dual effect of inhaled corticosteroids along with bronchodilator therapy
for COPD management [152].

Though bronchodilator therapy (LAMA, LABA, or their combinational use) is
generally safe, patients with cardiovascular problems are usually excluded from
these treatments [153]. If a patient has a history of pneumonia and body mass
index is less than 25 kg/m2, inhaled corticosteroids treatment enhances the risk of
pneumonia [154–156]. COPD patients with low eosinophil counts in blood also
develop the chance of pneumonia attack when fluticasone (an inhaled corticosteroid)
is used with LABA treatment [157]. This indicates that high counts of blood
eosinophil can outweigh the risk of pneumonia during their corticosteroid therapy.

Though inhaled therapy shows optimized results, patients with severe COPD still
have exacerbations. Anti-inflammatory drugs like phosphodiesterase-4 (PDE4)
inhibitors show efficacy and acceptable tolerability COPD patients
[129, 158]. Roflumilast, a second-generation PDE4 inhibitor, inhibits chemotaxis
and cytokine production in COPD [159]. It reduces neutrophil and eosinophil counts
in the sputum of COPD patients [160, 161]. In particular, in hospitalized patients due
to COPD exacerbation, roflumilast intake with long-acting bronchodilators improves
the lung function. Side effects of roflumilast include diarrhoea, weight loss, nausea,
and headache and therefore need to be considered carefully. Macrolide therapy is
another option especially for ex-smoker [162, 163]. Macrolides decrease mucus
secretion and suppress cytokines, adhesion molecules, and chemokine production to
inhibit neutrophils and macrophages in airway [164]. However, macrolide-related
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side effects limit its application as bacterial resistance developed after 1 year treat-
ment period [165].

Over the past decade, considerable research has been carried out for the discovery
of new therapeutic agents to mitigate COPD-related inflammation [166]. Targeting a
single inflammatory pathway is not enough to block COPD-mediated inflammation
[167, 168]. When CXCR2 antagonist is used to targeting the neutrophilic airway
inflammation, it improves lung function and lessen COPD exacerbations, but severe
side effects like neutropenia might exclude its further implication [169].

7.4.5 Emerging Antioxidants for an Alternative Therapeutic
Approach

Various studies reveal the clinical effectiveness of antioxidant agents for COPD
treatment [170]. A certain class of antioxidants such as thiol derivatives
(e.g. N-acetyl cysteine [NAC], carbocysteine), Nrf2 activating agents
(e.g. sulforaphane), antioxidant vitamins (e.g. vitamin C and E), and plant-derived
phenolic compounds (e.g. curcumin and resveratrol) show promising effects to
mitigate COPD-induced pathophysiological condition. Carbocysteine-mediated
therapy on COPD patients for 1 year period significantly reduced the exacerbation
rate of COPD [171]. The use of NAC also lessens the exacerbation frequency and
improves the forced expiratory flow 25–75% by reducing small airway obstruction
[172]. The antioxidant and anti-inflammatory properties of NAC effectively restores
the natural innate immunity which is diminished due to cigarette smoking
[173]. Therefore, thiol antioxidants can be considered as a COPD therapeutic
“toolbox”, to attenuate exacerbation frequency, which can slow down the progres-
sion of the disease.

Nrf2 has a significant inhibitory effect on ROS production, which is especially
generated by cigarette smoking. Nrf2 acts as a transcription factor that binds to the
antioxidant response element of stress response genes and thereby controls the
activity of antioxidant and phase II cytoprotective enzyme. Sulforaphane, an ingre-
dient of broccoli sprouts, is a potent Nrf2 activator, which has been used for clinical
trials in COPD patients. The treatment of sulforaphane in alveolar macrophages of
COPD patients helps to restore the glucocorticoid sensitivity in a glutathione-
dependent mechanism to increase HDAC2 activity [174]. Similar to sulforaphane,
application of curcumin in a monocytic cell line effectively restored the HDAC2
expression by mitigating cigarette smoke extract or peroxide-mediated steroid resis-
tance [175]. Oral intake of curcumin can significantly reduce the number of
neutrophils and macrophages as well as emphysemal break out in COPD mice
model [176]. Resveratrol, another polyphenol present in red wine, also reduced
bacterial endotoxin-induced cytokine production in alveolar macrophages of
COPD patients [177].

Intake of bioflavonoids like catechins, flavonols, flavones, etc. in diet is positively
related with increased FEV1/FVC ratio and inversely related with cough production
[177]. Increased uptake of vitamin E in European patient inverse the trend of 20-year
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COPD mortality rate with a 24% lower COPD mortality risk [178]. Consumption of
food and vegetables over 3-year period increases the survival rate of COPD patients
by increasing FEV1 percentage and decreasing mean annual exacerbation rate.
Supplementation of vitamins at specific doses is helpful for COPD management.
However, it has been found that high dose of a particular nutrient tempers respiratory
pathology [179]. Intake of some vitamins (like vitamin A) at higher dose can
enhance the chance of lung cancer development in susceptible individuals [180–
182]. Supplementation of vitamin E or C up to 12 weeks in isolated white blood cells
from stable COPD patients developed peroxide-induced DNA breakages resistance
[183]. In another study, intravenous infusion of ascorbate in COPD patients
improved the skeletal muscle fatigue resistance [184]. The effect of vitamin D for
COPD management showed varying results. Vitamin D is an essential immune
system regulator where reduced level of vitamin D causes the onset of various
chronic diseases (autoimmune disease, infections, etc.) [185]. It has been found
that when the level of 25-hydroxyvitamin D (25-OH vitamin D) in serum of COPD
patients is below 20 ng/mL, patients showed an increased risk of exacerbations and
declined lung function. Study reports showed that COPD patients generally devel-
oped vitamin D deficiency where vitamin D supplementation showed beneficial
effects [186].

7.4.6 Interventional Treatments

Endoscopic and surgical lung volume reduction (LVR) is beneficial for patients with
COPD and severe emphysema. LVR surgery effectively reduces hyperinflation and
thereby improves lung performance. COPD patients suffering upper lobe emphy-
sema, after LVR surgery improved their exercise ability and quality of life
[187]. However, increased risk of morbidity and mortality is associated with LVR
surgery. Endoscopic lung volume reduction (ELVR) has been used as an alternative,
minimally invasive therapeutic approach with minor risk aptitude [1]. Several endo-
scopic processes like intrabronchial valves, coil implants, and thermal vapour
ablation process provide satisfactory performance by improving respiratory mechan-
ics. An implication of these techniques helps to determine the characteristics of
emphysema (homogenous vs. heterogeneous, intact lobular fissure or collateral
ventilation [188, 189]. Endoscopic valve therapy is used for lobar atelectasis of the
emphysematous lung, and it provides the survival benefit [190, 191]. In broncho-
scopic thermal vapour ablation (BTVA) technique, instillation of water vapour
causes a local inflammatory reaction and results in scar in the lung and fibrosis
after some weeks [192, 193]. Besides ELVR techniques, targeted lung denervation
(TLD) removes the parasympathetic pulmonary nerves to induce anticholinergic
action in COPD. The removal of parasympathetic innervations causes decreased
acetylcholine activity and reduced airflow obstruction and mucus production in
COPD patients [194].
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7.4.7 Oxygen and Ventilator Support

Long-term oxygen supplement does not provide benefits for the patient with moder-
ate resting or exercise-induced survival rate of COPD patients suffering in severe
hypoxemia. However, oxygen therapy for long duration can be effective for the
patients with moderate hypoxemia (PaO2� 60 mm Hg) or severe resting hypoxemia
(PaO2 � 55 mm Hg) and the symptoms of pulmonary hypertension, polycythaemia,
or heart failure. Non-invasive positive airway pressure ventilation in patient with
stable hypercapnia does not always give positive outcome. Non-invasive positive
airway pressure ventilation with constant hypercapnia and high inspiratory pressure
can cut minimum 20% partial pressure of CO2 in arterial blood (PaCO2) and improve
the survival percentage [195].

7.4.8 Comorbidity Treatment

Smoking of tobacco intensifies the risk of lung cancer, coronary heart disease, and
heart failure. Moreover, pulmonary artery disease, obesity, metabolic syndrome,
diabetes, and systemic venous thromboembolism—all of these—are responsible for
comorbidities of COPD patients. Chronic systemic inflammation is the common
ground of all these extra-pulmonary manifestations. Therefore, the treatment of
comorbidities is essential to manage the patient’s survival. The treatment effect of
some drugs that have been used in COPD is beyond the lung. Fluticasone furoate-
vilanterol (inhaled corticosteroid and LABA) combinational therapy gives
promising effect against hyperinflation associated under-filling of the heart in
COPD patients [196]. Although, use of roflumilast can treat major cardiovascular
problem in a pooled analysis [197], but no randomized controlled study has been
conducted to measure the beneficial effect of roflumilast in cardiovascular problems
associated with COPD. Patient with COPD and diabetes showed improved outcome
after roflumilast treatment compared to patients with diabetes but without COPD
[198]. Figure 7.5 represents the role of various therapeutic approaches against
COPD.

7.5 Conclusion

COPD is a significant health concern all over the world for its irreversible nature.
Rapid demographic growths in high-income countries and a significant upsurge of
non-communicable diseases in low-income countries will escalate this health issue.
Further research should be carried out in the field of genetic and molecular biology
of this disease to innovate drug development.
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Exploring the ‘Dormancy Activation Switch’
in the Tumour Microenvironment
for Metastatic Lung Cancer: The Possible
Role of MicroRNA

8
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Abstract

Lung cancer produces the highest mortality rate among cancers, mainly due to its
late diagnosis accompanied by single or multiple organ metastasis to the lymph
node, pleura, liver, brain and/or bones. In this chapter, we will review the major
cellular signalling pathways that promote the proliferation and metastasis of lung
cancer cells to each of these metastatic sites, hopefully to shine the light on the
possible therapeutic targets that could be developed against these pathways for
better therapeutic outcome. Cellular pathways including MAPK, CXCR4/
CXCL12, ALK, Rho/ROCK, PI3K and RANK/RANKL signalling will be
elaborated in relation to their roles in lymph node, pleura, liver, brain and bone
metastasis of lung cancer, respectively. The blooming understanding of
microRNA (miRNA) in lung cancer in these recent years has shown that it
could play bi-faceted roles in modulating oncogenic pathways. Thus, we also
briefly described the candidates of miRNA that may either promote or inhibit the
key pathways in lung cancer with various metastatic sites.
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8.1 Lung Cancer

Lung cancer is the leading cause of cancer death globally, with higher cancer-related
deaths even after breast, colon and prostate cancer incidences combined [1]. Most
cases of lung cancer among the US population are often diagnosed at a late stage, up
to 22% regional spread to lymph nodes and 57% cancer that has metastasised to
distant sites, which leads to poor prognosis and low 5-year patient survival of 31.7%
and 5.8%, respectively (https://seer.cancer.gov/statfacts/html/lungb.html).

There are two major subtypes of lung cancer which are non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC). The NSCLC is the dominant subtype
that accounts for 95% of all cases of lung cancer, which can be further subdivided
into three main subtypes based on their histomorphology characteristics, namely,
lung adenocarcinoma (AD), lung squamous cell carcinoma (SCC) and large cell
carcinoma (LCC) (Fig. 8.1) [2]. Based on SEER statistics, the 5-year survival rate for
NSCLC is 22% (AD, 27.1%; SCC, 21.1%; LCC, 17.8%), with an even lower rate of
6.6% for SCLC despite numerous preclinical and clinical studies (https://seer.cancer.
gov/explorer/application.html).

Based on all lung cancer cases from MSK-IMPACT clinical sequencing initiative
[3] (data accessed from cBio Cancer Genomics Portal database in September 2020),
major differences in the genomic profiles between NSCLC and SCLC are frequently
observed among the patients (Fig. 8.1). The genetic mutations in RB1, TP53,
NOTCH, KMT2D, CREBBBP and ATRX are most likely to be present in the SCLC
than in the NSCLC cases. Moreover, the genomic structural variation, such as the
changes in the gene copy number within a chromosome, is also common in SCLC
compared to NSCLC cases. Several significant copy number variations (CNVs) in
SCLC cases involve the homozygous deletions of RB1, TGFBR2, TNFRSF14 and
FLT4 genes and the amplifications of MYCL and MPL genes. Nevertheless, approx-
imately 7.6% of the NSCLC cases had an amplification of the EGFR gene, while it
was totally absent in SCLC cases. These genomic differences may explain their
variability in molecular and metastatic capacities.

Although most of lung cancer cases are the NSCLC types, the percentage of
metastatic lung cancer is slightly higher in SCLC than in NSCLC with 60.9% and
40.3% of their total cases (Fig. 8.2). Although different subtypes of lung cancer may
have their preferred metastatic location [4–7], the most common metastatic sites for
SCLC include lymph node followed by the liver, mediastinum of thoracic cavity and
brain (52, 16, 10 and 8% of total metastatic SCLC cases, respectively). Meanwhile,
the major metastatic site for NSCLC is the lymph node with 34.8% of the total
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metastatic NSCLC cases, followed by the liver (12.4%), pleura (11.3%), brain
(9.2%) and bone (7.4%) (Fig. 8.2) [8, 9].

Additionally, the metastatic cases of NSCLC is more frequent in AD compared to
SCC subtypes (41.2 and 26.5% of their total cases, respectively). Successively after
lymph node (AD, 35.1%; SCC, 31.1%), the major metastatic sites for AD are the
liver (12.3%), pleura (12.2%), brain (9.5%) and bone (7.2%), while for SCC are the
bone (15.6%), pleura (8.9%), brain (6.7%) and adrenal gland (4.4%) (Fig. 8.2).
In-depth genomic data analysis demonstrated that CNVs are the common events in
metastatic AD. They include the homozygous deletions of CDKN2A and CDKN2B
and the amplifications of FOXA1, NKX2-1,MYC and RECQL4 (Fig. 8.2). Neverthe-
less, no variation between genomic profiles of primary and metastatic SCLC and
NSCLC SCC can be observed as mutations such as EGFR and KRAS could be
present in both the primary and metastatic tumour [10].

Tobacco smoking is best recognised as one of the risk factors for lung cancer. In
2019, the WHO European Region estimated that the attributable proportion for the

Fig. 8.1 General summary of lung cancer cases based on large-scale cancer genomic studies from
cBioPortal databases. (a) The total clinical samples were from 1750 patients with SCLC and
NSCLC. (b) NSCLC can be divided into various subtypes including its major subtypes, namely,
lung adenocarcinoma and lung squamous cell carcinoma. Significant genomic profile differences,
particularly (c) the gene mutation and (d) the copy number alterations profiles, between NSCLC and
SCLC. *The difference between groups is considered significant when q-value derived from
Benjamini-Hochberg procedure is less than 0.05. Abbreviation: NSCLC non-small cell lung cancer,
SCLC small cell lung cancer
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trachea, bronchus and lung cancer due to smoking among European population was
92% [11]. The risk of lung cancer varies among smokers due to several factors,
including age, cigarette count, duration of smoking and family history
[12, 13]. Apart from smoking, there are many other environmental factors that
may lead to lung cancer, including exposure to asbestos, radiation and pollution
[14, 15]. In order to identify those with higher risk of lung cancer, potential applica-
tion of novel biomarkers that underlies the risk and prognosis from either the host,
the tumour microenvironment (TME), or the tumour itself. Assessing microRNA
(miRNA), a small non-coding RNA that plays a role in gene regulation, is one of the
various approaches used to classify biomarkers in relation to lung cancer. Identifica-
tion of miRNAs from asymptomatic high-risk persons showed 80% accuracy in the
early stage identification of the NSCLC case [16]. Also, miRNA expression can
accurately identify particular subtypes of lung cancer in differential diagnosis [17],

Fig. 8.2 Summary of metastatic lung cancer cases based on large-scale cancer genomic studies
from cBioPortal databases. (a) Percentage of the primary and metastatic lung cancer cases among
total 1750 patients. (b) Percentage of primary and metastatic lung cancer cases in two types of lung
cancer, NSCLC and SCLC. (c) The most frequent metastatic sites of NSCLC and SCLC. (d)
Percentage of primary and metastatic lung cancer cases in two major subtypes of NSCLC, AD and
SCC. (e) The most frequent metastatic sites of NSCLC AD and SCC. (f) The differences in
(I) mutational and (II) copy number variation profiles between primary and metastatic NSCLC
AD cases. *The difference between groups is considered significant when q-value derived from
Benjamini-Hochberg procedure is less than 0.05. Abbreviation: NSCLC non-small cell lung cancer,
SCLC small cell lung cancer, AD adenocarcinoma, SCC squamous cell carcinoma.
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and miRNA was able to predict recurrence in stage 1 NSCLC patients [18]. More-
over, several reviews have highlighted the potential of targeting cancer-specific
miRNAs in treating lung cancer [19, 20]. It is clear that the main cause of death in
most cases of cancer, including lung cancer, is the spreading of cancer cells by
metastasis process [21]. It is therefore important to understand the biology of
metastasis and the possible contributors to metastasis in lung cancer in order to
develop a research strategy to reduce the number of cancer deaths.

8.2 Metastatic Niche in Different Sites

Initiation of the metastasis process may begin with the local invasion of cancer cells,
followed by intravasation into blood and/or lymphatic circulations, which may
spread and colonise to distant sites [22, 23]. Cancer cells are documented to have
the potential to acquire self-renewal characteristics through the epithelial-
mesenchymal transition (EMT) that can also contribute to the metastasis process
[24]. Different metastatic sites have unique mechanisms that enable the lung cancer
cells to survive and proliferate in the new distant organ. In turn, the switch on of
mesenchymal-epithelial transition of (MET) lung cancer cells requires adaptation to
the new site, utilising the available ‘resources’ there. Interestingly, lung cancer
patients with and without metastasis may exhibit different miRNA profiles. The
miRNA profile could be also different in lung cancer at different metastatic sites.
They can either act as tumour suppressor or tumour promoter depending of the types
of miRNAs and the tumour microenvironment. In the following sections, we will
discuss the molecular characteristics and their major signalling pathways of the most
common metastatic organs for lung cancer based on their sequential order of
incidence rate, namely, lymph node, pleura, liver, brain and bone metastasis
(Fig. 8.3), and their respective miRNA expression profiles (Table 8.1).

8.3 Lymph Node Metastasis

The main metastasis site of all types of lung cancer is the lymph nodes, or more
commonly known as stage 3 or N2 in the cancer diagnosis. As it is a temporary
‘storeroom’ and ‘gate’ before further invasion and metastasis to further sites, lymph
node metastasis is an ideal treatment point to prevent further worsening of the cancer
situation, whereby a combination of surgery, radiation and/or chemotherapy is
commonly applied. For early-stage lung cancer patients, lymphatic invasion is one
of the important prognostic factors. However, the conventional scanning such as
chest CT has low sensitivity. More sensitive molecular biomarker examination using
patients’ blood or tumour tissues may be superior as compared to the conventional
methods. Several miRNAs have been found in promoting lung cancer which are
positively correlated with lymph node metastasis such as miR-21 [25], miR-19a and
miR-19b [26], miR-494 [27], miR-210 [28], miR-421 [29], and miR-411 [30]. On
the other hand, miRNAs such as miR-138 [31], miR-133a-3p [32], miR-452-5p [33],
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miR-145-5p [34] and miR-101-3p [35] were found to inhibit oncogenic processes in
lung cancer with lymph node metastasis.

The cancer cells adapt to survive longer in the lymph nodes as, theoretically, they
act as a natural barrier to cancer cell metastasis as there resides numerous dendritic
cells, macrophages and T and B lymphocytes that perform immune surveillance on
clearing cells that express foreign antigens [60]. Due to the high genomic instability
of cancer cells due to their rapid turnover, cancer cells often express neoantigens that
can trigger immunological NK and T cells that, theoretically, should eliminate the
cancer cells [61]. However due to the heterogenicity nature of cancer, surviving
immune-silent cancer cells could escape to develop its immunosuppressive TME,
allowing it to continue to proliferate and metastasise [62].

8.3.1 MAPK Signalling in Lymph Node Metastasis of Lung Cancer

Formation of lymphatic vessels by the lung cancer cells is essential to aid its
migration and metastatic spread into the lymph nodes. Comparison of 17 lung cancer

Fig. 8.3 An overview of major signalling pathways of the common metastatic organs for lung
cancer, namely, the lymph node, pleura, liver, brain and bone. Abbreviation: JAK Janus kinase,
LIMK Lim kinase, PDK phosphoinositide-dependent kinase, TRAF6 tumour necrosis factor
receptor-associated factor 6. The figure was created with BioRender.com
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Table 8.1 Role of miRNAs in lung cancer in different metastatic sites

Metastatic
sites miRNAs Effects Related target References

Lymph
node

miR-21 Tumourigenesis PTEN Liu et al. [25]

miR-19 Tumourigenesis – Wu et al. [26]

miR-494 Tumourigenesis – Zhang et al.
[27]

miR-210 Tumourigenesis – Osugi et al.
[28]

miR-421 Tumourigenesis – Li et al. [29]

miR-411 Tumourigenesis – Wang et al.
[30]

miR-138 Suppression PDK1, Sirt1, YAP1 Han et al. [31]

miR-
133a-3p

Suppression – Yang et al.
[32]

miR-452-
5p

Suppression SMAD-4, SMAD-2, p27Kip1,
YWHAE, YWHAB

Gan et al. [33]

miR-145-
5p

Suppression AEG-1/MTDH RIOK2, NOB1
N-cadherin

Gan et al. [34]

miR-101-
3p

Suppression SOX9 Lu et al. [35]

miR-
200c

Tumourigenesis – Liu et al. [25]

Suppression USP25 Li et al. [36]

miR-
125a-5p

Tumourigenesis NEDD9 Hou et al. [37]

miR-
125a-3p

Suppression IGF2, CCL4 Yu et al. [38]

miR-130 Tumourigenesis – Wang et al.
[39]

Suppression PTEN Ye et al. [40]

Pleura miR-1-3p Tumourigenesis – Roman-Canal
et al. [41]

miR-144-
5p

Tumourigenesis – Roman-Canal
et al. [41]

miR-150-
5p

Tumourigenesis – Roman-Canal
et al. [41]

miR-182 Tumourigenesis – Tamiya et al.
[42]

miR-210 Tumourigenesis – Tamiya et al.
[42]

(continued)
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cell lines with differential lymphangiogenesis capacity has revealed that vascular
endothelial growth factor C (VEGF-C) gene copy number, expression and activity
clearly drive the formation of lymphangiogenic tumours [63]. Although VEGF-C
could phosphorylate multiple downstream signalling, namely, AKT, ERK and p38
MAPK, binding of cell adhesion molecule CD146 and its various truncated forms
with VEGF-C revealed that the lymphangiogenesis process of VEGF-C is dependent
on the phosphorylation of ERK and p38 MAPK. Furthermore, other activators of
MAPK can also present in abundance in the lymph nodes to promote lung cancer cell
proliferation and lymph node formation, including Rho guanine nucleotide exchange
factor ARHGEF19, IL6, IGFBP7, ERBB2 and Crabp2 (cellular retinoic acid-
binding protein 2) [64–68].

Table 8.1 (continued)

Metastatic
sites miRNAs Effects Related target References

Brain miR-21 Tumourigenesis SPRY2, TIMP3, PTEN,
CDKN1A, SERPINB5

Singh et al.
[43]

miR-330-
3p

Tumourigenesis GRIA3 Wei et al. [44]

miR-423-
5p

Tumourigenesis MTSS1 Sun et al. [45]

miR-490-
3p

Tumourigenesis PCBP1 Li et al. [46]

miR-328 Tumourigenesis PRKCA Arora et al.
[47]

miR-378 Tumourigenesis MMP-2, MMP-9, VEGF Chen et al.
[48]

miR-95-
3p

Suppression Cyclin D1 Hwang et al.
[49]

miR-145-
5p

Suppression TPD52 Zhao et al.
[50]

miR-375 Suppression VEGF, MMP-9 Chen et al.
[51]

miR-590 Suppression ADAM9 Wang et al.
[52]

miR-
4317

Suppression FGF9, CCND2 He et al. [53]

Bone miR-21 Tumourigenesis COX19 Guo et al. [54]

Hsv-
miR-H9-
5p

Tumourigenesis SOCS2 Wang et al.
[55]

miR-33a Suppression PTHrP Kuo et al. [56]

miR-139-
5p

Suppression Notch1 Xu et al. [57]

miR-192 Suppression ICAM-1, PTPRJ Valencia et al.
[58]

miR-203 Suppression TGF-beta/SMAD2 Wei et al. [59]
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In general, MAPK signalling pathway is a three-tier activation of MAPKKK-
MAPKK-MAPK. Although MAPK signalling consists of four sub-pathways,
ERK1/2 and p38 MAPK are consisted found to be elevated and activated in
lymph node tissues with metastasised lung cancer of patient samples and in vitro
models, but not for JNK or ERK5 signalling [69]. Knockout of MAPK or one of
their upstream activators, such as GLK/MAP 4K3, consistently reduced the meta-
static capacity of lung cancer cells [70].

Furthermore KRAS, an upstream component of ERK1/2, is a common driver
mutation and upregulation in primary and metastatic lung cancer (Fig. 8.2) [71]. Ras
activation leads to the subsequent phosphorylation of Raf-MEK-ERK1/2 signalling.
KRAS mutation that induces elevated activation of the ERK signalling has been
associated with increased pro-cancerous gene expression. Specifically on metastatic-
related genes, upregulation of Krt18, Krt8, MMP14, vimentin, N-cadherin and Wnt
with downregulation of genes known to inhibit invasion such as Reck, Gsn and Cav1
have been reported [72, 73]. It is also worth to note that different KRAS mutations
can confer variations in their downstream gene profile, leading to different migration
and metastatic capacities as observed for KRASG12V, KRASG12D and KRASG12C [73].

8.4 Pleura Metastasis

Pleura is one of the common metastatic sites for lung cancer, particularly lung
adenocarcinoma [74]. This is mainly attributed to its anatomic proximity from the
primary tumour site. In brief, pleura consists of two-layered serous membranes
which fold back onto themselves, thus forming a pleural cavity that contains a
small amount of viscous lubricant known as pleural fluid. Visceral pleura is the
inner membrane covering the outer surface of the lung. Meanwhile, parietal pleura is
the outer membrane that attached to the thoracic wall [75].

Pleura metastasis can be characterised by the involvement of visceral pleural
invasion (VPI) and malignant pleural effusion (MPE). MPE is the most frequent
pathological complication associated with the metastatic lung cancer. It is
characterised by the abnormal build-up of pleural fluid in the pleural cavity due to
aberrant cycle of fluid secretion and absorption, accompanied by the presence of
metastatic cancer cells, serous proteins, and lymphoid and myeloid immune cells
[76–78]. Aside from the close proximity of the site from lung, another important
factor that promotes the development of MPE includes the paracrine signalling
between lung tumour and mesothelial cells of pleura, which mainly influenced by
the distinctive molecular profiles of the cells. In particular, the abundance secretion
of specific cytokines or chemokines by the pleura cells creates the molecular gradient
and thus directs recruitment or chemotaxis of tumour cells expressing the
corresponding chemokine receptors into the pleural space. CXC chemokine receptor
type 4 (CXCR4)/stromal cell-derived factor 1 (CXCL12) axis has been reported as
the most common regulatory pathway associated with pleura metastasis [79].
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8.4.1 CXCR4/CXCL12 Signalling and Pleura Metastasis in Lung
Cancer

Briefly, CXCR4 is a G protein-coupled receptor that interacts with its specific ligand,
CXCL12 chemokine. A meta-analysis study among lung cancer patients
demonstrated that a high level of CXCR4 expression in lung cancer cells was
significantly associated with metastasis and poor prognosis [80]. On the other
hand, CXCL12 expression was found to be highly expressed in the pleura mesothe-
lium [81]. The binding of CXCL12 ligand to seven-transmembrane domain of
CXCR4 receptor causes the activation of the coupled heterotrimeric G protein,
which made up of alpha (Gα), beta (Gβ) and gamma (Gγ) subunits, through
guanosine diphosphate (GDP) to guanosine triphosphate (GTP) exchange on Gα.
This, in turn, causes G protein structural change and the dissociation of Gα and Gβ/γ
heterodimer complex from the membrane-bound receptor, both of which further lead
to the simultaneous activation of various downstream signalling pathways associated
with cell proliferation, invasion and migration, including mitogen-activated protein
kinase (MAPK), nuclear factor (NF)-κβ and signal transducer and activator of
transcription (STAT) pathways, in phosphatidylinositol 3 kinase (PI3K)-dependent
manner [82].

In general, the dissociated, activated Gβ/γ complex is the critical mediator for the
activation of PI3K. The activated PI3K can further stimulate NF-κβ signalling
through Akt activation and MAPK signalling through multiple activation of down-
stream target proteins, including the important intermediates tyrosine-protein kinase
c-Src, Ras and Raf proteins [82]. These signalling can further promote matrix
metallopeptidases (MMPs) activity to promote cellular migration. In a NSCLC
study, the induction of CXCR4/CXCL12 signalling promote cell migration into
pleural space, and therefore causing MPE, through the activation of p44/42
MAPK signalling in PI3K-dependent manner [81]. Furthermore, the activated
p44/42 MAPK signalling following the CXCR4/CXCL12 activation can activate
c-Myc, a critical proto-oncogene transcription factor, to further promote the
upregulation of CXCR4 expression [83].

Interestingly, other ligands that are also available in abundance in the pleura
effusion, such as EGF and LPA, could also increase the expression and concentra-
tion of the CXCR4 and/or CXCL12 to modulate the CXCR4/CXCL12 signalling
axis. EGFR, a tyrosine kinase receptor, via Src could also interact and activate the
CXCR4/CXCL12 axis to phosphorylate the downstream PI3K/Akt and p44/42
MAPK signalling pathways [84]. Mutation and overexpression of EGFR have
been identified in lung cancer cells [85], and its exon 19 deletions and exon
21 L858R common mutations in NSCLC have been highly associated with the
greater incidence of pleura metastasis [86]. In vitro validation of NSCLC cell lines
reported that the activation of EGFR by EGF upregulated the CXCR4 expression on
the cancer cells via PI3K/Akt/mammalian target of rapamycin (mTOR) pathway and
hypoxia-inducible factor (HIF) 1α-dependent transcription of CXCR4 successively
[87]. In addition, EGFR signalling can also induce the activation of various other
downstream targets, such as cytoskeletal proteins (actin, tensin and talin) and Ras
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homologous (Rho) family members (Rho, Rac, and Cdc42), to mediate cancer cell
motility and invasion [88].

Besides that, it has been reported that the expression of both CXCR4 and
CXCL12 can be regulated by lysophosphatidic acid (LPA) [89]. In brief, LPA is
synthesised via the hydrolysis of lysophosphatidylcholine (LPC) into LPA by
autotaxin (ATX). ATX has been reported to be highly expressed in the pleura
mesothelium, specifically in the visceral pleura compared to its parietal counterpart
[90]. In addition to the regulation of CXCR4/CXCL12 axis expression, ATX can
directly involve in the pleura metastasis of lung cancer through ATX/LPA signalling
pathway [91]. Recent in vitro study on lung cancer cell line demonstrated that the
expression of LPA receptor, particularly subtype 2 (LPA2), was highly abundant in
migratory cells derived from A549 lung cancer cells [92]. The synthesised LPA by
ATX binds to specific G protein-coupled LPA receptors in the cancer cells, thus
activating the downstream signalling pathways that modulate the cellular metastatic
capacity [93].

Several miRNAs such as miR-1-3p, miR-144-5p and miR-150-5p have been
identified as potential diagnostic biomarker in pleural fluids of lung cancer patients
when compared to the samples collected from non-cancer controls [41]. However,
the role of these miRNAs in lung cancer with pleural metastasis remains unexplored.
Similarly, another study reported the high level of miR-182 and miR-210 in MPE
related to lung cancer, highlighting their diagnostic potentials [42].

8.5 Liver Metastasis

One of the most common metastatic organs from lung cancer is the liver. Neverthe-
less, single distant metastasis in the liver was less frequent compared to the bone or
brain in lung cancer patients, as multiple organ metastasis have already occurred
upon the diagnosis of liver metastasis [94–96]. Among different subtypes of lung
cancer, SCLC is reported to have the highest frequency to develop liver metastasis as
more than 61% of liver metastasis occurred in patients of this lung cancer subtype
[94, 97, 98]. Furthermore, the median survival time for lung cancer patients that have
liver metastasis was just about 3 months, as compared to brain or bone metastasis
which was up to 7 months [94]. Thus, liver metastasis has much higher risk or
mortality which was shown to be 1.5-fold higher than bone or brain metastasis in
lung cancer patients [6, 99]. Poor prognosis outcome is also reported in liver
metastasis lung cancer patients after chemotherapy, and the exact underlying molec-
ular mechanisms remains to be investigated [100].

8.5.1 ALK and Liver Metastasis in Lung Cancer

Due to the low incidence of de novo liver metastasis, the studies on its exclusive
cellular mechanism and miRNA are very limited. Two independent NSCLC cohort
studies have shown that co-expression of KRAS or EGFR mutations with anaplastic
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lymphoma kinase rearrangements (ALK+) led to higher incidences of liver metasta-
sis [101, 102], suggesting that the direct or indirect signalling interaction between
ALK with MAPK or EGFR signalling could drive the liver metastatic process.

Generally, ALK is a transmembrane receptor tyrosine kinase that are
phosphorylated upon the binding of its ligands, such as pleiotrophin, midkine or
heparin, to activate subsequent signal transductions involving the kinases AKT and
ERK 1/2 [103, 104]. Echinoderm microtubule-associated protein-like 4 (EML4)-
ALK fusion proteins, which resulted from EML-ALK genes rearrangement, are
commonly detected in adenocarcinoma subtype [105], and they play a critical role
in metastasis of NSCLC via directing EMT [106]. The EML-ALK+ NSCLC cells
demonstrated an aberrant, ligand-independent activation of the ALK that further
activated its critical downstream target, Crk-like protein (CRKL). In turn, CRKL
stimulates downstream pathways that modulate cellular motility and migration such
as Ras-Raf-MAPK/ERK and Rac1 signalling [107, 108].

Additionally, it has been described that the presence of KRAS mutation in ALK+
NSCLC cells is responsible for the enhanced metastasis capability and primary
resistance to ALK tyrosine kinase inhibitor, thus complicating the management of
NSCLC patients [101, 109]. Besides ALK/KRAS mutation, EGFR mutation has also
been reported in ALK+ NSCLC cells [109–111]. Importantly, the ALK targeted-
therapy showed a limited activity on co-altered ALK/EGFR NSCLC cells due to
EGFR bypass pathway activation, similarly inducing the downstream signalling
pathways of ALK [112, 113]. Additionally, elevated expression of upstream activa-
tor of EGFR, namely, adaptor protein CIP4 (Cdc42-interacting protein 4) in the lung
cancer tissues, may further aid EGFR trafficking and signalling via coordinating
actin polymerisation to promote migration and metastasis to the liver [114–116].

8.6 Brain Metastasis

SCLC has reported the highest percentage for the incidence of brain metastasis by
subtype, followed by lung AD, LCC and lung SCC, respectively [117, 118]. Increas-
ing cases of lung cancer brain metastasis over the years could be attributed to several
factors, such as a high number of late-stage lung cancer patients, lung cancer patients
with a longer survival period and developments and wider accessibility of neuroim-
aging technology [119, 120].

Upon transmigration of cancer cells into the brain, they are capable of evading
pro-apoptotic cytokine by releasing serpins that allowed them to proliferate
[121]. Subsequently, PI3K and MAPK signalling pathways can be activated as
cancer cells trigger astrocytes to release endothelin-1 (ET-1), leading to cancer cell
survival in the brain [122]. Cancer cells could also express photocadherin-7
(PCDH7) to form a network of carcinoma-astrocyte gap junctions which enable
cancer cells to transfer cyclic GMP-AMP (cGAMP) to astrocytes [123]. Subse-
quently, astrocytes may activate the STING pathway to release inflammatory
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cytokines including interferon-α (IFNα) and tumour necrosis factor (TNF), leading
to proliferation and chemoresistance of metastatic cells in the brain.

8.6.1 Rho/ROCK Signalling and Brain Metastasis in Lung Cancer

Rho-associated protein kinase (ROCK), a downstream effector of Rho GTPase
family, is a serine-threonine kinase that plays a variety of pharmacological roles
such as cytoskeletal reorganisation, cell proliferation, migration and adhesion [124–
126]. ROCK signalling pathway is also known to regulate cellular permeability and
cell junctions in endothelial cells [127]. In the brain, there is a special networking of
endothelial cells called blood-brain barrier (BBB) that guard selective molecules to
pass through and enter the brain [128]. Therefore, the specific underlying
mechanisms on how cancer cells manage to invade and metastasise through the
BBB remain to be elucidated.

As ROCK pathway mediates actomyosin contraction and cytoskeletal
reorganisation to increase cell motility, therefore, during malignancy, ROCK path-
way is upregulated to disrupt the tight junction in BBB to facilitate metastatic cancer
cells to migrate across the BBB [129, 130]. The disruption of tight junction was due
to increment of endothelial cofilin and myosin light chain (MLC) activities with
ROCK activation as its upstream regulator [130, 131]. Their findings were in line
with previous data that reported that ROCK signalling mediates the crosstalk of lung
cancer cells to human brain microvascular endothelial cells (HBMEC), an in vitro
version of BBB [132, 133]. The tight junction disassembly was prevented upon
inhibition of ROCK in NCI-H209 SCLC cells. Also, incubation of HBMEC with
NCI-H209 SCLC cells for 2 h has resulted in the upregulation of endothelial ROCK
activity. In addition, ROCK could also mediate placental growth factor (PLGF)-
induced disruption of tight junction in the brain endothelial cells as no changes to
tight junction occurred upon inhibition of ROCK activity [134]. Since it is a big
challenge to singly predict which lung cancer patient that may develop brain
metastasis, therefore, ROCK signalling pathway may be used as one of the valuable
biomarkers to predict the occurrence of brain metastasis in lung cancer patients.

8.6.2 PI3K/AKT Signalling and Brain Metastasis in Lung Cancer

Previous next-generation sequencing study revealed that PI3K/AKT signalling
pathway is involved in the brain metastasis of NSCLC cases [135]. The PI3K
signalling plays various functional roles such as cell migration, apoptosis, prolifera-
tion and cell cycle regulation [136–138]. It is reported that AKT phosphorylation
(pAKT), the downstream component of PI3K signalling, is capable to induce
activation of other signalling pathways which may promote tumour formation
[139, 140], epithelial mesenchymal transmission (EMT) event [141] and influence
malignancy progression leading to poor prognosis [142]. Hence, the detailed
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mechanism on how PI3K-AKT signalling impacts the brain metastasis in lung
cancer patients needs to be fully investigated.

Increased level of pAKT expression has been associated with the high occurrence
of brain metastasis in NSCLC patients as compared to patients with little to no
expression of pAKT through the Kaplan-Meier and Cox proportional hazard analy-
sis [143]. This elevated AKT activity could be attributed by the single nucleotide
polymorphisms (SNPs) in the AKT1 gene at rs2498804 and rs2494732 and PIK3CA
gene at rs2699887 [143, 144]. Hence, these SNPs could act as biomarkers on the
prognosis of brain metastasis risk among NSCLC patients.

Similarly, miRNAs can act as both promoter and suppressor in NSCLC with
brain metastasis. MiRNAs such as miR-21 [43], miR-330-3p [44], miR-423-5p [45]
and miR-490-3p [46] were reported to promote tumour growth and progression in
NSCLC. Some miRNAs were shown to enhance the growth of both lung and brain
tumours such as miR-328 [47] and miR-378 [48]. On the other hand, miR-95-3p
[49], miR-145 [50], miR375 [51], miR-590 [52] and miR-4317 [53] could inhibit
various tumourigenic processes such as cell proliferation, migration, invasion and
colony formation.

8.7 Bone Metastasis

Bone is one of the most favoured metastatic sites for lung cancer, in particular
NSCLC of the AD subtype with up to 40% of NSCLC patients having bone
metastasis [145, 146]. Previous studies found that the mean interval between diag-
nosis of NSCLC and development of bone metastasis was 8 months and the mean
interval between diagnosis of lung cancer and bone metastasis diagnosis was
4 months [145, 147]. Metastasis is not common in all bone types; pelvic, rib and
vertebrae are the more common metastasis sites while the bones in the hands or feet
rarely occurred [148]. This could be due to several factors such as higher bone
turnover rate, trabecular bone and the presence of vascularisation [149].

In general, bone remodelling, which consists of two primary processes, including
bone formation and bone resorption by osteoblasts and osteoclasts, respectively,
serves as the basis of bone turnover [150]. Osteocytes are another type of bone cells
that are the master regulator of bone remodelling as they control the activities of
osteoblasts and osteoclasts [151]. The imbalance activities between bone-forming
osteoblasts and bone-resorbing osteoclasts result in the dysregulation of bone
homeostasis that influence bone turnover rate, thus promoting tumour growth.

Bone metastasis can be either osteolytic (bone destruction), osteoblastic (abnor-
mal bone formation) or mix of osteolytic and osteoblastic metastases [152]. In brief,
the distinct molecular profiles of lung cancer cells, characterised by elevated expres-
sion of cytokines and growth factors that act as pro-osteoblastic and pro-osteolytic
factors, can promote the development of bone metastasis [153]. In the bone, the
continual bone turnover activity offers a favourable bone microenvironment with an
abundant of growth factors and cytokines, for the localisation and survival of the
primary tumour.

204 A. Aminuddin et al.



Major regulatory pathways involved in osteoblastic metastasis are Wnt [154],
endothelin-1 (ET-1) [155] and bone morphogenetic protein (BMP) pathways.
Proteins secreted by the metastasised tumour cells, such as Wnt, ET-1 and BMPs,
including BMP-2, BMP-6 and BMP-7, promote the activation and proliferation of
osteoblast or inhibition of osteoclast activity, thus maintaining a predominant bone-
forming state [153]. Importantly, the secreted growth factors by the activated
osteoblasts during the bone-forming activity, such as connective tissue growth factor
(CTGF) [156], transforming growth factor β (TGF-β) [157], interleukin-6 (IL-6)
[158] and BMPs [159], are used by the tumour cells to support for their growth and
survival in the bone, thus establishing a continuous cycle of tumour cells and bone
cells interaction in the bone microenvironment for tumour pathogenesis.

Apart from osteoblast and osteoclast involvement, osteocytes can also contribute
to bone metastasis. Increased intraosseous pressure by bone metastasis has been
mimicked in the in vitro setting through the induction of hydrostatic pressure to
osteocytes. As a result, the viability of lung cancer cell lines was promoted together
with increased motility and invasion of cancer cells via the expression of chemokine
ligand 5 (CCL5) and matrix metalloproteases (MMPs) [160].

In lung cancer with bone metastasis, miRNAs such as miR-21 [54] and Hsv-miR-
H9-5p [55] were reported to promote the osteoclastogenesis and tumourigenesis. In
contrast, miR-33a [56], miR-139-5p [57], miR-192 [58] and miR-203 [59] were
found to act as a suppressor in NSCLC with bone metastasis by inhibiting cell
proliferation, migration and angiogenesis.

8.7.1 RANK/RANKL Signalling and Bone Metastasis in Lung Cancer

Importantly, it has been reported that the bone metastasis from lung cancer is
predominantly osteolytic metastasis [161, 162]. Osteolytic metastasis is mainly
regulated by the receptor activator of nuclear factor-κB (RANK)/RANK ligand
(RANKL) signalling pathway [163, 164]. During the development of osteolytic
metastasis, tumour cells release various pro-osteoclastogenic factors, such as para-
thyroid hormone-related peptide (PTHrP) [165], interleukin-11 (IL-11) [166], mac-
rophage colony-stimulating protein (M-CSP) [149] and intercellular adhesion
molecule 1 (ICAM-1) [167]. These proteins in turn promote the upregulation of
RANKL expression on osteoblasts. In brief, RANKL is a transmembrane molecule
expressed by osteoblasts. It acts as a ligand for RANK, a membrane-bound tumour
necrosis factor (TNF) receptor on osteoclasts. The binding of RANKL to RANK
activates the intracellular signalling cascades of precursor osteoclasts, such as
nuclear factor-κB, p38 mitogen-activated protein kinase, cellular Src kinases and
Jun amino-terminal kinases, thus promoting osteoclast differentiation and matura-
tion [153]. The increase in formation and activation of osteoclasts further causes
increased osteolysis or bone resorption.

Osteolysis causes further release of numerous growth factors stored in the bone
matrix, such as TGF-β, BMPs and insulin-like growth factors (IGFs), for vicious
cycle of tumour growth in the bone, thus advancing the bone lesions [162]. The
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interaction of RANK and RANKL can be inhibited by osteoprotegerin (OPG),
which acts as a ‘decoy’ receptor for RANKL and therefore an inhibitor of osteolytic
activity. Thus, the upregulation of RANKL expression is commonly observed in the
lung cancer patients with bone metastasis [168, 169]. Among the lung cancer-related
miRNAs, miR-33a has been reported to specifically reduce the effect of RANKL on
osteoblasts in lung cancer cell lines [56].

8.8 Controversial Role miRNA in Lung Cancer Metastasis

In addition, there are several miRNAs which are controversial and are believed to
play multifaceted role in lung cancer with lymph node metastasis as summarised in
Table 8.1. For example, miR-200c was shown to be significantly associated with
lymph node metastasis and poor clinical outcome [25], while it was reported to
inhibit multiple tumourigenic events in another study [36]. Similarly, two mature
miRNAs, miR-125a-3p and miR-125a-5p (30 and 50 ends of pre-miR-125a), were
reported to associate with lymph node metastasis [37] and inhibit the cell prolifera-
tion and invasion [38] in lung cancer, respectively. MiR-130 is another controversial
miRNA, and it was shown to be downregulated in NSCLC tumour and cell lines, and
inversely correlated with lymph node metastasis [40]. In another study, high
miR-130 level was observed in NSCLC tissues and was strongly associated with
lymph node metastasis and poor prognosis [39].

8.9 Concluding Remarks

The important pathways in different lung cancer metastasis sites have been compre-
hensively covered in this chapter as summarised graphically in Fig. 8.3. More
molecular studies are still required especially on the pleura and liver metastasis of
lung cancer to improve the disease outcome of these patients. We also proposed that
application of miRNA may potentially serve as a diagnostic and/or prognostic
screening for lung cancer with different metastatic sites due to the differential
miRNA profiling. As miRNAs play dual roles in either promoting or suppressing
the oncogenic pathways, they also carry a huge potential in the exploration of
therapeutic targets. This review however could not cover those recently discovered
novel targets and pathways with unclear pathophysiological actions. For example,
transcriptomic analysis of TCGA lung cancer data samples have identified
RN7SL494P gene to be a promising lymph node metastatic marker, but its gene
function and downstream linkage to the proposed JAK-STAT signalling or other
pathways would need to be experimentally verified in a lung cancer setup [170]. All
these exciting molecular discoveries via big data could be the key to open the door
for better therapeutic prevention and treatment of lung cancer metastasis in the near
future.
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Abstract

Recent knowledge of the role of signaling pathways and their underlying
mechanisms in the pathogenesis of several diseases may lead to the development
of therapeutic strategies. In the recent time, several drug molecules have been
developed which target the cell signaling pathways and may be used in combina-
tion with other standard therapies for the synergistic effects in reducing the lung
cancer pathophysiology across the world. Further, some of predictive biomarkers
have been identified. The current chapter deals with the involvement of signaling
pathways in the development of lung cancer and further new therapeutic
approaches that intend to pave the way for the development of improved clinical
treatment of lung cancer.
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9.1 Introduction

Lung cancer is considered as extremely rare disease in early twentieth century [1],
but now lung cancer is one of the most commonly diagnosed cancer especially in a
developed country. The major risk factor for the development of lung cancer is
linked with smoking [2–4]; however, there are cases reported that even nonsmokers
are also diagnosed with the lung cancer thus indicating there are other unknown risks
factors that are also involved with dissimilar molecular markers and posing to
complex etiology of cancer [5, 6]. Worldwide around 1.8 million people are annually
diagnosed with lung cancer, and of them, 1.6 million demise has been reported
[7]. There is increased incidence of mortality rate among patients with lung cancer
which is related to a widespread advanced diagnosis that impedes the restorative
treatment and a low 5-year survival rate, expected at 15% of all phases combined
[8, 9]. Smoking leads to 80–90% of lung cancer cases thus constitute the major risk
factor for the disease development and progression. According to the World Health
Organization (WHO), lung cancer has the following two wide-ranging histological
subtypes: first is non-small cell lung cancer (NSCLC), and second is small-cell lung
cancer (SCLC), which accounts for 85% and 15% of cancer, respectively [10]. Lung
adenocarcinoma (LUAD), lung squamous carcinoma (LUSC), and broad subtypes
of cell carcinoma are included in the category of NSCLC [10].

The signaling pathways with a critical function in cell development, proliferation,
angiogenesis, apoptosis, and metastasis are dysregulated by genomic mutations of
cancer cells [11]. The molecular mechanisms that are involved in lung cancer growth
and progression are complex. Genetic and epigenetic modifications arise after
exposure to chronic inflammation and cigarette smoking, including activation of
various oncogenes and inactivation of the tumor suppressor gene due to DNA
damage caused by oxidative stress. Such changes contribute to the multistep devel-
opment and progression of lung cancer through apoptosis and cell proliferation.
Changes in gene expressions and molecular abnormalities involved in signaling
pathways have been documented in a number of studies, despite the fact that by
changing chromatin structures and the exact articulation of genes, epigenetic
adjustments in the cellular breakdown in the lungs emphatically lead to cell trans-
formation, e.g., modification of histone and chromatin protein and micro-RNA and
DNA methylation, which are all liable for silencing genes that stifle the tumor while
improving oncogene expression. Both genetic and epigenetic pathways associated
with lung tumorigenesis vary among smokers and nonsmokers and go about as
devices for cancer analysis, forecast, and clinical development and focused on
treatments [12].

The firm drop in both occurrence and demise rate has resulted due to the
introduction of programs like “tobacco control,” “low-dose spiral computed tomog-
raphy screening,” and developments of multidisciplinary therapies. However,
52–58%of patients with lung cancer have the advanced-stage disease, and even
through surgery, the immense number of these patients does not recover. Likewise,
due to the elevated relapse rate and early formation of micro metastasis, the
prognosis remains low even in locally advanced diseases [13]. Unveiling of
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mutations involved in cancer and the development of various molecules that target a
crucial enzymes such as tyrosine kinase are one of the most significant therapeutic
developments in the treatment of lung cancer in the last decade [14]. In 2009, the US
Food and Drug Administration (FDA) approved the first drug Erlotinib that targets
selectively epidermal growth factor receptor (EGFR) which is involved in cell
proliferation and development of cancer [15]. Afterward, crizotinib was developed
which is used for NSCLC with anaplastic lymphoma kinase (ALK) through the
inhibition of MET (mesenchymal-to-epithelial transition/hepatocyte growth factor
receptor) having around 70% of response rate, but drug resistance is the common
problem with all the treatment strategies. Therefore, new generation TKIs have been
developed to overcome the drug resistance [16]. Further many novel targets which
have been discovered including EGFR, BRAF, ALK, MET, ROS1, RET, and many
more are under investigation. Next-generation sequencing and cell-free DNA
technologies, in addition to these drugs, have provided quick and suitable methods
for checking for gene mutations and designing targeted therapies [17]. In addition,
personalized medicine has become part of everyday practice, and tailoring care is
becoming a reality for individual patients.

9.2 Epidemiology of Lung Cancers

Overall, the cancer is the second leading causes of death globally [18]. Figure 9.1
shows the different types of lung cancers which are associated with higher mobidity
and mortality accross the world. A dropping degree of economic growth indicates no
disparities in deaths from cancer in men but a higher rate of death in women of lung
cancer compared to developing countries with developed countries.

Early, widespread metastasis; Most
common in heavy smokers

Common; Includes bronchioloalveolar
carcinoma (BAC)

Most often arises in mucous
membrane of proximal bronchi

Rare; Large, rapidly-growing tumors
often located in peripheral lung tissue

Small cell carcinoma
(~~10-15%)

Squamous cell carcinoma
(~25-30%)

Adenocarcinoma (~40%)

Large cell undifferentiated
carcinoma (~10-15%)

Small
cell lung
cancer (SCLC)

Non-small
cell lung
cancer (NSCLC)

Fig. 9.1 Global prevalence of different forms of lung cancers in human
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Females suffering from lung cancer were lagged behind those caused by breast
cancer in developed countries [19]. The prevalence and mortality of lung cancer
were closely related to the trend of cigarette smoking. As smoking rates usually peak
in men first, followed by female lung cancer occurrence and mortality, they
increased in the decades before the start of comprehensive tobacco control programs
(20–22). In developed countries, these patterns have arisen earlier than in developing
countries. The prevalence of lung cancer and death rates in the United States and the
United Kingdom, in fact, has declined since the 1990s. Emerging countries
(BRICS), in comparison, also have high cigarette smoking rates in both men and
women—like Brazil, Russia, India, China, and South Africa (BRICS). They have a
lower cancer rate than developing countries but a rising mortality burden. Coherent
access to healthcare leading to retarded diagnosis and treatment, environmental
infection, and sociocultural challenges are the reasons for this trend [20]. Lung
carcinoma has evolved in the last century from a mysterious dark disease to the
world’s most frequent cancer and cause of death due to cancer. In the late 1840s,
only 22 lung cancer cases were identified [21, 22]. In a study conducted by Siegel
and colleagues in 2010 in reviewed the cancer data and estimated that around
239,320 were new cases and 161,250 deaths were reported with lung cancer in the
United States [23]. The statistics reflects 2007 data and thus possibly underestimates
the present burden of pulmonary cancer. Lung cancer has been the world’s most
prevalent incidence and mortality cancer since 1985. Globally, lung cancer is the
highest diagnosis contributor (1,350,000 new cases and 12.4% of the total new
cases) and cancer death (1,180,000 deaths, with 17.6% of the total deaths). The
United States’ 5-year survival rate for lung cancer is 15.6%, although the survival
rate has risen in the last few decades. In 2012, 1.8 million new cases worldwide were
detected in the most recent global statistical study, with 1.6 million demises in the
same year [24]. This is growing from 1.6 million new diagnoses and 1.4 million
deaths in 2008 from lung cancer. The changing trends and geographic patterns are
different for men and women, as represented in history, particularly variations in
tobacco smoking [25]. In the United States, there were an estimated 234,030 newly
diagnosed lung cancer patients in 2018, a little under a quarter of a million account-
ing for 12.1% of the global cancer burden [26]. Among men, lung cancer is the most
commonly used diagnosis of cancer in Micronesia, with about 1.37 million
diagnoses in 2018 (54.1 per 100,000), in Polynesia (52.0 per 100,000), in Central
and Eastern Europe (49.4 per 100,000), and in East Asia (47.2 per 100,000).
Incidents are normally lower among women than men, with about 725,000 new
cases of lung cancer in 2018 [27]. Behavioural, climate, and genetic hazards are
leading to tumor growth and also affecting the capacity to respond to individual
patients, which are well-reported risk factors for lung cancer. Over the decades, the
low overall 5-year survival rate for lung cancer has changed only minimally [26, 28].

In the United States, the incidence of lung cancer and death rates for men have
decreased, and the number for women first increased to around 2000 and has
decreased ever since [26]. As the incidence of lung cancer among women improved,
women died of lung cancer more than a decade after a decrease in men [29]. More-
over, lung cancer incidence is around 20% higher in black men as compared to white
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men. On the opposite, Asian Americans, Pacific Islanders, and Hispanic women
have the lowest incidence and mortality. In patients younger than 40 years, the
prevalence of lung cancer remains low. It then starts to grow steadily, with peaks
between 65 and 84 years old. The median age of diagnosis of lung cancer in the
United States is 71 years and 90% of the patients are diagnosed after 55 years of age
[29]. Present trends in smoking are a big indicator of potential trends in the incidence
of lung cancer. However, 19% of cases are never-smoking women and 9% are men
in the United States with a rising incidence in young women [30, 31].

9.2.1 Mortality

Global and regional trends of lung cancer-related deaths closely match those
attributed to poor survival and high mortality rates. Since the early 1950s, lung
cancer was the main cause of demise in men, and in 1987 it was the major reason of
deaths in women in the United States [32]. Globally around 1.38 million deaths have
been reported in 2008 (18.2% of the total cases). While lung cancer mortality in the
United States has increased since the 1950s, recent statistics recorded an annual
1.9% decrease in men’s mortality from 1993 to 2005 and 0.9% decrease in women in
the same period [2]. The number of deaths of both men and women from lung cancer
is higher than any other cancer. An estimated 160,340 deaths in the United States
were predicted to occur in 2012, nearly 28% of all deaths from cancer. The rate of
mortality among men started to decline in 1991 and decreased by 2.6% per year from
2004 to 2008; the most recent study indicates that mortal death rates were 61.9 per
100,000 for men. Improvements in the death rate for females from lung cancer were
back in the background but began to decline in 2003 and by 0.9% a year between
2004 and 2008. The most recent death rate for women was 38.5 per 100,000 for lung
cancer. The mortality rate in males and females decreased by around 4% per year
from 2012 to 2016. An estimated 142,670 deaths, or approximately 23.5% of all
cancer-related deaths, were also projected to occur in 2019. The prevalence of lung
cancer, including the highest levels found in the south, is similar in geography.

9.2.2 Survival

While survival advances in recent years have dramatically improved for most other
forms of cancer in the United States, the survival of patients diagnosed with lung
cancer has improved slightly. This lack of progress largely is due to the late-stage
illness that is diagnosed with most patients with unstable survival rates. For both
non-small cell lung cancer (NSCLC) and small-cell lung cancer (SCLC) combined,
the 5-year relative survival rate of all lung cancers is 19%, and NSCLC 5-year
survival (23%) is greater than SCLC (6%). The next wave of lung cancer is the same
despite the high mortality rates and the poor survival outcomes of targeted
medications, and the development of inhibitors of the immune control point shows
long-term survival in patient subgroups. As such, these treatments can play an
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important part in improving lung cancer patient results that contribute to curable
early diagnosis of lung cancer and persistent and management-consistent disease in
advanced and metastatic patients.

9.3 Lung Cancer

Lung cancer is the foremost reason of deaths among all different cancer types [19],
and it is categorized to NSCLC and SLC which accounts for 85% and 15% of cancer,
respectively. NSLC histology presents key features of squamous and adeno cell
carcinoma, along with molecular stratification through the specific DNA mutations
[33]. The identification of NSCLC at early stages and then the surgical resection
offer a favorable prognosis with increased survival rates (5 years) of 70–90% for
small localized tumors (stage I) [34–36]. Despite advancement in the diagnostic
tools and treatments, most of the patients (around 75%) were diagnosed at advanced
stage of disease (stage III/IV) thereby leading to poor survival of the patients [37]. In
2014, it was confirmed by the UK Office for National Statistics that patients have
only a 1-year survival rate of only 15–19%, which were diagnosed with distant
metastatic disease (stage IV), compared with 81–85% for stage [38].

Cigarette smoking is a closely linked, violent neuroendocrine cancer of SCLC.
Patients usually have brief symptoms, and most (60–65%) have metastatic disease.
SCLC is a heterogeneous disease of highly chemical sensitive clones. This is why a
high percentage of patients respond to first-line chemotherapy but quickly succumb
to the disease. Generally, SCLC has a small and comprehensive division into two
levels. Normal restricted stage illness treatment encompasses the four-cycle mixture
of cisplatin and etoposide chemotherapy, early initiated chest radiation, and treat-
ment of prophylactic crane radiation in the subset of successful response patients. In
TNM stages I and II, surgery may play a role. The first-line treatment norm in the
United States is again used in extensive disorders, platinum agents, and etoposide in
combination. But thoracic radiation therapy is primarily used in patients with
essential local control and unclear PCI gain. Despite this, the prognosis appears to
be low, and new treatments are needed in order to improve survival [39]. The
statistics of cancer has shown, however, that the incidence of SCLC has declined
over the last two decades in the United States, along with the decline in cigarette
smoking prevalence among the population. In the year 1980, the average incidence
rate of lung cancer was at 11/100,000 people/year, which was then declined to 8–9/
100,000 people/year by the year 2002. The incidence of SCLC also decreased by
17–20% in the late 1980s as compared to total cases of lung cancer.

SCLC is characterized by a short doubling time, high growth fraction, and widely
distributed metastasis in comparison with non-small cell lung cancers (NSCLC).
Therefore, at diagnosis (defined as the cancer that cannot be able to include in one
single radiation field due to spread of cancer beyond the ipsilateral lung and regional
lymph nodes), 60–70% of patients are suffering from an extensive stage disease
(ES). Recently, the national lung screening test demonstrated the vigorous charac-
teristic of SCLC and its ability to achieve characteristic early hematogenous
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expansion [40]. This study demonstrated the importance of the early detection of
lung cancer for high-risk patients with low-dose computed tomography (CT). Early
detection did not decrease the number of patients diagnosed with ES disease and had
no apparent effect on survival for patients with SCLC in patients who had SCLC
detected (in comparison to patients with NSCLC). Of the 125 patients detected with
SCLC via this early detection program, 86% were diagnosed with advanced disease.
Presently there are no effective diagnostic tools for the early detection of SCLC
based on these findings (insert reference).

9.4 Signaling Pathways Involved in Lung Cancers

In terms of signaling mechanisms, rather than relying on human causes, genetic
abnormalities associated with the risk of lung cancer can be seen. Oncogenes
contribute to malignancy, and the escape from apoptosis are the most stimulating
signaling pathways. The abnormal role of the tumor cells, dubbed “oncogenetic
addiction,” is due to mutated oncogenic proteins [41].

9.4.1 Epidermal Growth Factor Receptor (EGFR)

Approximately 90 recognized tyrosine kinase receptors (RTKs) form a series of
58 ligand-mediated TK cell surface factor growth receptors [42]. Whereas RTK is
strictly regulated in normal rest cells, mutations or deregulated expression can lead to
their role as powerful oncogenes. The prototypical members of four RTKs include
EGFR (ERBB1, HER1), ERBB2 (HER2, Neu), ERBB3 (HER3), and ERBB4
(HER4) [43]. The receptor ERBB comprises of a ligand-binding extracellular
domain, transmembrane segment and intracellular TK domain, and a C-terminal
segment for regulatory applications.TK (59–81% identity) is the largest sequence
homologies among the four genes. The different members are activated by multiple
ligands, including the EGFRs, the growth factor-α transition, and amphiregulin.
Ligand-binding permits the development and the subsequent activation of TK and
transphosphorylation of homo- or heterodimer complexes. In turn, it creates docking
sites for a range of cytoplasmic signals and leads to activation of Ras,
phosphatidylinositol-3-kinase (PI3K) pathway. Multiple tumor types, including
NSCLCs, have been observed to deregulate EGFR. In NSCLCs [44] of squamous
cells and ADC subtypes, Hirsch et al. reported that EGFR protein was overexpressed
(62%) and is often related to adverse prognosis [45]. The RTK cell surface receptor
superfamily acts as a mediator of cell signaling through extracellular factors of
growth. ERBB members of the RTK family gained substantial attention because
of their close interaction with malignant proliferation [46]. The protein kinase and
PI3K/Akt pathways are fundamental signaling networks connecting EGFR to cell
expansion and endurance. In NSCLC (and infrequently in different tumors), EGFR
flagging pathway genes were found to have transformed. EGFR and KRAS
transformations in ~10 30% of NSCLCs were accounted for relying upon the
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topographical position. EGFR changes are connected to ADC histology, Eastern
Asian identity, never-smoking, and female sexual orientation [47]. KRAS
transformations are regularly focused on ADC histology; however, some cases are
unique in relation to EGFR changes, since they are uncommon in East Asia and
happen in guys and smokers all the more frequently. Other pathway EGFR genes, for
example, HER2 (~2%), HER4 (~2%), BRAF (~2%) [22%), and PIK3CA (~4%),
were less habitually recognized in somatic mutations. The changes center around
basic areas of the TK domain related to downstream signaling (exons 18–21) and
include deletion, inclusions, and point-initiating mutation in an assortment of
structures. However, ~85% of mutations are accounted for by two main types:
exon 19 removal and L858R mutation in exon 21 [48]. Figure 9.2 shows the
involvement of EGFR signaling pathway in cancer.

EGFR became one of the first rationally selected molecules for the targeted
therapy as the result of repeated deregulation by EGFR pathway genes in NSCLC.
Although initial approaches have been focused on monoclonal antibodies blocking
the interaction between ligands and receptors, recent approaches have been based on
small molecular reversible TK inhibitors (TKIs). For biochemical responses trig-
gered by this receptor, the TK activity of the EGFR is essential. In the treatment of
advanced or chronic NSCLC, two TKIs and erlotinib have been widely utilized [49].

EGFR mutations have subsequently been found to predict the TKI response in the
same patient with the TK domain. According to the meta-analysis of 1170 patients,
>70% of the EGFR mutations in NSCLCs reacted to TKIs, while 10% of the EGFR
mutations were non-EGFR tumors. Not all active mutations are, however, associated
with the TKI reaction and secondary resistance to a point mutation T790M [50]. Fur-
thermore, insertion mutation is also related to primary resistance in exon 20. Further
studies have shown that after TKI therapy, factors other than EGFRmutations can be
used to assess responsiveness and survival. In a major, unselected study with
adequate controls, the increase in the EGFR gene copy number was associated
with substantial improvement in TKI sensitivity and survival. Moreover, other
EGFR family members may include substantial factors of TKI sensitivity, HER2,
and EGFR3. The clinical discovery of inherent resistance to TKIs by somatic
mutations of KRAS is another complication [51].

Though mutations are aimed at the histology of ADC, protein upregulation in
squamous carcinomas is normal. Autocrine loops resulting from the formation of
ligands by tumor cells and ligand release proteins from the surface of the cells also
constitute additional mechanisms of upregulation. Different methods have shown
that mutations are an early characteristic of the multistage pathogenic phase with a
small field effect on tumors, while an increased copy count is a relatively late tumor
phenotype or metastasis occurrence [52].

9.4.2 Mutations in Other EGFR Signaling Pathway Genes

An enormous number of genes interaction and sub-pathways comprise the complex
EGFR signaling mechanism. One of the well-documented and often activated
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oncogenes, the downstream KRAS that encodes the small, guanosine 50

triphosphate-binding protein, is triggered by missense mutations in several kinds
of human cancers that make it recognize the most common oncogenes activated in
human cancers. In approximately 20% of NSCLCs, mutations of KRAS are
identified, particularly in smokers and ADC [47]. Numerous experiments that
examine both the mutation status of KRAS and EGFR in the same tumors have
shown conflicting KRAS and EGFR mutations. KRAS binds to BRAF, and both the
genes are part of the EGFR cascade. In contrast with KRAS mutations, BRAF
mutations are rarely found in lung cancer (0–3%) [53, 54]. BRAF is a serine/
threonine kinase nonreceptor; however, its kinase domain structure is similar to
other protein kinases, like members of EGFR. Also, in the P-loop or A-loop are
mutations of BRAF, along with several mutations of EGFR. In human cancers, the
V600 mutation of the A-loop is the most common form of BRAF mutation. It is
noteworthy that RET, Ras, and BRAF mutations, as are KRAS and BRAF in
colorectal cancers, are mutually exclusive for thyroid papillary and lung cancers.
These findings show that both lung cancer and other forms of cancer do not require
simultaneous mutations of many genes on the same signal pathways, and one
mutation in one of the four genes may be appropriate. HER2 (ERBB2) is a member
of the EGFR family, and mutations occur periodically in a limited proportion when
amplified in NSCLC (59).

9.4.3 PI3K

PI3Ks comprise of the heterodimer, catalyst, and regulatory subunits of lipid
kinases. Somatic mutation are found in the PI3 K administrative subunit (P85a),
fundamentally in its synergist subunit areas, encoded by phosphoinositide-3-kinase,
catalytic alpha polypeptide (PIK3CA). In numerous human epithelial cancers,
PIK3CA transformations happen, bringing about one of the two most regularly
changed oncogenes (alongside KRAS) found in human diseases [55]. However,
with high rates of glioblastoma and gastric, hepatocellular, and breast cancers,
individual forms of epithelial cancers display considerable variability in their muta-
tional rates, while the rates mentioned in NSCLC are relatively low. Another type of
oncogenic activation is, in addition to mutations, the increased chromosomal copy
number (via amplification or polysomy). In lung cancers (especially CSCs), the area
of chromosome 3q (3q25–27), where there is PIK3CA (3q26), is often amplified.
However, the correlation between PIK3CAmutations and amplification has not been
thoroughly studied [56]. In lung cancers, the functional impacts of PIK3CA, mutated
or intensified, remain unknown. The mutational status of PIK3CA genes using
86 NSCLC, 43 SCLC3 cell lines extrapulmonary, and 691 respective NSCLC
tumors in exons 9 and 20 and the relationship between the alterations of PIK3CA
and the mutational status of EGFR (EGFR, KRAS, HER2, and BRAF) signaling
tract genes. The expression and activity of PIK3CA were also determined, and
results were related to cell growth effects. 4.7% of NSCLC cell lines and 1.6% of
tumors of all major histological types were identified with mutations. In SCC
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(33.1%) the gains in PIK3CA copy numbers were more common compared to
adenocarcinoma (6.2%) or the SCLC (4.7%), respectively. Thus, deregulation of
the PI3 K pathway has been recognized as one of the only known molecular
modifications in SCCs rather than adenocarcinomas. PIK3CA mutations or gains
are present and functional in a subgroup of lung cancers [57]. Figure 9.3 shows the
cascade of P13K, RAS/MAPK, and JAK/STAT signaling pathways involved in
cancer development and as a therapeutic target in the development of new drug
molecules.

9.4.4 p53 Gene

A 53-kDa nuclear protein encodes the p53 gene, located in chromosome region
17p13.1. The protein serves as a transcription factor for DNA injury response,
inhibits the development of cells via the cell cycle in the late G1 phase, and activates
apoptosis. DNA damage is the main phosphorylation signal for p53, which is
catalyzed by the kinase encoded by the ataxia-telangiectasia gene ATM. P53 For
various genes, including p21/WAF1/CIP1, MDM2, GADD45, BAX, and cyclin G,
p53 acts as a DNA-binding transcription factor for many genes. These genes’
activation contributes to apoptosis, cell cycle arrest, and repair of DNA [58]. p53
gene mutations constitute some of the most common cancer-related genetic changes
and cause loss of tumor suppressor function and loss of apoptosis induction capacity.
Benzo(a)pyrene-induced damage from cigarette smoking appears to be related to this
form of mutation. A substantially higher risk compared to nonsmokers for p53
mutations was observed in smokers. Alcohol consumption, however, appears to
have an effect on the incidence of p53 mutations found more commonly in alcohol
drinkers who smoke than in nondrinkers who smoke or in nonsmokers. Missense
mutations in p53 contribute to increased protein half-life, which leads to higher
levels of p53, an immunohistochemistry easily detectable protein [59]. In 40–70% of
SCLCs and 40–60% of NSCLCs, abnormal p53 expression via immunostaining was
reported. There have been several reports that p53 abnormalities have been
correlated with the forecasts of NSCLC patients, but the findings have been divisive
in whether p53 abnormalities affect the prognosis. In patients having
adenocarcinomas, the negative prognostic effect of alterations was very consider-
able, while it was not the same for patients having squamous cell carcinomas
[60]. The incidences of alterations in p53 were smaller than in protein studies in
adenocarcinomas and were substantially lower than those in the case of p53
overexpression and mutations in adenocarcinomas. As a new approach to treatment,
p53 was initiated into clinical studies with direct tumor retroviral and adenoviral
gene therapy, which initially showed positive antitumor reactions. Recent research
analyzed the more benefits of adenoviral p53 gene therapy that has been injecting
directly into tumors in NSCLC first-line patients [61]. There were, however, no
variations in the response rate or survival rate between the p53 treatment group and
the chemotherapy treatment group alone. The systemic performance of liposome
delivery of p53 has recently been demonstrated in lung cancer and must be further
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examined for treating primary and disseminated lung cancer. Vaccine experiments
were also performed with mutant p53 peptides [62].

9.5 Therapeutic Strategies

In the last few years, the 5-year survival has been meager, despite the several
improvements in the treatment of advanced lung cancer. Also, the development of
therapeutic vaccines in lung cancer has been very unsatisfactory, primarily due to the
lack of effective predictive biomarkers. The patients could eventually achieve a
success story if the patient population is better able to respond to therapy. A
revolution in the treatment of lung cancer has come into force with the development
of targeted agents. The following are some of the therapeutic approaches that are
used against lung cancer pathologies.

9.5.1 Immunotherapy

The immune system has a major role to play in tumor progression management.
When tumor-related antigens are detected, it begins to respond appropriately to cells’
removal [63, 64]. However, the cancer cells can resist the sensation of the immune
system and hinder the antitumor’s effects and result in the continuing growth of and
possible spread of cancer in the body. In terms of its interaction with the host
immune system and form of response, immunotherapy has been defined as active
or passive in nature. The active immune response includes humoral and/or cell-
mediated immunity via recombinant cytokines, biochemotherapy, cancer vaccines,
and monoclonal immunomodulatory antibodies (70, 71). Passive immune response,
however, does not require the immune system to be activated; temporary antitumor
activity is characterized by the use of preformed, target-specific, monoclonal
antigens that bind to tumor-associated antigens and activate the immune system
for the clearance of cancer cells. Examples include goal-specific monoclonal
antibodies, oncolytic viruses, and adoptive T-cell therapy (T-cell) therapy [65, 66].

9.5.2 Anti PD-1 and anti-PD-L1

The PD-1, a T-cell surface receptor, is a part of B7-CD28 expressed on T cells, B
cell, natural killer cell (NK), activated monocytes, and dendritic cells [67]. PD-1’s
function in normal human physiology is to restrict the autoimmunity of cells,
including the tumor-infiltrating lymphocytes, as an immune control point expressed
on the surface [68]. The death receptor ligand (PD-L1/B7-H1) and 2 (PD-L2/B7-
DC) [69] are programmed to be used by two ligands. Clinical research has included
multiple agents targeting PD-1 pathways such as “nivolumab” (BMS-936558,
completely human IgG4 anti-PD-1), “lambrolizumab” (MK-3475, humanized
IgG4 anti-PD-1), “MEDI473” (anti-PD-L1), “BMS-936559” (formerly
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MDX-1105, completely man-made anti-PD-L1 IgG4), and “MPDL-3280” (anti-PD-
L1). In separate phase I studies of nivolumab, lambrolizumab, and MPDL-3280,
early effects on NSCLC have been very promising. PD-L1 is uncertain about its
prognostic function. Different studies have shown that better prognostic, worse
prognostic, or no prognostic values are correlated with the expression of PD-L1.
The current application of immunohistochemistry (IHC) methods for measuring
PD-L1 concentrations in tissues may provide an explanation for these discordant
findings. Another alternative is that PD-L1 may actually differ among different
cohorts for lung cancer.

9.5.3 Nivolumab

In patients with solid refractory tumors, nivolumab was tested in a major phase
1 dose-escalation trial. Two hundred ninety-six extremely pre-treated patients (with
advance NSCLC, melanoma, renal cell carcinoma, castration-resistant prostate can-
cer, and advanced colorectal cancer) received doses intravenous nivolumab of
0.1–10 mg/kg every 2 weeks [70]. Responses were evaluated after each 8-week
cycle of treating using RECIST, but care for clinically stable patients should
continue past apparent initial disease progression before progression is confirmed.
Until disease progression or maximum response, patients received up to 12 8-week
cycles. Nivolumab toxicity, including fatigue and diarrhea, was experienced by 14%
of patients with grade 3 or 4 toxicity. It should be noted that three patients had fatal
pneumonitis during this early study. As a result of this complication, the early use of
immunosuppressors is now part of treatment plans, and this seems to minimize
toxicity.

Encouraging signs of efficacy were observed in renal cell carcinoma, melanoma,
and, most shockingly, NSCLC, where about 16% of cases had an objective response,
and 33% were six-month free of tumor progression [70]. In 9 out of 48 patients
(18.8%) with squamous NSCLC and 11 out of 73 patients (15.1%) with
non-squamous NSCLC, responses were noted, indicating activity in both histologic
subtypes [70]. The overall response ratio of 129 patients was 17.2% (16.7% squa-
mous, 17.6% squamous), with a median response period of more than 18 months
[71]. Drug-related adverse effects (any grade) occurred in 71% of NSCLC patients,
with 14% reporting drug-related adverse effects in grades 3–4. In 6% of the patients,
drug-related pneumonitis occurred; 2% of these were grades 3–4, and two deaths
from pneumonitis occurred in NSCLC patients. Present proposed treatment
algorithms for patients with suspected anti-PD-1-related grade 2 pneumonitis
include medication discontinuation, prompt systemic steroid therapy, and empirical
antibiotic consideration due to the difficulties involved in differentiating infective
versus drug-induced pneumonitis [72]. Grade 3–4 pneumonitis includes immediate
pharmaceutical discontinuation, early administration of a high dose of steroids, and
adjunctive immunosuppressive treatment such as infliximab, mycophenolate
mofetil, or cyclophosphamide [72]. Furthermore, to prevent recurrence of the
adverse event, patients may require prolonged tapering of immunosuppression.
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Compared with second-line single-agent chemotherapy for advanced squamous and
non-squamous NSCLC, nivolumab has now entered phase III clinical investigation
as a single agent. A possible marker of response to anti-PD-1 is the expression of
PD-L1 through immunohistochemical tumor cell analysis. Recently published
results using the absence of expression of PD-L1 using these assays do not preclude
the possibility of immunomodulator gain [73, 74].

9.6 Epidermal Growth Factor (EGFR) as a Therapeutic Target

The EGFR mutations and anaplastic lymphoma kinase (ALK) rearrangements are
targeted for the treatment of NSCLCs. Development of some small and highly
effective molecules called tyrosine kinase inhibitors (TKIs), which are administered
orally, has made it possible to replace the standard chemotherapy. The first-line
treatment drugs (TKIs) that were approved for use were erlotinib, afatinib, and
gefitinib, and these are inhibitors of EGFR mutations [75, 76]. Monoclonal
antibodies, such as cetuximab, are also used for the same [77]. Several clinical trials,
including domestic studies, have been performed to check the efficacy of TKIs and
compare them with the platinum-based chemotherapies. Second-generation inhibi-
tor, such as afatinib, is an irreversible binder to EGFR mutant. Some studies have
also been conducted to compare the efficacies of first-generation and second-
generation inhibitors. In a study by Fujiwara et al. [78], there was not much
difference found in the failure time and mPFS between both kinds of drugs (first
and second-generation), while in another study [79], it was found that the mPFS of
afatinib was longer than that of gefitinib but similar to erlotinib. Osimertinib is a
third-generation inhibitor that has been shown to have more impact on EGFR
T790M-positive disease than platinum-pemetrexed, as salvage treatment. Studies
also showed “osimertinib” as more effective than erlotinib or gefitinib for the first-
line treatment.

ALK inhibitors like crizotinib may substantially extend the survival of human
beings having ALK gene mutations as compared to chemotherapy due to longer
duration, faster onset time, and fewer side effects [80]. In a 2017 study, it was shown
that alectinib showed better results than crizotinib as the first-line treatment in
possessing better ability to cross brain-barrier and can be used rather than waiting
until the disease progresses to the CNS.

9.6.1 PK13-Akt Pathway

The phosphatidylinositol-3 kinases, PI3Ks, are a group of proteins that are initiated
by the signaling of receptor tyrosine kinase, and the signaling pathway of PI3K-Akt
is basic for various tumors to create and survive. PI3K is categorized by their
capacity to phosphorylate inositol ring 30-OH group in inositol phospholipids to
produce phosphatidylinositol-3,4,5-trisphosphate (PI-3,4,5-P(3)) [81]. This pathway
is known to play crucial role in the development of various cancer types and can be
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exploited as a major therapeutic strategy in the development of new drugs [76, 81–
84]. Through tyrosine kinase receptors and G protein-coupled receptors, serine/
threonine kinase Akt, one of PI3 K’s most significant downstream targets, can be
initiated [82]. Akt generates oncogenic signals and mediates several cell reactions
including cell development, motility, and separation to survival [84]. The PI3K-Akt
pathway is engaged with the guideline of an assortment of cell pathways, including
the hindrance of supportive of apoptotic proteins, for example, Bad, Bix, and Bid
dependent on phosphorylation and the actuation of against apoptotic proteins
[85]. PI3K inhibitors increment affectability in NSCLC cell lines to apoptosis-
advancing therapeutics and predict in vitro development and formation of the
colony. There are many PI3K inhibitor which can be used in specific combinations
with other cancer drugs to control the development of lung cancer. Downstream, the
serine/threonine kinase mTOR intervenes in the PI3K-Akt pathway, which directs
fundamental cell function, for example, cell development and multiplication. The
PI3K/Akt pathway is involved in the functioning of several new drugs; thus it may
help us in better understanding of the new therapeutic drug targets in future.

9.6.2 Vaccine Therapy

Vaccine therapy is not a very promising way to deal with lung cancer because the
results are not very encouraging despite the fact that clinical trials have played an
important role in bringing light on the fact that what challenges are needed to be
overcome to successfully employ tumor vaccine therapy. At this point, there are
multiple vaccinations present which are approved by the FDA and clinically trialled,
among which most of them are utilized by the NSCLC and a very small portion
being developed for SCLC. Moreover, anticancer vaccines are designed to elicit
antigen-specific immune responses in lung cancer. Tumor/whole-cell vaccines
consisting of either autologous, allogeneic tumor cells, on the other hand, expose
the immune system to a number of tumor antigens that are mostly unknown [86, 87].

Melanoma-associated antigen-A3 (MAGE-A3) is an antigen that is expressed in
35% cases of NSCLCs, with higher levels of expression associated with more
advanced disease and poor prognosis [88, 89]. In the phase II clinical trial,
182 resected early-stage NSCLC patients were injected by recombinant MAGE-
A3 protein to check its efficacy as a therapeutic vaccine [90]. Patients were
vaccinated every 3 weeks for five cycles with MAGE-A3 protein of placebo,
followed by eight vaccinations every 3 months. In contrast to placebo, no statisti-
cally significant period changes in vaccine therapy have been seen or overall disease-
free survival or survival. The MAGRIT trial was a phase III clinical study for the
MAGE-A3 tumor expression in resected NSCLC patients [91]. The trial failed to
achieve its key endpoint, although the vaccine was well tolerated.

TG4010 is a mucin-1 (MUC1) antigen-targeted vaccine consisting of a recombi-
nant vaccine virus (modified Ankara virus or MVA) encoding human MUC1 and
IL-2 (MVA-MUC1-IL-2). The median PFS of the TG4010 group in phase IIb of
TG4010 and first-line chemotherapy for advanced NSCLC (TIME) was 5.9 months
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versus 5.1 months in the placebo group. When the baseline values of CD16, CD56,
and CD56 are taken into account, PFS was substantially improved by the addition of
TG4010 to chemotherapy with CD69 triple-positive activated lymphocytes (TrPAL
value) Q3 (third quartile of TrPAL distribution), while no gain was observed in
patients with TrPAL value > Q3. In patients with non-squamous histology and
TrPAL value per Q3, the highest benefit was noted [92].

“Tecemotide” (L-BLP25) is a liposome-based vaccine which is derived from the
tandem repeat region of MUC1, a peptide overexpressed in NSCLC. Several pre-
clinical studies found that MUC1-directed immunotherapy successfully induced a
cellular immune reaction characterized by T-cell proliferation and production of
IFN-c in a mouse model of NSCLC [93]. The association between overall 1-year
survival and endogenous MUC1 antibodies has also been found in NSCLC patients
[94]. 1513 unresectable NSCLC patients who achieved either stable disease or
objective reactions with either complete or sequential chemoradiation were enrolled
in the START trial. In patients with 8 weeks of treatments per week and then per
6 weeks before improvement, a tecemotide or placebo ratio of 2:1 was assigned.
Although the study has failed to reach its endpoint of better overall survival, the
overall survival rate of placebo was increased compared to the patient subgroup
review of patients with concurrent chemoradiation [95].

9.7 Conclusions and Future Challenges

Although novel therapeutic drug targets continue to emerge, however, the best
current clinical response rate is still not satisfactory. The emergence of novel
molecular mechanisms that are involved in progression of lung cancer and present
treatments may provide an opportunity to put together the recent available informa-
tion from multiple therapeutic approaches for a better understanding of the disease
and future treatment opportunities. A lot of information about the identity of
different types of lung tumors is constantly being collected; however, novel thera-
peutics and improved functional studies are needed to meet the pace of dataset
generation and all the aspects of tumor heterogeneity. The trans-omics strategies
needed to be integrated to establish investigate the new approaches to make an
impact on this devastating disease.
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Abstract

Lung cancer is the leading cause of mortality for both males and females among
all types of cancer. Histologically lung cancer is classified into non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC). Conventional surgery
and chemotherapy are often associated with severe toxicity and multiple drug
resistance among lung cancer patients. Recent advancement of immunotherapy
can elicit immune-mediated destruction of tumor cells. Wide variations of immu-
notherapeutic approaches were undertaken to stimulate immune response against
lung cancer cells including immunomodulators, therapeutic vaccines, and mono-
clonal antibodies, and those were directed towards checkpoint proteins in cancer
cells. Checkpoint inhibitors targeting cytotoxic T lymphocyte-associated antigen
4 (CTLA-4) and the programmed death-1 (PD-1) pathway were employed as
immunotherapy with the achievement of progression free survival and associated
with minimal toxicity among lung cancer patients. Various categories of thera-
peutic vaccines were employed in lung cancer, and those were associated with
improved survival rate and quality of life. Recently, a combination of radiother-
apy and immunotherapy was employed in lung cancer patients and found to be
more effective with no significant generation of toxicity.
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10.1 Introduction

Lung cancer is the leading cause of cancer deaths in the world for both men and
women. According to GLOBOCAN, 2018, the prevalence of lung cancer was
highest (11.6%) among all the cancers for both sexes in the world. Worldwide
data revealed that the number of deaths due to lung cancer was 1,76,11,007
in 2018 among both the sexes for all ages which was highest among all the
cancers (https://gco.iarc.fr/today/data/factsheets/cancers/15-Lung-fact-sheet.pdf).
The 5-year survival statistics for lung cancer has remained unchanged since the
1970s compared to other most prevalent types of cancers including prostate, breast,
and colorectal cancer [1]. Based on histological diagnosis, there are two types: small-
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). Nearly 85% of
lung cancer cases are classified as NSCLC, and majority of the patients were
diagnosed at advanced stage of cancer [2]. NSCLCs are again classified into three
subtypes including adenocarcinoma, squamous cell carcinoma, and large-cell carci-
noma. Most NSCLC were diagnosed as locally advanced or metastatic disease with
stage IIIB and stage IV based on the International Staging System and was
associated with poor prognosis [3]. The median survival of NSCLC was 6 months,
and 5-year survival was 2% [4]. 40% 5-year survival rate was attained after complete
surgical resection, and it is the best option for treatment. But unfortunately, 75% of
the lung cancer patients are diagnosed with advanced or metastatic disease which is
unsuitable for surgery [5]. Apart from surgical resection, platinum-based chemother-
apy was employed in NSCLC patients, but such treatment was often associated with
severe toxicity and multiple drug resistance [6]. Therefore, searching for alternative
and complementary treatments is an essential concern to reduce the side effects of
chemotherapy.

Molecular basis of carcinogenesis and improved understanding about lung cancer
biology can help to overcome the therapeutic plateau for the treatment of advanced
stages of NSCLC. Currently, research efforts were focused on developing novel
agents that target signaling pathways relevant for lung cancer. Molecular-targeted
therapies, such as erlotinib and crizotinib for a limited group of NSCLC patients
harboring specific EGFR mutations, had improved median overall survival [7]. But,
popular EGFR or HER-2 therapies may not be sufficient to address this treatment
regimen [8]. Unfortunately, for a large group of NSCLC and SCLC, molecular
alterations are not available which could be associated with targeted therapies.

Recently, a broad class of therapy termed as immunotherapeutics has been
developed which can elicit immune-mediated destruction of tumor cells. Previous
studies have found that lung cancer cells can evade the immune system by the loss of
major histocompatibility complex expression, downregulation of molecules relevant
for inhibition of T-cell activation, and secretion of cytokines related to immunosup-
pression. Another important part of the immune system is to use immune checkpoint
proteins in cells, which need to be activated or inhibited to start an immune response.
Cancer cells mostly use these checkpoints to escape the attack by the immune
system. Different immunotherapeutic approaches were undertaken to stimulate
immune response against various types of cancer including immunomodulators,
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therapeutic vaccines, and monoclonal antibodies, and those were directed toward
checkpoint proteins in cancer cells. Checkpoint inhibitors targeting cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) and the programmed death-1 (PD-1)
pathway were recently employed as immunotherapy with achievement of prolong
clinical responses with minimal toxicity among lung cancer patients. This article
summarizes the types of immunotherapeutic agents for NSCLC and SCLC.

10.2 Immune Checkpoint Blockade in NSCLC

Like the conventional way of dealing with any shrewd element in our body, cancer-
specific neo-antigens derived from tumor cells are too phagocytosed and processed
by antigen-presenting cells (APCs) such as dendritic cells (DCs). Next, DCs flag the
processed antigens onto major histocompatibility complex (MHC) class I molecules,
resulting in the activation of T lymphocytes. Then the activated CTLs, after receiv-
ing the “tip” from APCs, hurl through blood vessels and infiltrate the deadly tumor.
Finally, CTLs identify cancer cells through the interaction between the T-cell
receptor (TCR) and the cancer-specific antigen and kill them by immune attack.
Immune checkpoints are regulators of activation of immune reaction that have a key
role in maintenance of immune homeostasis and autoimmunity prevention. They are
very necessary to maintain self-tolerance and protect the host from tissue damage.

In cancer, immune checkpoint mechanisms are often activated to subdue
antitumorigenic effects. This has led to the development of many checkpoint
inhibitors that are currently under clinical trials, while some of those have already
been approved to treat a number of cancers [9]. Here, we briefly describe the
mechanism of action of some major immune checkpoints and their inhibition
strategy by immune checkpoint inhibitors (ICIs).

10.2.1 CTLA-4

To clamp its inhibitory effects on T cells, cytotoxic T lymphocyte-associated protein
4 (CTLA-4) utilizes both signaling and non-signaling mechanisms. CTLA-4 block-
ade induces immune responses that are dependent on CD4+ T cells and also inhibits
the immunosuppressive function of regulatory T cells (Tregs), as these cells express
this immune checkpoint protein constitutively [10]. Two monoclonal antibodies
targeting CTLA-4 are ipilimumab and tremelimumab which had been designed to
promote antitumor immune response by T-cell activation and proliferation. Subse-
quently, ipilimumab in the case of advanced NSCLC had been tested both as
monotherapy and in combination with standard chemotherapy [11]. Both the cases
showed significantly prolonged tumor response and overall survival (OS) with a
manageable safety profile [12, 13]. Similarly, tremelimumab had shown a much
higher progression free survival (PFS) of 10.3 months than carboplatin or platinum-
based chemotherapy (PFS ¼ 6 months) [9].
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10.2.2 PD-1/PD-1L

In contrast to CTLA-4, Programmed cell death protein 1 (PD-1) mostly regulates
activity of effector T cell within both tissues and tumors as opposed to regulating
T-cell activation in lymphoid organs [10]. While CTLA-4 mainly targets naïve T
cells, PD-1 is expressed on mature T cells in peripheral tissues and the tumor
microenvironment. It is also expressed on non-T-cell subsets like B cells, profes-
sional APCs, and natural killer (NK) cells. Like CTLA-4, PD-1 is highly expressed
on Tregs and enhances proliferation and suppressive activity when bound to ligand
[10]. PD-1 has two ligands, PD-L1 (also known as B7-H1 and CD274) and PD-L2
(also known as B7-DC and CD273). PD-L1 interacts with the CTLA-4 and CD28
ligand, CD80, to block T-cell proliferation by sending an inhibitory signal through
CD80 [14]. The functions of PD-1 and PD-L1 on tumor cells are illustrated in
Fig. 10.1.

Four ICIs, namely, nivolumab and pembrolizumab (anti-PD-1 antibodies);
atezolizumab and avelumab (anti-PD-L1 antibodies) were approved for the treat-
ment of advanced NSCLC patients in Japan, the USA and the European Union (EU).
Single-agent treatment with docetaxel (DOC) in NSCLC patients associated with
significant survival benefits in two landmark phase III trials (TAX317 and TAX320)
[15, 16]. Several randomized controlled trials (RCTs) were conducted to evaluate the
efficacy of ICIs (nivolumab, pembrolizumab, atezolizumab) in comparison with
DOC [17].

Fig. 10.1 (a) The interaction of PD-1 receptor on T cells with PD-L1 on tumor cells promotes
T-cell anergy and tumor escape. (b) Interactions between tumor cells and activated T cells. CTL-4:
T lymphocyte-associated antigen 4; PD-1: programmed cell death-1; APC: antigen-presenting cells;
MHC: major histocompatibility complex; TCR: T-cell receptor
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National Comprehensive Cancer Network (NCCN), the International Association
for the Study of Lung Cancer (IASLC), College of American Pathologists (CAP),
and the Association for Molecular Pathology (AMP) shared guidelines, and they
recommend that the PD-L1 expression should be tested in patients [18, 19] As a
result, phase III study on Keynote 024 was done in 305 patients with previously
untreated advanced NSCLC, harboring above 50% PD-L1 expression on biopsy.
They were randomized to either pembrolizumab- or platinum-based chemotherapy.
The result showed that pembrolizumab significantly longer PFS and OS than other
chemotherapy. Pembrolizumab is now the first-line treatment for advanced NSCLC
in patients with PD-L1 expression more than 50%. It can also be used in the second-
line treatment for advanced or unresectable NSCLC cases where the situation has
progressed despite platinum-based chemotherapy [20, 21].

One of the promising approaches to improve the efficacy of these therapies is
combinatorial therapy. These include more than 250 combining therapeutic agents
targeting CTLA-4 and PD-1. Combinations can be achieved with novel agents
targeting other costimulatory molecules (e.g., TIM3, LAG3). Recent studies indicate
that PD-1 inhibits CD28 signaling in addition to proximal signaling elements of the
TCR complex [22]. CTLA-4 CD28+ primarily attenuates activation of T cells by
limiting costimulation. These findings indicate that dual blockade of CTLA-4 and
PD-1 therapy is adequate to elicit unique cellular responses compared with either
monotherapy [23].

10.2.3 TIM3

It is a glycoprotein with extracellular immunoglobulin and mucin domains. T-cell
immunoglobulin mucin 3 (TIM3) is expressed on a number of cells like activated T
cells as well as tissues such as the liver, kidney, spleen, intestine, thymus, lung,
muscle, and brain [24]. TIM3 plays an important part in CD8+ T-cell exhaustion,
regulates NK cells and Tregs. Additionally, in CD8+ T cells co-expressing TIM3
and PD-1 leads to greater deterioration in cell cycle progression and cytokine
production compared to CD8+ T cells expressing PD-1 alone [25]. A study in
NSCLC tissues showed that more than 60% of Tregs was TIM3-positive and was
associated with nodal metastasis and advanced-stage disease [26]. In addition, TIM3
blockade improved the cytotoxicity of NK cells, and it is being considered as a
promising target for immunotherapy in lung cancer [27, 28].

Two anti-TIM3 antibodies (TSR-022 and MBG453) are under the clinical trials
(NCT02817633 and NCT02608268). In combination with anti-PD-1 antibodies as
well as independently, both of the drugs showed affirmative response (Table 10.1).

10.2.4 LAG3

Lymphocyte activation gene 3 (LAG3) is a member of the Ig superfamily that plays
an important part in lymphocyte homeostasis. LAG3 (CD223) is a CD4 homolog
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(Triebel et al. 1990). Similar to CD4, MHC II is the only known ligand for LAG3.
LAG3 is also critical for dampening T-cell immune responses. LAG3 specifically
blocks CD8+ effector T-cell functions and enhances the suppressive activity of
Tregs [29, 30].

Anti-LAG3 antibodies have proven to be effective in activating T effectors and
immune response. As PD-1 and LAG3 are very often co-expressed on anergic T
cells, dual blockade of these receptors has proven to reverse the anergy in a chronic
infection scenario [31]. LAG3 knockout mice show less severe autoimmune effects
than CTLA-4 and PD-1 knockout animals [32]. Burova et al. [33] showed that the
treatment with a combination of antihuman PD-1 and antihuman LAG3 in mice
enhanced antitumor efficacy. This confirms that LAG3 may play a subtle role in
regulating T-cell function [34]. A preclinical study revealed that blocking LAG3
significantly increased CD4+ T-cell proliferation in a manner that relied on the
presence of IL-2 and signal transducer and activator of transcription (STAT)-5. It
also inhibits Treg induction [35].

In humans, LAG3 has been observed in surgically removed NSCLC tumors and
was associated with PD-L1 expression. Moreover, a positive correlation of LAG3
expression with early recurrence and poor prognosis was also found [36]. Till now,
an anti-LAG3 monoclonal antibody (BMS-986016) was put under scrutiny in two
clinical trials in advanced lung cancer (Phase I NCT02966548 and phase I/IIa
NCT01968109) alone or in combination with an anti-PD-1 antibody [11].

10.2.5 KIRs

Killer cell inhibitory receptors (KIRs) are a large clan of glycoprotein receptors that
primarily bind MHC I molecules and inhibit NK cells [37]. In addition to NK cells,
these receptors are also expressed specially on CD8+ T cells and APCs [38]. KIRs
contain 2–3 Ig ectodomains (2D and 3D) and varying lengths of cytoplasmic tails:
long (L) and short (S).

Table 10.1 Ongoing studies of selected ICIs in lung cancer NSCLC

Checkpoint proteins Blockers with trade names Class

CTLA-4 Ipilimumab (Yervoy®)
Tremelimumab

IgG1 mAb
IgG2 mAb

PD-1 Pembrolizumab (Keytruda®)
Nivolumab (Opdivo®)

IgG4κ mAb
IgG4 mAb

PD-L1 Atezolizumab (Tecentriq®)
Avelumab (Bevancio®)
Durvalumab (Imfinzi®)

IgG1 mAb
IgG1 mAb
IgG1κ mAb

TIM3 TSR-022 (Cobolimab®)
MBG453 (Sabatolimab®)

IgG4 mAb
IgG4 mAb

LAG3 BMS-986016 (Relatlimab®) mAb

KIR BMS-986015 (Lirilumab®) IgG4 mAb
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Interestingly, tumor cells expressing HLA-I in lesser quantities blinds the T cells.
As they cannot recognize tumor antigens without HLA-TCR complex, immunolog-
ical escape is promoted. At the same time inhibitory KIRs on T and NK cells exerts
lower tumor-specific cytotoxic activity. A study on 62 NSCLC patients [39] had
shown that patients with negative KIR expression on tumor cells had a significantly
longer overall survival (OS) than patients with positive KIR on tumor cells. The
most advanced anti-KIR monoclonal antibody (lirilumab) recognizes KIR-2DL-1,
KIR-2DL-2, KIR-2DL-3 and can hinder the interaction with its HLA-I ligands
[40]. Another trial (NCT01714739) with a monoclonal antibody (BMS-986015) is
on and is in its last phase. A phase I study of lirilumab and ipilimumab combination
in advanced NSCLC has been completed and efficacy was established
(Fig. 10.2) [11].

10.2.6 Immune-Related Adverse Effects (irAEs)

Immune checkpoint inhibitors sometimes come with adverse side effects. Collec-
tively they are called “immune-related adverse events” (irEAs) which appear
depending on the inhibiting agent, type of malignancy, and individual’s susceptibil-
ity. It had been reported to have serious irEAs as high as 27%, 16%, and 55% with
the use of anti CTLA-4 and anti-PD-1. For instance, the use of anti CTLA-4 therapy

Fig. 10.2 Major immune checkpoints in lung cancer and their blockades. MHC: major histocom-
patibility complex; APC: antigen-presenting cell; TCR: T-cell receptor; CTLA-4: cytotoxic T
lymphocyte antigen 4; PD-1: programmed cell death-1; PD-L1: PD ligand 1; TIM3: T-cell
immunoglobulin-3; GAL9: galectin-9; LAG3: lymphocyte activation gene 3; KIR: killer cell
immunoglobulin-like receptor; KIRs: killer cell inhibitory receptors
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has been associated mostly with colitis, hypophysitis, and rash; on the other end
pneumonitis, thyroiditis, arthralgias, and vitiligo come more often with anti-PD-1.
Some other noteworthy side effects were fatigue, vitiligo, epidermal necrolysis,
eczema, skin blistering, hepatitis, and pancreatic abnormalities resulting type 1 dia-
betes, hypothyroidism, and many more linked to vital organs [41].

10.2.7 Early Detection and Prevention of irAEs by Imaging

Although irAEs can involve any organ system, clinical expertise with ICIs has
unearthed a crucial role for imaging to evaluate a few specific adverse events. For
PD-1/PD-L1 inhibitors, imaging can evaluate and monitor pneumonitis. For CTLA-
4 blockers, imaging is important to diagnose hypophysitis. Often, chest radiography
is the first imaging test performed as it is cheap and widely available. Radiography
and chest CT may reveal the pre- and posttreatment condition like autoimmune-
mediated pneumonitis. World Health Organization (WHO) criteria and the revised
Response Evaluation Criteria in Solid Tumors (RECIST1.1) are two commonly used
standards to measure therapeutic response [42]. It is useful for follow-up of any drug
failure and required change in therapy. As the drugs differ from conventional
cytotoxic chemotherapy in both treatment response and related adverse events,
radiologists must be knowledgeable regarding the tumor response pattern and
common adverse events associated with this novel therapeutic approach [43].

10.2.8 ICIs on Elderly People Having NSCLC

Unfortunately, the older segment of the population remains underrepresented in
NSCLC clinical trials, and most of the evidence comes from selected study
populations. Aging comes with decline and impairment of immune function
(immunosenescence). Different data had shown that expression of PD-1 and
CTLA-4 hampered with age. Furthermore, it is well-known that modulation of
different checkpoint molecules due to exhaustion of T effector cells and a decline
in Treg cells are observed in senescence. These data suggest that elderly patients may
have a peculiar response to immune checkpoint-targeting therapies [44, 45]. The
approved drugs are advised to be administered as consolidation therapy after chemo-
RT in unresectable stage III NSCLC expressing PD-L1 at levels 1%. Data regarding
elderly population of these molecules was limited as most studies have involved a
small number of elderly patients. Immunosenescence may play a central role in
irAEs as well.

10.2.9 Influence of Prognostic Factors

The assessment of requirement of any specific ICIs can be confirmed by looking at
the associated biomarker expression status of a patient. For instance, tumor
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mutational burden (TMB) can be a potential biomarker as high TMBs, treated with
pembrolizumab, showed higher objective responses (ORs) and PFS, than those with
low TMBs in NSCLC [46] (CHECKMATE-227 clinical trial). This approach
showed a potential clinical benefit for patients treated with anti-PD-1/PD-L1 drugs
[47, 48]. CTLA-4 seems to be associated with FoxP3 upregulation which in turn
increases TGF-β production and again promotes FoxP3 expression [49]. This mech-
anism is also implicated in the conversion of naive T cells to Treg cells, thus
inducing immune suppression [50]. Some highly or poorly proliferative tumors are
resistant to ICIs. So assessing the expressivity of proliferation-related genes by
RNA-seq data in biopsies stands out as a promising strategy for improving clinical
decision making [51].

10.2.10 Influence of Probiotics on ICIs in NSCLC

Bifidobacterium promotes antitumor immunity and enhances the efficacy of ICI
[52]. A study done over a period of 4 years and 5 months among 118 Japanese
people with NSCLC revealed the potential positive influence of probiotic Clostrid-
ium butyricum therapy (CBT) on ICI efficacy. In NSCLC, C. butyricum reduced
systemic Th17 cells in mice which were associated with invasion and migration of
cancer cells and cancer stem cell-like properties by STAT3 signaling [53]. Antitumor
immunity promoting Bifidobacterium facilitated efficacy of ICIs significantly if used
in combination with probiotic CBT and clindamycin [54, 55]. It was also suggested
that combination therapy of probiotic CBT and antibiotics could potentially improve
responses to immune checkpoint blockade (ICB) therapy [56]. These findings
provide a rationale for combining immunotherapies with probiotics that manipulates
commensal microbiota which may improve the efficacy of ICB in lung cancer
patients [57].

10.3 Vaccination Strategies in NSCLC

Application of vaccines in cancer is an obvious extension of their utility, but the
journey toward the ultimate goal is not so easy [58]. Nowadays, various evidences
have been reported for the development of different types of vaccines against
NSCLC tumors to improve quality of life.

10.3.1 Types of Vaccines and Their Mechanisms of Action

The concept of vaccine against cancer originated from the identification of aberrant
proteins, expressed by tumor cells, which are also called tumor-associated antigens
(TAAs) and can be classified into fetal antigens (normally absent in healthy people)
and overexpressed normal proteins. Several vaccination strategies have been exam-
ined for the treatment of NSCLC, which are as follows:
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10.3.1.1 Whole-Cell Vaccines
Belagenpumatucel-L is a whole-cell vaccine, which was prepared by using four
different cell lines (one squamous cell carcinoma, one large-cell carcinoma, two
adenocarcinoma) with a plasmid containing transforming growth factor β2 (TGF-β2)
antisense transgene. TGF-β suppresses the activity of natural killer cells, cytotoxic T
lymphocytes (CTLs), and dendritic cells and effectively shuts down the antitumor
immune function. It also has the capacity to convert the immature T cells to
immunosuppressive regulatory T cells by inducing the transcription factor forkhead
box P3 (FOXP3). High TGF-β2 levels are related with poor prognosis in NSCLC.
Belagenpumatucel-L helps in depletion of the amount of TGF-β2 in the tumor
microenvironment and thereby immunity against the tumor is restored. Various
studies demonstrated that the phase II clinical trials showed the safety and efficacy
of belagenpumatucel-L in patients with NSCLC. Phase III trials demonstrated an
overall survival benefit in several subgroup of patients, but further studies are
required in order to select patients who will be the main beneficiaries of this vaccine
[59–65].

10.3.1.2 Protein- and Peptide-Based Vaccines
Along with whole tumor cell vaccines, the use of proteins or peptides is one of the
strategies for the treatment of cancer, but it has several limitations. It requires co
administration of adjuvant to stimulate the immune system because cancer antigen
shows low immunogenicity which exerts low response rate [66–69]. Besides this the
absence of proteins exclusively expressed in cancer cells increased the risk of
triggering autoimmune responses. Antigen proteins present as complex glycosyla-
tion patterns, which are difficult to purify.

Despite this, several protein vaccines had been developed for the effective
treatment against NSCLC. The melanoma-associated antigen A3 (MAGE-A3) is a
specific tumor antigen which was exclusively expressed in various types of tumor
cells but not in normal cells. MAGE-A3 protein is expressed in several types of
cancer including 35% of NSCLC. The rate of expression of this protein is related
with disease progression and also associated with poor prognosis. Among all types
of NSCLC, MAGE-A3 is found mostly in squamous cell carcinoma. The MAGE-A3
vaccine consists of a fusion protein of MAGE-A3 and Haemophilus influenzae
protein D combined with an immunoadjuvant. Administration of this vaccine had
shown positive results, although not clinically effective [64, 69–71].

Another therapeutic vaccine TG4010 based on a viral vector Ankara virus is an
attenuated vaccinia virus which was genetically modified to encode the mucinous
glycoprotein-1 protein (MUC-1) and interleukin 2(IL-2). MUC-1 is a transmem-
brane protein normally found on the apical surface of cells. MUC-1 is overexpressed
in many types of malignancies and under glycosylated or aberrantly glycosylated
which can uncover epitopes on the peptide core that may act as a tumor-associated
antigen. MUC-1 is abnormally expressed in half of all NSCLC and inhibits physio-
logic T-cell proliferation. Due to immune suppression, high levels of serum MUC-1
are associated with poor survival. Its glycosylation pattern on the abnormally
expressed MUC-1 in NSCLC makes it an attractive target for immunotherapy. But
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vaccine based on entire MUC-1 protein did not exert notable positive results in
several clinical trials [63, 64, 69, 72–74]. Another vaccine BLP25 liposome vaccine
(L-BLP25) also designed to target MUC-1, and it can induce cellular immune
response, which may lead to immune rejections of tumor tissues that express
MUC-1 antigen. But there were no notable results as such [63, 75, 76].

The CIMAvax-EGF is a conjugated anticancer vaccine of epidermal growth
factor (EGF) and P64 protein derived from the meningitis B bacteria and Montanide
ISA 51 as adjuvant that was developed entirely in Cuba. EGFR overexpression can
trigger malignant transformation of normal cells, metastasis, angiogenesis, cell
proliferation, anti-apoptotic signals and invasiveness. This is overexpressed in
squamous malignancies including NSCLC. Targeted therapy with EGFR gene
mutation is commonly associated with treatment among NSCLC. This vaccine
showed immune responses against a molecular driver of cancer cell EGF and
block cancer cell proliferation. After phase II trial, it was found to be safe and
immunogenic in advanced NSCLC patients. After phase III trial, this vaccine shows
overall survival, safety, and immunogenicity. Its administration was approved in
Cuba, Venezuela, and Peru for stage IIIB and IV NSCLC patients after a first line of
chemotherapy, but some studies revealed that CIMAvax-EGF along with PD-1
inhibitors nivolumab gives better outcomes for patients with advanced NSCLC
[63, 77–83].

10.3.1.3 mRNA Vaccines
At first, research on vaccines was focused mainly on DNA rather than RNA because
of the power of stability. Gradual appearance of drug delivery nanosystem and safety
of mRNA in terms of mutagenicity and ease of internalization favor mRNA vaccines
[69, 84, 85]. RNActive® CV9201 is one of the promising vaccines available in this
category, which consists of mixture of five NSCLC-associated antigens that activate
the immune response after the extraction of dendritic cells and subsequent delivery
to the patient or after the direct administration of mRNA [69, 84]. After phase Ib
clinical trial, this vaccine is associated with better immune response in over 65% of
patients, but the strength of response varies between patients [69, 86].

Most vaccines were reported to be safe and well tolerated for humans but with
poor benefit of response rate, overall survival, and progression free survival. Cur-
rently several trials are now ongoing with various categories of vaccine. For NSCLC
patients, new designs are now being explored such as vaccine plus chemotherapy,
vaccine with immune checkpoint inhibitors, vaccine plus chemotherapy, and
immune checkpoint inhibitors.

10.4 Immunotherapy in SCLC

SCLC is a form of neuroendocrine tumor which is traditionally classified into limited
stage SCLC (LS-SCLC) and extensive stage SCLC (ES-SCLC) [87]. SCLC is
commonly known for its aggressive behavior, rapid doubling time, growth, and
distant sites [88, 89]. Besides these, alterations in chromosome 3p and mutations in
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RB1, TP53, RASSFI, MYC, FGFR1, and PTEN were reported to be associated with
tumor progression [90, 91]. The following immunotherapeutic strategies were
employed in SCLC patients.

10.4.1 Immune Checkpoint Inhibitors in SCLC

10.4.1.1 CTLA-4
A single-arm, non-randomized phase II trial was performed in United Kingdom back
in 2011–2014, and the efficacy of ipilimumab was being evaluated [92], and
ipilimumab with standard chemotherapy was found to be beneficial in case of
ES-SCLC patients.

10.4.1.2 PD-L1/PD-1
Back in the period 2013–2015, a ½ phase multicenter trial was conducted among
ES-SCLC patients where the patients are treated with nivolumab plus ipilimumab
[93]. Nivolumab monotherapy and nivolumab plus ipilimumab were clinically
effective, and an acceptable safety profile was identified among ES-SCLC patients
[94]. Data on distribution of PD-L1 expression in SCLC across various stages are
very limited in patients. But PD-L1 expression seems to lower in advanced stage
than in early stage among SCLC patients [95, 96] and also than in NSCLC [97, 98].

10.4.1.3 CD 47
CD 47 is integrin-associated protein (IAP) which is also a multifunctional counter-
receptor for signal regulatory protein alpha ligand (SIRPα) and also associated with
cellular responses, proliferation, and cellular migration [99–101]. It is also known as
a key anti-phagocytic molecule that renders tumor cell resistance to host-immune
surveillance [99, 100]. CD47 is a cell surface molecule that is present in higher
amounts on SCLC cell surfaces [88]. In the case of SCLC, blockade of CD47/SIRPα
axis by monoclonal antibody was used as a potential immunotherapeutic
strategy [102].

10.4.2 Ongoing Clinical Trials

10.4.2.1 IMpower 133
IMpower 133 was under first trial with positive results in first-line treatment of
ES-SCLC. This was a phase III, double-blinded, randomized, placebo-controlled
trial where addition of atezolizumab’s efficacy and safety had been evaluated
in ES-SCLC patients who did not receive conventional chemotherapy
[103]. Atezolizumab is a humanized monoclonal antibody of IgG isotype against
PD-L1 protein [103]. Results showed that atezolizumab along with carboplatin and
etoposide provided a significant improvement in OS and PFS among ES-SCLC
which set the new standard of care in this particular scenario. Keynote 604 trial was
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much similar with IMpower 133, and it focused mainly on the OS and PFS of
patients with ES-SCLC [104].

10.4.2.2 CheckMate 331 and CheckMate 451
CheckMate 331 was under phase III randomized trial where the use of nivolumab
along with chemo-topotecan in the case of relapsed SCLC was assessed
[105]. CheckMate 451 was under another trial to assess the OS and PFS of patients
with nivolumab as monotherapy or with addition of ipilimumab as first-line mainte-
nance therpy [106].

10.4.2.3 Keynote 028 and Keynote 158
Keynote 028 was under a Ib phase trial to evaluate potentiality of pembrolizumab in
ES-SCLC patients. Pembrolizumab is an IgG4 isotype antibody targeting PD-1
receptor of lymphocytes and enhancing immune response to cancer evasion. Result
indicated the promising antitumor activity in ES-SCLC patients [107]. Keynote
158 was also under phase II trial to prove beneficial efficiency of pembrolizumab,
and the outcome of this trial was safe and satisfactory [108]. Pembrolizumab was the
first FDA-approved immunotherapeutic agent with a recommended dosage of
200 mg and applied intravenously as monotherapy [109].

Though various targets were identified (PD-1/PD-L1, CTLA-4, CD47), and
various trials are ongoing, but the endpoint of all these are not satisfactory up to
the mark, and they remain efficient in the early stages of the disease. For those
limitations, further study should be focused on different biomarkers, and innovative
trials with combination of immunotherapy and radiotherapy may be explored as a
new strategy.

10.5 Combination of Radiotherapy and Immunotherapy
in Lung Cancer

Radiotherapy is known as an effective treatment for cancers including lung cancer.
Apart from only radiation, chemotherapy combined with radiation showed signifi-
cant results in some cases of lung cancer. It was also reported that by Yuan and
colleagues that combination of radiotherapy and immunotherapy potentially over-
come resistance to immune checkpoint blockade [110, 111]. Apart from the tumor
size regression, data also suggested that combined therapy also doesn’t have any
significant additive toxicity in the case of lung cancer [110, 112, 113].

10.5.1 Combined Therapy Trials

Following are the list of ongoing combined therapy clinical trials:
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10.5.1.1 Keynote 001
This trial involved 97 patients in which 24 patients received thoracic radiotherapy.
The approximate median interval between radiotherapy and immunotherapy was
nearly 1 year. PD-1 inhibitor pembrolizumab was used to block systemic immune
responses. In this trial, significantly longer PFS and OS were observed. But a higher
frequency of pulmonary toxicities was also observed (63% of all patients). A
subgroup treated with extracranial radiation therapy showed remarkable results
and registered as an effective strategy [114, 115].

10.5.1.2 Pacific Trial
The trial was conducted with 713 patients which were analyzed after sequential
immunotherapeutic treatment. Platinum-based chemotherapy was given to those
patients 1–42 days prior to initiation of immunotherapy. IgG1-PD-L1 inhibitors
with durvalumab were administered in patients with stage III NSCLC which were
not progressing after the chemoradiation [116]. As a result, a higher frequency
of low-grade pulmonary toxicity was also observed in patients who received
chemoradiation earlier. Based on the data, the US FDA approved durvalumab on
31 July 2017 as a therapeutic agent for NSCLC patients [115–117]. Both Keynote
001 and pacific trials showed excellent results and significantly increased median
progression free survival.

10.5.1.3 Bevacizumab
Vascular growth factor plays an essential role in tumor angiogenesis in NSCLC
[118–121]. The most studied inhibitor for VEGF is bevacizumab which showed
increased PFS and OS in patients with non-squamous NSCLC [118, 119, 121] when
combined with standard cytotoxic chemotherapy. But this combination also showed
a high incidence of tracheoesophageal fistula formation [116, 117]. There are so
many ongoing trials which evaluate bevacizumab with other platinum-based com-
bined therapy and other targeted agents like erlotinib and ramucirumab [118, 119,
121].

10.5.1.4 Caspian
This is an ongoing phase III trial which investigates the effect of durvalumab with
standard radiotherapy in 795 patients and associated with significantly high PFS and
OS [122]. Durvalumab is an FDA-approved IgG1κ monoclonal antibody against
PD-1/PD-L1 [122].

10.5.1.5 Meru
This is a phase III trial with the use of Rova-T in 740 patients with four cycles of
first-line platinum doublet chemotherapy. Rovalpituzumab tesirine (Rova-T) is an
experimental antibody drug conjugate targeting protein DLL3 in tumor cells
[123, 124].

254 P. Mandal et al.



10.6 Conclusion

Large numbers of clinical trials are ongoing on immunotherapeutic agents in lung
cancer. Promising immunotherapeutic agents like checkpoint inhibitors are
associated with greater survival rate among lung cancer patients. Antigen-specific
therapeutic vaccines were also found to be effective to augment the immune
response. Combined therapy with radiation and immunotherapy has become the
most useful tool till today in the lung cancer scenario. Increasing knowledge in
molecular signaling pathways, evaluation of potential inhibitors, and more clinical
trials can overcome the drug resistance and toxicities in normal cells in future.
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Abstract

Out of all the cancers, lung cancer is the most devastating causing mortality
worldwide out of which ~90% of deaths are from non-small-cell lung cancer
(NSCLC). Early diagnosis and ineffective traditional therapies lead to poor
prognosis and percent survival in patients suffering from lung cancer. Redox
signalling enacts a crucial role in controlling numerous disease biology and
cellular signalling pathways. Lately, nanomedicine (application of nanotechnol-
ogy in biology and medicine) has been revealed to normalize the growth of
cancer. With the dawn of robust proteomics and sequencing techniques,
immunohistochemistry and identification of novel conclusive biomarkers cou-
pled with improved understanding of the molecular mechanisms regarding cancer
are quintessential for targeting redox biology. Herein, a detailed overview of the
recent advances in therapeutics includes nano-strategies over conventional thera-
peutics for targeting redox biology thereby affecting the various cell death
mechanisms.
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11.1 Introduction

Cancer is portrayed as an aggressive and one of the deadliest diseases, prophesied to
be the prime cause of mortality and the major hindrance to increase life expectancy
in the next few decades. In 2018, International Agency for Research on Cancer
released a status report approximating 18.1 million new cancer cases and 9.6 million
cases of cancer-related deaths worldwide [1]. The recent futuristic trends predict the
uninterrupted increase in new cases in the next 10 years. To overcome the maladies
of the traditional cancer treatments including surgery, radiotherapy and chemother-
apy, there is a need to have a paradigm change in the therapeutic regimen to
substantially enhance the efficacy in the clinic. Alternative approaches for
diagnostics by cancer imaging with simultaneous therapy are not only safe but
economical too [2].

11.2 Types of Lung Cancer

Lung cancer can be widely categorized into two main types depending upon the
histologic representation: (1) small-cell lung cancer (SCLC) and (2) non-small-cell
lung cancer (NSCLC). Among them, NSCLC is the most common type that accounts
for about 80–85% of lung cancer cases, while the remaining 15% has small-cell lung
cancer. However, SCLC is more destructive, and if left untreated it reduces the
patient survival with mean survival rate of 4 months. The cause of life-threatening
lethality of SCLC is its fast metabolism, early metastasis and fast proliferation rate.
SCLC is decorated with neurofilaments and neurosecretory vesicles owing to its
origin from neuroendocrine tumours. Adenocarcinoma is the most communal type
among the NSCLC and originates in the mucus-producing gland cells in the airway
lining. In addition to this, it has been observed that several other aspects counting
genetic modification (ROS1 genes, MET, ALK), familial predilection to lung cancer
and Helicobacter pylori infection create a small class of lung cancer initiators
[3]. Another one that roots in the flat cells covering the surface of airways and
develops adjacent to centre of lung is known as squamous cell carcinoma. However,
currently none of the lung cancer types are druggable.

11.3 Waging a War on Cancer by Redox

Almost five decades ago, a war was declared by the National Cancer Act to fight
cancer, cure still eludes and the intensity worldwide is unstoppable. Despite the
advancements in overcoming this dreadful disease, the treatments are limited by the
stringent success rates. Chemotherapy proves an ultimate pharmacological barrier to
be conquered that can pave the way for future drug diagnostics, delivery and
discovery. Essentially the twentieth-century biological revolution has paved the
way to comprehend cancer by understanding the pathophysiology, the diagnosis,
treatment and prevention; still, the complete holistic cure remains a serious challenge
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and eliminating the patient suffering a far-reaching, unmet goal. Further, owing to
improved life expectancy ensuing a demographic transferral in the direction of
senior population globally, coupled with age-related rise in cancer occurrence, this
disease definitely embodies a foremost health dare of our period [4].

Therapeutic revolutions have been accomplished in numerous areas counting
urogenital oncology aiming testicular cancer and paediatric oncology aiming child-
hood leukaemia where chemotherapeutic intermediation can nowadays result into
remarkable survival rates [4]. Contrariwise, slight advancement has been crafted in
the chemotherapeutic treatment of another crucial cancers comprising glioblastoma,
pancreatic cancer and metastatic melanoma where currently no effective chemother-
apeutic treatments are offered and survival of patient is calculated in months after
diagnosis [5].

11.4 Reactive Oxygen Species (ROS)

ROS is the main arbitrators of redox deregulation and cellular oxidative stress
implicated in cancer instigation and advancement, and in recent time it has been
arisen as an encouraging aim for discovery of anticancer drugs; widespread research
has recognized a relevant contribution of redox modulations in cancer advancement,
mainly for oncological signs with reduced possibilities for successful treatment, that
includes pancreatic carcinoma and metastatic melanoma [6, 7]. Nowadays, this is
extensively acknowledged that constitutively enhanced oxidative stress levels in
cells coupled with need of anti-apoptotic and mitogenic ROS-signalling in tumours
signify specific susceptibility that allows selective targeting by pro- and antioxidants
that may act directly or indirectly and modulators of redox balance that together will
be discussed as redox chemotherapeutics. This chapter will impart an update on
target recognition, drug discovery and mechanisms of action of investigational redox
chemotherapeutics with prominence on mediators that have illustrated effectiveness
in innovative preclinical animal models and nowadays progressed into human
clinical trials.

11.5 Reactive Oxygen Species (RNS) and Reactive Oxygen
Species (ROS)

11.5.1 ROS as Signalling Molecules

ROS are defined as chemically reactive molecules containing oxygen that comprise
of superoxide anion (O2�), hydrogen peroxide (H2O2) and hydroxyl radical (OH•).
These radicals are identified as toxic molecules and deterrents for diseases like
cancer [8]. Nowadays, ROS can perform as signalling particles to normalize various
biological and physiological reactions such as proliferation, growth factors signal-
ling and acclimatization to hypoxia is extremely appreciated [9, 10].
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11.5.1.1 H2O2-Mediated Oxidation of Cysteine
H2O2 is a distinct biomarker mediating its signalling through cysteine oxidation
within proteins to alter their functions [11–13]. H2O2 further stimulates P13K/Akt
survival pathway by impeding the activity of phosphatases (such as PP2A, PTP1B,
PTEN), and reversibly oxidizes the crucial cysteine thiol groups (84, 78). Besides,
during hypoxia H2O2 mediates the oncogenic steadiness of HIF-1α protein through
prolyl hydroxylase domain protein-2 (PHD2) oxidation [14]. H2O2 first reversibly
oxidizes the thiolate anion (S�) within target proteins into sulfenic form (SO�), that
can consequently create reversible sulfenic-amide (S-N) or disulphide (S-S) bonds,
resulting in a modified protein conformation, leading to altered activity and may
shield the target protein from irreversible oxidation of cysteine. The thioredoxin
(TRX) and glutaredoxin again reform the reduced S� by their enzymatic activity. At
high level of H2O2, the additional H2O2 molecules further oxidize the SO� inter-
mediate (hyper-oxidation) to produce the sulfonic (SO3�) and sulfinic (SO2�) acid.
The SO3� formed here usually signifies an irretrievable oxidative alteration [12].

11.5.1.2 H2O2-Mediated Signal Transduction
Despite of widespread multi-compartmental cellular antioxidant system, how H2O2

oxidizes the target proteins so unambiguously and proficiently is still uncertain. The
mechanisms of facilitated oxidation are alluring, as the manifestation of extremely
reactive antioxidant system makes the direct oxidation of aimed proteins by H2O2

dubious. The first mechanism to stimulate the oxidation of aimed proteins is known
as redox relay that exploits the capability of scavenging enzymes to distinguish
H2O2 signal [15]. It is a two-step mechanism where H2O2 oxidation is first received
and then transferred to the aimed proteins by scavengers enzymes (for instance,
GPX, PRX) and has been described in mammalian cells as well (PRX2-STAT3)
[16]. In recent times, proton spread has been illustrated to upsurge the
responsiveness of GAPDH to H2O2 [17]. The second mechanism is ‘flood-gate
model’ where phosphorylation and hyper-oxidation lead to inactivation of scaveng-
ing enzymes that further the accumulation of H2O2 for oxidation of aimed protein
[18]. The stimulation of growth factor receptor causes a surge in production of
NOX-derived H2O2 and Src kinase activation ensuing PRX1 inactivation through
phosphorylation [18]. Similarly, in mitochondria, ROS stimulates inter-membranous
Lyn (Src family) and Syk kinase pathway to regulate cellular routes including cell
cycle regulation, metabolism and transcription [19]. Moreover, possibly oxidized
scavengers can be recycled to their reduced form and the signal transferred to the
target protein via thiol comprising molecules such as reduced TRX or GSH [20].

11.5.2 ROS Promotes Pro-tumourigenic Signalling

Literature survey suggests the pro-tumourigenic function of ROS by stimulating
MAPK/ERK and PI3K/Akt/mTOR signalling cascades. Oncogenic Ras triggers
ROS generation from NOX4 to boost multiplication [14]. In a majority of cancers,
ROS causes oxidation and inactivation of phosphatases (PTP1B, PTEN) thus
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ensuing hyper-activation of PI3K/Akt/mTOR survival pathway [21–23]. Moreover,
ROS production further intensifies the mutation of Akt thereby encouraging tumour
proliferation and survival [24]. ROS can further stimulate MAPK/ERK
pro-proliferative signalling and activation of growth factor receptor by oxidizing
and inactivating MAPK phosphatases [25]. In lung cancer, mitochondrial ROS
(mROS) through the MAPK/ERK pathway controls Kras-prompted anchorage-
independent growth of cancer cells. Besides, reduced levels of ROS interruption of
the mitochondrial respiratory chain leads to abridged tumourigenesis [26]. The
transcription factors such as NRF2 (master regulator) and NF-κB that boost the
expression of antioxidant system to dodge the ROS-mediated tumour cell death and
to avert the build-up of ROS by intensifying flux via pentose phosphate pathway
(PPP) to produce NADPH can also be activated by ROS to trigger cancer cell
survival [27]. Furthermore, ROS supports cancer metastasis, angiogenesis and
inter-related processes that can lead to poor prognosis. With the proliferation of
tumour, the vascular supply becomes inadequate, the regions within the tumour
become hypoxic and glucose levels drop thereby further enhancing the ROS levels.
To sustain proliferation and survival under extreme conditions, the tumour cells
undertake metabolic adjustments like AMPK activation, HIF stabilization and
one-carbon metabolism pathway instead of PPP (as glucose level drops) to promote
NADPH generation and conserve redox equilibrium [28, 29].

11.5.3 ROS Promote Anti-tumourigenic Signalling

As the elevated ROS levels cross threshold, cell cycle ceases leading to senescence
and cell death [30]. ROS-mediated cell death may happen via ASK1/p38 and ASK1/
JNK signalling pathway activation too [31]. The inactivated ASK1 interconnects
with reduced thioredoxin (TRX), though H2O2 promoted TRX oxidation resulting in
ASK1 disconnection and stimulation, with continuous stimulation of MAP kinase
MKK3/MKK6/p38 and MKK4/MKK7/JNK pathways prompting the inhibition of
anti-apoptotic factors [32, 33]. Various studies indicated that deactivating mutations
in JNK and p38 pathway suggest that these signal transduction pathways stimulate
tumour cell death [34]. The initiation of JNK and p38 signalling pathways by ROS
can also help cells to obstruct cell cycle and prevent cell division [35]. Therefore,
distressing the ROS modifying pathways can be a possible therapeutic strategy for
quashing metastasis and cell multiplication [36, 37]. When the cancer cells lose their
cell-cell adhesion and are cut off from extracellular matrix to cross the basement
membrane to finally come in contact with the oxidizing environment of blood, the
ROS level further elevates [38]. Cancer cells then promote their antioxidant system
by one-carbon metabolism pathways and by enhanced production of NADPH in
mitochondria through isocitrate dehydrogenase-1 (IDH-1)-mediated reductive car-
boxylation, to back anchorage liberated metastasis and growth [22]. The level of
ROS beneath the threshold for cell death is essential for tumour cells to advance into
metastasis and invasion.
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11.6 ROS as Targets for Effective Cancer Therapy

Any possible reason that causes depletion of ROS scavengers or elevation in
production of ROS places the cell in a condition of oxidative stress. Pathophysiology
of cancer involves oxidative stress, moreover increased ROS level as a result of
aerobic glycolysis trailed by oxidation of pyruvate in mitochondria (Warburg effect),
induction of oxidizing enzymes or growth factor-dependent pathways, enhanced
oncogene and receptor activity prompt genetic uncertainty [39]. Additionally, high
intracellular ROS levels can impair DNA, proteins and lipids, and this capability has
been exploited to be the therapeutic window for anticancer therapy.

11.6.1 Cellular Pathways

11.6.1.1 Apoptosis (Type 1 Programmed Cell Death)
Apoptosis is a tightly regulated caspase-mediated programmed cell death that can be
induced by various intrinsic, and extrinsic stresses like DNA damage, ROS and RNS
have relevance in cancer therapy [40]. Cells undertaking apoptosis exhibit several
biochemical and morphological attributes like membrane blebbing, cell shrinkage,
nuclear fragmentation and condensation of chromatin leading to formation of apo-
ptotic bodies that are scavenged by macrophages thus minimizing destruction to
neighbouring cells and tissue [41]. Apoptosis can be triggered by ROS through
pathways such as endoplasmic reticulum stress-stimulated pathway, mitochondria-
dependent pathway or death receptor-dependent apoptotic pathway. ROS can induce
all forms of DNA damage such as DNA cross-linking, strand breakage, proteins and
base modifications that are related with cancer beginning and expansion [42]. Indeed,
mitochondrial ROS forms the bulk of the intracellular ROS generated that entails
opening of mitochondrial permeability transition pore (PTP) by disrupting the
membrane of mitochondria, consequently hampering the mitochondrial electron
transfer chain, prompting cytochrome-c (Cyt-c) release. In cytosol, Cyt-c together
with procaspase-9 and apoptotic peptidase-activating factor-1 (Apaf-1) forms
‘apoptosomes’ resulting in caspase-9 activation that further causes stimulation of
effector caspases (caspase-3), which causes breakage of cellular proteins and even-
tually apoptotic cell death [43]. H2O2 may trigger either caspase-independent or
caspase-dependent apoptosis. Most of the caspases are inclined to oxidation (H2O2)
at their catalytic site, the cysteine residue, while caspase-3, procaspase-3 and
procaspase-9 are sensitive to S-glutathione. Undeniably, one of the most vital, potent
and direct inducers of apoptosis among the ROS groups is H2O2 [44].

11.6.1.2 Necrosis
Necrosis is a disrupted cell death, a bioenergetic devastation that takes place in the
absence of nuclear condensation, unlike apoptosis. The morphological features of
cell undergoing necrosis include distension of cellular organelles, random DNA
degradation, loss of plasma membrane integrity and release of molecules like LDH
and HMGB1 in the microenvironment generating an immune response
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[42, 45]. Necrosis can be triggered by broad range of stresses or stimuli such as
infection, trauma, calcium and ROS (mitochondrial or non-mitochondrial)
[46, 47]. As, necrotic cell death occurs at low ATP level unlike apoptosis and
autophagy, it is usually known as ‘passive distortion’ of cell [48]. Necrotic cell
death mostly occurs in core of solid tumours as they develop hypoxic condition, are
devoid of nutrient supply and start downregulating programmed cell death by itself.
Due to development of necrotic core inside the tumour, necrosis is considered as
having tumour-promoting functions due to release of danger-associated molecular
patterns (DAMP), for instance, HMGB1 in the surrounding space thus stimulating
immune response and promoting tumour advancement. Contrarily, apoptosis can act
as tumour-suppressor, while autophagy is known to have both tumour-suppressor as
well as tumour-promoting potential depending upon the cellular situation [45, 48,
49].

11.6.1.3 Necroptosis (Type 3 Programmed Cell Death)
Necroptosis is a greatly controlled mechanism of cell death that can be activated by
death receptor (TNF) signalling, interferon receptors (IFN), toll-like receptors
(TLR), ROS and pathogens [50]. Necroptosis is limited by mixed lineage kinase
domain-like protein (MLKL) and receptor interacting protein kinases (RIPK1,
RIKP2). Unlike apoptosis, necroptosis generates an inflammatory response due to
release of cellular content into the surrounding tissue [51]. With the onset of stress
stimulus (ROS), RIPK1 gets activated, and when the level of both RIPK1 and
MLKL is adequately elevated and caspase-8 is defective or absent, necroptosis is
induced by the phosphorylation of RIPK3 that further recruits and phosphorylates
MLKL, followed by the formation of a core complex termed ‘necrosomes’ (RIPK1,
RIPK2 and MLKL). The necrosome then translocates to the plasma membrane
causing rapid disruption of plasma membrane that initiates inflammation by releas-
ing cytokines [41, 52]. Necroptosis and ROS through metabolic signalling can form
a positive feedback loop. Both mitochondrial (oxidative phosphorylation) and extra-
mitochondrial ROS (NOX1) facilitate RIPK1 autophosphorylation at S161 that leads
to RIPK3 recruitment and induction of necroptosis. RIPK1 can stimulate ROS
generation by elevating ATP and blocking adenine nucleotide translocate (ANT),
whereas RIPK3 stimulates ROS generation by modulating enzymes such as pyruvate
dehydrogenase (PDH) activation by glycogen phosphorylase that stimulate oxida-
tive respiration and by necrosome formation, glutamate ammonia ligase
upregulation along with glutamate dehydrogenase-1 to yield ROS [53, 54].

11.6.1.4 Autophagy (Type 2 Programmed Cell Death)
Biologically, autophagy is a self-degradative process that can be induced by several
metabolic insults including elevated levels of ROS, hypoxia, drug treatment, organ-
elle damage and ER stress. The role of ROS in induction of autophagy to kill cancer
cells is well documented [55, 56]. However, despite being recognized as cell survival
practice, autophagy can act via tumour-suppressor mechanism causing cell demise in
caspase-independent manner. This specifies the possibility of ROS being the signal-
ling target for survival associated to autophagy [57]. Currently, the possibilities of
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application of ROS-mediated autophagy in therapeutic approaches for cancer treat-
ment are being explored [58]. A complete set of autophagy-associated genes (Atg)
and mammalian target of rapamycin (mTOR) kinase signalling pathway regulates
the process of autophagy. H2O2-induced oxidation of autophagy-associated 4A
cysteine peptidase (ATG4), crucial for the de-lipidation of the ATG8 protein causes
stimulation of autophagy. The inactivation of ATG4 by H2O2-induced oxidation
consequently directs the elevation in production of LC3-associated autophagosomes
[58]. In contrast, ROS-dependent autophagy is controlled by AMP-activated protein
kinase (AMPK) pathway also. The AMPK activation by ataxia-telangiectasia
mutated (ATM)-serine/threonine kinase-mediated oxidation inhibits mTORC1; a
crucial negative regulator of autophagy thus ensues induction of autophagy. More-
over, activation of AMPK pathway can be regulated by oxidative stress through
AMPKK phosphorylation (AMPK kinase) that surges H2O2 production thereby
triggering apoptosis [58]. Furthermore, the expression of autophagy-related genes
(p62/SQSTM1 or ATG6/BECLIN1) can be modulated by transcription factors like
NF-κB that leads to ROS-dependent autophagy in cancer [59, 60]. Thus, it can be
hypothesized that increased levels of ROS, and its modulation stimulates autophagy
in tumour cells (Fig. 11.1).

Fig. 11.1 Cellular pathways regulating cell death
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11.6.2 Molecular Pathway

Anomalous intracellular signalling is a prominent contributor to lung cancer, causing
mutation and activation of oncogenes, coupled with genetic enhancement of critical
proteins altering signal transduction pathways. Recent advancements in assessing
the molecular mechanisms of lung cancer help conceptualize specific turnover
conditions in signalling networks that support tumour oxidative microenvironment
by stimulating cell proliferation, hijacking the death signals and their ability to repair
damages.

11.6.2.1 MAPK
Apparently, three well-known subfamilies of mitogen-activated protein kinases
(MAPKs), namely, extracellular signal regulated kinases (ERKMAPK, Ras/Raf1/
MEK/ERK), c-Jun N-terminal kinases (JNK) and p38MAPK are critical. Constitu-
tive expression of these activated signal transduction pathway is quintessential
hallmark of cancer progression, genetic mutation or epigenetic modification that
leads to the initiation and metastatic spread of lung cancers. MAPK pathway
regulates the physiological mechanisms of cell death and survival, potentially
cross-talks with multiple effector molecules of signal transduction pathway.
MAPK is conventionally regulated by the stimulation of a series of three conserved
protein kinases via phosphorelay cascade [61]. Reportedly, mutations in upstream
activators such as Ras are sensitive for ROS generation and intertwined with redox
signalling. Recently reports suggest that 90% mutations in lung cancer are caused by
Kras that activates the RAS/RAF/MEK/MAPK pathway and downstream activator-
MYC (cell proliferation regulator) [62]. Overexpression of EGFR receptor (phos-
phorylation and tyrosine kinase) is a critical metabolic regulator for cancerous cells
as enhanced intracellular activity results in aberrant cell multiplication, angiogene-
sis, invasion and metastasis in NSCLC, having a frequency of 40–89% [63]. Occur-
rence of BRAF mutation by atypical signalling of EGFR/ALK rearrangement has
appeared in 2–4% in NSCLC [64]. Basically, effector molecules impacting MAPK
pathway recruited in lung tumourigenesis include p38 MAPK, ERK1/2 and
MMP-12(matrix metalloproteinases) – a downstream substrate of MAPK, along
with other biomarkers such as COX-2 and p53.

11.6.2.2 FOXO Transcription Factors
The Forkhead box-O (FOXO) is a wide group of transcription factor that regulates
decision of cell fate. FOXO is well characterized as a tumour-suppressor, by its
ability to control cell proliferation, angiogenesis, cell death, cell migration, metasta-
sis and ROS scavengers [65]. Antagonist mechanisms regulating normal cell activity
include (1) insulin growth factor signalling via PI3K/Akt pathway inhibitory activity
of FOXO protein. Since PI3K/Akt pathway is in an inactive state (via PTEN or PI3K
inhibitors), it results in nuclear localization of FOXO, thereby promoting cell death.
Also, (2) JNK-mediated pathway is activated by ROS generation that further
mediates the nuclear translocation of FOXO, leading to the progression of transcrip-
tion and tumour-suppressing activity. (3) Proteosomal degradation of FOXO by
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poly-ubiquitylation regulator (14–3-3 protein) [66]. Aberrant activity of FOXO
proteins (loss of PTEN or by activation of RTK) in an apoptosis pathway clearly
gives an edge to lung cancer cells to survive despite elevated oxidative stress. Earlier
reports suggest the constitutive overexpression of Akt in NSCLC cells, making it the
most prevalent indicator in NSCLC irrespective of the independent of tumour phase.
In murine lung cancer model, it is reported that inhibiting PI3K pathway triggers
FOXO and redirects the expression of p27KIP1 [67]. Emerging reviews suggest the
atypical activity of FOXO1, FOXO3, FOXO4 and FOXO6 that are responsible for
the migration, invasion and metastasis of lung cancer. In context to tumour micro-
environment, upregulation of tumour-associated fibroblasts to promote
tumourigenesis and migration in lung cancer have been observed [68].

11.6.2.3 Keap1-Nrf2 System
The Keap1-Nrf2 system is a prominent defensive driver against ROS (electrophile).
Nuclear factor erythroid 2-related factor-2 (Nrf2) is a dominant transcription effector
providing the maintenance of cytoprotective genes. While its negative regulator
Kelch-like erythroid cell-derived protein with CNC homology (ECH)-associated
protein-1 (Keap1) produces ubiquitin E3 ligase with CUL3, the Keap1-CUL3
complex ubiquitinates leads to degradation of NRF2 under normal condition
[69]. If subjected to the positive outcomes from NRF2 function, it often can hijack
by cancerous cells. The somatic germline mutations that involved in Keap-Nrf2
pathway such as KEAP1, CUL3 and NRF2 genes rapidly occur in the lung cancer.
Thereby constitutive activation of NRF2 is a prevalent factor observed in NSCLC
and strictly associated with tumour development [70]. The emergences of recently
studied data from NSCLC tumour samples have also reported that NRF2 and
KEAP1 mutations are mutually exclusive but related with different physiologies.
Recent advancement in treating cancer displaying aberrant activation of NRF2 and,
consequently, in clinical medicine NRF2 inhibitors re-emerged as a promising
therapeutic approach for lung cancer (Fig. 11.2) [71].

11.7 Exploiting ROS for Lung Cancer Nanotherapeutics

Exploiting nanotechnology for cancer nanotherapeutics necessitates the urgency to
overcome the limitations of conventional therapeutic strategies against lung cancers.
Nanoscale therapeutic agents include liposomes, polymeric, metal and bio-based
nanoparticles [72]. Furthermore, NPs do exhibit multifunctional properties such as
imaging, diagnostics, therapeutics and sensing that may help choose benefits to
exploit nanomaterials for multifaceted biomedical applications in lung cancer
theragnostic. A schematic representation depicts the approaches (Fig. 11.3).
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11.7.1 Nanotheranostics for Lung Cancer

11.7.1.1 Lipid-Based Nanoparticles (Liposomes)
Liposomes are artificially generated bilayer vesicles that can be surface engineered
by attaching polyethylene glycol (PEG). Lin et al. reported a twin ligand (anti-
carbonic anhydrase IX (anti-CA IX) antibody and CPP33) altered liposomes
encapsulated with triptolide designed especially for pulmonary delivery of triptolide.
The bio-toxicity was evaluated by apoptosis. Penetration of tumour and progress
inhibition efficacy of liposome were then established by means of 3D tumour
spheroids [73]. Similarly, Makale and co-workers in 2010 reported
Dox-encapsulated PEGylated liposome having a dextran core, comprising FeO for
MRI contrast to established a vigorous imaging capability of NPs in murine model
(Lewis) of lung cancer [74].

11.7.1.2 Polymeric Nanoparticles
For the development of a stable nanotheranostic drug delivery system, polymeric
nanoparticles offer a stage for insertion of therapeutically potential drug/gene/
proteins, an imaging compound and a suitable targeting moiety. Chitosan, alginic
acid, gelatin, poly(ε-caprolactone) (PCL), poly(lactide-co-glycolide) (PLGA) and
polylactic acid (PLA) are the most regularly used polymeric systems in the lung
cancer therapeutics. PLGA has been verified as a prospective carrier molecule for
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lung cancer treatment, as PLGA microspheres encapsulated with endostatin were
prepared by Wu and Wang [75]. Simultaneous delivery of cytotoxic and
antiangiogenic drugs exploits their synergistic effect for effective NSCLC treatment.
Sengupta et al. [76] reported PLGA NPs coated with bi-phospholipid consisting of
doxorubicin-PLGA conjugation and combretastatin mixed with phospholipid
forming the outer lipid bilayer. Nguyen et al. further reported the effective transfec-
tion in human lung epithelial (H1299 luc) cell lines with tertiary-amine-engineered
PVA attached over PLGA for siRNA delivery [77].

The cationic nature of chitosan facilitates binding and transport of nucleic acids in
lung cancer cells. Okamoto et al. reported the efficacy of low molecular weight
chitosan to deliver pCMV-Luc gene into lung cancer cells and then delver in a mice
model via nasal administration [78]. Chitosan-dextran-based delivery system
fabricated by Ventura et al. has proved its efficacy in delivering gemcitabine to
NSCLC cells [79].

11.7.1.3 Metal Nanoparticles
In the existing world, metal nanoparticles frequently contaminate our water, food,
medicine and cosmetics, because they are extensively utilized in a diversity of daily
appliances. These metal NPs also have use in lung cancer therapy and diagnosis such
as gold nanoparticles (AuNPs) that have been used for the treatment of lung cancer
and diagnosis-theranostics. A photothermal therapeutic hollow Au/Ag NPs with a
dendritic morphological structure has been used in treatment of A549 cells.

Fig. 11.3 Diagrammatic representation of nanotheranostics for lung cancer therapy
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Biomolecular assay for detection of biosensors and biomarkers for tumour iden-
tification can be effectively achieved by silica nanoparticles. This strategy may be
exploited for biomedical applications, like drug/DNA delivery substances in cancer
therapy due to its biocompatibility and fast renal clearance [3].

11.7.1.4 Bio-nanoparticles
Although metal-based nanotherapeutics have matured, their used in in vivo applica-
tion for lung cancer treatment is severely limited due to its toxicity. This has led to a
paradigm shift for exploiting bio-nanotechnology-based therapeutic systems, in
which a pre-existing biological constituent is combined to the therapeutic NPs [3].

Apoferritin-loaded NPs enter the target cancer cell either by receptor-mediated
endocytosis [80], clathrin-mediated endocytosis or macropinocytosis process
[81]. Further, Li et al. created a ferritin-based multifaceted nanostructure that was
utilized for analysis of human lung adenocarcinoma A549 cells through fluorescence
and MR imaging [82].

11.7.1.5 Viral Nanoparticles
Viral NPs (VNPs) have developed as promising candidates for biomedical
applications due to their biocompatible nature, extensive range of shapes and sizes
and easy modification of surface by various functional entities and ability to transfect
cells [83].

Intrinsic and acquired drug resistance develops in lung cancer for the existing
small molecule-based anticancer agents. One such effort was made by Beljanski and
Hiscott, where they have worked on chemotherapeutic drug conventionally through
genetically altered oncolytic viruses (OVs) for the lung cancer treatment [97].
Table 11.1 represents various nanocarriers for the therapeutic delivery to lung cancer.

11.7.2 Modulation of Redox Homeostasis by Nanoparticles

A precarious equilibrium maintained by ROS generation and elimination is termed
as redox homeostasis [98]. ROS are generated in cells through numerous oxidases
and may work as secondary messengers that control diverse signal transduction
pathways. As per ROS rheostat theory, ROS controls cell fate in a dose-dependent
manner. Essentially, ease of exploiting altered redox status in cancer cells has
encouraged researchers to devise novel strategies to achieve effective cancer treat-
ment [99]. NPs effectively modulate redox homeostasis either by reducing scaveng-
ing pathways or by triggering ROS generation. The physicochemical properties and
the use of transition metals in composition of NPs may help generate ROS
[98]. Modifications in NPs structural and physicochemical properties can alter
biological activities conferring NP-associated toxicities. Oxidative stress in cells
could be made by engineered NP primarily by acellular features such as surface of
particle, size, composition and presence of metals or by cellular factors like interac-
tion with NP-cell membrane interaction, cytosolic detoxifying enzymes, mitochon-
drial respiration, etc. leading to ROS-mediated damage [100].
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Transition metals such as lanthanide cerium have redox stimulating
characteristics, due to shift in the 4+ and 3+ oxidation states [101]. Large use of
cerium in nanomedicine is in the form of cerium oxide NPs that display redox-
modulatory activities which imitates both superoxide dismutase and catalase
activities [102]. Carbon NPs/carbon nanodots, fullerenes and CNTs also produce
ROS via NP-associated redox-active functional groups [103].

Modification of NPs can be done to control release of drug in response to the
exogenous and endogenous stimuli exploiting the distinctive modifications of
tumour metabolism [104]. Owing to the exceptional physicochemical properties
and ease of surface modification, carbon-based nanostructured materials have been
widely explored for cancer theranostics.

11.8 Emerging Anticancer Redox Nanotherapeutics Targeting
the Pathways

NPs provide safe and successful vehicles for anticancer agents and utilize various
modes of therapeutics including chemotherapy, immunotherapy, gene-mediated
therapy, receptor-mediated therapy, photodynamic therapy, etc. Herein we discuss
redox nanotherapeutic strategies to target the different set of pathways to combat
lung cancer.

11.8.1 Receptor-Mediated Therapy

Targeting the EGFR signalling in lung cancer using iron oxide NPs effectively
reduces the tumour burden and is a promising strategy for imaging and targeting
in in vitro and in vivo models. Additionally, multifunctional IONPs combat Kras-
mutated lung cancer by receptor-mediated pathway [105, 106]. Delivery of
hexadentate-polyD,L-lactic acid-co-glycolic acid polymer functionalized with
PD98059 (MAPK inhibitor) in lung cancer model may hijack the MAPK signalling
pathway, which inhibits ERK phosphorylation, stimulates apoptosis and reduces cell
proliferation [107] (3). Dual-drug loaded multifunctional liposomes decorated by
octreotide (synthetic peptide that mimic somatostatin) designed to target NSCLC has
shown enhanced accumulation by overexpressed somatostatin receptor in the tumour
niche in in vivo model. Liposomal delivery resulted in reduced metastasis and
inhibited vasculogenic channel by downregulating PI3K, MMP-9, PI3K,
VE-cadherin and activated caspase-3 [108].

11.8.2 Gene-Mediated Therapy

It has been reported that magnetic iron oxide nanoparticles act as an ideal carrier of
PTEN gene expression vector in cisplatin-resistant A549/CDDP cells leading to
inhibition of cell proliferation via apoptosis [109]. Silica-polymer nanocomposites
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carrying p53 gene have significantly reduced growth both in in vitro and in vivo lung
cancer model as demonstrated by Wu et al. [110] Carbon dots have been used as
multimodal nanoagents for bioimaging and mediating siRNA delivery (cyclin B1
and EGFR) to lung tumours. Enhanced efficient tumour response by gene silencing
of the target lung cancer cells via receptor-mediated endocytosis has been suggested
[108]. Although chitosan has been extensively studied in siRNA delivery to H1299
lung cancer cell lines, its efficacy is limited in in vivo systems due to non-specific
binding. Therefore, to overcome this Varkouhi et al. [111] developed siRNA/
thiolated chitosan complex exhibiting enhanced gene silencing activity in H1299
cells with improved targeted delivery in vivo [3]. Currently, NLC nanoparticles
conjugated with LHRH (luteinizing hormone-releasing hormone) decapeptide and
co-encapsulated siRNA and pactitaxel (LHRH-NLC-siRNAs-TAX system) have
effectively targeted four variants of EGFR-TK receptor and induced cell death in
lung cancer [112].

Polyethylenimine-(5) myristic acid/poly(ethylene glycol)-oleic acid/cholesterol
(PEI600-MA5/PEG-OA/Cho) nanoparticles have been reportedly utilized to deliver
pro-angiogenic (FOXM1/FOXF1) cDNA expression vector via pulmonary circula-
tion to enhance angiogenesis and stimulate lung regeneration [113].

11.8.3 Stimuli Responsive Chemotherapy

Currently, pH/redox based dual responsive nanosystems like EMCI
(ICG-encapsulated mesoporous silica nanoparticles gated along with ZnO QDs
and capped via erlotinib-modified chitosan) were designed to specific bioimaging
and synergistic therapy for EGFR driven lung cancers. Due to the dual responsive
element, pH/redox in tumour microenvironment disaggregates the nanocomplex and
releases ICG and Er under NIR irradiation thereby activating fluorescence emission
of ICG to that efficiently differentiates Er-resistant or Er-sensitive NSCLC
exhibiting synergistic responses to ROS with upregulated apoptosis [114]. EGCG
(epigallocatechin 3-gallate) co-encapsulating magnetite nanoparticles (MNPs) in
BSA that trigger apoptosis via ROS generation causing loss of mitochondrial
membrane potential in A549 cells have been reported. Mechanistic studies revealed
increased expression of Nrf2 and Keap1 by EGCG that regulates apoptosis in lung
cancer [115]. Similar studies were demonstrated by doxorubicin-loaded
polyvinylpyrrolidone-conjugated gold nanoparticles [116] and by green synthesis
of silver nanoparticles (AgNPs) when used against lung cancer both in in vitro and
in vivo model by stimulated caspase-3 and decreased bcl-2 causing apoptosis, via
inhibition of NF-κB pathway [117].

11.8.4 Naturally Derived Product Therapy

An exhaustive list of natural phenolic compounds incorporated in polymeric
nanocarrier delivery system in lung cancer, including curcumin, naringenin,
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resveratrol, etc., has been reported with anticancer property mediated by regulating
innumerable pathways such as protein kinase suppression and inhibition of tran-
scription factors, namely, NF-κB, EGFR, AP-1 and STATs, culminating in cell
death by different mechanisms. Muller et al. reported co-delivery of curcumin and
doxorubicin in poly (butyl cyanoacrylate) nanovector against breast cancer cells that
resulted in reversion of multidrug resistance and enhanced apoptosis by
doxorubicin [118].

11.9 Conclusion

Despite the emerging variety of pulmonary and therapeutic delivery approaches,
lung cancer still stays an important cause of death. The foremost downside of
existing lung cancer treatment processes in practice is the dearth of strategies for
early diagnosis coupled with ineffective drug delivery and poor response. This calls
for a concerted effort in evolving nanotherapeutic approach to holistically manage
lung cancer, underpinning the critical redox homeostasis and resetting redox balance
to alter tumour metabolism. The multifaceted association amid cancer and ROS
levels is fundamentally constructed on precise calibration among production of ROS
and their scavenging. The instigation and advancement of cancer influence slender
boost in levels of ROS. Therefore, the dual role of ROS needs to be entirely
understood, and its redox state in malignancies is still mysterious in spite of
widespread research. Future medicines will be based on integration of redox-active
nanoparticles coupled with cellular metabolic will revolutionize cancer therapy.
Additionally, nano-toxicological issues should be resolved to clinch the lung cancer
management by nanotheranostics.
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Abstract

Idiopathic pulmonary fibrosis (IPF) is a persistent and an aggravating interstitial
alveolar disease, marked by thickening and scarring of the lung parenchyma with
unknown etiology leading to early death among the elderly population world-
wide. The vast knowledge on the understanding of the pathogenesis, diagnosis,
and therapeutic management has been raised significantly in recent years to delay
the progression of IPF. Currently, nintedanib and pirfenidone are two medications
used to treat IPF which significantly restores the alveolar epithelial functions;
however, it is associated with a few demerits. Thus, new approaches are needed to
overcome hurdles raised from IPF pathogenesis. Up-to-date approaches in pul-
monary rehabilitation, non-pharmacological strategies, lung transplantation, and
comorbidity management are mainly involved in subsiding the symptoms and
thereby attempt to improve patient’s health outcomes. Hence clinical trial studies
are in search of novel molecular and cellular targets to overcome IPF. This
chapter highlights the understanding of up-to-date molecular and cellular targets
and potential approaches which will create an avenue to design and develop novel
therapeutics to defend against this complex and injurious disease.
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12.1 Introduction

Interstitial lung diseases (ILDs) exemplify the heterogeneous characteristics of
pulmonary parenchymal diseases emanating from various systemic diseases, idio-
pathic conditions, and different environmental insults. Among ILDs, idiopathic
pulmonary fibrosis (IPF) is the most endemic and dreadful form of lung fibrosis
with unknown etiology and has life sustenance of 2–6 years after diagnosis in a
patient lacking lung transplantation [1]. IPF is well-characterized by myofibroblast
proliferation, excessive extracellular matrix (ECM) deposition, increased collagen
synthesis, and aberrant wound healing process resulting in irreversible devastation of
lung parenchymal morphology evidenced by severe scarring that ultimately ends in
organ impairment and death due to respiratory failure. The term IPF is closely
analogous to the usual interstitial pneumonia (UIP), which is detailed by the
occurrence of temporal heterogeneity, honey-combing structure, and finally devel-
opment of subpleural fibrosis. Further, the evolution of IPF pathobiology continues
with supporting manifestation like repetitive lung injuries particularly to the alveolar
epithelial cells (AECs) which guide the morphological interaction with fibroblast
resulting in the accumulation of ECM thereby destructing the gas exchanging
regions [2]. Smoking, viral infections such as SARS-COVID-19, aerosolized envi-
ronmental factors, occupational toxins exposure, traction injuries to the peripheral
lung tissue, chemotherapeutic drugs, and radiotherapy result in the development of
chronic alveolar epithelium damage [1, 3]. It also occurs in patients with chronic host
graft disease who has undergone bone marrow transplantation and inflammatory
diseases such as rheumatoid arthritis and scleroderma [3]. Although its causative
factor remains elusive, recent advancement led us to understand the cellular and
molecular mechanisms implicated in the initiation and progression of IPF [4].

The morbidity and mortality rate of IPF is very high, and there has been a rapid
breakthrough in overcoming this prevalent disease including diagnosis, develop-
ment of approachable therapies, and genetic predisposition identification. Currently,
two FDA-approved therapeutics such as nintedanib and pirfenidone are widely
accepted medications to delay the IPF progression [5, 6]. However, these two
drugs do not revamp the normal pulmonary activities, and neither of the drugs has
been examined in patients synchronized with IPF and lung cancer (LC) [7], which
indicates that 22% of patients bearing IPF is prone to develop LC which corresponds
to five-fold higher probability than the normal population [8]. Similarly, LC risk is
surpassing 20 times higher in the patient who has undergone lung transplantation
to overcome IPF pathology [9, 10]. This distressing information warrants efforts to
identify cellular and molecular targets to overcome this endemic disease and to
improve the patient’s survival. This chapter explores the understanding of emerging
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cellular and novel molecular targets to handle the hurdles caused by IPF and further
accelerate a novel drug design and develop valuable therapeutics to prevent IPF
progression.

12.1.1 IPF Subclassification

The relevance of discrete pathological, radiological, and clinical characteristics is
essential to categorize IPF and also required for further diagnosis and treatment.
Clinical classification of IPF is based on the patient’s well-defined cellular or
molecular phenotypes anticipating differences in progression rate. In this line, IPF
patients are subcategorized based on their histopathological features as (a) rapid
progression rate if IPF patients have a greater number of fibroblast foci [11];
(b) Slow progression rate if IPF patients have greater number of lung mast cells
[12]. Based on the genetic changes, it is further subcategorized as (a) patients with
polymorphic for mucin (MUC) promoter SNP (single nucleotide polymorphism),
i.e., TT or GT MUC5B genotype experiences slower progression rate; (b) patients
possessing GG MUC5B type have rapid progression of IPF; and (c) increased risk
for mortality is experienced in patients with a minor genetic change in allele
rs5743890 (an SNP located 3 kb upstream of the start of transcription from the
MUC5B gene) in TOLLIP (Toll-interacting protein) gene [13]. Similarly, circulating
molecular markers also help to sub-phenotype IPF patients. The elevated level of
molecular markers such as matrix metalloproteinases-7 (MMP-7), C-C motif che-
mokine ligand (CCL), and serum KL (mucin-like high-molecular-weight glycopro-
tein) are prone to increase the risk of IPF progression and thus render poor survival
[14, 15]. Thus, this clinical relevance of IPF patients may be essential for diagnosis
and provide a clue for targeted therapy against IPF. However, these subtype catego-
rization needs further scientific evidence to pinpoint the exact disease type, different
stages, and expected response toward therapy.

12.2 Pathogenesis of IPF

Current IPF pathogenesis presumes as an aberrant wound healing activity
concerning repetitive injurious factors resulting in alveolar epithelial cell apoptosis,
fibroblast activation, and ECM accumulation. An overview of IPF pathogenesis has
been represented in Fig. 12.1.

The pathological feature of IPF lung displays typical fibrosis, distributed along
the inferior segments of the alveolar lobes with subpleural accentuation. The
histopathological alterations in IPF acute exacerbation comprise the lung tissue
manifesting the changes of diffuse alveolar scarring including type 2 pneumocyte
hyperplasia, the formation of hyaline membrane, and edematous alveolar septa [16].
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12.2.1 Modifications of Genetic and Epigenetic Factors in IPF
Development

IPF, a late-age-of-onset lung disease causes extensive lung function impairment
along with hypoxemia and dyspnea, ultimately ending in respiratory failure and
alveolar cell death. IPF prevalence is projected to be 63/1, 00,000 population
globally. The prevalence and mortality of pulmonary fibrosis are increasing as the
population ages [17]. Several genetic loci are prone to initiate and progress this
devastating disease. A wide array of rare genetic variants and a common MUC5B
SNP (single nucleotide polymorphism) have been well-correlated with IPF occur-
rence [13]. Experimentally in bleomycin-induced pulmonary fibrosis, it was
revealed that the mucociliary dysfunction might play a causative role in
overexpressing MUC5B in distal airspaces that can serve as a potential therapeutic
target in IPF patients [13]. Besides, the dysfunction of telomere maintenance has
been associated with the pathogenesis of IPF. An earlier study showed that
shortening of telomeres critically affects alveolar epithelial cells 2 (AEC2 or AT2)

Fig. 12.1 An overview of pathogenesis of IPF. Recurrent epithelial alveolar cell injury in geneti-
cally susceptible individuals causes senescence of epithelial cells and epithelial-mesenchymal
transition (EMT), releasing profibrogenic mediators induces fibrocyte/fibroblast migration and
differentiation into profibrotic macrophages/myofibroblasts, resulting in aberrant matrix deposition
with destructing lung structure. AEC2, alveolar epithelial cells type 2; IL-1 and IL-6, interleukin-
1and interlukin-6; STAT, signal transducers of activation; SMAD, signal transducer; LPS,
lipopolysaccharide
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in fibrotic regions, implying telomere length (TL) as a cause of fibrogenesis.
Furthermore, short lung TL is associated with decreased survival, and the genetic
mutations in telomere-responsive genes have been considered as a causative factor
for familial IPF.

Nevertheless, it has been clear that telomere shortening and telomere syndromes
are linked with different types of lung diseases [18]. The expression of REVERBα,
an orphan nuclear receptor regulates circadian rhythm, and metabolism was found to
be increased in human IPF lung tissue. Targeting REVERBα by pharmacological
agents ceases not only the activation of myofibroblast resides in IPF fibroblasts but
also decreased collagen secretion in organotypic cultures from IPF patients, implies
that REVERBα could be a possible therapeutic approach to manage IPF
complications [19]. New insight into the IPF mechanisms related to the mutation
in surfactant protein A1 (SFTPA1) promotes necroptosis of AEC2 through c-jun
N-terminal kinase (JNK)-mediated upregulation of RIPK3 (receptor-interacting
serine-threonine kinase 3), highlighting the necroptosis pathway as a possible
therapeutic target to overcome the pathogenesis of IPF [20].

IPF signifies the alveolar epithelium injury followed by the vast release of
fibroproliferative and pro-inflammatory mediators that delays the response
associated with normal tissue repair. However, these repair processes are never
sorted out and intensifying fibrosis for unknown reasons [21]. Several line of studies
evidence that epigenetic factors impart to the poorly regulated gene expression in
IPF lung, and the risk factors such as cigarette smoking, gender, age, and genetic
variants influence epigenetic markers that predispose to IPF. It is also reported that
epigenetic mechanisms strongly affect the expression and binding of cytokine and
transcription factors, respectively, that regulate T-helper cells-1 (Th1), Th2,
T-regulator cells (Treg), and Th17 cells lineages in IPF conditions [22].

Methylation and acetylation are the two important modifications of histone tails,
and manage gene expression by regulating DNA availability to the enzyme, RNA
polymerase II, and nuclear transcription factors. Histone deacetylases (HDACs),
histone acetyltransferases (HATs), and bromodomain (Brd) proteins play a crucial
role in channeling of epigenetic memory across cell divisions and gene regulation.
Similarly, histone demethylases (HDMs) and histone methyltransferases (HMTs)
enumerated modifications at residues specific sites regulating chromatin availability
[23, 24]. Genome-wide profiles of DNA methylation to focus specific genetic loci
demonstrated extensive changes in DNA methylation in IPF alveolar tissue and its
considerable effect on gene expression involved in epigenetic mechanisms.
Dysregulation of noncoding RNA, i.e., microRNA (miR), has also been considered
as an epigenetic factor, and about 90% of the human genes is silenced by miRNAs
through target mRNA degradation or protein synthesis inhibition. miRNAs such as
miR-21, miR-26a, miR-155, miR9-5p, miR-31 displays a significant role in IPF
pathogenesis and progression [25]. Studies have reported that significant changes in
regulatory miRNAs levels were observed in IPF patients compared with normal
subjects [26]. Differentially methylated sites of genetic loci associated with IPF
pathogenesis strongly suggest that genetic and epigenetic factors proceed in concert
to dysregulate genes involved in the progression of IPF [27].
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12.2.2 Role of Pro-inflammatory Mediators in IPF

The imbalance between pro-inflammatory and anti-inflammatory mechanisms that
favors the release of pro-inflammatory mediators resulting in chronic diffuse lung
disease [28]. Even cytokine balance such as tumor necrosis factor (TNF),
interleukin-1 (IL-1) contributes to lung injury at the initial stages during lung
inflammation (Fig. 12.1). Potential inhibitors against IL-1 and TNF suggest that an
imbalance in T-helper cells (Th1), Th2, and cytokine profiles seems to be the
potential criteria in chronic lung disorders and fibrotic effects [29]. In hyperoxia-
mediated lung injury, increased insulin-like growth factor (IGF) signaling pathway
performs a critical role in alveolar epithelial cell proliferation and differentiation
during tissue remodeling [29]. Angiogenesis, a process of formation of new blood
vessels was found to increase significantly in chronic inflammation because of
imbalance in angiogenic mediators during chronic lung inflammation. Thus
dysregulated angiogenesis seems to be a prime cellular process in the aid of
fibroplasia and ECM deposition that happens during IPF [30]. These studies strongly
indicate that drugs targeting inflammatory signaling pathways that are responsible
for the development of chronic fibroproliferative lung diseases are geared in the near
future to overcome IPF pathogenesis.

12.2.3 Recruitment of Leukocytes and Fibroblast by Chemokine

Chemokines and their receptors play a crucial role in cell recruitment during
granulomatous inflammatory reactions. Particularly, interferon-γ (IFN-γ) regulates
chemokines and its receptors expression as well as cell types that infiltrate the lungs
in vivo [31]. These regulatory mediators, i.e., chemokines, its receptors, and tran-
scription factors in a particular inflammatory condition possess an ability to direct
the Th17 cell response to prefer profibrotic or anti-fibrotic function [32].

IL-1α and IL-1β are considered as proximal profibrotic mediators of severe lung
inflammation-promoting fibrosis via activation of fibroblasts to synthesize cytokines
including additional IL-1, IL-6, CXC, and CC chemokines. An increase in
pro-inflammatory cytokines such as IL-6 and TNF, PDGF, profibrotic cytokine,
and TGF-β1 levels suggests that IL-1β has a pivotal role in lung injury at the initial
stage resulting in self-perpetuating fibrotic response [33]. Similar to IL-1 and
lipopolysaccharide (LPS), TNF-α signaling happens through the activation of
nuclear factor kappa B (NF-κB), which promotes gene transcription that mediates
innate immune responses [34]. TNF overexpression has a significant chance in
directing pulmonary fibrosis through induction of severe lung inflammation and
speckled interstitial fibrosis with increased TGF-β expression and increased fibro-
blast differentiation into myofibroblasts [35]. The prolonged expression of TNF may
be considered as an essential factor in fibrosing alveolitis pathogenesis, and
curtailing the cytokine functioning might be beneficial in reviving the lung architec-
ture and function of IPF patients.
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12.3 Comorbidities Associated with IPF

The conditions like hypertension, depression, cardiovascular disease, and diabetes
mellitus influence the patients with IPF and have the greatest impact on mortality
[36, 37]. Pulmonary hypertension is a frequent complication that occurs during
progression and in advanced stages of IPF. An array of vascular comorbidities has
been furnished in a number of studies right from arrhythmias or atrial fibrillation,
systemic arterial hypertension, ischemic heart disease, cerebral ischemia, heart
failure, and strokes.

Recently, ample of studies are intended to understand the association between
IPF and sleep apnea, frequently reveal a moderate-to-severe condition of obstructive
sleep apnea (OSA) in IPF patients. Next in the line is telomerase mutations in TERT
or TERC and shortening of telomere during aging are closely associated with IPF
pathogenesis [38, 39]. The comorbidities during IPF share the same probability of
risk factors of pulmonary cancer and chronic obstructive pulmonary disease
(COPD), e.g., cigarette smoking. The majority of IPF patients are ex-smokers or
smokers, and not surprisingly the IPF patients may have symptoms related to COPD
or emphysema.

Gastroesophageal reflux (GOR) diseases are frequent comorbidities; both symp-
tomatic and asymptomatic forms were observed in IPF patients. Microaspiration
procedures also cause repetitive lung injury that could result in disease pathogenesis
[40]. Those IPF patients often display symptoms like depression and anxiety, and
these clinical symptoms have not been appropriately recognized.

It is not feasible to explore the etiology of progressive lung fibrosis without
considering the importance of the virus. Initial analysis from COVID-19 patients
reported a high rate of abnormalities in lung performance concerning gas transfer
impairment of about 47% which may reflect partially in cardiopathy, a key emerging
feature of COVID-19. Whereas in SARS patients, it is about 16% abnormalities in
gas transfer, and even abnormal chest X-ray was observed in 30% patients and 62%
patients who have CT evidence of lung fibrosis soon after discharge [41, 42]. The
significance of other respiratory virus-inducing pulmonary fibrosis is less understood
and generally limited to acute exacerbations of IPF and in vivo models [3].

12.4 Cellular and Molecular Mechanism Underlying IPF
Progression

12.4.1 Cellular Players

Aberrant fibrogenesis occurring in IPF is a dynamic cellular process entailing
complicated interaction between fibroblasts, immune cells specifically T cells and
macrophages, endothelial and epithelial cells [43, 44].
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12.4.1.1 Fibroblast Activation via Mesenchymal Phenotype
Transformation

Aberrant myofibroblast population is responsible for the fibrotic scar formation and
further destruction of lung architecture in IPF [11]. The activated myofibroblast
contributes to increased synthesis of collagen, a component of extracellular matrix
(ECM), and secretes an increased amount of glycoprotein and proteoglycans. Fur-
ther activation of α-smooth muscle actin (SMA), contractile protein transforms the
resident fibroblast into myofibroblast in case of disease progression [45]. Increased
expression of transforming growth factor β (TGF-β) is the central mediator in the
development of lung fibrosis that induces epithelial to mesenchymal transition
(EMT), which is part of an unending form of the wound healing process in which
alveolar epithelial cells type 2 (AT2) present them as a source for the aberrant
myofibroblast population that results in lung deterioration if the primary inflamma-
tory insults causing wound healing is not attenuated [45]. Further, increased TGF-β
and endothelin-1 causes the circulating fibrocytes, mesenchymal progenitor cells
originating from bone marrow home and extravasate into the region of lung injury
and differentiate into myofibroblast-like phenotype [45]. Myofibroblast activation is
also routed by pulmonary endothelial cells to mesenchymal transition (EnMT) that
bestows to lung fibrosis and hypertension and further it is associated with IPF
development [46] indicating poor prognosis (Fig. 12.2). Finally, pleural mesothelial
cell or lung pericytes serve as a remarkable source for increased myofibroblast
population in IPF [46].

12.4.1.2 Cellular Mechanism Pertaining to Various Targets
for Therapeutic Intervention

Cellular Senescence and Deregulated Metabolism in IPF
Cellular senescence particularly alveolar epithelial cell (AEC) is the prime factor for
the development of progressive lung fibrosis [47]. The cellular events that result in
AEC senescence are AEC mitochondrial dysfunction, telomere shortening, and
endoplasmic reticulum (ER) stress [47]. AECs and fibroblasts are the two typical
cell types prone to cellular senescence following repetitive lung injury. Senolytic
drugs such as dasatinib and quercetin are employed exclusively to remove senescent
cells through increased apoptosis and have been evidenced to eliminate profibrotic
senescent fibroblast and AECs in vitro and ex vivo, respectively [48–50]. Further, a
combination approach of dasatinib and quercetin displayed positive effects for
improvement of alveolar function in bleomycin-induced pulmonary fibrosis; how-
ever, fibrotic effects were not altered significantly [49]. Metformin is also used to
reduce pulmonary fibrosis in vivo [51, 52]. Clarification on senolytic drugs is
essential whether these drugs selectively stamp out pathogenic cell types, not the
cells needed for regeneration in IPF resolution. Therefore nowadays research is more
focused on molecular signaling pathways involved in these cellular events that may
be preferred as a target for therapeutic intervention to surpass the fibrotic effects
caused by IPF.
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Activation of Alveolar Epithelial Type 2 Cells (AEC2 or AT2)
Several lines of research studies have evidenced that alveolar cell dysfunction
associated with senescence, mutations, and stress following repetitive lung injury
and remodeling process has a pronounced effect in both sporadic and familial IPFs
[1]. IPF epithelial cells possess a unique and aberrant phenotype that is well-
characterized by different expression markers of type 1 and type 2 AEC cells
(AEC1, AEC2) and airway cells. Numbers of canonical signaling pathways are
activated in IPF epithelial cells such as phosphoinositide (PI3K)/protein kinase B
(AKT), TGF-β1, p53, HIPPO-YAP, and WNT signaling [53]. This activated epithe-
lial cell generates all types of essential mediators prone to enhance the mesenchymal
cell migration of different origins like fibrocytes and resident fibroblasts and induces
myofibroblast differentiation. The differentiated myofibroblast in turn promotes the
extensive accumulation of ECM proteins specifically collagen and fibronectin,
thereby demolishing the lung structure and function (Fig. 12.2).

An array of growth factors and other potential mediators that promote profibrotic
effects are expressed in ACE2 cell type including TGF-β1, tumor necrosis factor

Fig. 12.2 Cellular targets of IPF. Schematic representation of the different types of cells involved
into myofibroblast formation, a vital effectors cell type in IPF progression. (a) Involvement of
resident fibroblast proliferation and differentiation into myofibroblast and other cell types such as
leukocytes and platelets also contributes to myofibroblast formation. (b) Alveolar epithelial cells
type 2 involved in epithelial-mesenchymal transition (EMT). (c) Endothelial cells participate in
endothelial-mesenchymal transition (EnMT). Red arrow represents IPF cellular targets therapeutic
management employed in clinics

12 Targeting Molecular and Cellular Mechanisms in Idiopathic Pulmonary Fibrosis 295



(TNF), connective tissue growth factor (CTGF), platelet-derived growth factor
(PDGF), endothelin-1, CXC chemokine ligand 12 (CXCL12), and osteopontin
[54]. Among these factors, AEC-derived TGF-β1 is a robust mediator of fibrotic
tissue and found to activate the latent form of TGF-β1 via cell surface expression of
integrin αvβ6 [54, 55]. Further activated AEC2 hamper the formation of angiogene-
sis via pigment epithelium-derived factor expression and stimulate the activation of
coagulation signaling that is responsible for the wound healing process which
indicates truancy of capillaries in fibroblast foci. ACE2 also influence the turnover
of fibrin through plasminogen activator inhibitor-1 (PAI1) and tissue factor
(TF) secretion [56, 57]. IPF lung epithelial cells locally synthesize coagulation factor
X (FX), a crucial proteinase involved in coagulation process. This FXa incites
expression of α-SMA through the TGF-β1 signaling mechanism, promoting fibro-
blast differentiation into myofibroblast [57].

Some amounts of ACE2 cells are reprogrammed by various molecular targets to
undergo epithelial-mesenchymal transition (EMT) [58, 59]. However, the acquisi-
tion of mesenchymal characteristics to fibroblast is still unclear, and even reverse
transition (MET) has no response [60]. Partial activation of EMT may bestow with
the disintegration of junctional complex proteins which influence programmed cell
migration and mesenchymal characteristics and alters the epithelial secretome profile
in IPF lungs [60].

Modified AEC2-Fibroblast Signaling Mechanisms in IPF
Interaction of AEC2-fibroblast interactions are tightly coordinated cellular processes
in pulmonary tissue development and perform repair process of the damaged lung
following repetitive injury [61–64]. In the IPF lung, the cross talk of epithelial-
mesenchymal (EM) is distinctly disorganized such that ACE2 cells obtain profibrotic
phenotype characteristics that aberrantly secrete profibrotic mediators that enhance
and activate fibroblast [65]. HIPPO-YAP signaling induces activation of target genes
such as CTGF and may partially involve in the reactivation of development signaling
in IPF thereby contributes to disease progression [66]. Hedgehog signaling, a key
player in epithelial-mesenchymal interactions during lung fibrosis [62, 67, 68],
regulates EM unit by sustaining a quiescent state of fibroblast at homeostasis and
during resolution following lung injury in vivo [62, 69]. IPF lung expresses
decreased levels of prostaglandin E2 (PGE2) and seems to be a crucial factor that
suppresses proliferation and activation of fibroblast [70]. Bone morphogenetic factor
(BMP) is also found to drive an inhibitory effect on fibroblast [71]. Thus, AEC2
promotes not only lung fibrosis and its progression via the release of profibrotic
mediators but the loss of negative reinforcement factors such as BMP and PGE2 can
contribute to fibroproliferation.

Thus ACE2 cells act as a driver of IPF disease progression as supported by
several lines of evidence that highlights their loss and dysfunction to exhibit a vital
role in fibroproliferation which can be considered as a significant cellular target for
IPF therapeutic management. Cellular heterogeneity of differential ACE2 responses
to different factors such as genetic and epigenetic, environmental insults, age-related
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changes that contribute to repetitive injury needs greater research attention to
overcome IPF pathogenesis.

12.4.2 Molecular Players as Therapeutic Targets and Their
Mechanism in IPF

Multiple lines of evidence highlight the significance of an array of molecular targets
involved in IPF therapy. Some of the essential molecular players which end up in
increased myofibroblast formation are detailed in Table 12.1. A few novel unarticu-
lated molecular targets and their inhibitory mechanism have been discussed for the
learner’s understanding (Fig. 12.3).

12.4.2.1 TGF-b-Integrin avb6
TGF-β is the central mediator in lung tissue fibrosis, and integrin αvβ6 seems to be
an essential accelerator of TGF-β signaling in the alveolar tissue development
[89]. The exact mechanism of integrin-directed TGF-β signaling is still indecisive;
however, the interplay of integrin αvβ6 with RGF motif of LAP (latency-associated
protein) of TGF-β complex is essential for tissue fibrosis [90]. The curbing of TGF-β
activation induced by integrin αvβ6 could be an essential therapeutic target for IPF
management [89]. Studies have shown that ACE 2 exhibits a very high expression of
integrin αvβ6 following lung injury and inflammation [89]. Anti-αvβ6 monoclonal
antibody has been employed to act against bleomycin-induced lung fibrosis and the
antibody effectively induced partial inhibition of TGF-β thereby decreased the
collagen level at low doses, whereas at high doses it expressed a significant change
in lung fibrotic condition. Further, an increased impediment of integrin αvβ6
upregulated matrix metalloproteinase-12 (MMP-12) expression in macrophages
and emphysema mediator in vivo [91]. These studies evidence that the partial
inhibition of integrin αvβ6 halting TGF-β activation without augmenting inflamma-
tion could be the possible mechanism to be targeted to curb the IPF pathogenesis.

12.4.2.2 Matrix Metalloproteinase-19 (MMP-19)
Increased accumulation of ECM proteins is one of the important characteristics of
IPF. Generally, MMPs are involved in the regulation of ECM proteins; however,
studies have shown that MMPs contribute to IPF disease progression [92]. Most of
the MMPs exert anti-fibrotic effects, whereas MMP-19 associated with ECM degra-
dation during the tissue modeling process [93]. MMP-19 cleaves several
components of ECM including fibronectin, laminin-5γ2, aggrecan, collagen type
4, and cartilage oligomeric matrix protein [94] and also hydrolyzes IGF binding
protein-3 (IGFBP-3) and tenascin C which are the essential molecules for
bleomycin-mediated pulmonary fibrosis in vivo [95].

MMP-19 overexpression has been evidenced in IPF patients and in vivo plays a
key role in the wound healing process [96, 97]. Increased expression of MMP-19
promotes prostaglandin endoperoxide synthase 2 (PTGS2) which in turn results in
PGE2 and PGD2 synthesis. PEG2 exerts an anti-fibrotic effect through inhibition of
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Table 12.1 List of molecular targets and their inhibitory mechanism implicated in IPF

Molecular targets
Cellular process
involved

Clinical trials and
drugs against
targets

Inhibitory
mechanisms
implicated in IFP Reference

RhoA/ROCK Wound healing Pirfenidone or
nintedanib
(NCT02688647) –
phase 2 trial

LPA-LPA1,
S1P-S1P1,
thrombin-
proteinase-
activated
receptor,
TGF-β-RTK

[72];
[73]; [74]

Lysyl oxidase-like
2 (LOXL2)

Formation and
organization of
collagen fibers

RAINER
(NCT017691960);
ATLAS
(NCT01759511)
–-phase 2 trial;
Simtuzumab –

phase 2 trial
(NCT01766817)

TGF-β1 and its
signaling, ET-1,
CXCL12,
LOXL2
reduction in vivo

[75]

PI3K/AKT/
mTOR

Cell
metabolism,
proliferation,
differentiation,
survival, and
ER-related
stress

Omipalisib
(NCT01725139) –
phase 1B trial

p-S6K, YAP
signaling, CTGF,
AXL, AJUBA
IL-3, PDGF-A
and TGF-β1
levels in vivo

[76]; [77]

Connective tissue
growth factor
(CTGF)

Tissue
remodeling
(ECM
deposition,
Myofibroblast
activation, cell
adhesion and
invasion)

Pamrevlumab
(NCT01262001) –
phase 2A trial and
phase 2B trial
(NCT01890265)

Reduced CTGF
activity,
infiltration of
mast cells and
macrophages
in vivo

[78]; [79]

Forkhead box
FOXM1

Lung embryonic
development
and adult tissue
homeostasis

Attenuates
fibroproliferation
and TGF-β1-
driven Col1
expression
in vivo

[80]

Transforming
growth factor
(TGF-β)

Profibrotic
factor

GSK3008348 –

phase I trial
(NCT02612051);
BG00011/STX-
100
(NCT01371305)

Inhibition of
TGF-β1-integrin
αvβ6 pathway

[81]; [82]

Lysophosphatidic
acid receptor-1

Wound healing BMS-986020,
LPA1 receptor
antagonist – phase
2 trial
(NCT01766817)

Inhibition of
LPA/LPA1
receptor signaling

[83]

(continued)
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Table 12.1 (continued)

Molecular targets
Cellular process
involved

Clinical trials and
drugs against
targets

Inhibitory
mechanisms
implicated in IFP Reference

Interleukin-13 Fibrogenesis,
lung remodeling
and repair

Lebrikizumab
(NCT01872689),
Tralokinumab
(NCT01629667)

Results awaited [84];
[85]; [86]

TGF-β/PI-3K/
AKT

Pulmonary
fibrosis
retardation

Tubastatin HDAC6-
independent
mechanism

[87]

FoxO3 Profibrotic
factor

UCN-01, a
staurosporine
derivative

Reverting
profibrotic
signaling

[88]

Fig. 12.3 Molecular targets and their cell types in IPF. Schematic represents targeting of cells
expressing these molecular targets or molecular pathway by respective pharmacological agents to
rectify the pathogenesis of IPF. LPA, lipopolysaccharides; LYCAAT, lysocardiolipin
acetyltransferase; WISP-1, WNT-1 inducible signaling pathway protein-1; PTPN13s, protein
tyrosine phosphates non-receptor type 13; TG2, transglutaminase 2; VSP34, vesicle transporting
protein-34; TWIST, basic helix-loop-helix transcription factor; SEMA7A, semaphorin 7A; MMP,
matrix metalloproteinase; DDAH, dimethylarginine dimethylaminohydrolase; GRL2, leukocyte
glycoprotein antibody 2; KCa3.1, calcium-dependent potassium channel, LOX2, lysyl oxidase 2
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fibroblast proliferation and upregulates the apoptotic factors, whereas PTGS2
revamped cell migration and wound healing [98, 99]. Hence the studies have
strongly correlated the effect of MMP-19 as a potential target mechanism favoring
IPF clinical management and employed for reversal of alveolar epithelial function
subjected to repetitive lung injury. Hence substantial studies are vindicated before it
is considered as a possible therapeutic target for clinical use.

12.4.2.3 Caveolin-1
Caveolin-1 is a principal component of caveolae that performs vesicular trafficking
and compartmentalization of specific signaling cascades [100]. Caveolin-1 is highly
expressed in different cell types such as epithelial cells (AEC2), endothelial,
adipocytes, and fibroblast [101]. Activation of caveolin-1 inhibits activation of
EGFR and PDGFR in turn inhibits mitogen-activated protein kinase (MAPK) and
AKT signaling pathway resulting in decreased cell growth and increased apoptosis
[102, 103]. It also regulates TGF-β-induced collagen type 1 and fibronectin produc-
tion in the extracellular-regulated kinase (ERK) signaling pathway [103].

Suppressed level of caveolin-1 expression was marked greatly in IPF fibroblasts
which drive hyperproliferation by allowing the cells to overcome the suppression of
proliferation initiated by the binding of polymerized type 1 collagen to its integrin
receptor [104]. Caveolin-1 downregulation induces activation of fibroblast followed
by increased collagen accumulation, a feature essential for the later stage of lung
tissue repair [104]. The importance and function of caveolin-1 reveal it as a potential
molecular therapeutic target to restore alveolar function in the case of IPF affected
patients [103, 104]. Caveolin-1 scaffolding domain peptide (CSF) containing amino
acids 82–101 with sequence DGIWKASFTTFTVTKYWFYR was found to inhibit
AEC2 apoptosis, fibroblast activation, and further progression of pulmonary fibrosis
in bleomycin-induced lung injury. Similarly, seven amino acid-deleted fragment of
CSP (FTTFTVT) (CSP7) was found to exhibit anti-fibrotic effects in a murine model
of lung fibrosis, and CSP7 administration significantly reduced ECM markers,
increased AEC2 cell survival, and restored alveolar function [105].

12.4.2.4 Semaphorin 7A
Semaphorin 7A (SEMA 7A), a glycosylphosphatidylinositol protein is a potential
mediator of neuronal and immune function and also found to play a crucial role in
tissue remodeling [106]. SEMA 7A was observed to be strongly involved in
inducing TGF-β1-mediated lung fibrosis, increased myofibroblast activation, alveo-
lar remodeling, and cell death. Further SEMA 7A was found to upregulate TGF-β1-
mediated PI3K/AKT signaling pathway in lung fibrosis displaying it as a beneficial
therapeutic target to inhibit the progression of pulmonary fibrosis [107]. No such
studies have been reported so far in clinical trials. However, few studies have
evidenced the status of SEMA 7A expression on Treg cells which was significantly
increased in the circulation of IPF patients and found to induce TGF-β1-induced
lung fibrosis and remodeling in murine model confirming its role in IPF
pathogenesis [108].
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12.4.2.5 Calcium-Activated Potassium Channel (KCa3.1)
KCa3.1 actively regulates various cellular functions concerning lung fibrosis such as
the proliferation of myofibroblast, wound healing process, secretion of collagen, and
contraction. Ion channels maintain a negative membrane potential to regulate cal-
cium signaling during cell activation [109]. Thus KCa3.1 channel blockers are
involved in cellular events contributing to the progression of IPF [109]. Human
lung myofibroblast has pronounced expression of KCa3.1 in IPF patients which is
co-localized with an area of α-SMA. TGF-β upregulation in IPF-derived
myofibroblast shows a larger ion current and also upregulated mRNA levels of
KCa3.1 [109].

KCa3.1 effectively modulates TGF-β1-dependent profibrotic signaling in human
lung myofibroblast [110], and IPF cells overexpresses α-SMA, Smad2/3 expression,
and stress fiber formation. The Smad signaling is regulated by TGF-β, which is
partially controlled by KCa3.1 channels, and its expression can also be inhibited by
KCa3.1 blockers. The channel blockers depolarize the cell membrane, upregulating
intracellular Ca2+ levels, and suppressing extracellular Ca2+ level resulting in its
nuclear translocation inhibition [110]. Blocker can also decrease α-SMA and stress
fiber formation; however, suppression of the activity of KCa3.1blockers causes
dedifferentiation of IPF cells to a more quiescent fibroblast phenotype [111]. Thus
targeting the profibrotic effects of myofibroblast via ion channel could be requisite
for positive and beneficial therapeutic approach to restore fibrotic matrix conditions
in IPF patients.

12.4.2.6 Micro RNA-26a (miR-26a) and Micro-RNA let-7d (miR let-7d)
Approximately 10% of microRNAs such as miR-21, miR let-7d, and miR-26a play a
vital role in IPF pathogenesis and its progression [112, 113]. There is a significant
downregulation of miRNA let-7d that has been reported in IPF scientific studies
[114], which are implicated by increased expression of TGF-β resulting in high-
mobility group proteins (HMGA2), a protein involved in the modification of DNA
structure [115]. Further, both miR-26a and miR let-7d inhibition causes changes in
EMT and results in increased alveolar cell thickening and deposition of collagen
[112, 115] indicating its profibrotic effects and importance as an effective target for
management of IPF demerits.

12.4.2.7 Transglutaminase 2 (TG2)
TG2 resides in different tissues and cell types including fibroblast and greatly
promotes lung tissue fibrosis through diverse cellular mechanisms. TG2 catalyzes
posttranslational interactions between proteins [116] which can cross-link fibronec-
tin and collagen making it difficult to break them down [117]. TG2 serve as a G
protein to enroll its function in cell survival and cell cycle and stimulate fibroblast
formation and maturation [118]. TG2 inhibitors have evidenced that its
downregulation significantly reduced pulmonary fibrosis in bleomycin-induced
lung fibrosis via decreased level of collagen deposition and fibronectin [117]. TG2
levels were found to be overexpressed in IPF patients, and it is partly regulated by
TGF-β which in turn upregulated membrane-associated and extracellular TG2 level,
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not mRNA levels. Further TG2 does not halt the transformation of fibroblast into
myofibroblast but resulted in matrix functional defects, cell organization, migration,
and contraction. Thus the partial cessation of TG2 expression is a prime therapeutic
strategy to reduce the progression of IPF [117].

Anti-fibrotic effects of small electrophilic compounds such as 15-deoxy-δ12,14-
prostaglandin J2 (15d-PGJ2) and 2-cyano-3,12-dioxolane-1,9-dien28-oic acid
(CDDO) has been reported to halt the progression of lung fibrosis through the
inhibition of TG2. These compounds effectively inhibit differentiation of
myofibroblast, collagen, and fibronectin formation through downregulation of
TG2. Also, it was observed that TG2 levels in IPF fibroblast is not as low as healthy
fibroblast and it can be regulated by ERK signaling pathway [117]. Thus ERK
inhibitors, CDDO, and 15d-PGJ2 can inhibit the ERK signaling and reduces lung
fibrosis in vivo indicating the significance of these inhibitors along with TG2 serve
as a potential targets for the cessation of IPF progression.

Other potential targets involving cellular and molecular pathways that exhibit an
essential role in IPF pathogenesis are summarized in Table.12.1.

12.5 Current Clinical Implications of IPF

The most widely employed therapeutic strategy to manage IPF is corticosteroids or
related compounds possessing immunosuppressant or anti-inflammatory activities.
However, these approaches end in vain and failed to show any improvement in lung
function of IPF patients.

The existing therapy for IPF using pirfenidone and nintedanib revealed mild to
moderate retrieval of lung functioning [119] because of its usage in late-stage
patients. Though these two drugs displayed a substantial reduction in IPF develop-
ment, early-stage disease diagnosis is essential for proper drug evaluation
(Fig. 12.3). Pirfenidone exhibits antioxidant, anti-inflammatory, and anti-fibrotic
effects [120, 121] which has been employed in about 555 IPF patients in four
phase 3 randomized controlled clinical trials. Pirfenidone doses were found to be
safe and well-tolerated by patients, and it significantly decreases the progression of
IPF after 52 weeks of its administration which in turn contributed to increased
survival and decreased death risk by 48% at 1 year [122].

Nintedanib functions by targeting the three tyrosine kinases receptor such as
PDGF, vascular endothelial growth factor (VEGF), and fibroblast growth factor
(FGF) [123, 124]. Nintedanib acts by inhibiting the proliferation of fibroblast,
fibroblast transformation into myofibroblast, and lung inflammation in vivo
[124]. Nintedanib specifically targets the growth factors and anti-fibrotic signaling
which effectively slows the functional decline and further IPF progression. The
positive results of pirfenidone and nintedanib are not favoring IPF progression;
however, reversal of IPF effects requires a drug combination approach to target
multifaceted signaling pathways responsible for IPF development [125]. To date, no
single drug has been ratified which establishes a potential ability to reverse lung
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tissue scarring in IPF. Hence it is crucial to identify, design, and develop novel
therapeutics toward various cellular and molecular targets of IPF.

Contemporary medical therapies are not fully operative at limiting impermanence
in patients with IPF, and novel therapies are instantly needed. The prime clinical
management of IPF is multifaceted and not only necessitates anti-fibrotic treatment
but also other relevant vaccinations, assessment of nutritional status, oxygen supple-
mentation, psychological support, and patient’s understanding of disease progres-
sion. Pulmonary rehabilitation, symptom remedy, palliative care, and comorbidity
management indicates future research domains of clinical intervention [126].

12.6 Impediments in IPF Basic Research

Several in vitro and in vivo model systems are required for the conception of
pathological mechanisms that occurs in IPF; nevertheless, these systems have certain
constraints. For instance, primary culturing of human alveolar epithelial cells seems
to be a great challenge for in vitro testing. Further, in vivo model such as bleomycin-
induced lung fibrosis fails to culture human primary AECs, which is another greater
challenge for in vitro testing. Furthermore, different animal models including
bleomycin-induced pulmonary fibrosis fail to mimic the clinical features of IPF as
experienced in patients. Despite these pitfalls, the thrust of basic science research on
IPF disease understanding continues and contributes to unknot the mystery by the
development of newer in vitro and in vivo model systems such as precision ex vivo
lung models, genetically engineered mice models, induced pluripotent stem cells
generated AECs, and organ-on-chip technology to replace lung transplantation
[127–129]. Thus these novel model systems give positive vibes for a complete
understanding of progressive pulmonary fibrosis and aid in developing potential
therapies in near future to combat IPF.

12.7 Conclusion

Idiopathic pulmonary fibrosis is considered as one of the common and highly lethal
lung diseases initially predicted as a chronic inflammatory disease. Thus anti-
inflammatory and immunosuppressant drugs were prescribed to treat IPF. Recent
advancement in IPF pathogenesis has identified TGF-β signaling involvement in
disease progression which is prone to induce fibrotic responses in lung tissue.
Pirfenidone and nintedanib are two currently employed FDA-approved medications
to reverse lung functions via targeting growth factor signaling and subsiding disease
symptoms; however, they fail to improve the patient’s survival. This chapter
highlights a few crucial cellular and molecular signaling targets that are strongly
implicated in the development and progression of IPF. Further, understanding the
interaction of these molecular targets with several cellular events such as injury to
epithelial and endothelial cells, hypercoagulation condition, activation of fibroblast,
differentiation into myofibroblast, EMT, recruitment of fibrocyte, deposition of

12 Targeting Molecular and Cellular Mechanisms in Idiopathic Pulmonary Fibrosis 303



ECM, angiogenesis, and irregular repair mechanisms during IPF progression will
delineate the complex spatial and temporal relationship between these molecular
pathways. Individual therapeutic strategies are no more effective against IPF treat-
ment; rather combinational approach of drugs is essential to restore the lung function
or reverse the fibrotic effects. Emerging advancement in gene-editing technology
such as CRISPR/CAS9-based system could edit the genes responsible for IPF
initiation and progression, and also cell-based technology might be a beneficial
approach to replace or repair the damaged lung cell architecture. Hence identification
and diagnosis of marker genes involved in the destruction of lung cells may be used
as a biomarker for personalized IPF therapy. Thus this devastating and progressive
disease demands supercilious treatment over current existing medications, and the
input of substantial effort in tracking novel therapeutics may provide a new avenue
for the betterment of IPF patients in near future.
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Abstract

The COVID-19 scenario has heated up the entire scientific community including
those dealing with pulmonary fibrosis. The fibrotic sequelae of SARS-CoV-
2 have given value to the anti-fibrotic therapies that are being evaluated to prevent
the severity of the pandemic. However, our understanding of the precise mecha-
nism that drives fibrosis and knowledge about effective management of pulmo-
nary fibrosis are still in the state of darkness. A landscape of pulmonary fibrosis
(PF) and dismal prognosis continues to mar the progression of society over the
past decades. It was in 2014 that two “umbrella” therapies were approved by the
FDA for IPF management, nintedanib and pirfenidone, post which there are no
significant additions in this field. An interplay between genetic and environmental
factors leads to cause microinjuries to the alveolar epithelium. The maladaptive
repair process over time contributes to the fibroblast proliferation and epithelium-
mesenchymal crosstalk leading to the pathogenesis of PF. Although there are
several hurdles to combat this deadly disease, our next step is to develop effica-
cious treatment regimens that can ameliorate survivability and functional quality
of life. This chapter presents recent updates in PF pathogenesis and possible novel
therapeutic strategies.

The authors declare no competing financial interests.

Sabita Singh, Joytri Dutta and Archita Ray contributed equally with all other contributors.

S. Singh · J. Dutta · A. Ray · A. Jaiswal · U. Mabalirajan (*)
Molecular Pathobiology of Respiratory Diseases, Cell Biology and Physiology Division,
CSIR-Indian Institute of Chemical Biology, Kolkata, India

Academy of Scientific and Innovative Research (AcSIR), Ghaziabad, India

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
K. Dua et al. (eds.), Targeting Cellular Signalling Pathways in Lung Diseases,
https://doi.org/10.1007/978-981-33-6827-9_13

311

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6827-9_13&domain=pdf
https://doi.org/10.1007/978-981-33-6827-9_13#DOI


Keywords

Pulmonary fibrosis · Alveolar epithelial injury · Fibroblast · Epithelium-
mesenchymal crosstalk

13.1 Introduction

13.1.1 Pulmonary Fibrosis: A Global Challenge

Pulmonary fibrosis (PF) is a chronic restrictive lung disease that is highly heteroge-
neous [1, 2] and refractory to any sort of treatment. The literal meaning of pulmonary
fibrosis is lung scarring [2]. It is pathologically characterized by the progressive and
irreversible deposition of excessive extracellular matrix (ECM) proteins such as
elastin, fibronectin, hyaluronan, and collagen in lung interstitial regions [1] and
remodelling of the lung architecture leading to thickening of the alveolar and
peribronchial walls [3] and additionally characterized by noticeable clinical, physio-
logical, and radiographic findings. Lung fibrosis develops due to various factors like
exposure to various noxious chemicals, smoke, and also certain viral infections
[1, 2]. Cancer patients who are undergoing radiotherapy and taking chemotherapy
can also develop lung fibrosis. In addition, various toxins present in the air could
cause microinjuries in gradual manner to the alveolar epithelium to initiate
fibrogenesis in lungs [1].

September is the Global Pulmonary Fibrosis Awareness Month, and the aware-
ness to combat year-on-year increase in mortality rate due to pulmonary fibrosis is
the need of the hour. A much-needed awareness among patients with pulmonary
fibrosis can avert its progression. However, part of the trouble comes while raising
awareness of pulmonary fibrosis because of its complexity of the disease. Indeed, the
term pulmonary fibrosis itself is an umbrella term as it comprises numerous similar
lung diseases, and these diseases are together also called as interstitial lung diseases
[4]. Due to the similarity of various diseases, it is very difficult to calculate the
incidence of lung fibrosis.

13.1.2 Historical Perspective of Pulmonary Fibrosis

It is well known that dust-rich occupation is strongly related to incidence of
numerous lung diseases. Even Hippocrates observed the relation between respiratory
problems and metal mining in his times [5, 6]. Later in the 1500s, the relation
between the exposure to the dusty environment and the development of severe lung
diseases has been reported [5]. The current illustration of pulmonary fibrosis crossed
the mind of Hamman and Rich in the early twentieth century [4, 6] in which they
found interstitial fibrosis in the lungs of few patients. In contrast to their observations
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of fast progression in the development of lung fibrosis, many patients have gradual
progression. Due to the complexity and multifactorial nature of lung fibrosis, various
clinicians and scientists have coined different terminology for the lung fibrosis [5].

13.1.3 Types of Pulmonary Fibrosis Based on the Known Cause

When a clinician sees a patient with the features of lung fibrosis, he cannot immedi-
ately identify the cause of lung fibrosis unless if there is any history of exposure to
fibrogenic agents. If he can rule out all possible known reasons of lung fibrosis, it
would be termed as “idiopathic” [7]. These are the five main known etiologies of
pulmonary fibrosis:

(a) Iatrogenic: Various medications are implicated in causing PF. Drugs like
chemotherapeutics [1], antiarrhythmic (amiodarone), and certain anti-
inflammatory drugs (methotrexate) cause inflammation, injury, and scarring in
the lungs.

(b) Radiation-induced: Exposure to radiations can cause lung fibrosis [8].
(c) Environmental: Pulmonary fibrosis is also caused due to environmental cues

like exposures to mold spores, agricultural/farming, bacteria, animal droppings
(especially from caged/indoor animals), or other known triggers [1, 8].

(d) Autoimmune: With an autoimmune disease, a person’s own immune system
attacks the lungs, inflicting inflammation and scarring that can impair lung
function and breathing. Lung fibrosis is one of the pathological features of
few systemic autoimmune diseases like Sjogren’s syndrome [1, 9].

(e) Occupational: Various work environments which are related to exposure to
fibrogenic materials devastate the lung tissue, like silica, beryllium, etc.

13.1.4 Idiopathic Pulmonary Fibrosis (IPF): The Expert’s Conundrum

A historical change has been swayed in the definition of idiopathic pulmonary
fibrosis (IPF) since Hamman and Rich recounted the pathogenesis of pulmonary
fibrosis. IPF, which is a devastating and a progressive form of interstitial lung
disease with no known etiology, has now been taken up seriously by the researchers.
Earlier it was believed that inflammation caused by exogenous irritants could drive
the progression of lung fibrosis. However, this concept has changed as many started
believing that the entire pathophysiology roots from alveolar epithelial dysfunction
after lung epithelia are subjected to repetitive microinjuries followed by anomalous
crosstalk between epithelial and mesenchymal cells, creating a disturbance in the
balance of pro-fibrotic and anti-fibrotic mediators [10, 11].

Phenotypically, IPF is characterized as a chronic condition wherein the lung
tissue, primarily the interstitium, and the space or tissue around the alveoli of the
lungs become increasingly scarred and thick, leading to chronic cough, breathless-
ness, and, ultimately, respiratory failure and death [10, 12]. Reports suggest that the
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death in IPF patients is solely due to the disease, followed by rapid deterioration of
lung health and manifestation of lung cancer and cardiac disorders.

Based on intense research using multiple strategies and models, relatively suc-
cessful drugs like pirfenidone and nintedanib were discovered to reduce the devel-
opment of lung fibrosis [1]. However, these drugs could not reverse the already
established fibrogenesis, and as a result, these drugs cannot restore the lung function
completely. Thus, intrinsic insight into the roles of the various mediators
contributing in this condition is obligatory for developing considerable number of
therapeutic interventions.

13.1.5 The Nexus Between Pulmonary Fibrosis and COVID-19

In December 2019, news and reports surfaced out from Wuhan, China, of the
outbreak of a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
[13]. As of September 1, 2020, nearly 26.6 million people tested positive, and
around 875, 000 people have died from coronavirus disease 2019 (COVID-19)
worldwide. Patients with confirmed SARS-CoV-2 complain of diverse range of
symptoms, from mere sneezing to severe respiratory distress [14]. Reports insinuate
that all COVID-19-related serious consequences accentuate pneumonia. Interest-
ingly, both COVID-19 and lung fibrosis are having common risk factors like old age,
male gender, and disease comorbid conditions like diabetes and hypertension
[13, 14].

Pulmonary fibrosis and COVID-19 have a stark resemblance, and at first sight, it
won’t seem evident [15]. It solely depends upon us, what learning we can take from
these two dreadful conditions in order to benefit patients who are having permanent
scars in their lungs. COVID-19 and pulmonary fibrosis are grievous diseases, and
both embark with a lung injury [15]. It is proposed that pulmonary fibrosis is an
consequence of acute lung injury caused by viruses. The mechanisms through which
SARS-CoV-2 hurls damage to the lung are only partially known [16], but probable
contributors include a “cytokine storm” triggered by the viral antigen upon entry into
the system resulting in a hyperactive inflammatory reaction, drug-induced pulmo-
nary toxicity, and intubation or invasive ventilation upon hypoxemia, and high
airway pressure induces acute lung injury [16].

13.2 Genetic Factors Involved in the Development
of Pulmonary Fibrosis

The heritable form of pulmonary fibrosis is called familial pulmonary fibrosis (FPF).
It is characterized by a history of pulmonary fibrosis in two or more members of a
family. It is an autosomal dominant disease with low penetrance. Around 10% of the
IPF cases are FPF [17].
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13.2.1 MUC5B Gene Polymorphism

A gene polymorphism forMUC5B, a gene encoding a mucin glycoprotein, has been
extensively linked to both FPF and sporadic IPF. Homozygosity for the mutant allele
(T) in single-nucleotide polymorphism of the MUC5B gene on chromosome
11p15.5 was found to increase the risk of having sporadic or familial PF by
20-fold [18]. This association has also been found in non-idiopathic fibrotic lung
conditions like rheumatoid arthritis-associated interstitial lung disease (RA-ILD) and
chronic hypersensitivity pneumonitis but not in some other forms of lung fibrosis
like scleroderma-associated interstitial lung disease, sarcoidosis, and asbestosis
[19]. This gain-of-function variant is associated with a heightened expression of
the gene in the bronchoalveolar region. But, how the MUC5B variant increases
susceptibility to PF is poorly understood. Overexpression of this gene impairs
mucociliary clearance and enhances retention of inhaled particles and lung injury
which might culminate into fibrosis in the long run [20]. The overexpression was
found to ameliorate lung fibrosis but did not induce spontaneous fibrosis [19]. Quite
contrary to expectations, only a small fraction of carriers of this risk allele was
actually found to develop the disease indicating that genetic susceptibility alone is
not enough to trigger the pathogenesis of PF [18].

13.2.2 Surfactant Protein Mutations

Surfactant protein C (SP-C), a constituent of surfactant, is solely synthesized by the
alveolar type 2 epithelial cells (AEC2). More than 60 mutations of the surfactant
protein C gene (SPTPC) have been linked to the pathogenesis of PF till date which
amply highlights the importance of studying its mechanistic involvement in the
disease [21]. The mutant protein has been found to accumulate in the endoplasmic
reticulum (ER) causing ER stress and activating unfolded protein response (UPR).
Prolonged or severe UPR activation may cause AEC2 cell apoptosis [18]. Recently,
Nureki et al. demonstrated in a knock-in murine model of SPTPC mutation that this
mutation indeed causes spontaneous PF in vivo. This shows that ER stress induced
by the mutant SPTPC in AEC2 cells is involved in development of fibrosis in the
lungs [22]. Surfactant protein A (SP-A), a surfactant protein secreted by the airway
cells, is formed by the SPA1 and SPA2 proteins encoded by the genes SFTPA1 and
SFTPA2, respectively [21]. Mutations in both SFTPA1 and SFTPA2 have been
reported to have association with the pathogenesis of PF [21, 23]. SFTPA2 mutant
protein was found to be retained in the ER and hence not secreted, subsequently
activates UPR [21]. Takezaki et al. have recently shown that a homozygous SFTPA1
mutation induces AEC2 cell necroptosis and initiates spontaneous fibrosis in a
knock-in murine model of the mutation [23].
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13.2.3 Mutations in Other Genes

Rare mutations in telomere-related genes like telomerase reverse transcriptase
(TERT), dyskerin pseudouridine synthase 1 (DKC1), and regulator of telomere
elongation helicase 1 (RTEL1) have been linked to FPF pathogenesis [17]. Short
telomeres have been detected in PF patients in comparison to age-matched controls,
irrespective of whether they carry telomerase gene loss-of-function mutations
[18]. Gable et al. showed that zinc finger CCHC-type domain containing 8 protein
(ZCCHC8) is necessary for telomerase RNA component (TERC) maturation, and its
heterozygous loss-of-function mutation leads to short telomere length and FPF [24].

Polymorphism in and around Toll-interacting protein (TOLLIP) gene, a regulator
of Toll-like receptors, has been implicated in IPF pathogenesis [25]. The protective
role of TOLLIP in PF is further supported by another study that showed TOLLIP to
have an inhibitory effect in the pro-fibrotic transforming growth factor (TGFβ)
signalling in lung epithelial cells [26].

Genetic variations in desmoplakin (DSP), involved in cell adhesion, and A-
kinase-anchoring protein (AKAP13), predispose an individual to develop IPF. The
expression of these proteins has been found to be elevated in IPF lungs [25]. In
recent times, AKAP13 was shown to activate TGFβ (a key mediator of PF) in lung
epithelial cells via Rho-αvβ6 pathway, thus providing a functional basis to its link
with IPF pathogenesis [27].

13.3 Various Inducers for the Development of Pulmonary
Fibrosis

PF can occur in response to a persisting lung condition like chronic inflammation or
due to an unknown etiology, known as IPF. It can also occur due to certain
fibrogenic agents like ambient particulate matter and soluble chemicals or secondary
to some existing conditions like rheumatoid arthritis, sarcoidosis, etc.

There is a controversy regarding wrongful labelling some patients as having IPF
that might have occurred because of environmental or occupational exposure.
Although this can be due to improper diagnosis, it can be also attributed to insuffi-
cient association between the intensity of exposure of the etiological factor and
severity of the disease. Therefore, occupational or environmental exposures may
partially prompt the development of IPF. Some of these factors can be exemplified as
organic dust from activities like agriculture, livestock, and farming or exposure to
wood dust, mineral dust, asbestos, metal, and ambient particulate matter [28].

13.3.1 Silica

Silica or silicon dioxide (SiO2) exists in a number of crystalline forms or
polymorphs. Inhalation of fine crystalline silica of respirable conformation
(<10 μm size) predisposes to the risk of developing a lung condition called silicosis.
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In silicosis, the fine silica particles are deposited in the macrophages. Thus, an
inflammatory response ensues that incites the fibroblasts to multiply and produce
collagen. The silica is enwrapped by collagen that leads to fibrosis and formation of
nodular lesions in the lungs, which are typical of the disease [29].

13.3.2 Asbestos

Asbestos are crystalline mineral fibers that find commercial use due to their durable
and heat-resistant nature. There are quite a few types, the chrysotile or “curly” fibers
and the straight rod-like crocidolite fibers, which are the most common. Prolonged
heavy exposure to asbestos gives rise to a diffuse PF called asbestosis. After
inhalation, asbestos is taken up by the alveolar epithelial cells (AECs) and alveolar
macrophages that lead to oxidative stress in the lungs. Both reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are generated on the surface of the fibers
through cell-free mechanism. These oxidants damage the cellular macromolecules,
especially DNA, triggering the apoptosis of AECs. Epithelial injury is known to
provoke repair responses by releasing pro-fibrotic cytokines, leading to fibrosis
[30]. Furthermore, macrophages on phagocytosis release pro-fibrotic mediators
that trigger deposition of connective tissue by fibroblasts. Since asbestos fibers are
naturally resistant to digestion, the macrophages perish, releasing more such
cytokines and enticing more macrophages and fibroblasts to generate fibrous
tissue [31].

13.3.3 Iatrogenic

Bleomycin-induced pulmonary fibrosis mice model is a well-known animal model
for studying PF. Bleomycin is a glycopeptide antibiotic and anticancer drug that has
been first isolated in 1966 from Streptomyces verticillus. For almost 50 years,
bleomycin has been used in parallel to chemotherapy in squamous cell carcinomas,
germ cell cancers, and malignant lymphomas which has proved to be highly
effective due to its low immunosuppression and myelosuppression. It also showed
potent effects against other types of cancers like cervical cancer, ovarian cancer,
melanoma, and sarcoma. However, its high therapeutic efficiency is severely
restricted by its potential to cause PF [32].

13.3.4 Paraquat

Paraquat (PQ) is the most common herbicide used worldwide. It accumulates in the
lung epithelial cells after exposure and causes significant damage. As a result of this,
repair responses are triggered, leading to the development of PF [33]. In one study,
collagen deposition was found to occur after 2 h of PQ administration. A separate
study has shown epithelial to mesenchymal transition (EMT) to be a central event in
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the development and progression of PF. PQ being extremely toxic to human beings
has a high mortality rate of 60–87.5%, PF being detected in most of the
survivors [34].

13.3.5 Polyhexamethylene Guanidine (PHMG)

The PHMG is a biocide and disinfectant which was initially thought to be safe and
nontoxic. Later, when it was used as a humidifier disinfectant, it was shown to be
associated with PF [35]. A study by Kim et al. showed that PHMG can trigger ROS
generation, causing airway barrier injury, followed by fibrotic repair response with
increased synthesis of collagen and fibronectin and increased ECM deposition [36].

13.3.6 Carbon Nanotubes (CNTs)

The CNTs are 1-atom-wide graphene sheets with tube-like structures. They are
extensively used for commercial and industrial purposes owing to some of their
useful properties like remarkable strength and high thermal conductivity. Individuals
involved in the manufacture of CNT-containing products and the consumers of such
items are extensively exposed to this material. CNTs act like airborne fibers due to
their nanoscale size and shape that is a like a fiber, thus increasing the risk of being
inhaled. The inhaled fibers can accumulate in the airways and the alveoli. They are
capable of inducing oxidative stress and pass through the plasma membrane, leading
to epithelial cell lesions. Disruption of the epithelial barrier in the airways and type
2 alveolar epithelial cells leads to the secretion of alarmins that elicit type 1 or type
2 immune responses. Activated T helper 2 (Th2) cells and M2 macrophage induce
the release of pro-fibrotic factors to promote tissue repair and lung fibrosis in type
2 immune response [37].

13.3.7 Lung Fibrosis as a Part of Other Diseases

Sarcoidosis is an inflammatory disease induced by a yet to be identified antigen,
characterized by the formation of granuloma, most frequently in the lungs. Due to its
unidentified etiology, specific treatment is still unavailable. About 20% of the
patients having sarcoidosis are found to develop PF, which transforms this benign
disease into a fatal one. In such cases, fibrosis starts at the fringes of the sarcoid
granulomas. Progressive collagen deposition over time gives rise to mature fibrosis
that damages the lung parenchyma, ushering in the “end-stage” sarcoidosis [38].

Rheumatoid arthritis (RA) is an inflammatory condition of autoimmune nature,
affecting the joints. RA patients have sometimes been found to have interstitial lung
disease, named rheumatoid arthritis-associated interstitial lung disease (RA-ILD).
Clinically evident RA-ILD has been found in almost 10% of the RA patients
[39]. Although the exact mechanism is not yet clear, two theories have been put

318 S. Singh et al.



forward based on available evidence regarding the pathology of this disease. First,
external insults like cigarette smoke cause citrullination of proteins in the lungs,
which stimulates the synthesis of anti-citrullinated protein antibodies (ACPA). This
triggers breakdown of self-tolerance in RA. The second theory propounds that in
local or systemic inflammation of chronic nature (as in RA), circulating inflamma-
tory cytokines [interferon γ (IFNγ), tumor necrosis factor α (TNFα)] act on the lungs
inducing an increase in expression of adhesion molecules on the pulmonary vascular
endothelial cells. These signals attract the circulating monocytes/macrophages to the
lungs and also activate lung-resident macrophages and other immune cells. On
exposure to external factors like cigarette smoke, antigen presentation
(of citrullinated proteins) occurs, triggering the activation of secondary or adaptive
immune response and the resultant production of ACPA. The second bout of
inflammation also stimulates the release of pro-fibrotic TGFβ and subsequent fibro-
blast activation and collagen deposition, leading to lung fibrosis [40].

13.4 Lung Injury: A Predominant Inducer for Pulmonary
Fibrosis

Injury to the lung tissue can occur as a result of various insults, such as mechanical
stretch, exposure to high doses of radiation, microbial infection, or gastroesophageal
reflux.

13.4.1 Mechanical Stretch

Mechanical ventilation (MV) is an essential supportive therapy for patients having
acute respiratory distress syndrome (ARDS), but it is capable of causing lung injury,
named as ventilator-induced lung injury (VILI). VILI is caused either by recurrent
opening or closure of the alveoli, i.e., the lungs can become derecruited with each
expiration and recruited once again in the subsequent inspiration (atelectrauma),
MV-associated inflammation (biotrauma), or overdistention of the lungs
(volutrauma) [41]. Mechanical stretches to the alveolar epithelial cells lead to
disruption of the tight junction and cellular attachments. Biotrauma heightens the
production of ECM, triggering the repair response. The loss of alveolar epithelial
integrity and overexuberant repair response induces EMT. There is also an increase
in circulating fibrocytes and fibroblast proliferation. These events collectively con-
tribute to the development of PF [42].

13.4.2 Exposure to High Doses of Radiation

Treatment by radiation of malignancies present in the lung, breast, and esophagus
increases the vulnerability of patients to radiation-induced lung injury (RILI). The
sensitivity of the normal lung parenchyma is the deciding factor for the dose of
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radiation in the malignancies of the chest. When the radiation penetrates the soft
tissue, the localized aggregation of energy packets induces the breakdown of the
strong chemical bonds of mainly water molecules, generating free radicals. These
free radicals damage the cellular macromolecules, primarily DNA, and also lipids
and proteins. This DNA damage sets in motion the downstream processes, which
culminate into cell death in both normal and cancer cells. To increase the therapeutic
efficacy and reduce toxicity of radiation, the total dose of radiation has to be broken
down into small daily doses. This ensures enough time for recovery of the normal
epithelial cells in comparison to malignant cells, owing to their differential DNA
repair capacity and radiation sensitivity. Apart from the cytotoxic effects, strong
inflammatory responses are also incited which eventually culminates into PF, the
final phase of RILI. In this phase, pro-fibrotic mediators are released, and these lead
to deposition of collagen by fibroblasts in the alveolar spaces and resultant reduction
in lung volume [43].

13.4.3 Lung Fibrosis as a Post-SARS Sequel

Evident from the clinical studies and radiography, many persons who were infected
by severe acute respiratory syndrome (SARS) in 2003 epidemic were found to have
PF, as fibrosis of varying degrees was noticed on autopsy of the deceased patients.
Although such fibrotic changes have also been observed in other respiratory viral
infections, it was found to be more frequent in post-SARS coronavirus (SARS-CoV)
infection. Increased levels of TGFβ, a pro-fibrotic mediator, have been found in the
mouse models of SARS-CoV infection [44]. The SARS-CoV strain has genetic
similarity with SARS-CoV-2, the cause of the 2020 pandemic that is wreaking havoc
worldwide. Preliminary analysis of the COVID-19 patients on hospital discharge
indicates that greater than one-third of these recovered individuals have fibrotic
abnormalities [14].

13.4.4 Link with Gastroesophageal Reflux

Gastroesophageal reflux is the motion of gastric fluid in a retrograde direction toward
the esophagus [45]. In states of waned consciousness as when a patient is under the
influence of general anesthesia or conditions like cerebral vascular ischemia, trauma,
and metabolic encephalopathies, the gastric refluxate may aspirate into the lower
airways. The aspirate material can be composed of acid, bile, food particulates,
pepsin, and microbes [46]. In order to reach the airways, the aspirate has to evade a
lot of barriers such as esophageal peristalsis, cough reflex, swallow reflex, and
mucociliary barrier [45]. The gastric contents are capable of inflicting injury to the
lung epithelium and consequently trigger sterile inflammation [46]. Chronic
microaspiration causes recurrent injury which eventually over a period of time
results in lung fibrosis [45].
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13.5 Alveolar Epithelial Dysfunction as a Converging Point
for the Development of Pulmonary Fibrosis

The distal lung is formed of two alveolar epithelial cell types, namely, type 1 and
type 2. Type 1 alveolar epithelial cells (AEC1) are situated near the endothelial cells
and form a surface for gaseous exchange. AEC2 function as stem cells by
differentiating into AEC1 cells for repair and renewal of the alveolar epithelium.
Besides, they are also responsible for surfactant production [47]. Haschek and
Witschi proposed a theory, in the 1990s, challenging the pre-existing notion that
lung fibrosis is an inflammatory disease. After that, there was a gradual shift in the
concept when it was realized that although inflammation contributes to the disease
pathogenesis, it is not the central event that drives PF. AEC2 dysfunction was
eventually recognized to have a key role in development of PF [21].

Multiple factors like genetic predisposition, ROS, hypoxia, and infection trigger
ER stress in the AECs. There is a buildup of unfolded proteins inside the ER which
activates the unfolded protein response. A downstream process ensues with the
increase in chaperone proteins in order to aid protein folding. The AEC2 cells in
the fibrotic lungs are unable to deal with ER stress owing to defective autophagy,
which normally helps to remove the expanded ER [47]. There is also downregulation
of lipid synthesis enzymes like stearoyl-CoA desaturase (SCD1), which is needed
for reducing ER stress in the AECs [48]. Persistent ER stress leads to the activation
of the ER stress-associated transcription factor, C/EBP homologous protein
(CHOP), triggering apoptosis of the AEC2 cells [47]. Hypoxic microenvironment
in the alveoli has been shown to stabilize hypoxia-inducible factor 1α (HIF1α) that
triggers ER stress and CHOP-mediated transcription of apoptotic genes like B cell
lymphoma 2 (Bcl2), Bcl2-like protein 11 (Bim), and cation transport regulator-like
protein 1 (Chac1) [49]. Kamp et al. showed that oxidative stress induced by asbestos
fibers induces ER stress followed by mitochondria-mediated apoptosis via ER Ca2+

release [50]. AEC2 cells, being metabolically active, possess a large number of
mitochondria [51]. Mitochondrial fusion proteins mitofusin 1 and mitofusin 2 were
shown to be involved in the production of surfactant lipids in AEC2 cells, and their
absence triggers spontaneous lung fibrosis. This shows that damaged mitochondria
affect the AEC2 surfactant production, thus compromising the integrity of epithelial
barrier eventually leading to fibrosis [52].

Instead of apoptosis, AECs can also undergo premature senescence, a permanent
form of cell cycle arrest, in response to injury [47]. Senescence in AECs is regulated
by the activation of PTEN/NF-kB pathway that drives collagen deposition by
fibroblasts and, consequently, fibrosis [53]. Moreover, plasminogen activator
inhibitor-1 (PAI-1) has also been shown to induce AEC2 senescence by activating
the cell cycle repressor p53-p21-Rb pathway in fibrotic lungs [54]. AEC2 senes-
cence in lung fibrosis has been also attributed to dysfunctional telomere [51]. Senes-
cence limits the capacity of transdifferentiation of AEC2 cells into AEC1 cells as
observed in PF. Activation of developmental pathways like Notch and Hedgehog
significantly affects AEC2 differentiation in fibrotic lungs [51]. Homeobox only
protein X (HOPX), a protein involved in the development of distal lung, was found
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to promote AEC2 to AEC1 differentiation in early stages of alveolar injury but
decreases with progression of IPF, leading to the loss of reparative capacity of AEC2
cells [55]. Recently, Wu et al. showed that failure to differentiate into AEC1
generates mechanical tension in AEC2 cells which activates the pro-fibrotic TGFβ
pathway [56]. In previous studies, it has been shown that mechanical stress in AECs
induces epithelial cell-restricted integrin αvβ6 to bring about conformational
changes in the inactive precursor latent complex of TGFβ in the ECM, revealing
the active TGFβ that can bind to its receptor on neighboring cells and exert its
fibrotic effects [57]. The impact of this mechanical tension progress from the
periphery to the center which provides a possible explanation for the periphery to
center progression observed in IPF [56].

AEC2 cells have also been observed to go through EMT and drive fibrosis
through epithelial-fibroblast crosstalk [58].

Thus, external insults and genetic factors set in motion a series of events in the
AECs such as ER stress, impaired autophagy, intrinsic apoptosis, and cellular
senescence, triggering an aberrant repair response in the lungs which culminates
into fibrosis.

13.6 Role of Inflammatory Cells and Mediators in Pulmonary
Fibrosis

In general, the role of innate immune cells like macrophage and neutrophil in the
development of lung fibrosis is well known. However, the role of inflammation or
immunological involvement in IPF is controversial as a number of studies have ruled
out the involvement of immunological mechanisms in the IPF development
[59]. Based on the earlier observation like the existence of more neutrophils in
lung interstitium of IPF patients, it was hypothesized that IPF could be a chronic
inflammatory disease. Later, a number of studies could not verify the involvement of
inflammation. Initially, it was believed that the infiltration of inflammatory cells is
the primary reason for the development of fibrosis. Currently, this concept has been
modified in such a way that inflammation may have a role only after the establish-
ment of lung fibrosis [59]. The immunopathogenesis could involve both innate and
adaptive immune cells. The neutrophils, macrophages, fibrocytes, monocytes, den-
dritic cell, mast cells, and type 2 innate lymphoid cells are the innate immune cells,
whereas almost all kinds of helper T cells (Th1, Th2, Th17), Treg, and B cells are
adaptive immune cells [59].

Macrophages can be of two types: (a) M1 if the macrophages are induced by
TNFα or IFNγ and (b) M2 if the macrophages are induced by cytokines like IL-4,
IL-13, IL-10, or TGFβ1. While M1 macrophages are formed in stages of acute
inflammation, M2 macrophages are formed when the inflammation is getting
resolved. During the resolution of inflammation, fibrosis occurs. In IPF, the M2
macrophages are activated, and these macrophages secrete TGFβ1 [59, 60]. Though
neutrophils are recruited at the peak stage of inflammation, its role in IPF is beyond
the inflammation as it helps in tissue remodelling through their enzymes like
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neutrophil elastase [59, 60]. Though the role of extracellular neutrophil traps has
been shown to be present in a number of fibrotic conditions, its involvement in IPF is
not clear yet. Fibrocytes, derived from blood monocytes, are present in the circula-
tion. But when there is an injury, these cells are recruited to the site of injury. When
they get activated, these cells further activate the fibroblast to induce the deposition
of various ECM proteins. While Th2 cytokines like IL-4 and IL-13 can participate in
the development of lung fibrosis by activating M2 macrophages, type 2 ILCs (innate
lymphoid cells) also secrete most of these Th2 cytokines along with amphiregulin.
IL-13 secreted by type 2 ILCs participate in lung interstitium remodelling along with
the deposition of ECM proteins [59]. Similarly, Th2 cells of adaptive immune
response also secrete cytokines like IL-4 and IL-13. Both of these cytokines are
capable of activating myofibroblasts so that they secrete more ECM protein to cause
lung fibrosis. On the other hand, IFNγ secreted by the Th1 cells are known to
attenuate the features of lung fibrosis [59]. While B cells can produce autoantibodies
against epithelial antigens to initiate an autoimmune response, regulatory T cells
have been shown to reduce autoimmune response along with its anti-fibrotic role in
lung fibrosis.

13.7 Role of Oxidative Stress in Pulmonary Fibrosis

Though the involvement of immunopathogenesis or inflammation in IPF is contro-
versial, the role of oxidative stress in lung fibrosis especially in IPF is well
demonstrated [61, 62]. In any event, its causative role in IPF is not proven yet. As
IPF affects mostly elder people, it is also important to consider whether aging acts as
a factor to induce oxidative stress, because dysfunction of mitochondria, reduction in
proteostasis, and other oxidative stress-related mechanisms of aging could be
involved in the development of IPF [62]. Oxidative stress participates in a number
of ways in the pathogenesis of IPF, starting from the predisposition stage to the
progression stage.

Both structural cells like alveolar epithelial cells, fibroblasts, vascular endothelial
cells, and immune cells like macrophages and neutrophils can generate ROS and
RNS. On the other hand, most of these cells also generate various antioxidant
enzymes. However, the antioxidant mechanisms are reduced with aging. Each and
every abovementioned cell has a unique way of participation in promoting lung
fibrosis. For example, oxidative stress helps in the polarization of macrophage to
promote lung fibrosis. While ROS can be pro-inflammatory and thus polarize
macrophages toward M1, ROS released by dysfunctional mitochondria and ER
stress could polarize the macrophage into pro-fibrotic M2 macrophage through
TGFβ, platelet-derived growth factor (PDGF), and tissue inhibitor of
metalloproteinase [62]. Oxidative stress-induced cellular senescence observed in
structural cells is linked to the development of lung fibrosis. Whether the cellular
senescence is involved with pro-fibrosis or anti-fibrosis depends on the organ and
type of senescent cells. In case of lung fibrosis, senescence of alveolar epithelial cells
and myofibroblasts has been well demonstrated. The senescent lung epithelia may
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reduce the rate of re-epithelialization to produce pro-fibrotic cytokines. Senolytics, a
new variant of drugs that selectively targets the senescent cells, have been shown to
reduce the deposition of ECM proteins [62].

Lung epithelial cell apoptosis can happen due to mitochondrial dysfunction or ER
stress due to oxidative stress. The alveolar epithelial apoptosis leads to aberrant
activation of fibroblasts and consequently ushering in lung fibrosis [61, 62]. In
contrast, the apoptosis of myofibroblasts is reduced in lung fibrotic conditions.
This could lead to the accumulation of more number of myofibroblasts in the lung
interstitium, and these activated myofibroblasts secrete a variety of ECM proteins to
cause dense lung fibrosis. Not only activated myofibroblasts participate in the
deposition of ECM proteins, but also senescent fibroblasts can also promote lung
fibrosis through attaining senescence-associated secretory phenotype that leads to
express a number of pro-fibrotic genes including collagen, fibronectin, etc.
[62]. While ROS released by various cells lead to fibrosis through various
mechanisms, oxidation of even ECM proteins could lead to worsening of lung
fibrosis by hardening of ECM along with resistance to proteolysis [62].

Thus, oxidative stress serves as a pro-fibrotic mechanism in a peculiar and a
context-dependent manner. The role of antioxidants in reducing lung fibrosis seems
to be controversial due to the additional anti-fibrotic role of ROS. However, finding
effective and site-targeted antioxidants may be beneficial in reducing lung fibrosis.

13.8 Role of MMPs in the Development of Pulmonary Fibrosis

As mentioned above, alveolar epithelial cells are injured to initiate the development
of pulmonary fibrosis. These alveolar epithelial cells secrete multiple mediators that
promote fibroblast generation and myofibroblast accumulation which in turn alters
the normal lung architecture. Zinc-dependent matrix metalloproteases (MMPs)
belong to a larger family known as M10A metallopeptidase family. They degrade
the ECM and can also cause casting away of cell membrane proteins. MMPs lead to
activation of other mediators like cytokines, growth factors, chemokines, etc. In IPF,
imperfect regulation of MMPs has a crucial role. MMP family consists of many
genes. On one hand, some MMPs have a protective role against fibrosis. On the other
hand, MMPs can promote and also contribute to disease progression [63]. MMPs
cause parenchymal remodelling by accumulation of ECM constituents in lung
interstitium which further aggravates the progression of the disease. Anti-protease
treatment is thus thought to be beneficial to stabilize the balance between excessive
synthesis and degradation of ECM [64].

Bleomycin-induced fibrosis rat model had shown initial elevation of MMP-9
level followed by reduction. Similarly, MMP-2 level increases and decreases more
rapidly. In BAL (bronchoalveolar lavage) fluid, MMP-2 and MMP-9 activity is seen
to be heightened in the early phase of pulmonary fibrosis; however, the level then
gradually decreases. The level of change in MMP-9 was more prominent when
compared to MMP-2. This may be due to the reason that MMP-9 is secreted by
neutrophils. Alveolar macrophages and neutrophils release these MMPs which
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degrades the basement membrane. The breached basement membrane then allows
the infiltration of inflammatory cell, and here the role of MMP-9 seems to be more.
MMP-2 is hypothesized to act more in the later fibrosis phase and has a role in the
generation of the fibrotic foci [65]. Tissue inhibitor of metalloprotease (TIMP)
family proteins blocks the action of MMPs. Myofibroblast residing in the intra-
alveolar fibrosis showed predominant reaction toward TIMP-2. Thus, TIMP-2 might
have a role in irreversible lung structure remodelling observed in IPF. Matrix
metalloprotease-1 (MMP-1) level is also found to be overexpressed in IPF. There
is a slight paradox regarding MMP-1. In lung obtained from IPF, MMP-1 level is
found to be localized in the AEC and not in fibroblasts [66]. Along with MMP-1, the
level of MMP-7 (matrilysin) is seen to be increased in pulmonary fibrosis. The level
of MMP-7 gets increased in lung and BAL fluid in comparison to control subjects.
The surge in MMP-7 and MMP-1 level is correlated with the increase in the severity
of disease. These can be the rationale for taking MMP-7 as a biomarker in asymp-
tomatic patients suffering from early interstitial lung disease. Enhanced level of
MMP-7, found in peripheral blood in IPF, shows correlation with pulmonary
function test. Thus it can be a potential biomarker in IPF pathobiology
[67]. MMP-3 has a unique role in promoting IPF. There is heightened expression
of MMP-3 mRNA in the IPF lung. Experiments carried out in vitro on epithelial cells
have shown that MMP-3 mediates EMT. MMP-3 works via inducing the ß-catenin/
WNT pathway and causes the cleavage of epithelial cell marker E-cadherin. Upon
MMP-3 treatment in lung epithelial cells, there is an increase in the expression level
of mesenchymal marker, vimentin [68]. Another novel biomarker in fibrotic lung
disease is MMP-10. In comparison with control and COPD patients, MMP-10 level
is higher in sera of IPF patients. Immunohistochemistry studies have shown that
apart from alveolar epithelial cells, macrophages and peribronchial epithelial cells
also express MMP-10 [69]. MMP-8 (collagenase-2) is another pro-fibrotic MMP
that promotes PF. In IPF, the MMP-8 level gets increased in BAL fluid. Studies
revealed that MMP-8 decreases the expression of macrophage inflammatory protein-
1 α (MIP-1α) and IFNγ-inducible protein 10 (IP-10) in the lung. Fibrocytes have
been shown to express MMP-8. In PF, migration of fibrocytes gets increased.
Fibrocytes incubated with MMP-8 inhibitor showed a decrease in their migratory
activity. This accentuates the fact that MMP-8 heightens PF by regulating the
migratory capacity of fibrocytes [70].

Few MMPs exert anti-fibrotic effects. MMP-13 (collagenase-3) is a primary
enzyme that causes degradation of cartilages [70]. Compared to donor lungs, an
increase in the levels of MMP-13 is observed in lungs of IPF patients. In bleomycin-
exposed MMP-13 knockout mice, a severe increase in symptoms of fibrosis along
with early onset of inflammation is observed [71]. Another anti-fibrotic regulator in
IPF is MMP-19. When MMP-19 knockdown mice were exposed to bleomycin,
heightened PF characteristics were observed. Another study showed that fibroblasts
obtained from MMP-19-deficient mice showed an increase in fibrillar collagen
proteins, collagens present in the basement membrane along with an elevation in
collagen production. The growth pace of the fibroblast was also found to be
increased. Along with these, production of myosin genes gets increased, and an
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increase in myofibroblast is also observed. MMP-19 thus has a controlling effect on
IPF by regulating fibroblast growth and its differentiation into myofibroblast [72].

MMP has a regulatory effect on fibrosis. With MMP expression, various
pathways also get affected. Thus, MMP can be a potent therapeutic target in
PF. But we need to be cautious for the following reasons: (a) dynamicity of MMP
in different stages of PF and (b) MMP inhibition that could cause havoc in lung
homeostasis as a number of MMPs are required to fight against various infections by
recruiting various immune cells and to activate key cytokines and chemokines that
are involved in immune cell recruitment.

13.9 Disturbance in Balance of Pro-fibrotic and Anti-fibrotic
Molecules

Fibrosis is an irreversible degenerative biological phenomenon which encompasses
numerous other smaller events. Upon sensing the tissue degradation, scar formation
takes place. This happens through excessive production of the ECM proteins and
deposition of connective tissue like collagen. The cellular environment also
undergoes certain alterations to decide whether the fibrotic pathway will be activated
or not. There are certain pro-fibrotic agents that promote fibrosis. They are type
2 CD4 T lymphocyte cells and CD40 ligand-receptor interaction. There are also
other mediators like cytokines and growth factors that accelerate the fibrotic process.
Anti-fibrotic agent like interferon γ also exists [73]. CD40 receptors are expressed on
the surface of fibroblasts. Immune cells like mast cells and T cells express CD40
ligand. In PF, CD40 ligand-receptor interaction stimulates the production of
pro-inflammatory mediators and cell adhesion molecules like cyclooxygenase
2 (COX2) which then increases the production of ECM proteins. Prostaglandin
2 (PGE2) synthesis happens in the human fibroblasts which then disturbs the type
1/type 2 cytokine balance. Type 2 cytokine productions are also increased. On the
other hand, generation of IL-12 and IFNγwhich belong to type 1 cytokine family are
inhibited [74]. T lymphocytes are primary inflammatory cells in fibrosis. Compared
to wild type, bleomycin-administered T cell-deficient athymic mice showed less
inflammation and fibroblast deposition on ECM. Immunosuppressive T regulatory
(Treg) cells exert pro-fibrotic effect via pro-fibrotic cytokines like TGFβ and PDGF
[6]. There is a balance transpiring between pro-fibrotic and anti-fibrotic cytokine
mediators. They are like the two sides of a seesaw. The pro-fibrotic cytokines are
TGFβ, TNFα, vasoconstrictor molecule endothelin-1 (ET-1), and interleukins. TGFβ
family assists in the production of fibroblast collagen gene. TNFα which gets
upregulated in PF promotes the replication of fibroblasts and escalates the synthesis
of collagen in the lung. ET-1 found in the lungs of fibrotic patients escalates
proliferation of fibroblasts, promotes chemotaxis, and increases pro-collagen syn-
thesis [75]. Interleukin-9 (IL-9) is another anti-inflammatory cytokine that has a role
in attenuating lung fibrosis. B lymphocytes have a role in regulating the protective
role of IL-9 [6]. Coagulation-regulating proteinases like thrombin and factor VIIa
employ pro-fibrotic effect in the remodelled lung. These act by regulating the
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proteinase-activated receptors 1–4 (PAR-1–PAR-4). PAR-1 which imparts its effect
by factor Xa and thrombin is found to have a prominent role in IPF. Experimentally
it is seen that inhibiting the pro-inflammatory mediator thrombin prevents fibrosis in
the IPF setting. PAR-1-deficient mice are also seen to be insulated from bleomycin-
mediated injury [76]. In normal lung, there is a balance between pro-fibrotic
collagen-synthesizing cytokines and anti-fibrotic collagen-inhibiting cytokines.
Such balance existing between the positive and negative collagen-producing
cytokines is found to be hampered in fibrotic lung. The synthesis of collagen-
positive cytokines is higher in the fibrotic lungs. Pro-fibrotic cytokines work in a
redundant manner. These cytokines act on diverse cell phenotypes and affect various
mediator responses. Apart from affecting collagen synthesis, cytokines regulate
recruitment of adhesion molecules, impact leukocytes, and also affect the inflamma-
tory pattern in PF. These pro-fibrotic cytokines do have a role in accelerating the
growth of fibroblast cells at injury sites. Hence, this cytokine balance is very crucial
in the pathology of PF. The cytokine-dependent therapeutic strategy is another
approach targeting PF. Further studies should aim at finding more anti-fibrotic
agents to maintain the positive-negative collagen balance in PF [75].

13.10 Therapeutic Targets in Pulmonary Fibrosis

While numerous clinical trials aimed at developing therapies for pulmonary fibrosis
are in the pipeline, pirfenidone and nintedanib have been shown to be relatively
successful [77] and are available in the market. Our understanding of the complex
pathobiology of pulmonary fibrosis has refined gradually over time, and this has
modified the perspective to treatment. Nevertheless, most of these trials conducted
have been gloomy, probably due to the milieu of mediators, complexity of the
disease, and signalling pathways involved in the fibrotic process of IPF. Thus, a
deeper investigation of the cellular and molecular mechanisms involved in the
pathobiology is necessary in order to harness the knowledge and utilize them in
developing new therapeutic targets and drugs. Below we discuss the evolving
therapeutic targets which hold a promising future in combating the development
and progression of pulmonary fibrosis.

13.10.1 Leukotriene Receptor Antagonists

Leukotrienes, derived from the oxidative metabolism of arachidonic acid, are
inflammatory mediators and pro-fibrotic metabolites. In 1996, it was first
demonstrated that leukotrienes were found to be elevated in the lungs of IPF patients.
Thus, leukotrienes may be targeted for developing therapies for PF. Tipelukast
(MN-001), an antagonist of the leukotriene receptor, is currently being explored
[78], and it is undergoing a phase 2 trial. Initial data obtained from this study
suggests that it is generally safe and well tolerated [78, 79].
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13.10.2 Targeting B Lymphocyte

Various abnormalities in B cell functions including the presence of increased
autoantibodies have been demonstrated in IPF patients indicating the importance
of B lymphocyte in pathogenesis of IPF [80]. And, now that there is evidence
showing autoimmunity is involved in the genesis of fibrotic condition, drugs
targeting autoimmune processes will be an effective therapy. Hence, the CD20
surface molecule of B lymphocytes is being targeted to rescue the lung damage
inflicted by the autoantibodies generated during IPF. Rituximab, an antibody
targeting the CD20 surface molecule of B lymphocytes, is currently being assessed
in IPF patients [78, 79, 81]. Results of these trials are still pending; however, positive
results of these investigations will substantiate the efficacy and pharmacokinetics of
rituximab treatment in IPF patients.

13.10.3 Protein Kinase Inhibitors

The pro-fibrogenic role of several tyrosine kinases including PDGF, vascular endo-
thelial growth factor (VEGF), and epidermal growth factor (EGF) has been
implicated in lung fibrosis [82]. So, more exploration has been done to identify
novel drugs using various relevant kinases as targets. Two such kinases were
Rho-associated coiled-coil-containing protein kinase (ROCK2) and c-Jun
N-terminal kinases (JNK). So KD025 and CC-90001 were discovered as inhibitors
of ROCK2 and JNK, respectively. Both of these inhibitors have reached phase 2 trial
[79, 83].

13.10.4 Phosphoinositide 3-Kinase/Protein Kinase B/Mammalian
Target of Rapamycin (PI3K/Akt/mTOR) Pathway Inhibitors

A variety of vital cellular functions starting from cell differentiation to proliferation
are tightly regulated by this PI3K/Akt/mTOR pathway [84]. The conversion of
fibroblasts to myofibroblasts is associated with the increase in the expression of
various isoforms of PI3K. Thus, the inhibition of PI3K might halt the fibrosing
processes. This hypothesis was proven by the demonstration of the effects of
omipalisib, which inhibit PI3K as observed in the phase 1 study [78, 83] Similarly,
sirolimus, a mTOR inhibitor, had reached the phase 2 trial with anti-fibrotic
properties. On the one hand, PI3K/AKT is the upstream regulator of ER stress,
and on the other hand, ER stress-associated proteins were found to be increased in
pulmonary fibrosis [84]. These evidences indicate that either ER stress inhibitors or a
PI3K inhibitor could halt lung fibrosis [84].
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13.10.5 Anti-Integrin Antibodies

Integrins are cell adhesion molecules that facilitate the adhesion and movement of
cells on ECM. Beyond cell adhesion and migration, integrins were also shown to
activate crucial kinases like epidermal growth factor receptor (EGFR) [78]. Reports
have demonstrated that integrin family members are the key mediators of tissue
fibrosis. The activation of TGFβ needs the help of αvβ6 integrin that is present
exclusively in the lung epithelium. Thus, one can expect the inhibition of TGFβ
activation along with a reduction in the features of lung fibrosis by inhibiting αvβ6
integrin [78, 79]. In a mice model of lung fibrosis, αvβ6 integrin antibody-mediated
partial neutralization has been shown to reduce the features of lung fibrosis. In this
context, the humanized monoclonal antibody against the αvβ6 integrin (BG00011)
trial (phase 2) is ongoing after a pilot study that was performed to determine the
efficacy of the antibody on TGFβ signalling inhibition. The outcomes of the study
are still awaited [79].

13.10.6 Anti-Connective Tissue Growth Factor

Connective tissue growth factor (CTGF), a key glycoprotein, is involved in the
process of fibrotic conditions along with TGFβ [78, 79]. Reports have suggested that
CTGF due to its capability of producing collagen and fibronectin deposition in
wound healing is also involved in the production of the extracellular matrix. Excess
expression of CTGF upregulates several growth factors such as TGFβ [79]. It
activates myofibroblasts which are responsible for fibrosis and tissue remodelling,
consequently leading to various pathological conditions. Researchers have recently
taken upon targeting CTGF which seems to be a promising therapeutic approach to
combat the development of fibrosis. Pamrevlumab is a human monoclonal antibody
against CTGF [85]. Preclinical studies and open-label phase 2 trials indicate the
effectiveness of pamrevlumab. A randomized phase 3 clinical trial (NCT03955146)
is set to start for pamrevlumab. More recently, PBI-4050 was developed and has
demonstrated anti-fibrotic activities by reducing levels of CTGF [78, 86]. It has
undergone a phase 2 evaluation, open-label, and it seems it does not have any safety
issues.

13.10.7 Inhibitors of Autotaxin-Lysophosphatidic Acid

Autotaxin (ATX) is an extracellular enzyme that produces lysophosphatidic acid
(LPA), a lipid molecule responsible for releasing pro-inflammatory mediators and
recruitment of fibroblast and epithelial apoptosis [87]. The autotaxin-
lysophosphatidic acid (ATX-LPA) pathway has been demonstrated to be involved
in various pathological and fibroproliferative disorders, including pulmonary fibrosis
[88]. The increased levels of autotaxins have been found in IPF patients indicating
that the ATX-LPA pathway could yield successful anti-fibrotic inhibitors
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[83]. Cuozzo and his group have screened a number of inhibitors of autotaxin and
obtained a potent inhibitor, X-165 [89]. The FDA has cleared the way for X-165 and
has moved into the first clinical test as a therapy candidate.

13.10.8 Pentraxin-2 (PTX-2) Analogues

The PTX-2 is a naturally occurring plasma protein that controls various facets of the
innate immune system as it has the ability to regulate the conversion of blood
monocytes into pro-fibrotic macrophages and is also involved in the process of
wound healing [78]. Studies have shown reduced levels of PTX-2 in IPF conditions
correlating with the severity of the disease. Administration of PTX-2 blocks the
bleomycin-induced fibrotic damage in mice [78, 90]. Preclinical data showed a
reduction in fibrotic conditions upon using PRM-151. Based on the phase 1 trial,
PRM-151 was seen to significantly increase the blood levels of PTX-2 [78, 79,
90]. A very recent double-blind, phase 2 study (NCT02550873) of PRM-151 has
demonstrated a significantly better exercise capacity compared to the placebo as well
as a slower decline in lung function. Further studies are needed to evaluate its safety
and efficacy.

13.10.9 Targeting the Respiratory Microbiota

The doctrine of “lung sterility” which persisted in the medical literature for decades
has long been debunked. Researches and evidence now indicate how the lung and
microbiota interact and exist. Since the Nobel Prize discovery by Marshall et al. for
identifying the bacterium H. pylori and its causative role in gastric inflammatory
disease [91], the perspective toward the involvement of microbes in chronic
conditions has changed. The exploitation of the flora has now become a pragmatic
therapeutic and prophylactic approach for many infectious and inflammatory
diseases [91, 92]. Various reports have demonstrated that the severity of IPF is
strongly correlated with the presence of certain microbiome in the lungs [92].

13.11 Pirfenidone and Nintedanib: Success in Pulmonary
Fibrosis

Though the immunological role in the development of IPF is controversial, it was
believed that immunosuppressive therapy was the primary option for IPF therapy
earlier [93]. Indeed, corticosteroids and azathioprine were used for the treatment of
IPF. Later N-acetyl cysteine was also added in this combination [94]. Until the 2012
PANTHER study, this triple therapy was the preferable mode of therapy in IPF.
However, the PANTHER study indicated the higher mortality due to this triple
therapy [93]. Then disease-modifying drugs including pirfenidone and nintedanib
were used after a number of clinical trials. Though the exact mechanism of
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pirfenidone is not known, reduction in the proliferation of fibroblasts along with the
reduction in the secretion of pro-fibrotic growth factors like TGFβ and PDGF has
been demonstrated [93]. Initially, it was approved in Japan followed by many other
countries. The anti-fibrotic effects of nintedanib were evident after the 3rd phase
of INPULSIS 1 and 2 trials. It is a tyrosine kinase inhibitor as it inhibits tyrosine
kinases like PDGF, fibroblast growth factor (FGF), and VEGF [93]. Thus, the
possible relative success story behind these two drugs might be attributable to
their multiple targets and actions. As one of the long-term complications of
COVID-19 is lung fibrosis, many believe that these two drugs could stop the fibrotic
complications post-COVID-19 [95].

13.12 Conclusion

The pathogenesis of pulmonary fibrosis seems to be a sort of a labyrinth and is
multifactorial. The development of lung fibrosis is similar to wound repair or
healing. In spite of so many pathways involved, researchers have succeeded in
developing only two drugs, pirfenidone and nintedanib, which are currently
approved by the FDA and available in the market to avert the progression of the
disease. Immunosuppressants and glucocorticoid medications are given to the IPF
patients that have poor efficiency and various toxic effects. In this review, we have
highlighted some of the regulatory mechanisms that are linked to the development of
lung fibrosis. With this in mind, an intricate understanding of these pathways and the
identification of various biomarkers are needed for designing more number of
efficacious therapies for this fatal lung disease.

13.13 Future Perspectives

In contemplation of the experience from the positive and negative outcomes of the
studies, inhibition of the single pathway of IPF might only have a modest effect on
the fibrotic condition. The accomplishment of the drugs such as pirfenidone and
nintedanib that inhibit multiple pathways of IPF has motivated the researchers and
clinicians to design and assess the anti-multifactorial pathogenesis drugs with novel
molecular scaffolds to attenuate the progression of IPF. Clinical investigations with
anti-fibrotic therapeutics targeting IL-13 and TGFβ, chemokine receptor antagonists,
and inhibitors of angiogenesis are required. An integrative effort by researchers and
clinicians across various disciplines could make this a climbable mountain
(Fig. 13.1).
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Abstract

The major global problems are the prevalence rate of Mycobacterium tuberculo-
sis (Mtb) and processes of resistance against continuing therapy. The shortage of
possible drug candidates and consumer recognition along with unhygienic
procedures are the key explanations for MDR, TDR and XDR Mtb strains in
rapid emergence. Mtb’s powerful molecular structure and drug resistance
pathways, demands expertise to develop new anti-tuberculosis therapies. Eventu-
ally, the synthesis of modern genomic knowledge of drug resistance mechanisms
in Mtb will offer a new path for combinatorial drug development and provide
considerable support for highly successful anti-tubercular drugs.

After a time of relative lack of interest in cell envelope targeting inhibitors, the
immediate necessity of new therapeutic approaches has motivated renewed work
towards a deeper understanding of the cell envelope, its biogenesis and function
during Mtb’s stages of proliferation, survival and reactivation. As a result, new
appealing goals for drugs were identified and followed, with varying effects, in

L. Singh · S. Kumar
Kharvel Subharti College of Pharmacy, Swami Vivekanand Subharti University, Meerut, India

K. Dua
Discipline of Pharmacy, Graduate School of Health, University of Technology Sydney, Sydney,
NSW, Australia

Priority Research Centre for Healthy Lungs, University of Newcastle & Hunter Medical Research
Institute, New Lambton Heights, Newcastle, NSW, Australia

D. Kumar
Faculty of Pharmaceutical Sciences, Shoolini University, Bajhol, Himachal Pradesh, India

S. Majhi (*)
I. T. S College of Pharmacy, Muradnagar, Ghaziabad, India

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
K. Dua et al. (eds.), Targeting Cellular Signalling Pathways in Lung Diseases,
https://doi.org/10.1007/978-981-33-6827-9_14

337

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6827-9_14&domain=pdf
https://doi.org/10.1007/978-981-33-6827-9_14#DOI


the form of target-based scanning and other target-based strategies. The challenge
of detecting compounds whose inhibitory action against filtered targets translated
into entire Mtb cell activity prompted several field investigators to go back to cell-
based screens. This strategy leads to several new groups of inhibitors being
identified, and some of those are now in preclinical research.

Keywords

Mycobacterium tuberculosis (Mtb) · Drug resistance · Cell envelope · Bacilli ·
Tuberculosis (TB)

14.1 Introduction

The Great White Plague also was earlier defined as tuberculosis. Mycobacterium
tuberculosis (Mtb), a slow-growing imperative aerobic, discretionary intracellular
parasite, is still the leading cause of death. It has an envelope of complex and
immunomodulatory cells. The cell envelope differs structurally and functionally
over the lifetime of the cell and throughout the cycle of infection. This variation
helps the bacterium to control the host immune system, to resist antibiotic therapy
and to respond to the complex host environment. Only one vaccine generated several
years earlier, the live-attenuated Bacillus Calmette-Guerin strain, provides very
limited defence against Mtb [1]. Moreover, the new therapy is lengthy, allowing
several, potentially dangerous antibiotics to be administered over a span of months
[2]. Thus, the processes by which Mtb interferes with the host immune response
remain essential both to improve vaccine approaches and to investigate therapies that
facilitate sterilizing host immunity as a supplement to antibiotics.

Mycobacteria are small rod-shaped (0.2–0.5 μm by 2–4 μm), aerobic, non-spore-
forming, non-motile, facultative, curved intracellular rods, and their cell walls
contain mycolic acid-rich, long-chain glycolipids and phospholipoglycans
(mycocides) which shield mycobacteria against cell lysosomal attack as well as
preserve red basic fuchsin dye during acid rinsing (acid-fast stain). They can be
classified into three main groups as shown in Fig. 14.1.

Its treatment depends on its forms, viz. multidrug-resistant (MDR) TB, exten-
sively drug-resistant (XDR) TB and total drug-resistant (TDR) TB. Since XDR and
TDR strains cannot be effectively treated with antibiotics currently available, several
more compounds need to meet the ‘pipeline’ drug production to effectively tackle
tuberculosis (TB) problem. New anti-TB compounds can fix problems with recent
therapy. The ideal anti-TB drug has to exhibit high efficacy, especially towards drug-
resistant strains, and it has an appropriate safety profile. Drugs will also be involved
in counteracting latent and replicating types of M. tuberculosis and restricted drug/
drug interactions, with antiretroviral agents in particular. Tuberculosis can be
subdivided into different categories based on signs, their symptoms and diagnostic
tests as illustrated in Fig. 14.2.
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Fig. 14.1 Classification of mycobacterium

Fig. 14.2 Classification of types of tuberculosis (TB)
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The drug discovery area has concentrated in recent years on target-based and
genetically controlled strategies for discovering new antibiotics. However, this
technique was not particularly effective, because enzyme activity inhibition some-
times does not equate with the killing of entire bacteria [3]. Large high-throughput
screening (HTS) systems were still used to easily elucidate ‘hit’ molecules. These
experiments, however, were usually done using small ‘corporate’ chemical libraries
of the molecule, which are fairly minimal in heterogenicity. It also reported that the
most divergent compound class screened were natural products, with relatively high
impact levels relative to compounds derived from synthetic and combinatorial
libraries [4]. It seems there has been a growing curiosity in the use of natural
compounds in recent years, due to the diversity of pharmacophores and a greater
degree of stereochemistry, and thus the three-dimensional existence of natural
products [5]. Bioactive compounds detected from naturally occurring source require
a given sequence of steps to identify/synthesize compounds of importance
(Fig. 14.3). Moreover, natural compounds are also bioactive molecules that can
exhibit high levels of bioavailability, thereby increasing their capacity inside target
cells to reach their site of action.

Fig. 14.3 Characteristic features of future and existing therapy
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14.2 Aetiology and Symptoms/Clinical Features

A strong immune system battles tuberculosis bacterium. But if you have reduced
body weight and are undernourished and have HIV/AIDS, diabetes, serious kidney
disease and neck and head cancers, you may not be able to ward off aggressive TB
disease. Tuberculosis risk increases in medications for cancer such as chemotherapy;
immunosuppressive agents; drugs for treating rheumatoid arthritis, Crohn’s disease
and psoriasis; etc. Babies and young children are even more likely to have it because
their immune systems aren’t fully developed. We may also have a greater risk of
having TB if:

• You are a smoker/puffer.
• A relative, co-worker or member of his family has active TB.
• You live in an area where TB is popular or have travelled there.
• For TB patients, you are working or staying in a TB hospital/nursing home or

healthcare provider.

Infections of TB often involve the lungs. Less often, TB infections arise in locations
far outside lungs, such as in the small glands that make up the immune system. This
includes the lymph nodes, bones, joints, gastrointestinal tract, urinary bladder,
reproductive system and nervous system. TB that affects other areas of the body is
more frequent in those with a compromised immune system. Symptoms can include
those provided in Fig. 14.4.

14.3 Transmission Cycle [6]

M. tuberculosis is transferred from human to human and is generally transmitted by
the air. Patients with pulmonary or laryngeal tuberculosis (TB) that cough up bacilli
are the cause of infection. The patient develops tiny infectious droplets when
coughing, talking or sneezing. These droplet nuclei have a diameter of around
1–5 μm. Based on the environment, the droplet nuclei can remain suspended in
the air over several hours. Contamination may occur during inhalation of these air
droplets. Sunlight, UV radiation and ventilation are efficient at reducing droplet
capacity to penetrate the lung. The other transmission modes are considerably less
general. Cutaneous or phlegm inoculation happens rarely, although these cases do
arise in laboratory personnel. A patient’s contagiousness is correlated to the volume
of bacilli in his sputum. Patients with smear-positive test are the most infectious.
Less resilient are those of smear-negative/culture-positive effects. Patients whose
community and sputum smear microscopy are both unfavourable are normally not
infectious.

Patients diagnosed withM. tuberculosis but have no active disease cannot spread
TB. Extrapulmonary (EP) variants of TB are infectious even under rare
circumstances. Children are usually much less infectious than adults. This may be
attributed to poor cough dynamics, decreased development of sputum and lower
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bacillary load. Not everybody exposed to infectious TB gets infected with
M. tuberculosis. The probability that TB will be transmitted depends on three
factors:

(a) Contagiousness of the source (the greatest factor)
(b) Environment where the exposure occurred
(c) Duration of exposure

There are many diagnostic tests available for tuberculosis with their own advantages
and disadvantages. Some of them are listed in Table 14.1.

Fig. 14.4 Clinical symptoms of tuberculosis
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Table 14.1 Diagnostic tests of tuberculosis [7, 8]

Sr.
no. Test/marker Characteristic features

1 Symptom screen Individuals can go with diagnosis if they have one or
more of the symptoms described here: Existing
coughing (for any duration and with blood at later
stages), sweating at night, weight loss and fever

2 Chest radiograph An X-ray of the chest is often used to identify
anomalies. Lesions can occur in the lungs and may vary
in size, shape and density. However, a chest X-ray could
be used to eliminate the possibility of pulmonary
infection in an individual who has had a positive
reaction to a blood test for TST or TB and therefore has
no disease symptoms

3 Smear microscopy Analysis of sputum under a microscope to recognize
mycobacterium is relatively quick, whereas precision is
subject to debate

4 Mycobacterial culture Identification of Mycobacterium tuberculosis growth
over an incubation time of 6 weeks; tests of the culture
are correct but sluggish

5 Nucleic acid amplification
testing (NAAT)
(a) GeneXpert MTB/RIF.
(b) Line probe assay (LPA)/
GenoType MTBDR.
(c) Loop-mediated isothermal
amplification (LAMP).

It is a genotypic or molecular testing:
(a) A molecular diagnostic procedure to identify TB and
rifampicin resistance (MDR-TB surrogate marker) in
just 2 hours; quicker and more flexible than
conventional smear microscopy; somewhat costly and
requires continuous electrical supply
(b) Identifies mutations in the DNA of the TB bacterium
using a colouring agent that shows gene mutations
linked to drug resistance. This can diagnose TB and
resistance in 1 day; with sufficient equipment and
qualified staff
(c) LAMP test is a manual NAAT. With LAMP, DNA
magnification and identification of a gene can be done in
a single step. The analysis somehow doesn’t require
advanced equipment. It produces a result which can be
observed under ultraviolet light with the naked human
eye

6 Tuberculin skin test (TST) Tuberculin skin test (TST) and chest radiography are
two widely used TB diagnostic examinations. They
need refrigeration and an injection of a TB protein
derivative to be administered under the skin. Chest
X-rays in patients with positive TSTs can be used to rule
out or validate active pulmonary tuberculosis. TSTs
cannot differentiate the active from the latent TB

7 MGIT (mycobacteria growth
indicator tube)

The MGIT method uses liquid culture to check whether
the presence of different TB drugs can allow TB bacteria
to develop. If TB grows, then perhaps the bacterium
becomes tolerant to the test drug. MGIT tests take some
days but they are much more accessible than traditional
solid culture. It must be accommodated in a laboratory
facility with appropriate facilities and qualified staff

(continued)
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14.4 Mechanisms of Drug Resistance

Drug-resistant TB (DR-TB) is a rising concern globally, with no nation or territory
exempted. Multidrug-resistant TB (MDR-TB) is classified as at least isoniazid- and
rifampicin-resistant TB. Extensively drug-resistant TB (XDR-TB) is classified as
isoniazid- and rifampin-resistant TB, with resistance to any fluoroquinolone and at
least one second-line injectable drugs. Various reasons behind anti-tubercular ther-
apy are as follows: impermeable cell wall, slow metabolism mechanism and posses-
sion of numerous efflux pumps [9–11]. Some major genes responsible for drug
resistance in tuberculosis are shown in Fig. 14.5.

14.5 Treatment of Tuberculosis

The primary drug therapy for tuberculosis includes the following drugs shown in
Fig. 14.6.

Apart from the drugs shown in Fig. 14.6, there are many drugs along with their
molecular targets that have been identified as shown in Table 14.2.

14.6 Conclusion

The present treatment methods have little effect on management of TB; therefore,
there is an immediate need for new therapies. Few strains of M. tuberculosis are
resistant to all currently available antibiotics used in the therapy of TB, which
illustrates the need for new medications with new mechanism of action. The high
degree of target-based molecule invention and high-throughput screening utilizing

Table 14.1 (continued)

Sr.
no. Test/marker Characteristic features

8 Interferon-gamma release
assays (IGRAs)

Many TB studies that cannot discriminate between
latent and active TB are interferon-gamma release
assays (IGRAs). People who have been vaccinated with
BCG before will go for this test. In TB patients, white
blood cells, expresses interferon-gamma when
combined with protein derivatives of bacterium

9 Genedrive A recent NAAT has been designed for the identification
of TB and rifampin-resistant TB; however, the
responsiveness (zero percent in smear negative) and
accuracy (45.6 percent in smear positive) are lower than
in smear microscopy. Thus, Genedrive generates high
false-negative results and provides little benefit over
smear microscopy
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synthetic compound repositories have revived interest in natural ingredients as a
source of various antibacterial action bioactive compounds. A large number of
natural substances show promising results as clinically potentially anti-
mycobacterial agents. Natural compounds are rich and underused source of unique
chemical scaffolds. But purifying active ingredients from natural source is cumber-
some, laborious as well as time-consuming technique. Natural substance screens
focus on bioassay-guided derivatization and involve advanced structure determina-
tion, as compared to screening of chemical compound libraries, which start with pure
compounds with known structure. Another problem lies with intellectual property
rights, which are much more difficult to implement and secure when the origin of a
novel drug begins to grow freely in the environment. Even after these concerns,
natural products continue to stay as the most productive source of drug leads to this

Fig. 14.5 Some major genes of M. tuberculosis linked to drug resistance
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day, and researchers in drug development will no doubt continue to benefit from
it. The ability to classify antibacterial compounds from previously uncultivated soil
bacteria species, the metagenomic methods to investigate microbial diversity and the
successful clinical use of marine natural products provide hope that nature can
provide the required starting points for managing the TB epidemic.

In M. tuberculosis, drug resistance is not the result of a single homogeneous
genetic entity. Perhaps that is because of repeated mutations in multiple genes that
encode for antibiotic resistance. The slow metabolism during an extended dormant
period often greatly increases its drug resistance; the waxy impermeable cell wall
with the help of multiple efflux pumps is necessary for withstanding the potency of
antibiotics. Having sufficient information on drug resistance’s molecular pathways
in M. tuberculosis can be of assistance in identifying potential drug development
goals. The number of new lead chemical compounds is also too limited to fulfil
therapeutic needs. Whole-cell screens are expected to control future screening
initiatives and to recognize more inhibitors that target processes linked to the cell
envelope. Regardless of the inhibitor screening method, continued experiments to
better understand Mtb’s basic physiology and to establish screening conditions that

Fig. 14.6 General first- and second-line therapeutic agents for tuberculosis
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accurately represent the physical environments experienced by TB bacillus in
humans will be a key to their success.
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Cellular and Molecular Mechanisms
of Repurposed Antidiabetic Drug as an
Adjunctive Treatment for Tuberculosis

15

Rupesh K. Gautam, Ritu Mishra, Kanika Sharma, and Manju Sharma

Abstract

Apart from the accessibility of antitubercular therapy (ATT), tuberculosis
(TB) emerged to be a chief cause of mortality around the world. The present
ATT had a disadvantage of lengthy period that creates a problem of noncompli-
ance in patients and growth of resistance. The greater price and delayed tempera-
ment of TB medication development coupled with low advantages lead to
repurposing of complementary drugs which may contribute as an innovative
pharmaceutical approach. Metformin has currently engrossed a major consider-
ation as a host-directed adjunctive therapy (HDT) and has several complementary
roles on cellular and molecular metabolism, immunity of host, and transcription
of genes engaged in innate host responses to M. tuberculosis. It has an inhibitory
effect on mitochondrial complex I and has been found to increase AMP/ATP
ratio, with the help of a series of several pathways, and causes bacterial killing.
This chapter would discuss in detail about the cellular and molecular mode of
action of metformin including its impact on T helper cell 1 (TH1) along with
trends which metformin demonstrates in reference to CD4+ and CD8+ cells. The
necessity for adjunctive host-targeted therapy and the synergistic role of metfor-
min with other antitubercular medications have been thoroughly debated. Novel
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strategy to fight drug-resistant TB in concurrence with future perspectives has
been discussed in this chapter.

Keywords

Tuberculosis · Antitubercular therapy · Drug repurposing · Metformin · Cellular
and molecular mechanism

15.1 Introduction

Tuberculosis (TB) is a communicable ailment and a global health epidemic with a
considerable morbidity and mortality [1]. Approximately ten million individuals
develop TB as per 2018 global TB report. The appearance of resistance has been
found to pose a problem for current anti-TB treatment and creates a serious concern
to community health around the world. The WHO has reported 484,000 fresh cases
of rifampicin resistance, the most powerful first-line antitubercular medication
[2]. The continuous increase of multidrug-resistant tuberculosis (MDR-TB) creates
a foremost challenge to TB management all over the world. Management of such
resistant strains is difficult and needs a use of expensive, lesser potent medications
which contributes to increased death [3]. For the past few years, treatment of TB had
been using several potent medications for treating infection. TB should primarily be
managed for 6 months. The existing anti-TB medications have various drawbacks
such as adverse events and interactions with concomitant medications [4]. In addi-
tion, high price and lengthy characteristics of TB medication screening coupled with
less profit have hindered novel anti-TB medication manufacture, and therefore
repositioning of current medications as anti-TB drug can be useful.

Individuals with weaker immune function like diabetes mellitus (DM) have a
greater chance of progression from latent TB to active tubercular infection. The
interrelation between TB and DM is well recognized. DM is related with decreased
innate and adaptive immune responses that are requisite to fight Mycobacterium
tuberculosis (Mtb) intracellular proliferation [5]. Host cell identification in diabetics
is reduced resulting in reduced immune response, making diabetics more vulnerable
to infections. There are evidences which show that DM is responsible for causing TB
and may influence ailment presentation and clinical outcomes and decreases TB
control [6–8]. Moreover, TB induces glucose resistance and exacerbates glycemic
levels in persons with diabetes [9–12].
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15.2 Relationship of Tuberculosis and Diabetes

15.2.1 Diabetes Causes TB

Diabetes is responsible for lower respiratory tract infections like TB. TB is related
with several immunosuppressive conditions like HIV, and diabetes serves to be a
crucial factor for tubercular infections [13]. A research by Stevenson et al. confirmed
that diabetes raises the likelihood of TB from 1.5 to 7.8 times [14], whereas Jeon and
Murray meta-analysis established that the probabilities for TB in peoples with
diabetes were 3.11 [15, 16]. An American study once again stated that the ratio of
odds for multidrug-resistant (MDR) TB coupled with peoples of diabetes is 2.1
[17]. While T2DM is more common, the chances of TB in type 1 diabetes are three to
five times greater because of comparatively weaker regulation, less body weight, and
younger age of influenced people. TB coupled with DM can also exhibit greater rates
of hemoptysis, fever, and unusual presentations in contrast to nondiabetics with TB
[18]. In 2007, Alisjahbana et al. stated that peoples with DM and TB had chronic
symptoms, without any serious ailment, and higher percentage of positive sputum
for AFB after 2 months of microscopic assessment compared to their nondiabetic
counterparts. Moreover, after calibrating for chest X-ray anomalies and mycobacte-
rial load prior to management, this was no longer statistically considerable. Other
findings also showed a pattern toward enhanced time for conversion of sputum [19–
22], while others reported no association in diabetes and rate of conversion of
sputum at the termination of intensive phase [21–24]. In persons with TB, DM
raises the chances for failure of treatment, mortality, and relapse. A research by
Baker et al. investigated individuals with DM had a risk ratio (RR) for results of
mortality of 1.69, whereas RR of mortality in TB management in 23 research
findings was 1.89 [25]. DM is also related with raised risk of relapse (RR, 3.89)
[25]. Furthermore, there was no confirmation for an enhanced chance of TB in
peoples with DM. The Brazilian research performed via compilation of Brazilian
national dataset from 2001 to 2011 to evaluate sociodemographic and clinical
parameters that could impact various TB outcomes, and it had been investigated
that the increase of MDR-TB was more linked with relapse. Diabetes may influence
pharmacokinetics of anti-TB medications, mainly rifampicin, by minimizing their
plasma levels. Consequently, the treatment schedule for TB for both diabetics and
nondiabetics generally remains unchanged [13].
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15.2.2 TB as a Diabetes Risk Factor

While a two-way correlation in DM and TB has been documented, there are few
devoted findings to establish whether TB enhances the chances of diabetes [26–
29]. TB might result in impaired glucose tolerance (IGT) [29, 30] and DM. In
general, IGT becomes normal after TB had been treated effectively but continues
to be the main reason for causing type 2 diabetes mellitus [31]. It is hard to mark TB
as the causative factor for hyperglycemia or DM with formerly undiagnosed patients
of TB [32–34]. In a research of TB patients without DM, Basoglu et al. [27, 29]
observed glucose intolerance in 10.4% and DM in 8.6%, and compared to control
groups of community-acquired pneumonia, 17.4% had DM, and nobody had glucose
intolerance. There was no considerable disparity in both the groups (P > 0.05). The
values of the oral glucose tolerance test (OGTT) changed to usual readings in TB and
pneumonia groups post treatment.

15.2.3 The Fundamental Pathophysiological Role

The escalated chance of TB in persons of DM had several factors, and there have
been many proposed mechanisms. There is a reduction in cellular immunity caused
by decreased T lymphocyte values, minimal neutrophil count, and their functions
[34, 35]. Individuals with diabetes demonstrate decreased T helper 1 (TH1) cytokine
responses and tumor necrosis factor (TNF-alpha and TNF-beta), interleukin-1, and
interleukin-6 generation in contrast to their nondiabetic patients. Moreover macro-
phage dysfunction has been found in diabetes that causes lesser generation of
reactive oxygen species and phagocytic and chemotactic activity [36]. In patients
of diabetes, chemotaxis of monocytes was also observed, an imperfection that does
not get better with insulin. Hyperglycemia is also believed to damage the capacity of
respiratory burst in eliminating pathogens [37–39]. While such putative mechanisms
are reasonable, it is crucial that more research should be performed to authenticate
them. The stress reaction to infection also causes dysglycemia, a condition mediated
by the role of interleukin-1 (IL-1), interleukin-6 (IL-6), and TNF-alpha (Fig. 15.1).
This temporal association has been seen in some studies in which 42.6% of patients
of TB were observed to have IGT or DM with a considerable decrease in the rates
after management. With some progressive diabetes, a greater percentage of patients
sustained to have glucose intolerance. Even though it is assumed that the greater
irregular test findings acquired a month, subsequent to the start of treatment, may
represent exact glucose intolerance instead of stress reaction to infection [40]. Later
TB can develop into TB pancreatitis and pancreatic endocrine hypofunction that
contributes to IGT or DM and deteriorates its regulation. TB pancreatitis is apparent
after the individual progresses to DM. It is believed that malnutrition had been
anticipated as a cause for dysglycemia and infections and also body mass index was
not related with IGT or DM.
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15.2.4 Treatment of Comorbid Diabetes and TB

Apart from the fact that diabetes may cause more serious ailments and mortality, the
medications and length of anti-TB medications in peoples with TB and without TB
are almost similar. Conventionally, most programs typically manage TB for
6 months, consisting of 2 months intensive phase that includes drugs like isoniazid,
rifampicin, pyrazinamide, and ethambutol and 4 months continuation phase that
includes rifampicin and isoniazid. There is a putative pharmacokinetic and pharma-
codynamic interaction among anti-TB medications and antidiabetic drugs. Rifampi-
cin is essential as an anti-TB drug and enhances metabolism of sulphonylureas and
biguanides, by enzyme induction minimizing their plasma concentration and hence
contributing to hyperglycemia. It also augments intestinal glucose absorption among
nondiabetics. Isoniazid opposes the effect of sulphonylureas and deteriorates
glycemic control. While isoniazid reduces metabolism of antiglycemic drugs and
enhances their plasma levels like cytochrome P2C9 (CYP2C9) engaged in
sulphonylurea metabolism whereas the inducing action of rifampicin is assumed to
be greater than the inhibitory action [41, 42]. It can also hinder release of insulin in
nondiabetics which contributes to hyperglycemia. Isoniazid and rifampicin are not
affecting the insulin collapse significantly as insulin degradation occurred by hydro-
lysis of disulfide bonds by insulin-degrading enzyme in the liver [43]. In addition,

Fig. 15.1 Pathophysiological mechanism involved in TB-diabetes association [35–39]. TH1 T
helper 1, TNF tumor necrosis factor, TB tuberculosis
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dipeptidyl peptidase (DPP) IV inhibitors can develop immune paresis and probably
deteriorate clinical results in TB treatment. Thiazolidinediones can be substrates for
rifampicin-induced cytochrome P450 enzymes. Metabolism of rosiglitazone
occurred by CYP2C8, and rifampicin reduces level of rosiglitazone up to 54–65%
and concentration of pioglitazone up to 54%. Treatment of DM with TB infection
needs cautious assessment of antiglycemic drugs. Additionally the basic strategy for
managing diabetes remains the same in the existence of TB or not, apart from the
probable medication interactions. Proper diet is recommended, with consideration of
the requirement to balance glycemic regulation and the dietary requirements of
malnourished individuals. Metformin continues to be the first-line antidiabetic
drug, a comparatively safe and inexpensive medication with decreased episodes of
hypoglycemia [44, 45]. Other drugs which may be taken into consideration include
sulphonylureas, meglitinides, alpha-glucosidase inhibitors, dipeptidyl peptidase
(DPP) IV inhibitors, thiazolidinediones, insulin, and glucagon-like peptide (GLP)
1 analogs [45]. The specific treatment choices should be relied on patient’s
characteristics, accessibility, and price as well adverse reaction profile [45]. Manage-
ment may be exacerbated in reference to rising dose or frequency for a specific class
or recommendation of an additional drug class as the condition might necessitate to
attain glycemic control [45]. In various circumstances, insulin is the most appropri-
ate agent in T2DM where individuals are affected with tubercular infection. The
justification for considering insulin involves the seriousness of tubercular infection,
loss of body tissues, requirement for raised anabolism, pancreatic hypofunction,
interaction among antidiabetic drugs and some antitubercular drug, and likelihood of
liver disease that may prohibit use of oral drugs. For mentioned factors, administra-
tion of antidiabetic agents for individuals with existing DM can be changed to
insulin in TB once diagnosed, or if still administering insulin, changes should be
done to exacerbate glycemic regulation. If the glucotoxicity is controlled and
infection is reduced, the requisite of insulin may fall. However, once the appetite
enhances and food consumption improves, requirement can rise again. Insulin
preferences must be relied on safety, efficacy, price, and patient requirements. It
has to be considered that if the infection is minimized, antidiabetic agents could be
cautiously recommended, and regular glucose monitoring is vital for optimum
control. This can contribute to identification of plausible adverse events like hypo-
glycemia from few antidiabetic drugs like sulphonylurea and insulin. However, in
developing nations, patients need to give price for glucometers, and no settlement is
provided. This hinders the capability to accomplish goals and recognize and validate
hypoglycemia. In addition, patient education is crucial in identifying the
characteristics of disease (TB and diabetes), treatment period, adverse effects of
medications, and disease complications and promotion of healthy lifestyle [46–48].
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15.2.5 Pharmacological Considerations in the Co-treatment
of Diabetes Mellitus and Tuberculosis

Infection is considered to hinder diabetic control and there is no exclusion for
TB. While TB may lead to glucose intolerance and makes individuals more vulner-
able to DM, the medications prescribed to cure TB may deteriorate glycemic
management in diabetics. In the co-management of TB and DM, like peripheral
neuropathy produced by the management of TB with isoniazid, intersecting of
toxicities should also be considered. Due to the chances of peripheral neuropathy,
isoniazid and pyridoxine must be administered throughout tuberculosis management
in diabetics. Additionally management with rifampicin may cause hyperglycemia
through interactions with hypoglycemic medications [49, 50].

Rifampicin is a possible inducer of a host of metabolizing enzymes and comprises
phase II enzymes and cytochrome P450 system enzymes [51], and enzyme induction
can cause metabolism of medications prescribed with rifampicin and minimized
management results. Sulfonylureas are frequently prescribed antidiabetic
medications for individuals of non-insulin dependent diabetes mellitus (NIDDM).
Glyburide and glipizide are two substrates of cytochrome P450 isoenzyme 2C9
(CYP2C9), and their pharmacokinetic analysis indicates that serum levels of both
medications are reduced by 39% and 22% while prescribed with rifampicin. Phar-
macodynamic readings suggest that hypoglycemic action of glyburide is minimized
when recommended with rifampicin.

Thiazolidinediones are mainly utilized as substrates for cytochrome P450
enzymes [52–55]. Another antidiabetic medication like repaglinide experiences a
reduction in an area under curve by 31–57% when prescribed with rifampicin, even
though its glucose-controlling action was decreased in a research finding and
remains unaffected in a different study [56, 57]. In insulin dependent diabetes
mellitus (IDDM) patients, insulin need may enhance when rifampicin is used
[56]. It is already established that rifampicin causes early-phase hyperglycemia
with related hyperinsulinemia in individuals without DM [58, 59]. A direct and
indirect role of rifampicin on glycemic managements recommends cautious obser-
vation with proper dose modifications of antidiabetic drugs which is crucial in
diabetics along with tuberculosis. It is already established that tuberculosis
medications influence diabetes management. Diabetes may also modify the pharma-
cokinetics of antitubercular medications. In a study carried out in Indonesia, it was
suggested that patients of TB and DM had rifampicin serum concentration of 53%
lesser than in TB patients with no DM, and there should be an indirect association
among fasting glucose and rifampicin concentrations [60]. The lower levels of
antitubercular medications have been related to TB management failure. Diabetes
may lead to alterations in oral absorption, reducing drug protein binding, renal
insufficiency, or fatty liver with reduced clearance of drugs [61]. Its role on
antitubercular medication levels had not been officially observed in poor response
cases to TB management in patients of DM with TB [62].
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15.3 The Requirement for Adjunctive Host-Targeted Therapy

Even though safe and efficient treatment regimens are accessible for the treatment of
TB with greater than 95% treatment success, the lengthy period of such treatment
regimens has created a problem for successful TB management [63]. The present
antitubercular therapy (ATT) is related to drug toxicity and may cause multidrug-
resistant TB. The shortcomings of the present ATT led to a vital requirement for
potent anti-TB drugs, treatment regimens, and newer drugs for curing TB, and hence
there is a crucial requirement to think alternate adjunctive therapy that may boost the
host immunity for the complete eradication of TB bacilli. The greater cost and
extended characteristics of TB medication development combined with less produc-
tivity contributes to repositioning and revival of medications like metformin which
may contribute to a new pharmaceutical strategy to manage particular diseases like
TB [64, 65]. A competent and effective immune system is vital to curb and minimize
the increase of the Mtb [64]. A host-targeted adjunct therapeutic intervention
improves defensive host immune reaction and decreases chances of growth of
resistance. Presently, among the medications which are recommended in the treat-
ment of DM, metformin has engrossed notable concern as a host-directed adjunctive
therapy (HDT). Its functions comprise increasing effectors of macrophage, decreas-
ing inflammation, and defending the lung from injury. Metformin is an AMPK
regulator which minimizes the intracellular load of Mtb, minimizes ailment immu-
nopathology, and raises the potency of anti-TB medications [66]. The anticipated
mechanisms of metformin successful management results in TB involve a rise in
mitochondrial reactive oxygen species (mROS) and increased killing of Mtb. Met-
formin therapy increases the number of CD8 and CD4 T cell, which fight against
bacterial infection, and help patient for managing Mtb infection. The defensive role
of metformin in TB patients may be because of its efficiency to produce immunity
against TB infection [67].

15.4 Repurposing of Adjuvant Antitubercular Drug: Novel
Approach to Fight Drug-Resistant TB

The poor clinical results, slow improvement in production, and screening of novel
ATT have improved the evolution of various therapies for possible utilization as
adjuvant drugs for treating TB [68]. Moreover, new therapeutic inventions are
needed to cure complicated TB cases. One new approach known as adjunctive
host-directed therapies (HDTs) includes targeting host factors directly instead of
parts of the pathogens. HDTs decrease bacterial production and inflammatory
reactions via boosting host immunity. HDTs have effective treatment results with
decreased morbidity, mortality, tissue injury, and TB therapy period. A two-way
relationship in TB and DM proves to be harmful. Due to weaker immune status, a
diabetic is more prone to catching the disease. In addition diabetes reasons for
deterioration of symptoms and worsens signs of disease in peoples having
tuberculosis-diabetes comorbidity. TB symptom aggravates in peoples that have
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weak glycemic status [9–11]. Recommendation of metformin for curing diabetes in
TB-DM sufferers may decrease the inflammatory reactions and also reduces harsh-
ness of tuberculosis. Metformin treatment added to normal tuberculosis management
routine is linked to favorable results on therapeutic results in active TB. Moreover,
MET management showed beneficial impact on latent TB in diabetics. This could be
hypothesized that treatment results of tuberculosis and diabetes can be enhanced by
metformin because of its efficiency in decreasing microbial burden [69, 70]. Metfor-
min is presently recommended as a first-line drug in management of NIDDM.
Because of oblique operationalization of AMP-activated protein kinase (AMPK)
pathways, it functions as an insulin sensitizer. Targeting of AMPK contributes to its
potent antitubercular effect (Table 15.1).

It also prevents hepatic gluconeogenesis and synthesis of fatty acid and augments
glucose uptake and fatty acid oxidation (FAO). As it increases mitochondrial
reactive oxygen species (ROS) and plays a crucial role in reducing pulmonary
bacterial burden in mice via increased mitochondrial turnover, MET could be used
as an efficient adjuvant anti-TB drug [71, 72]. MET has been reported to enhance the
potency of present anti-TB drugs, and it was established in both acute and chronic
nonclinical models of TB [72]. In a mouse model of TB, MET therapy was
documented to potentiate the efficacy of the first-line anti-TB drugs like isoniazid
and ethionamide. The potency of MET was also investigated in model of Mtb
infection. When compared with untreated or isoniazid-treated mice, mice treated

Table 15.1 Effect of metformin in the control of tuberculosis: drug repositioning

Adjuvant drug
with
antitubercular
properties

Current
utilization

Molecular mechanism
as an antitubercular
agent

Preclinical and clinical
evidences References

Metformin T2DM Increases CD8 T cell
responses and also
improves
mitochondrial reactive
oxygen species-
mediated intracellular
Mtb killing

The in vitro studies
carried on Mtb-infected
hmDM cells proves
that the percentage of
Mtb survival was lower
in MET-treated group
when compared to
untreated group
(Control, CG: 299 and
Case, SG: 152) which
comprises 299 controls,
128 diabetics not on
MET, and
171 diabetics on MET.
Among the 152 cases,
111 were MET
non-users, and the
remaining 38 were on
MET. MET use at any
time was associated
with reduced risk of TB

[72–80]
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with MET along with standard ATT showed reduced bacillary load in lungs. MET is
therefore a possible adjuvant drug along with existing anti-TB drugs that can
increase Mtb clearance. The novel trend and pharmaceutical strategy for treating
specific disease such as TB with drugs that are already FDA approved for other
diseases is the repositioning of drugs. In the age of antibiotic resistance and global
emergency, many molecules or medicines can be repurposed as novel anti-TB drug
that were previously used to cure other infectious diseases or TB [73, 74]. Few of the
medications which are already approved like statins, metformin, ibuprofen, aspirin,
valproic acid, adalimumab, bevacizumab, zileuton, and vitamin D3 have been
investigated to interfere biologically relevant cellular checkpoints and can thus be
repurposed to achieve better clinical results in TB patients. Host-directed therapies
(HDTs) have a useful effect by strengthening the host immune defenses, targeting
the inflammatory pathway, and interfering with the host mechanisms used by the
pathogens to survive in host tissues. HDTs will be helpful in TB management by
reducing the treatment period, decreasing the number of antibiotics, and enhancing
the efficiency of antitubercular medications. Recent researches proved that several
medications including etanercept, statins, vitamin D, cyclooxygenase inhibitors,
carbamazepine, bevacizumab (vascular endothelial growth factor inhibitor), metfor-
min, and various other medications may be used as HDTs in the management of
TB. These drugs may change the host immune response in various ways [75]:

• By damaging granuloma: they enhance medication penetration into the cell.
• By inducing autophagy of infected cells: intracellular bacteria will be damaged.
• By anti-inflammatory response.
• By improving cell-mediated immune response.

15.5 Synergistic Effects of Repurposed Adjuvant Drug
with Other Antitubercular Drugs

Mtb-infected mice were administered with MET alone or MET in combination with
either isoniazid (INH) or ethionamide (ETH), starting on day 7 or 42 after infection.
In five different acute model experiments, mice treated with MET (500 mg/kg) alone
had reduced bacillary load in both the lung and spleen. This dose is equivalent to a
MET dose of 2430 mg/day for a 60-kg human and lower than the maximum daily
dose for MET therapy in diabetic patients (3000 mg/day). Furthermore, MET
administration enhanced the efficacy of the conventional first-line anti-TB drug
INH, as demonstrated by decreased bacillary load in the lungs of mice co-treated
with INH + MET when compared with mice that received INH alone. We next
evaluated the efficacy of MET adjunctive therapy when used in combination with the
second-line anti-TB drug ETH [76].

To significantly improve current TB therapy, anti-Mtb drugs should also promote
resolution of tissue pathology in addition to accelerating bacillary clearance
[4]. Lungs and spleens from Mtb-infected mice treated with MET were smaller
than those of untreated mice at 35 days after infection. As expected, mice treated
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with the conventional anti-TB drug INH or ETH exhibited a clear reduction in organ
size and tissue lesions, and combination therapy of MET with INH or ETH further
reduced tissue pathology. Histopathologic evaluation of the infected lungs of
untreated control mice revealed diffuse coalescent lung lesions with large numbers
of infiltrating macrophages and lymphocytes and scattered intracellular acid-fast
bacilli (AFB). In contrast, MET treatment was associated with reduced numbers of
AFB and increased lymphocyte infiltration of the infected tissues which has previ-
ously been linked with improved Mtb control in mice [77, 78]. Mice treated with
INH alone had few residual lesions in the lungs with areas of only increased
cellularity. No granulomas were observed in the lungs of mice treated with
INH + MET, with some areas of the lungs appearing completely normal.

The T helper cell immune responses play a crucial role in controlling Mtb
infection. It was observed that mice treated with MET showed a larger number of
CD4 and CD8 T cells when compared with untreated mice. In Mtb-infected mice,
MET treatment was associated with an increased percentage and number of
mycobacteria-specific IFN-gamma-secreting CD8 T cells compared with untreated
control animals. MET restricts mycobacterial growth by inducing mitochondrial
ROS production, reduces TB-induced tissue pathology, and enhances immune
response.

Amit Singhal et al. [72] performed an in vitro study on Mtb-infected human
monocyte-derived macrophage (hmDM) cells and THP-1 cells and reported that
MET restricts mycobacterial growth by inducing mitochondrial ROS production.
MET administration enhances the efficacy of the conventional first-line anti-TB drug
like isoniazid as demonstrated by a decreased bacillary load in the lungs of mice
co-treated with isoniazid + MET when compared with isoniazid alone. MET therapy
reduces TB-induced tissue pathology and enhances the host immune system for
faster and complete elimination of the TB bacilli. CD4 cells are glycoprotein found
on the surface of immune cells such as T helper cells, monocytes, macrophages, and
dendritic cells. Similarly, CD8 T cells are generated in the thymus often called
cytotoxic T lymphocytes, and they are very important for immune defense against
intracellular pathogens including viruses and bacteria. Studies have validated that
MET treatment enhances CD8 and CD4 T cells which contributes to Mtb infection
control and boosts immune responses of the patients. Srujitha Marupuru et al. [79]
observed that the protective effect of MET against TB was found to be 3.9-fold in
DM patients (OR 1/4 0.256, 0.16–0.40) and there has been an improved sputum
culture conversion rate in patients with cavitary pulmonary TB who have higher
bacterial loads. Therefore, it can be concluded that MET could be an effective
adjunctive antitubercular agent to improve sputum culture conversion. However,
these observations need to be proved in well-designed randomized trials [76–78].
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15.6 Cellular and Molecular Mechanism

Metformin has recently attracted significant attention as a host-directed adjunctive
therapy (HDT) as it has an inhibitory effect on mitochondrial complex I, inhibition
of which has been found to increase the AMP/ATP ratio [72].

The altered cellular energy status induces activation of AMPK, a serine/threonine
kinase, and acts as an energy sensor. Activation of AMPK by metformin stimulates
endothelial nitric oxide synthase activity which leads to bacterial killing. Metformin
also acts through AMPK-independent mechanisms. It promotes phagocytosis,
phagolysosome fusion, and bactericidal capacity autophagy in macrophages.
Macrophages exposed to metformin had higher bactericidal capacity attributed to
increased mitochondrial reactive oxidative species (ROS) production required for
bacterial killing (Fig. 15.2). Metformin has been reported to enhance the efficacy of
the conventional first-line anti-TB drug like isoniazid by decreasing bacillary load in
the lungs. It enhances the host immune system for faster and complete elimination of
the TB bacilli [79]. Our findings, in conjunction with previous efficacy results, are
critical for different stakeholders and policymakers as metformin can be used as an
adjuvant antitubercular drug particularly in those who had comorbidity of TB and
DM [80]. The protective role of metformin is mediated by increased host cell
production of mROS and increased acidification of mycobacterial phagosome.
Indeed, mROS produced upon mitochondrial recruitment to phagosomes is instru-
mental in killing of intracellular bacteria by macrophages. The anti-inflammatory
effect is mediated by activation of AMPK, a negative regulator of inflammation
[81, 82].

Interleukin-17 (IL-17) is a pro-inflammatory cytokine mainly produced by Th17
lymphocytes, which play an immunoregulatory role by producing a unique spectrum
of pro-inflammatory cytokines. These cytokines could induce activation and recruit-
ment of neutrophils, macrophages, and Th1 lymphocytes into the site of infection,
which contributes to delimitation of the damaged area in lung tissue, as well as
inhibition of Mtb growth, and hence IL-17 is associated in the protection of Mtb
infection [83].

15.7 Conclusion and Future Perspective

Despite the availability of potent antitubercular drugs, TB still remains one of the
world’s leading causes of death. The current antitubercular therapy (ATT) suffers
from a drawback of longer duration and adverse effects that imposes a major
challenge of patient noncompliance and resistance development. Identification of
new adjunctive therapies that can improve the treatment outcomes of TB patients
should be considered as a priority, and repurposing of the adjuvant drugs with
antitubercular effects should be fast tracked. Such therapeutic approaches and
pharmaceutical interventions should potentially (1) enhance the efficacy of
antibiotic-based treatment, (2) shorten treatment duration, (3) reduce the
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immunopathology associated with TB, and (4) augment protective host immune
responses, thus enhancing bacterial clearance from the system.

In the last few years, there is an increasing interest in the use of metformin in
improving TB treatment outcomes, as it is a widely prescribed drug in T2DM.
Despite the impressive efficacy of metformin in the management of TB, it remains
to be clarified how the protective immunity and immune responses play a significant
role in Mtb infection control. Hence, we sought to evaluate the effect of metformin

Fig. 15.2 Metformin, an FDA-approved drug for type 2 diabetes as a potential combination
therapy for TB with existing antibiotics. (a) Antibiotic targeting mycolic acid biosynthesis; (b)
systems-level changes resulting in the reduction of flux-carrying capacity of glycolysis and citric
acid cycle; (c) resulting re-routing of metabolic fluxes through de novo NAD biosynthesis pathway
and electron transport through NDH-I; (d) possibility of targeting NDH-I with metformin [82]
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therapy on treatment outcomes in TB patients who had T2DM. Our data clearly
suggests that protecting immunity and boosting immune responses had beneficial
effects on Mtb infection because it enhances host immunity, promotes disease
resolution, and improves TB treatment outcomes.

The poor treatment outcomes of MDR-TB using the current WHO-recommended
anti-TB drug now warrant newer approaches to ATT. With the continuously
increasing burden of TB patients globally, it is the need of the hour to screen some
adjuvant drug that can prove to be beneficial in the management of TB. It is very
difficult to synthesize new drug which can be used in the management of TB, but
existing drugs which are already approved and have good safety data can be further
validated for their antitubercular properties. The use of immunomodulatory agents
and other drugs like metformin and statin as additional adjuvant anti-TB drugs
requires further validation through well-designed controlled randomized clinical
trials. Immunomodulatory agents are better alternatives as adjuvant anti-TB drugs
due to their immunomodulation properties, and hence the therapeutic efficacy of
immunomodulatory agents must be explored in well-designed clinical trials to
establish them as potential adjunctive antitubercular agents [84–87].

Metformin has beneficial effect in improving treatment outcomes of TB patients
as demonstrated by early sputum conversion and an increase in T helper cells in
patients with comorbidity of TB and DM. The protective role of metformin in TB
patients might be because of its ability to produce long-term immunity against TB
infection. Metformin that can serve as antidiabetic and antitubercular drug at the
same time can improve the clinical outcomes of TB + T2DM. The physicians should
mandate the use of metformin in all diabetics and TB patients unless contraindicated.
Though sputum smear conversion and an increase in T helper cells are in favor of
metformin users, a larger sample size and multicenter patient enrollment would have
supported the better treatment outcome with much more clinical and statistical
strength. However, these results must be validated in adequately designed studies
in larger samples from multiple sites.
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Abstract

Tuberculosis (TB) is a pandemic disease caused by an obligate intracellular
pathogen Mycobacterium tuberculosis (M.tb). The current TB therapy, Directly
Observed Treatment Short-Course (DOTS), consists of the prolonged use of four
antibiotics (Rifampicin, Isoniazid, Pyrazinamide, and Ethambutol) that must be
administered alone or in combination for at least 6 months to patients affected by
drug-sensitive pulmonary TB. Although this therapy is efficient in eliminatingM.
tb, it has numerous side effects such as liver toxicity, poor compliance, and
development of multidrug-resistant strains. Therefore, there is an urgent need
for the development of new drug targets for the effective management of the
disease and to also ensure the prevention of reinfection and reactivation of the
disease. Here, in this chapter, we have discussed the presently available drugs and
their mechanism of action for the treatment of TB as well as various other drugs,
which have been repurposed and deployed for the treatment against drug-sensi-
tive and drug-resistant TB.
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16.1 Introduction

Mycobacterium tuberculosis (M.tb) is an intracellular obligate pathogen which is the
main cause of tuberculosis (TB) infection in humans. According to the WHO report,
despite control in incidence of new cases and mortality, TB still remains a major
reason of morbidity and mortality worldwide. The majority of the global bulk of the
global burden of new infection and tuberculosis death is borne by developing
countries with six countries, India, Indonesia, China, Nigeria, Pakistan, and
South Africa, accounting for 60% of TB death in 2015 [1]. M.tb enters the human
system by inhalation in the form of aerosol droplets and reaches the alveoli of the
lungs. Within the lungs, the alveolar macrophages internalize the bacteria and
prevent them from spreading to the other organs. However, from the lungs, infected
macrophages can spread to other organs in the form of secondary infections [2]. The
current TB therapy, Directly Observed Treatment Short-Course (DOTS), consists of
prolonged use of four antibiotics (rifampicin, isoniazid, pyrazinamide, and etham-
butol) that must be administered alone or in combination for at least 6 months to
patients affected by drug-sensitive pulmonary TB. Although this therapy is efficient
at eliminating M.tb, it has numerous side effects including liver toxicity, poor
compliance, and development of multidrug-resistant strains. Moreover, the global
situation has become precarious due to inefficacy and high variability of bacille
Calmette-Guerin (BCG) vaccine in adults, HIV-TB co-infection, emergence of drug-
resistant forms of the disease, and other additional factors such as
immunodeficiencies and diabetes that increase the risk of developing TB, creating
a lifelong reservoir of awaiting disease and infection, which may become a pandemic
[3]. The emergence of resistance to existing drugs has further aggravated the
situation. M.tb increases the duration of their survival and viability by releasing
certain virulence factors and by modulating host signaling pathways [4]. Therefore,
there is an urgent need for the development of new drug targets for the effective
management of the disease and to also ensure prevention of reinfection and reacti-
vation of the disease. There has not been much success in the drug development
programs against TB due to myriad reasons. However, the status of search for new
anti-TB drugs has improved a lot over the last 10 years, as evident by the approval of
two drugs, bedaquiline and delamanid, for treatment of multidrug-resistant (MDR)
and extremely drug-resistant (XDR) TB [5]. This shows that development of novel
drugs is a challenging task. Therefore, providing novel chemical inhibitors of targets
and promoting the development of the candidate drugs that are already present in
trials of drug discovery pipeline are therefore of outmost importance in order to
shorten anti-TB treatment. The propensity of M.tb to survive within host
macrophages and evade the host immune system represents a key challenge for the
eradication of the bacteria from the infected individuals. Understanding the signaling
pathways behind virulence, infection, and host evasion mechanisms of M.tb is also
critical for the identification of new drug targets and the development of new drugs.

Therefore, in this chapter, we will discuss both the host and bacterial factors and
signaling mechanisms employed in survival, persistence, and host evasion of the
bacteria by avoiding degradation within macrophages. Specifically, we will high-
light those host and bacterial factors which can be manipulated by drugs or
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compounds and therefore be used as efficient drug targets in the future to control TB
pathogenesis.

M. tuberculosis pathogenesis:M.tb pathogenesis in most of the infected humans
manifests itself in the form of asymptomatic disease wherein bacterial replication is
kept at bay with no evidence of infection [6]. The only indication of infection is the
presence of immune system against the bacterial antigens. This condition is known
as latent infection, and approximately one-third of the world’s population is affected
by it. Of the total infected population, in around 5–10% of infected individuals, the
person is affected by the active form of the disease, which is clinically transmissible
[7]. Although latent infection is characterized by a lifelong standoff of the bacteria in
most of the individuals, it is a huge reservoir of an upcoming pandemic. These
infected individuals cause an estimated 1.5 million deaths each year, which is the
highest from an infectious agent [7]. After getting inhaled through respiration,
M. tuberculosis reaches the alveoli of the lungs and has their first encounter with
the alveolar macrophages. Other cells such as neutrophils and dendritic cells (DCs)
also phagocytose bacteria and play a vital role in control of the infection [8]. The
receptors on these phagocytic cells such as C-type lectin receptors, scavenger
receptors, and complement receptors interact with the mycobacteria and internalize
them. The bacteria display dynamic responses in the host, depending on the immune
status of the host to exhibit different outcomes such as survival, replication, and
transmission [9]. Upon exposure to certain cytokines such as interferon-gamma
(IFN-γ), tumor necrosis factor-alpha (TNF-α), and vitamin D, the macrophages
can get activated to kill M. tuberculosis [10]. IFN-γ activates the antimicrobial
functions of the macrophages. Pretreatment of macrophages with IFN-γ before
M. tuberculosis infection leads to the clearance of significantly high number of
infecting bacteria by production of nitric oxide synthase 2 (NOS-2) and reactive
nitrogen intermediates (RNI) [10]. IFN-γ also eliminates the bacteria by enhancing
phagosome maturation and lysosomal degradation ofM. tuberculosis [11]. However,
bacterial factors which contribute to the virulence of M. tuberculosis, such as
secretory proteins and biologically active lipids, pave way for the long-lasting
survival of the bacteria by modulating intracellular trafficking, granuloma formation,
and perturbations in the cell death pathways such as apoptosis. Granuloma is the
hallmark of TB infection (Fig. 16.1). Granulomas are populated by persistent
M. tuberculosis as well as immune cells (macrophages, epithelioid macrophages,

Fig. 16.1 Pathogenesis of tuberculosis and granuloma formation
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foamy macrophages, and multinucleated giant cells) and act as a standoff between
the host and pathogen [12]. Evidence proves that granulomas benefit both the host
and the pathogen. At the stage of granuloma formation, the fate of the infection is
determined if it will get arrested or progress to active infection based on the power of
the host cellular immune response. This stage of infection also known as latency or
dormant TB can persist in an asymptomatic and non-transmissible state throughout
the life of the infected person. In most of the infected individuals, with strong cell-
mediated immunity, the infection is prevented permanently at this stage with the
subsequent healing of the granuloma. However, in individuals with compromised
cell-mediated immunity, the person’s immunity cannot arrest the infection at the
initial stage, and the bacteria in the granuloma replicate uncontrollably and spread
within the lungs and other tissues via the lymphatic system (active pulmonary TB
and miliary or extrapulmonary TB, respectively) [13]. Elimination of actively
replicating bacteria requires antibiotic treatment or DOTS therapy [14]. The fate of
M. tuberculosis after entry in the host and its elimination are depicted in Fig. 16.2.

16.2 Existing Tuberculosis Treatment and Need for New Drug
Targets

The existing strategy for controlling TB is known as DOTS therapy (Directly
Observed Treatment Short-Course), by WHO. The therapy is known to be cost-
effective and has a high curing rate for the disease. There are five major components
associated with DOTS therapy, which are:

Fig. 16.2 Fate of M. tuberculosis and elimination after entering the host macrophages
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• Commitment by the government
• Sputum smear testing for TB detection
• 6–9 months of standard treatment with at least 2 months under the supervision of

health officials
• Constant drug supply
• Recording and reporting the treatment results in a standardized manner for

assessment

16.3 Drugs Involved In DOTS Therapy

The most important drugs of the TB treatment regime are isoniazid, rifampicin, and
pyrazinamide. Their mode of action is discussed as [15]:

16.3.1 Isoniazid

INH (isoniazid) is a prodrug used along with rifampicin, pyrazinamide, and strepto-
mycin or ethambutol for active tuberculosis but is used by itself for latent TB. Initial
activation of INH is done by bacterial catalase-peroxidase (KatG), which catalyzes
isonicotinic acyl radical formation. This product then forms nicotinoyl-nicotinamide
adenine dinucleotide (NAD) adduct by coupling with nicotinamide adenine dinucle-
otide hydrogen (NADH). The complex then blocks natural enoyl-AcpM substrate
and fatty acid synthase II (FAS II) action by binding tightly enoyl-acyl carrier
protein reductase, Inh A. This in turn inhibits the synthesis of mycolic acids,
which are an essential component of M.tb cell wall.

16.3.2 Rifampicin

Rifampicin (rifampin) is known to hinder the synthesis of DNA-dependent RNA by
discouraging bacterial DNA-dependent RNA polymerase. The drug binds to beta
subunit of RNA polymerase and prevents RNA synthesis, which in turn inhibits the
synthesis of host bacterial proteins. It is a bacteriostatic drug against the actively
growing TB bacteria, which inhibits the formation of cellular wall of mycobacteria.
Mycolic acid forms a complex with arabinose residues of arabinogalactan, which is
responsible for the disruption of arabinogalactan synthesis and finally inhibition of
another complex formation that leads to high permeability in cell wall.

16.3.3 Pyrazinamide

Pyrazinamide is used along with INH and rifampicin to treat active TB. It diffuses
inside granuloma of TB bacteria and gets converted into active pyrazinoic acid by
the action of pyrazinamidase. The active form of pyrazinamide gets converted into
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protonated conjugate acid, under pH level of 5–6. This gets accumulated insideM.tb
and leads to inhibition of nutrient transport across membrane.

The primary mode of action of these drugs is shown with the help of Fig. 16.3.
However, there are multiple drawbacks of the DOTS therapy. It is lengthy which

often leads to noncompliance with the treatment, consists of multiple antibiotics, and
causes severe hepatotoxicity [3]. Since the treatment is for a long duration, patients
often discontinue the treatment, once they become sputum negative, which paves
way for drug resistance and the problem of persistence.

16.4 Elimination of M. tuberculosis by Targeting of Bacterial
Signaling Pathways

M. tuberculosis employs a wide arsenal of strategies to avoid killing by the host
immune system. Some of these strategies include releasing protein and lipid kinases
and phosphatases. The kinases and phosphatases of M. tuberculosis regulate intra-
cellular signal transduction as well as interfere with the host immune machinery.
Several of the mycobacterial components are currently under investigation as novel
targets for anti-TB therapy.

Fig. 16.3 Primary mechanism of action of drugs involved in DOTS therapy
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16.5 PE_PGRS in TB Pathogenesis

Any interaction of the microbe with the host cells requires calcium-dependent
adhesion. This initial interaction via adhesion between host cells and
M. tuberculosis occurs via PE_PGRS proteins that leads to a decrease in the
intracellular Ca2+ concentration, further leading to inhibition of phagolysosomal
maturation which helps in survival of M. tuberculosis [16]. Phagosomal maturation
requires activation of calmodulin-dependent protein kinases, which is dependent on
Ca2+ levels in the cell.M. tuberculosis uses different survival strategies by blocking
phagosomal maturation. A decrease in intracellular Ca2+ levels is a way of decreas-
ing cytosolic Ca2+ levels in the infected cells to create a niche for the bacteria
[17]. These proteins contain multiple calcium-binding motifs. These repeated motifs
or sequences form β-sheets or parallel helix structures. These motifs interact with
intracellular calcium and mediate bacterial survival within the host cells
[17, 18]. These proteins use proline-glutamic acid (PE) domain for their localization
on the bacterial cells. These proteins can be targeted along with the genes controlling
their expression as drug target against TB.

16.5.1 Tyrosine Phosphatases

Tyrosine phosphatases such as PtpA and PtpB are utilized by the bacteria for their
successful survival in the host. These phosphatases are secreted by the mycobacte-
rium in the cytosol of the macrophages where it prevents phagolysosomal degrada-
tion of the bacteria and promotes survival and long-term persistence [19]. Vacuolar
proteins such as V-ATPases, which regulate membrane fusion and are responsible
for vesicle trafficking, are substrates of the tyrosine phosphatases [20]. PtpA
interacts with V-ATPases and interferes with acidification of the lysosomes
[54]. PtpB allows the bacteria to interfere with calcium signaling of the host by
interfering with phosphoinositide metabolism [21]. Therefore, PtpA and PtpB both
are promising targets for discovery of novel drug. Many inhibitors of PtpA and PtpB
are under research for their anti-mycobacterial activities [22]. Certain indole group
derivatives, isoxazoles and thiazolidinones, inhibit PtpB and have shown promising
results [23, 24]. We need a better approach in selection of inhibitors, which may be
used as drug targets of the future.

16.5.2 Tyrosine Kinase

Tyrosine phosphorylation was the first Ser/Thr/Tyr phosphorylation to be detected in
M. tuberculosis [25]. Mycobacterial tyrosine kinase A (PtkA) lacks the walker A and
walker B domain characteristic of tyrosine kinases and therefore belongs to a
different set of protein kinases [26]. PtkA lies immediately upstream to PtpA in
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the same operon, pointing at the functional similarity between these two, but the
exact role of PtkA has not been studied very well till date. This kinase is capable of
autophosphorylation [27]. However, the exact role of PtpA phosphorylation by PtkA
in vivo still needs to be determined. Thus, this kinase also aids in intracellular
shielding of the bacteria and therefore may be an important kinase in terms of
drug development.

16.6 Serine/Threonine Protein Phosphatase

PstP, a serine/threonine phosphatase, gets activated upon phosphorylation by serine/
threonine kinases. It is the known substrate for serine/threonine kinases pknA and
pknB [28]. Together, these kinases and phosphatases are present on the same operon.
Remarkably, this phosphatase is reported to dephosphorylate the kinases [29]. Both
the kinases and phosphatases together contribute in regulating the fatty acid synthase
complex, which is responsible for mycolic acid synthesis [30]. Targeting PstP may
reduce the level of mycolic acids and compromise cell wall biosynthesis in
M. tuberculosis. Therefore, inhibitors against this phosphatase may reduce the
bacterial burden in the host.

16.7 Serine/Threonine Protein Kinases (STPKs)

M. tuberculosis STPKs contribute to the effective functioning of various processes
such as cell division, bacterial virulence, regulation of molecular machinery, metab-
olism, and stress. These kinases and phosphatases orchestrate the phosphorylation-
and dephosphorylation-dependent response of the bacteria and also help in
protecting the bacteria from the host machinery. The mycobacterial kinases have
been organized into five clades depending on the structural and sequence
similarities: PknA, PknB, and PknL, ABL group (Clade I); PknH, PknE, and
PknD, HED group (Clade II); PknF, PknI, and PknJ, FIJ group (Clade III); PknK
(Clade IV); and PknG (Clade V) [31].

The most studied and significantly important serine-threonine protein kinases in
the context of bacterial survival are PknA and PknB [32]. They have been reported to
possess other functions such as in cell division and maintenance of bacterial mor-
phology [33, 34]. Many proteins and enzymes of the mycobacterial cell wall
biosynthesis pathway and cell division are substrates of PknA and PknB such as
InhA, mtFabH, FipA, and FtsZ [35–39]. These kinases also phosphorylate and
activate PstP as already discussed. Mitoxantrone, an anthraquinone derivative and
an ATP-competitive inhibitor, is an inhibitor of PknB. Treatment of bacteria with
mitoxantrone prevents the mycobacterial growth. Structure analysis confirms that
mitoxantrone occupies the adenine-binding pocket of PknB, giving insight into the
structure of PknB. This gives understanding of the design of inhibitors, which mimic
mitoxantrone in structure and are higher in affinity and potency [40].
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PknD has been reported to contribute in osmosensory signaling in the
mycobacteria [41]. It has been reported to control the transcriptional machinery of
M. tuberculosis by stimulating phosphorylation of sigma factor regulators
[42]. More studies have reported that PknD acts as a potential phosphate receptor
used for mycobacterial survival under low phosphate environments [43]. Researchers
have also studied that the sensor domain of PknD assists in mycobacterial adhesion
and invasion into the brain endothelium and therefore has a role in development of
brain TB affecting the central nervous system [44]. This was further confirmed by
using inhibiting PknD that reduced the invasion of M. tuberculosis in the brain
tissues [44].

Other kinases, such as PknE, have been suggested to regulate apoptosis in
M. tuberculosis-infected macrophages by suppressing the process and thus promot-
ing persistence in the host [45]. Therefore, it is another interesting candidate as a
target for future drugs.

PknG is important for growth under nutrient-deprived conditions such as in host,
subverting host-induced stresses, maintaining redox homeostasis and cellular metab-
olism. It is required for mycobacterial survival in macrophages, by inhibiting
phagolysosomal fusion [46]. Indeed, gene deletion or chemical inhibition of PknG
resulted in killing of the bacteria in acidified lysosomes [46]. The role of PknG in
survival of pathogenic bacteria can be seen by the fact that it is expressed to a very
minimal level in nonpathogenic bacteria such as Mycobacterium smegmatis, which
makes their lysosomal degradation very easy [46, 47].

PknG is different from the other members of mycobacterial protein kinase family
in having a long N-terminal extension in front of the catalytic domain and in lacking
transmembrane domain. It has three functionally altered domains: the N-terminal
rubredoxin domain containing CXXCG motifs, the kinase domain, and the
C-terminal domain, which is responsible for the dimerization of the kinase
[48, 49]. The CXXCG motifs at the N-terminal are crucial for the catalytic activity
of PknG, and the C-terminal tetratricopeptide repeat (TPR) domain is required to
prevent lysosomal delivery of mycobacteria [50]. PknG does not require
autophosphorylation to get activated. However, autophosphorylation prevents deliv-
ery of endosomal cargo to lysosomes helping in evasion of the host defense system
[50, 51]. A small inhibitory compound, a tetrahydrobenzothiophene termed
AX20017, was used to study the structure of PknG that binds to the catalytic domain.
This compound inhibits the function of PknG very selectively [48]. The structure
and affinity of AX20017 have been used by the researchers to develop more potent
inhibitors of this kinase. A plant secondary metabolite withanolide derived from
Withania somnifera has been found to be a better inhibitor of PknG compared with
AX20017 [52]. More inhibitors and structural analogues are under research to target
this functionally important kinase.

Like PknA and PknB, PknH phosphorylates InhA and therefore is vital for cell
wall biosynthesis [78]. Its function has been inhibited by the use of
O6-cyclohexylmethylguanine, an ATP-competitive cyclin-dependent kinase 1 [53].
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PknK has function in regulation of the cell wall composition and cell size
[54]. PknK is differentially expressed during the early phase of the infection and at
later phase. It has high expression during the establishment of an infection, and later
PknK limits mycobacterial growth within macrophages. To further confirm the role
of PknK, we need more research on it.

Host tyrosine kinases are also involved in the entry and survival of mycobacteria
within the antigen-presenting cells. Inhibition of tyrosine kinases by imatinib
(Gleevec®), a tyrosine kinase inhibitor, has been reported to strongly reduce intra-
cellular survival of M. tuberculosis, including that of drug-resistant strains. Imatinib
has been used along with the drugs of DOTS therapy and has been found to be quite
effective [55].

Inhibition of one particular kinase or phosphatase may block many signaling
pathways as they regulate many pathways together. Therefore, combining two or
more inhibitors to target many regulatory kinases and phosphatases might be an
intelligent strategy to increase overall efficacy.

16.8 Lipid Phosphatase

Lipid phosphatases also contribute to the intracellular survival of M. tuberculosis in
the host cells by interfering with phagolysosomal fusion [56]. In the secreted form,
SapM, a lipid phosphatase, prevents the formation of phagolysosome and thus helps
in the bacterial survival in the host [57]. SapM (secretion of an acid phosphatase) has
been found to possess PI3P phosphatase activity and is responsible for PI3P
removal, a membrane trafficking regulatory lipid, which is necessary for
phagosomes to acquire lysosomal constituents [58]. Therefore, lipid phosphatases
can also be used as drug targets in the future.

16.9 By Targeting Bacterial Protein Secretion System
and Proteosomal System

Many mycobacterial survival factors in the form of secreted proteins are released in
the cytosol where they perform their function of host evasion. The most studied
secretion systems of M. tuberculosis are the ESX system, Tat system, and Sec
system.

The ESX system, so called because of a 6 kDa early secretory antigenic target
(ESAT6) protein, is also known as type VII secretion systems. It is used by the
M. tuberculosis to export secretory proteins that helps the pathogen to evade the host
immunity. It has myriad functions to play in the survival of the pathogen inside
macrophages. Some of these functions are in membrane disruption, in escape of the
bacteria from the phagosomes, and in unabated growth of bacteria in the granuloma
[59–61]. Therefore, it involves various signaling pathways to perform its function
that may be targeted for the elimination of bacteria and hindering its survival in
the host.
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The Sec system is common to all bacteria. It is involved in the secretion of
unfolded proteins, which have an N-terminal signal sequence. M. tuberculosis
expresses a form of SecA protein called SecA2 which is required for virulence as
well as host evasion by modulation of phagolysosomal fusion [62]. This makes the
components of this system as potential drug targets to avoid pathogen survival in the
macrophages and to ensure their early clearance.

The Tat pathway (twin-arginine translocase) is involved in the export of proteins
with N-terminal signal peptides. The Tat pathway is found in many Gram-positive
and Gram-negative bacteria and, along with being involved in virulence, is essential
for mycobacterial survival in the host [63]. As mammals do not possess this system,
targeting Tat pathway will provide no off-target effects in the host.

Proteasomes are cellular machinery responsible for degradation of cellular
proteins that have been marked for degradation by addition of ubiquitin polypeptide.
Ubiquitin-like proteosomal activity has been found in M. tuberculosis through
various structural and biochemical studies [64]. These proteasomes target
ubiquitinylated peptides and proteins via programmed targeting by the proteasomes.
Recent studies have identified inhibitors of mycobacterial proteosomal machinery,
which is not effective for host proteasomes [65, 66]. Two molecules of oxathiazol-2-
one class have been reported to effectively target the bacterial proteosomal machin-
ery without targeting the host [67]. These selective proteosomal inhibitors are very
promising to be developed into drugs of future generation.

16.10 Adenylate Cyclase/cAMP Pathway

Phagolysosomal fusion is regulated by the modulation of ATP and cyclic AMP
(adenosine monophosphate). Initial experiments using latex bead phagosomes show
that phagosomes have an intrinsic adenylate cyclase activity which converted ATP
into cAMP, which prevents lysosomal fusion and thus helps in the long-term
survival of the pathogen in the host. Inhibiting this adenylate cyclase activity induces
phagolysosomal fusion which was halted. A knockout of adenylate cyclase gene lost
its ability to grow inside the host cells [68, 69], confirming the essential role this
pathway plays in mycobacterial proliferation. Thus, this pathway can be targeted by
inhibitors of adenylate cyclase or downstream proteins for potential anti-TB drug.

16.11 Elimination of M. tuberculosis by Targeting of Host
Signaling Pathways

The successful clearance of bacteria by macrophages requires maturation of the
phagosome leading to formation of phagolysosomes and clearance of the invading
pathogen. However, M. tuberculosis has evolved several strategies for its long-
lasting survival in the host. Although macrophages are very effective in
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phagocytosing and clearing most of the bacteria, M. tuberculosis has developed
numerous schemes to evade the host immune system and for its effective survival in
the host cells. These strategies include inhibition of phagolysosomal fusion; preven-
tion of phagosome acidification; recruitment and maintenance of tryptophan-
aspartate-containing coat protein (TACO) on phagosomes which inhibits the
phagosome maturation; and expression of members of the host-induced repetitive
glycine-rich protein (PE-PGRS) family of proteins. These pathways or strategies
used by the pathogen can be targeted for development of novel drugs or therapies
wherein evasion of the host immune system would be reversed which would lead to
the successful clearance of the bacteria.

The key pathways which can be targeted are:

16.11.1 Blocking Survival Within Macrophages by Targeting
the Host Factors Which Prevent Phagolysosomal Fusion

16.11.1.1 Coronin 1/Calcineurin Pathway
Pathogenic mycobacteria survive within macrophages by inhibiting lysosomal killing
and residing in the phagosomes along with different other host evasion strategies [70–
72]. For this, the host protein coronin 1 (TACO, tryptophan-aspartate-containing coat
protein or P57) is recruited and retained toward the cytosolic side of the phagosome.
Coronin 1 belongs to the highly conserved family of proteins, which is present in
eukaryotes in all hematopoietic cells and is characterized by multiple tryptophan-
aspartate repeat domains [73, 74]. Coronin 1-mediated inhibition of lysosomal traf-
ficking has been found to be exclusive for phagosomes infected with mycobacteria
[75]. Coronin 1 protein belongs to a large family of proteins, which have multiple
tryptophan-aspartate repeat sequences [76]. During the maturation of lysosomes,
coronin 1 is released from the phagosome, which leads to the fusion of the phagosome
with the lysosome and eventually degradation of the cargo. However, during
M. tuberculosis infection, coronin 1 stays on the cytosolic surface of the phagocytic
vesicle blocking its degradation. It has been reported that the presence of coronin 1 on
the phagosome leads to the activation of downstream calcium/calcineurin pathway that
is responsible for inhibition of phagolysosome fusion and thus elimination of the
internalized mycobacteria [77]. Furthermore, in coronin 1-deficient mice-derived
macrophages, it has been observed that the mycobacteria containing phagocytic
vesicles fuse readily with the lysosomes and lead to the degradation of the bacilli
[77]. These coronin 1-lacking macrophages were found unable to support intracellular
survival of the mycobacteria but were fully functional in other roles [77]. Coronin
1 activates calcineurin signaling pathway. Calcineurin is a calcium-sensitive phospha-
tase [78] which upon inhibition by its blockers results in bacterial killing [75]. There-
fore, both coronin 1 and calcineurin signaling pathways and their downstream
substrates can be targeted for development of a novel drug.
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16.11.1.2 Voltage-Gated Channels
Calcium from the extracellular environment enters into the cells by means of the cell
membrane calcium channels, such as voltage-gated calcium channels (VGCCs),
which are selective calcium channels, or nonselective calcium channels, such as
purine receptor (P2X7), cyclic nucleotide-gated (CNG) ion channels, and canonical
transient receptor potential channels (TRPCs). These channels are stimulated by
membrane potentials and ligands. VGCC is activated by changes in membrane
potential, while the nonselective channels such as P2X7, CNG, and TRPC are
stimulated by adenosine triphosphate (ATP), cAMP, and PLC or DAG, respectively
[79, 80]. The role of these channels has gained importance in TB drug development
recently. VGCCs are multimeric transmembrane channels that can affect the func-
tion of the immune system by activating the expression of pro-inflammatory genes
and modulating the phagocytic capacity of the macrophages and DCs [81]. Use of
VGCC blockers has resulted in the increase in calcium influx [81–83]. This increase
in calcium influx results in enhanced secretion of pro-inflammatory cytokines. It has
also been reported that inhibition of VGCCs in DCs leads to the activation of T
lymphocytes and increases the ability of macrophages to perform their bactericidal
functions [81, 84]. Mice experiments also prove that blocking the expression of
VGCC with antibodies resulted in decreased M. tuberculosis number with a simul-
taneous increase in calcium level [81, 85, 86]. Under normal uninhibited state, there
is a low influx of calcium and signaling in macrophages and DCs mainly due to high
upregulation of VGCC. Moreover, peripheral blood mononuclear cells (PBMCs)
isolated from TB-infected patients show higher VGCC expression level compared to
healthy control [81], making VGCCs an important indicator of TB infection.

Another voltage-gated channel, which has been targeted for efficient control of TB,
is the purine receptor (P2X7). P2X7 is a ligand-gated ion channel [87]. In macrophages
and myeloid cells, P2X7 gets activated by ATP and leads to the downstream secretion
of cytokines, which ultimately lead to interferon-gamma production [88, 89]. Other
voltage-gated channels being studied as drug target for M. tuberculosis infection are
NaV1.6 and KV1.3 [90, 91]. These channels or their downstream substrates can be
explored for elimination of TB by using inhibitors against them.

Therefore, a combination of conventional anti-TB drug regimen along with
voltage-gated channel blockers is a novel method of chemotherapy against TB and
may help to shorten the length of treatment and prevent emergence of drug resistance.

The different possible calcium signaling pathways, which can be targeted for drug
development, have been elucidated in Fig. 16.4.

16.11.1.3 Immunity-Related GTPase Family M Proteins
Immunity-related GTPase family M proteins, IRGM (also known as LRG47), are
members of a family of IFN-gamma-regulated P47 GTPases [92]. These proteins
have gained huge importance due to their role being recently highlighted in inducing
autophagy upon infections by interacting with autophagy-linked proteins such as
ATG5, ATG10, and LC3. These genes in mice are regulated by IFN-γ, as treatment
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of macrophages (derived from mice) with IFN-γ leads to killing of M. tuberculosis
population, by induction of autophagy via IRGM1 (murine analogue of IRGM)
[93, 94]. LRG47-mediated autophagy also protects against other infections such as
Escherichia coli and Salmonella typhimurium [94–98]. However, IRGM-dependent
autophagy does not function in the absence of infection, suggesting pathogen
specificity of these proteins in the induction of autophagy [99, 100]. In the absence
of IRGM protein, the phagosomes have low levels of V-ATPases, which help in the
acidification and fusion of phagocytic vesicles [101]. Therefore, these GTPases
along with other factors and genes regulating them can be targeted for effective
anti-mycobacterial therapies.

16.11.1.4 Blocking the Persistence of the Bacteria Within the Host
After the treatment of infected patients with DOTS therapy, these patients start
feeling better within 3–4 weeks of the treatment. These patients with initial recovery
often discontinue the treatment, and this leads to the survival of few bacteria in the
host, which hide in the host for a long time feeding themselves by taking nutrition
from the host and shielding themselves from the host immune system. These
surviving bacteria are known as persisters, and they become tolerant to front-line
anti-TB drugs. This persister M. tuberculosis population may give rise to drug
resistance and lead to the relapse of the disease in a more severe form. Total control
of M. tuberculosis survival in the host requires effective targeting of these persisters
along with the actively replicating bacteria. Persisters feed themselves by utilizing
the lipid sources present within the host cells. The enzyme isocitrate lyase is

Fig. 16.4 All the possible calcium signaling pathways, which can be targeted in the immune cells
for ensuring effective phagolysosomal fusion
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responsible for using the lipids as nutrient sources. The expression level of this
enzyme is elevated uponM. tuberculosis infection [102]. It is the key enzyme of the
glyoxylate shunt pathway that dodges the carbon dioxide-producing steps of the
Krebs pathway, allowing the bacteria to use lipids/fatty acids as substrates [103]. It
has been studied thatM. tuberculosis devoid of two of the genes coding for isocitrate
lyase has difficulty in surviving and replicating in the host [104]. Therefore, these
enzymes are attractive targets for anti-mycobacterial therapy.

Recently, it has been reported that persisters invade mesenchymal stem cells
(MSCs) of the host and utilize the hypoxic environment and lipids of these cells for
their survival. These MSC-residing bacteria have been shown to be eliminated
effectively by a dual strategy of using lipid inhibitor and autophagy inducer along
with conventional antibiotics to attain sterile clearance of the disease [3].

Other mechanisms involve increasing the IFN-γ immune response in the host for
the effective clearance of the pathogen and thus increasing the host
pro-inflammatory response by using immune modulators. Moreover, Toll-like
receptors (TLRs) also help in the killing of the pathogen from the immune cells.
TLR2, TLR4, and TLR9 signaling are mainly responsible for their function in the
eradication of the M. tuberculosis [105, 106]. Therefore, it is quite reasonable to
develop strategies involving the signaling pathways upstream or downstream of the
TLR signaling pathways or IFN-γ signaling for the sterile clearance of persisters of
M. tuberculosis population.

The possible mechanism of targeting host and bacterial factors for the survival of
M. tuberculosis is shown schematically in Fig. 16.5.

16.12 Conclusions and Future Prospects

The past decade has been involved in extensive search for new drug targets for
TB. This is evident from the discovery of bedaquiline and delamanid. Scientists all
over the globe are working to understand both the bacterial and host factors which
help in the growth and survival ofM. tuberculosis. Many novel drug candidates have
been identified which include kinases, phosphatases, and secreted proteins, which
have been studied to block the lysosomal degradation of the bacteria. Using
inhibitors against these promising drug candidates will help us decipher new
pathways and molecules, which can be effective for drug development. However,
it would be challenging to convert these studies into therapeutics for the treatment of
patients owing to the side effects involved, which are still mostly unknown. We also
need to study if we can target multiple kinases, which perform similar functions with
a multiple kinase inhibitor. Therefore, the need is to study all the side effects and
bactericidal potential of these drugs to convert them into drugs of the future.
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Targeting Molecular and Cellular
Mechanisms in Pulmonary Hypertension 17
Stephen A. Adefegha, Olorunfemi R. Molehin, and
Aderonke E. Fakayode

Abstract

Pulmonary hypertension (PH) is described as an elevated mean pulmonary artery
pressure (mPAP) of 25 mmHg or above, measured at rest by right-heart catheteri-
zation. The precise worldwide occurrence of PH is not easily measured, majorly
as a result of its complex etiology, and its progression is likely to be
underestimated. Extensive reports on the pathophysiology of PH and incidence
etiology at the cellular and molecular level have been well documented. In
addition, basic clinical research studies have shown promising potentials of
popular and widely known cardiovascular biomarkers, but with limited clinical
significance in the management and diagnosis of PH as a result of decreased
specificity as well as several other cardiovascular complications of patients with
PH. Conversely, a large panel of experimental research studies reveal novel
cellular and molecular mechanisms, drug targets, and biomarkers following the
principle of the evidence-based medicine. Unfortunately, the basic extrapolation
of these finding results to clinical practice is not straightforward because of large
complex nature of the pathophysiology of PH. Hence, there is the need for more
translational medicine research to fully comprehend the pathophysiological
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classification of PH and define accurately its biomarkers and therapeutic approach
for PH treatment. We discuss in this chapter the types of PH, the novel therapeutic
options available, and the molecular mechanism behind PH and its possible drug
targets for treatments at the cellular and molecular level. Several factors like
oxidative stress, cell signaling, inflammation, and mechanisms of immune
systems are highlighted that may be responsible for the pathophysiology of PH
and its complications. Each of these processes is discussed separately, for clarity
purpose, but most importantly, crucial cross functions will occur among the
pathways in PH patients.

Keywords

Pulmonary hypertension · Mean pulmonary artery pressure · Cardiovascular
disease · Pathophysiology · Lung disease

17.1 Introduction

Hypertension (HP) is a global health burden because of its rising observed cases and
its increased risk factor for cardiovascular diseases (CVDs). HP occurs when there is
persistent elevation of artery’s blood pressure, thus bringing about damages of
organs and an increase in the world mortality rate [1]. When there is a rise in cardiac
output and systemic vascular resistance, it results in blood pressure. Blood pressure
has been found to elevate the risk of cardiovascular disease globally. Blood pressure
is reported as two numbers which are obtained from the diastolic and systolic
pressure [2]. The highest pressure in the arteries when the heart beats and fills the
arteries is termed the systolic pressure, while the least pressure in the arteries when
the heart rests between beats is termed the diastolic pressure.

During aging process, there is stiffness of blood vessels; this prevents the free
movement of blood from the heart, thus bringing about an increase in systolic
pressure as aging occurs. “In most cases, increased cardiac output occurs in younger
age while in adults, systemic vascular resistance is observed; this may be a result of
elevated α-adrenoreceptor stimulation; it could be that peptides like angiotensin are
constantly released. Elevated increase of calcium in the cytosolic medium of vascu-
lar smooth muscle results in vasoconstriction. Other factors such as growth factors
can also increase vascular smooth muscle, thus causing vasoconstriction, stiffening
of the aorta and arteries which results in pulse pressure increase” [3]. It has been
established that CVD is one of the major causes of global deaths; thus, the treatment
and management of several CVDs have been put into consideration to reduce
mortality rate worldwide.

Hypertension has been considered to be one of these CVDs and it occurs when
there is a persistent elevation in the blood pressure of arteries. “Hypertension
contributes majorly to increased risks for coronary heart disease, stroke, and several
other heart-related diseases. It has been confirmed to be one of the major contributors
to global deaths. In recent times, lots of studies and researches were carried out to
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combat the occurrence of hypertension worldwide. Hypertension was classified into
primary hypertension which occurs as a result of genetic factors or nonspecific
lifestyles such as excess salt in diet, excess body weight, physical inability, smoking,
and secondary hypertension described as persistent diseased state such as chronic
kidney disease. Treating of hypertension has been linked to a significant reduction in
the occurrence of certain disease conditions, namely heart diseases, stroke,
myocardial infarction, and other cardiovascular related diseases [2]. The autonomic
nervous system is well documented to play a crucial function in the regulation of
blood pressure as patients with hypertension have elevated peripheral sensitivity to
certain hormones like norepinephrine; in addition, increased responsiveness to
stressful stimuli is also observed in hypertensive patients” [2, 3].

17.2 Consequences and Complications of Hypertension

There is no gauge for complications to arise, as an increase in blood pressure is
linked with increased morbidity across the whole blood pressure ranges of measure-
ment. “Persistent increase in blood pressure brings about increase in muscle mass,
thickening of the artery wall resulting in left ventricular hypertrophy (a condition
that impairs diastolic function and slows ventricular relaxation) which is a separate
risk factor for CVDs. Arterial hypertension is one of the major factors that increase
the occurrence of coronary artery disease. It has been established that poorly
controlled or untreated hypertensive patients are prone to having myocardial ische-
mia and myocardial infarction as a result of pressure-related increased demand for
oxygen or a coronary oxygen supply depletion. Other complications of hypertension
are heart failure, stroke, etc. which could be from intracranial hemorrhage or
thrombosis” [2].

17.2.1 Treatment of Hypertension

Hypertension has greatly increased the world’s mortality rate; therefore, there is a
quick response to the search for its treatment and management. The first line of
treatment and management of HP is modification in the way of living, which
includes restriction in sodium intake, weight reduction, decreased alcohol intake,
and frequent exercises. “The use of drug therapy has also been introduced in the
treatment and management of hypertension. The mechanism of action of most
hypertensive drugs differs from each other but every antihypertensive drug acts
majorly by reducing the cardiac output, resistance of vascular tissues, or both. Some
of the most common class of antihypertensive drugs include β-blockers, inhibitors of
angiotensin-converting enzyme (ACE), thiazide diuretics, antagonists of the angio-
tensin II receptors, blockers (calcium channel, α-adrenoceptor, combined α- and
β-blockers), etc.” [3, 4].

17 Targeting Molecular and Cellular Mechanisms in Pulmonary Hypertension 397



17.3 Pulmonary Hypertension (PH)

PH occurs when the resting mean pulmonary artery pressure is 25 mmHg or above at
the resting stage [1]. “It could occur due to pulmonary vascular disease, left-heart
disease, lung disease or hypoxia, chronic thromboembolic disease, and a variety of
disorders, including hemolytic anemias and sarcoidosis. Globally, it is estimated that
over 100 million people have been affected. Currently, there exists no curative
treatment for PH despite advancement in the study of the disease pathology but
there are improved diagnostic markers and therapeutic approaches for patients.
Patients with PH tend to show the following pathogenic features: prolonged pulmo-
nary vasoconstriction, remodeled small pulmonary artery vasculature, in situ throm-
bosis, and elevated stiffness of the vascular wall, leading to increased pulmonary
arterial pressure (Fig. 17.1) [1, 2]. One major feature of PH is an increased resistance
of the vascular walls resulting in progressive elevations in pulmonary artery pressure
[1]. Clinically, these pulmonary vascular changes come with some symptoms, such
as syncope, chest pain, unexplained dyspnea on exertion, and fatigue.

17.3.1 Pulmonary Arterial Hypertension (PAH)

Pulmonary arterial hypertension (PAH) is a primary subdivision of PH which has a
prominent characteristic of a gradual increase in resistance from the pulmonary
vascular tissues due to unregulated remodeling of pulmonary vasculature, prolonged
vasoconstriction, and in situ thrombosis (Fig. 17.2) [3]. The advancement in exten-
sive clinical classification of PH, diagnostic indices, and novel therapeutic approach
produced improved survival rate in PH in the past years [4].

Fig. 17.1 The flow of blood in pulmonary hypertension [2]
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17.3.2 Clinical Classification of Pulmonary Hypertension

PH was subdivided into groups based on the report of World Health Organization
(WHO) that anorexigen is capable of inducing PAH. PH was then classified into five
groups (Fig. 17.3).

17.3.2.1 Group 1: Pulmonary Arterial Hypertension (PAH)
This occurs when arteries in the lungs become narrowed, thickened off, or stiff. The
right side of the heart must work harder to push blood through these narrowed
arteries [4]. The major feature of PH in this category is a persistent rise in pulmonary
vascular resistance (PVR) and mean pulmonary artery pressure (mPAP) due to an
obstruction within the pulmonary vasculature [5]. The identified causes of PAH
include idiopathic, heritable such as human immunodeficiency virus (HIV) infec-
tion, bone morphogenetic protein receptor 2 (BMPR2), toxin- and drug-induced and
associated disorders, portal hypertension, and congenital heart diseases. Many
mutations in the gene like BMPR2 predispose people to the incidence of PAH [3].

17.3.2.2 Group 2: PH Due to Left-Heart Disease (PH-LHD)
The PH in this category is a result of left-heart diseases. It is defined as mPAP
�25 mmHg and pulmonary artery wedge pressure (PAWP) >15 mmHg. The
prominent characteristics of this class of PH are a rise in mPAP, declining pulmonary
vascular remodeling, failure of the right ventricle, and death [6].”

Fig. 17.2 Vascular framework in pulmonary hypertension. Cross-sectional diagram of a normal
pulmonary arteriole and a pulmonary arteriole in pulmonary hypertension
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17.3.2.3 Group 3: PH Due to Lung Diseases and/or Hypoxia
Group 3 class of PH is linked with hidden conditions like developmental lung
abnormalities, interstitial lung diseases (ILD), chronic obstructive pulmonary dis-
ease (COPD), obstructive sleep apnea (OSA), and other pulmonary diseases
[7]. Hypoxic vasoconstriction and extermination of the pulmonary vascular bed
are the two main pathophysiologic bottom-line features of PH ascribed with hypoxia
and COPD [6]. It has been documented that hypoxia is a major player in the
incidence of endothelial cell damage, molecule release like endothelin giving birth
to spasm reactions, and proliferation in the neighboring smooth muscle cells
[3, 7]. The major therapeutic strategy to the management of group 3 PH is addressing
the hidden disease process.

17.3.2.4 Group 4: Chronic Thromboembolic PH (CTEPH)
PH occurs as a result of chronic thromboembolic disease, giving birth to protracted
occlusion of the pulmonary vasculature, thus resulting in abnormal mechanisms of

Fig. 17.3 Classification of pulmonary hypertension
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fibrinolysis and autoimmune disorders. This condition greatly contributes to poor
resolution of thrombi [5].

17.3.2.5 Group 5: PH with Unclear Multifactorial Mechanisms
PH with unclear many-sided mechanisms is classified as group 5 PH. It is sometimes
called the orphan disease. Group 5 PH is a significant diversified group of diseases
that comprises PH secondary to multifaceted mechanisms. In this diseased state, the
precise incidence, etiology, and therapy remain unclear.

17.4 Pathophysiology of Pulmonary Hypertension

The classification of PH into groups has enhanced the gradual understanding of its
mechanism of action; most especially, the pathophysiological mechanism of group
1 PAH has been greatly understood leading to diverse discoveries of potential drug
targets; however, groups 2, 3, 4, and 5 have not been fully understood. However,
there is a dearth of information on the mechanism behind the other groups of PH
[2]. Moreover, they share some common denominators in their mechanism of action
among all groups of PH [8]. The foundational mechanisms of increases in PVR in
PAH include prolonged vasoconstriction, uncontrolled pulmonary vascular
remodeling, and in situ thrombosis. The incidence and progression of PAH involve
multiple factors and a plethora of several cell types inside the pulmonary artery
vessel wall like primary pulmonary artery smooth muscle cells (PASMC), pulmo-
nary artery endothelial cells (PAECs), fibroblasts, inflammatory cells, and platelets
that are contributory factors in the disease process (Fig. 17.4).

17.4.1 Genetics and Genomics of PAH

17.4.1.1 Transcript Mapping and Positional Cloning of the Gene
Underlying PAH

Genes with similar biological properties with PAH are characterized by direct
Sanger sequencing; this leads to the recognition of the gene bone morphogenetic
receptor type II (BMPR2) [10]. “BMPR2 is an approximately large gene, comprising
13 coding exons displaying over 190 kb of genomic DNA. At the transcriptional
level, its start site is at base pair position 1148 very close to the initiation codon
adenine. It has a remarkably long 3’UTR of an estimated size of 11 kb [9]. BMPR2
encodes the transmembrane bone morphogenetic receptor type II of the TGF-β
superfamily of signaling molecules [10]. TGF-β molecules perform important
functions in cellular activities such as migration, differentiation, proliferation, and
apoptosis.” (Fig. 17.5).
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17.4.2 Role of Inflammation in PH

Inflammatory mechanisms appear to perform a crucial function in some types of PH
including cases of rats induced with monocrotaline and PAH of several sources in
humans. This inflammation has also been implicated in connective tissue diseases
and human immunodeficiency virus infection. “Remarkably, some patients with
serious PAH linked with systemic lupus erythematosus got better with immunosup-
pressive therapy, highlighting the importance of inflammation in this subset of
patients [11]. Some immunological disturbances have been observed with idiopathic
PAH patients which further supports the assertion that inflammation is implicated in
the incidence and development of this disease. Undoubtedly, a cross section of PAH
patients have circling autoantibodies which include antinuclear antibodies, together
with increased rotating levels of proinflammatory cytokines IL-1 and IL-6. Histopa-
thology of the lungs also shows inflammatory infiltrates (macrophages and
lymphocytes) in the spectrum of plexiform lesions in severe PAH together with an
elevated expression of chemokines RANTES and fractalkine” [12].

Fig. 17.4 Pathophysiological mechanisms of PAH
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17.4.3 Caveolin-1 Mutation in PH

Caveolin-1 is usually the point where many signaling cascades begin due to their
interaction with G proteins, TGF-β-receptor 1, endothelial nitric oxide synthase
(eNOS), and nitric oxide synthase 2A [13]. Caveolin-1 is a scaffolding protein and
a major component of caveolae that connects with many signaling molecules
including the ones implicated in PH and it is involved in their modulation
[14]. The interruption and ongoing loss of endothelial caveolin-1 with reciprocal
activation of proliferative pathways occur prior to the inception of PH, and the
recapture of caveolin-1 impedes proliferative pathways and mitigates PH [15]. A
comprehensive loss to the endothelial cells happens during the development of PH
with resultant enhancement of caveolin-1 expression in the smooth muscle cells. In
the smooth muscle cells, caveolin-1 moves from having an antiproliferative role to a
proproliferative one and engages in cell proliferation and cell movement, probably
going towards an irreversible process of PH [13, 15]. However, the interruption of
endothelial caveolin-1 is not noticed in the reversible form of PH known as hypoxia.
In contrast, proliferative pathways are activated in this model, suggesting a dysfunc-
tion in caveolin-1 function. Hence a dysfunction or disruption of endothelial
caveolin-1 promotes PH, and the status of caveolin-1 may determine whether PH
is reversible or irreversible [15, 16].

Fig. 17.5 Consequences of bone morphogenetic protein type II (BMPR2) receptor mutations on
signaling [10]
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17.5 Metabolism Alterations in Pulmonary Hypertension

17.5.1 Energetic Metabolism in PH

Warburg effect, a phenomenon involving the substitution of energy acquisition in
the Krebs cycle with glycolysis, is a characteristic of cancer cells and cells in PH
patients (Fig. 17.6). Pyruvate, a key product of glycolysis in aerobic conditions, is
metabolized into acetyl-CoA by the enzyme pyruvate dehydrogenase (PDH) which
then enters into the tricarboxylic acid cycle (TCA cycle). The reduction in PDH
activity as well as the conversion of pyruvate to lactate by the enzyme lactate
dehydrogenase A (LDHA) in PAH PAECs has been proved and reported
[17]. Increased fatty acid metabolism is the second metabolic deviation observed
in PAH cells [17]. The third metabolic change is the glutaminolysis [18, 19]. The

Fig. 17.6 Metabolism alteration in pulmonary hypertension [20]. DCA dichloroacetate, ETC
electron transport chain, HIF-1α hypoxia inducible factor, LDHA lactate dehydrogenase A,
MnSOD mitochondrial superoxide dismutase, PDH pyruvate dehydrogenase, PFK-6
6-phosphofructo-1-kinase, ROS reactive oxygen species, TCA cycle tricarboxylic acid cycle.
Orange arrow: drug inhibition; green arrow: Randle cycle
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additional significant changes relate to mitochondrial dysfunction. The function of
mitochondria includes generation of ATP; they also act as oxygen sensors [20, 21].

17.6 Conclusion

To date, basic clinical research studies have shown promising potentials of popular
and widely known cardiovascular biomarkers, but with limited clinical significance
in the management and diagnosis of PH resulting from their decreased precision as
well as several other cardiovascular complications of patients with PH [22, 23]. Con-
versely, a large panel of experimental research studies reveal novel cellular and
molecular mechanisms, drug targets, and biomarkers following the principle of the
proof-based medicine. Regrettably, the plain extrapolation of these findings to
clinical application is not straightforward because of large complex nature of the
pathophysiology of PH. Hence, there is the need for more translational medicine
research to better understand the pathophysiological classification of PH and define
accurately its biomarkers and therapeutic strategy for PH treatment.
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Abstract

Pulmonary arterial hypertension (PAH) is a devastating disease of the pulmonary
circulation, characterized by pulmonary vascular remodeling leading to elevated
pulmonary arterial pressure, increased pulmonary vascular resistance, and right
heart failure. Unfortunately, up until now, no definite cure exists for this disease.
Currently available drugs focus on pulmonary vasodilation, anti-proliferation,
and augmentation of endothelial function by targeting nitric oxide, endothelin,
voltage-gated calcium channels, and prostacyclin signaling pathways. However,
these drugs only partially improve survival and quality of life as they do not
address the underlying pulmonary vascular remodeling. Over the past few years,
attempts have been made to identify effective therapies that target different, anti-
remodeling mechanisms and signaling pathways. Targets for these therapies
include genetic and epigenetic modifications, growth factors and proliferation,
inflammation and immunomodulation, endothelial-mesenchymal transition, and
metabolic abnormalities. In this chapter, we outline and discuss promising novel
therapeutic approaches that target diverse molecular and cellular signaling
mechanisms involved in PAH.
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18.1 Introduction

Pulmonary hypertension is a life-threatening cardiopulmonary condition of
abnormally elevated pressure in the pulmonary arteries. Pulmonary arterial hyper-
tension (PAH) is defined by the World Health Organization as group I pulmonary
hypertension, characterized by an increased mean pulmonary artery pressure
>20 mmHg, a pulmonary artery capillary wedge pressure of <15 mmHg, and an
increased pulmonary vascular resistance of 3Wood units. A key pathological feature
of PAH is pulmonary vascular remodeling, which leads to elevated pulmonary
arterial pressure, pulmonary vascular resistance, and eventually right ventricular
hypertrophy (RVH) and, if untreated, RV failure. Histopathological analysis
suggests that dysfunction of key cellular components of the pulmonary vasculature,
namely, endothelial and smooth muscle cells, pericytes, inflammatory cells, and
adventitial fibroblasts, induces pulmonary vascular remodeling (e.g., medial hyper-
trophy, neointima formation, plexiform lesion) (Fig. 18.1). This results in narrowing
of the vessel lumen and triggers complex vessel lesions, raising pulmonary vascular
resistance, contributing to increased pulmonary arterial pressure to place a hemody-
namic load on the right ventricle. Although PAH is a rare disease affecting only
about one to two of every one million individuals annually, the mortality and
morbidity rate is high, and, if untreated, PAH quickly leads to right ventricle failure
and death after 2–3 years [1, 2]. PAH may be heritable (with a family history of
PAH), idiopathic (without family history, unknown cause), or associated (linked to
interstitial lung disease, congenital heart disease, autoimmune disease, etc.). While
the exact cause of PAH is not known, genetic defects (mutations or epigenetic
changes), environmental factors (e.g., hypoxia, viral infections, anorectic agents,
etc.), and immune or inflammatory triggers may contribute to the cause or progres-
sion of the disease [3]. Importantly, there is no cure for PAH. Existing drugs target
pulmonary vasodilation, proliferation, and endothelial function by increasing nitric
oxide (NO), by inhibiting endothelin and voltage-gated calcium channels, and by
augmenting prostacyclin signaling pathways. However, these drugs only partially
increase survival and improve quality of life, while the majority of patients ulti-
mately become resistant to medication and succumb to the disease. Therefore,
development of new effective therapies is urgently needed. To discover novel
therapies for PAH, it is important to understand the molecular mechanisms underly-
ing the pathogenesis of the disease. Over the past two decades, many cellular and
molecular mechanisms have been described as playing key roles in the pathogenesis
of disease in preclinical and clinical settings. In this chapter, we summarize the most
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promising novel therapies that target key pathological mechanistic pathways
involved in PAH. In particular, we focus on modulation of bone morphogenic
protein receptor 2 (BMPR2) signaling/genetically determined targets, epigenetic
modification, DNA damage and DNA damage response, inflammation and
immunomodulation, growth factors and proliferation, metabolism, and endothelial-
to-mesenchymal transition (EndMT).

Fig. 18.1 Representative histological manifestations typically detected in lungs of patients with
pulmonary arterial hypertension. Healthy control image shows a normal pulmonary artery (top)
adjacent to an airway. Idiopathic pulmonary arterial hypertension (IPAH); the left lower vessel
shows medial hypertrophy and some neointimal proliferation. The right upper lesion is a vessel
totally occluded by neointima. Familial pulmonary arterial hypertension (FPAH) with a BMPR2
mutation image shows medial proliferation and total occlusion of the vessel with neointima.
Associated pulmonary arterial hypertension (APAH) patient with congenital heart disease image
shows a plexiform lesion
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18.2 Targeting TGFb/BMP Signaling Activity

So far, in patients with hereditary PAH (HPAH), researchers have identified
mutations in more than 16 genes that may predispose to PAH, including BMPR2,
activin A receptor type 2-like 1 (ACVRL1), endoglin (ENG), caveolin-1 (CAV1),
T-box transcription factor 4 (TBX4), potassium channel subfamily K member
3 (KCNK3), SMAD1, SMAD4, SMAD9, bone morphogenetic protein receptor
type 1B (BMPR1B), eukaryotic translation initiation factor 2 alpha kinase
4 (EIF2AK4), aquaporin 1 (AQP1), ATPase 13A3 (ATP13A3), ATP-binding cas-
sette subfamily C member 8 (ABCC8), SRY-box transcription factor 17 (SOX17),
and growth differentiation factor 2 (GDF2) [4]. While most identified gene
mutations are relatively rare (1–3% cases), heterozygous loss-of-function mutations
in the BMPR2 gene are the most common and occur in 53–86% of HPAH and
14–35% of idiopathic PAH (IPAH) patients [5]. To date, more than 300 mutations,
predominantly nonsense and frameshift types, have been identified in the BMPR2
gene in PAH patients. BMPR2, encoded by the BMPR2 gene, is a member of the
serine/threonine kinase transmembrane proteins belonging to the TGFβ receptor
superfamily. BMPR2 binds BMP ligands such as BMP2, BMP4, BMP6, BMP7,
and BMP9. BMPs typically play roles in a wide range of signal pathways involved in
cellular differentiation, growth, and apoptosis and in embryogenesis, development,
and tissue homeostasis. In the canonical BMP signaling pathway, upon binding of
BMP ligands, BMP type 2 receptors (e.g., BMPR2 (ActRIIA) and ActRIIB)) recruit,
complex, and phosphorylate BMP type 1 receptors (e.g., activin receptor-like kinase
1(ALK1), BMPR-1A (ALK3), BMPR-1B (ALK6), and ActR-1A (ALK2)), which
then phosphorylate receptor-regulated SMADs (R-SMADs). These R-SMADs form
a complex with co-SMADs (e.g., SMAD4) and translocate to nucleus where the
complex binds to a BMP response element DNA sequence (BRE). As a result, the
complex acts as a transcriptional regulator of target gene expression including
inhibitor of DNA binding 1, 2, and 3 (ID1, ID2, ID3), which play a critical role in
cell proliferation, apoptosis, and migration. In addition to the canonical Smad-
mediated signaling pathway, several non-canonical BMP signaling pathways are
also activated by BMPR2, including p38 mitogen-activated protein kinase (MAPK),
extracellular signal-regulated kinase (ERK), wingless (Wnt), and NOTCH
signaling [6].

Despite the high frequency of BMPR2 mutations in PAH patients, the disease
penetrance rate is ~20% of the mutation carriers, suggesting that in addition to the
BMPR2 mutations, other unidentified genetic, epigenetic, or environmental factors
are involved in the development of the disease, potentially by decreasing BMPR2
expression and signaling activity below a specific threshold required to cause
disease.

In PAH patients with and without BMPR2 mutations, BMPR2 expression and
signaling activity is impaired in the pulmonary vasculature [7, 8], suggesting that
dysfunction of BMPR2 signaling is a key common feature in PAH patients.

Pulmonary endothelial-specific deletion of BMPR2 in mice recapitulates human
PAH features [9]. PAH manifestations are also observed in mice expressing a
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dominant-negative BMPR2 gene in pulmonary smooth muscle cells
[10, 11]. Impaired BMPR2 signaling is associated with aberrant vascular cell
phenotypes, including pulmonary arterial endothelial cell (PAEC) apoptosis,
hyperproliferation and apoptosis resistance of pulmonary arterial smooth muscle
cells (PASMCs), and inflammation. These findings suggest that targeting BMPR2
expression and signaling could be an effective therapeutic approach for
treating PAH.

Over the past few years, several pharmaceutical drugs/ligands and approaches
have been suggested to improve the BMPR2 expression and signaling in PAH.
These include gene therapy (targeted delivery of adenoviral vectors containing
BMPR2 gene to pulmonary endothelium) [12–14]; BMPR2 protein trafficking by
chemical chaperones such as sodium 4-phenylbutyrate and probenecid [15]; read-
through of premature STOP codons with ataluren [16]; inhibition of lysosomal
degradation by chloroquine, hydroxychloroquine, and elafin [17]; activation of
BMPR2 expression (e.g., paclitaxel, mercaptopurine) [18–20]; activation of BMP
signaling (enzastaurin, FK506 (tacrolimus)) [21, 22]; TGFβ ligand trap (TGFBRII-
Fc, ActRIIa-Fc) [23]; and exogenous BMP ligand delivery, e.g., BMP9 [24]. Of
these therapies, FK506 and ActRIIa-Fc have progressed to clinical trials. FK506, an
immunosuppressant targeting calcineurin function, is commonly used to prevent the
rejection of organ transplants. Using a high-throughput screening of FDA-approved
drugs, Spiekerkoetter and colleagues identified FK506 as a strong activator of the
BMPR2 signaling pathway. Low-dose FK506 rescued endothelial dysfunction in
PAECs from patients with IPAH and reversed monocrotaline (MCT)-and Sugen/
hypoxia-induced experimental PH. Mechanistically, FK506 increased BMPR2 sig-
naling twofold: by removing the TGFβ pathway inhibitor FKBP12 from the type
1 receptors ALK1, ALK2, and ALK3 and by inhibiting the phosphatase calcineurin,
which both facilitated phosphorylation of the type 1 receptors and subsequent
downstream SMAD signaling [22]. These findings led to a 16-week double-blind,
placebo-controlled single-center phase IIa randomized clinical trial (RCT)
(NCT01647945) to assess the safety and tolerability of FK506 in stable patients
with PAH. Three severe end-stage patients that did not qualify for the trial because of
severity of illness were treated with compassionate use of low-dose FK506 and
continued receiving stable doses of PAH medication and diuretics. All three patients
stabilized after 12 months of low-dose FK506 treatment in terms of symptoms,
6-minute walk distance (6MWD), N-terminal (NT)-pro hormone BNP
(NT-proBNP), and RV function [25]. The RCT of 23 stable PAH patients revealed
that low-dose FK506 is generally well tolerated. Although the focus of the trial was
not to assess efficacy, the drug improved BMPR2 expression in peripheral blood
mononuclear cell (PBMC) of some patients, supporting the further study of FK506
in PAH for efficacy and long-term safety in a phase IIb trial [26].

While PAH-associated BMPR2 mutations lead to an impairment of BMP signal-
ing, TGFβ signaling activity has been shown to increase in the lung of patients with
PAH and rodent models of PAH [27–30]. Imbalances of TGFβ/BMP signaling have
been shown to contribute to pulmonary vascular remodeling, endothelial dysfunc-
tion, inflammation, and impaired angiogenesis in PAH [31]. Using a TGFβ ligand
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trap is an approach that inhibits TGFβ activity and rebalances BMPR2 signaling in
PAH. A selective TGFβ1/3 ligand trap, TGFBRII-Fc (immunoglobulin Fc fusion
protein of TGFβ), has been shown to improve PAH and vascular remodeling in
preclinical PH models (Sugen/hypoxia and monocrotaline) [23]. Recently,
Acceleron has announced ActRIIa-Fc (sotatercept) (another selective TGFβ ligand
trap) as a breakthrough therapy for PAH based on a phase II PULSAR clinical trial
results [32]. Acceleron showed that sotatercept reduces PVR (primary endpoint) and
improves 6MWD, NT-proBNP, and WHO functional class (secondary endpoints) in
a phase II, double-blind, placebo-controlled RCT in 106 adult patients with PAH, a
majority of whom were on a stable combination background therapy with
PAH-specific therapies (NCT03496207). In general, sotatercept was well tolerated,
with very few adverse events in the trial, similar to those seen in other sotatercept
trial for different disease. These exciting clinical findings provide the opportunity to
deliver significant benefits over and beyond the treatments currently available. In
addition, a phase II SPECTRA trial for evaluating the use of sotatercept in just
NYHA FC III is actively recruiting PAH patients (SPECTRA; NCT03738150).

18.3 Targeting DNA Methylation and Histone Posttranslational
Modifications

18.3.1 Targeting DNA Methylation

DNAmethylation is a process of covalent addition of a methyl group to the cytosine-
phosphate-guanine (CpG)-rich DNA sequences in the genome via the enzyme DNA
methyltransferases (DNMTs). DNA methylation is involved in repressing and
silencing of gene expression and in regulating gene expression and various cellular
processes in development and human diseases. In PAH, DNA methylation was
found to regulate expression of superoxide dismutase 2 (SOD2), which is a key
mitochondrial antioxidant enzyme. Expression of SOD2 was reduced in plexiform
lesions of PAH patients and in PASMC of fawn-hooded rats (FHR), a spontaneous
and heritable model of experimental PH [33]. As sequencing revealed no mutations
in the SOD2 gene, the authors examined possible epigenetic modification by bisul-
fite sequencing and identified hypermethylation located in an enhancer region within
intron 2 and the promoter of the SOD2 gene in PASMC isolated from FHR [33]. In
addition, there was an increase in expression of DNMT1 and DNMT3B in the lung
and PASMC of the FHR [33]. Mechanistically, downregulation of SOD2 impaired
H2O2-mediated redox signaling, activated HIF-1α, downregulated Kv1.5 channels,
and produced a proliferative, apoptosis-resistant state [33]. In contrast, augmentation
of SOD2 inhibited HIF-1α and restored Kv1.5 expression in FHR PASMCs. Impor-
tantly, treatment with 5-aza-20-deoxycytidine, a DNMT inhibitor, reversed methyla-
tion, restored expression of SOD2, reduced proliferation, and enhanced apoptosis in
FHR-derived PASMCs [33], suggesting that targeting DNA methylation to restore
SOD2 could be an effective therapeutic option against PAH.
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Another study revealed that the hypermethylation of BMPR2 promoter leads to
decreased BMPR2 expression in HPAH patients. The reduced levels of BMPR2
expression promoted PAH development. Additionally, the results suggested that
specific allelic methylation of the WT strand in HPAH patients may contribute to the
penetrance of HPAH and may trigger the early onset of disease. Drugs that target the
methylation of the BMPR2 promoter therefore might be a promising novel thera-
peutic approach for treating HPAH patients [34, 35].

Furthermore, a hypermethylation of the ATP-binding cassette subfamily A mem-
ber 1 (ABCA1) gene was identified in PAH, which might be relevant to PAH
development given the importance of a downregulation of ABCA1 gene in lipid
metabolism. Furthermore, it was suggested that the methylation status of ABCA1
could be a useful biomarker for separating patients at high risk of PAH [34].

18.3.2 Targeting Histone Modifications

Emerging evidence suggests that elevated levels of histone deacetylase (HDAC)
expression and activity are present in the lungs of PAH patients and animal models
[36]. Several HDAC inhibitors have shown promise for suppressing the develop-
ment of disease by inducing anti-proliferative and anti-inflammatory effects in
rodent models of PAH. Preclinical studies have shown that pan-HDAC inhibitors
reduce fibrosis, inflammation, and restenosis [36]. Furthermore, HDAC inhibitors
have been tested in animal models of left ventricular (LV) dysfunction and found to
be effective, which suggested that HDAC inhibitors might have the potential for
treating RV failure in PAH [37]. Hypoxia-induced PAH in rats has been shown to be
attenuated by the HDAC inhibitors, valproic acid (VPA, Class I HDAC inhibitor)
and suberoylanilide hydroxamic acid (SAHA, Class I, II, and IV HDAC inhibitor)
[38]. In line with this, VPA has been shown to prevent, and partially reverse, MCT-
and chronic hypoxia-induced PAH in rats [39]. The HDAC inhibitor sodium
valproate has been shown to attenuate pulmonary artery banding and
MCT-induced RV hypertrophy [40]. MGCD0103, a Class I HDAC inhibitor, has
also been shown to reduce pulmonary arterial wall thickening and to maintain RV
function in experimental PH in rats [37].

Kim et al. demonstrated that increased nuclear accumulation of HDAC4 and
HDAC5 reduced the activity of the transcription factor myocyte enhancer factor
2 (MEF2), leading to decreased levels of miR-424 and miR-503, which promotes
endothelial cell proliferation. Importantly, a selective Class IIa HDAC inhibitor,
MC1568, rescued MCT- and Sugen/hypoxia-induced impairment of MEF2 and PH
and improved right ventricular systolic pressure (RVSP) [41]. In the MCT and
Sugen/hypoxia-induced PH models, pharmacological inhibition of HDAC6 with
tubastatin A (a selective HDAC6 inhibitor) was shown to improve PH and reduce
pulmonary vascular remodeling [42]. Inactivation of SIRT1 occurs in PASMCs in
PAH patients, disrupting the normal acetylation/deacetylation balance. It promotes
proliferation of the PASMC, resulting in vascular remodeling, and increases vascular
resistance in the pulmonary vasculature. Zurlo et al. demonstrated that sirtuin
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1 (SIRT1)-inducible knockout mice exacerbated chronic hypoxia-induced vascular
remodeling [43]. The SIRT1 activator resveratrol demonstrated a beneficial effect, in
part by SIRT1 activation, which improved RVSP and decreased RVH. By inducing
mitochondrial permeability transition dysfunction, SIRT1 activation also increased
PASMC apoptosis [44], a strategy that could form the basis for a new future
treatment for PAH.

Increasing numbers of studies are showing that bromodomain-containing protein
4 (BRD4) plays an important role in driving PAH pathogenesis. Meloche et al.
showed that expression of BRD4 is enhanced in lungs, distal PAs, and PASMCs of
patients with PAH. Mechanistically, BRD4 expression in PAH is miR-204-depen-
dent, and overexpression of BRD4 promotes proliferation of PASMC and resistance
to apoptosis [45]. In vitro studies suggested that the BRD4 antagonist, RVX208,
normalized the hyperproliferative, inflammatory, apoptosis-resistant phenotype of
smooth muscle cells and microvascular endothelial cells collected from patients with
PAH [46]. Orally administered RVX208 has been shown to improve pulmonary
hemodynamics and reverse pulmonary vascular remodeling in two separate models
of monocrotaline + shunt and Sugen + hypoxia-induced PH [46]. Furthermore,
RVX208 treatment has also been reported to support the pressure-loaded RV in
PAB rats [46]. The findings suggested that inhibition of BRD4 appeared to be
another promising drug target to treat PAH.

18.4 Targeting DNA Damage and DNA Repair Responses

Elevated DNA damage and impaired DNA repair responses are linked with disease
progression of PAH. Veliparib (ABT-888), an inhibitor of poly-ADP-ribose
polymerase-1 (PARP1, a crucial protein of DNA damage/repair system), has been
shown to reverse PH in both Sugen/hypoxia- and monocrotaline-induced experi-
mental PH in rats [47]. Another PARP1 inhibitor, olaparib, that has already been
approved for the treatment of BRCA (breast cancer gene)-related breast cancer), is
currently being tested in patients with PAH in a phase IB clinical trial
(NCT03782818). A selective BET inhibitor, apabetalone (RVX208), has been
reported to reverse PAH phenotypes in isolated PAH vascular cells and in two PH
rat models [46]. The same study shows that RVX208 supported the RV in the PAB
rat model [46]. These findings have recently led to the initiation of a pilot clinical
trial of the use of RVX208 in ten PAH patients as a basis for a phase II clinical trial
assessing RVX208 (NCT03655704) for the treatment of PAH.

18.5 Targeting Noncoding RNAs

Noncoding RNAs (ncRNAs) are RNA molecules that are not translated into proteins
but play a role in a broad range of biological functions, including the regulation of
gene expression at transcriptional and posttranscriptional levels as well as epigenetic
modifications. The most studied ncRNAs in PAH are miRNAs. Altered levels of
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microRNAs (miRs) in the blood, lung tissues, and in particular PASMC, PAEC,
fibroblasts, and cultured vascular cells have been shown to be associated with
aberrant gene expression and signaling, metabolism, DNA damage, and vasocon-
striction in PAH [48]. Also, miRs have been shown to regulate proliferation,
migration, and apoptosis of PAEC and PASMC [49]. These findings suggested
that dysregulated miR levels may play a role in the pathogenesis of PAH. Further-
more, targeting imbalanced microRNA levels, to restore their normal expression in
the body, could be an effective treatment for PAH. A list of some key miRs involved
in PAH pathogenesis as well as their associated molecular mechanisms is
summarized in Table 18.1. Low plasma levels of miR-150 are correlated with an
increased mortality in PAH [111], suggesting that expression of miRs could be
beneficial as biomarker for patient survival. Targeting miRs with either miR-mimics
or antagomirs has been shown to prevent or reverse PAH in mice and rat models of
PH [61–63]. For example, Brock et al. showed that antagomirs targeted against
miR-20a restored functional BMPR2 signaling and prevented vascular remodeling
in hypoxia-induced PH models [96]. Antisense oligonucleotides against miR-145
treatment improved RVSP and reduced vascular remodeling [84]. Treatment with
miR-140-5p mimics decreased pulmonary vascular remodeling and RVSP via
targeting SMURF1 (SMAD-specific E3 ubiquitin protein ligase 1) [118]. miR-27b
regulated PPARγ-dependent Hsp90-eNOS and NO signaling; and inhibition of
miR-27b ameliorated MCT-induced endothelial dysfunction and PH [78]. Restora-
tion of miR-223 expression in the lung of MCT-treated rats reversed established PH
and improved vascular remodeling, right ventricle hypertrophy, pulmonary resis-
tance, and survival [61]. However, as of now, it is too premature to determine
whether these miR-based therapies could be used as treatment in PAH patients.
Since miR-based therapies regulate a range of genes, which could be beneficial as
multiple pathogenetic pathways could be targeted at once, this strategy is also
potentially worrisome as several adverse off-target effects could be observed, limit-
ing their translation into humans. Furthermore, of additional importance is the fact
that many miR expressions show a high cell-type specificity; thus delivery of these
miRs targeting mimics or antagomirs to the specific vascular cells would be impor-
tant in order to avoid off-target effects on other cells. Thus, the development of
vascular cell-specific delivery methods as well as techniques that provide deliberate
miR release would be required before those strategies could be successfully trans-
lated into the clinic.

Recently, several long noncoding RNAs (lncRNAs) have also been implicated in
pulmonary vascular remodeling and PAH pathogenesis. Using RNAseq data
analyses of PASMCs and lung pericytes from IPAH patients and hypoxia-exposed
PASMC and pericytes, Zehendner et al. have shown that tyrosine kinase receptor-
inducing lncRNA (TYKRIL) is significantly increased in all hyperproliferative
conditions [125]. Under these hyperproliferative conditions, TYKRIL has been
shown to promote proliferation and inhibit apoptosis in PASMCs and pericytes by
p53/PDGF signaling axis [125]. Since TYKRIL has poor conservation in animals,
the authors have performed studies in ex vivo precision-cut lung slices (PCLS)
collected from lungs of IPAH patients and demonstrated that GapmeR-mediated
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knockdown of TYKRIL in PCLS reversed pulmonary vascular remodeling [125],
suggesting that TYKRIL has therapeutic potential for PAH treatment. Furthermore,
PAXIP1 antisense RNA 1 (PAXIP1-AS1) expression has been demonstrated to be
upregulated in small pulmonary arteries, adventitial fibroblasts, and PASMCs of
IPAH patients [126]. Mechanistically, PAXIP1-AS1 has been shown to affect focal
adhesions by regulating their downstream target paxillin [126]. However, from this
study, it is not clear whether PAXIP1-AS1 plays a casual role in disease develop-
ment or whether it is just a consequence of the remodeling processes. Lei et al.
demonstrated that expression of smooth muscle-induced long noncoding RNA
(SMILR) was significantly increased in PAH patients, in the MCT-induced PH
model, as well as in hypoxia-exposed PASMC [127]. Furthermore, silencing of
SMILR inhibited hypoxia-induced proliferation and migration via targeting
miR-141 in PASMCs. Importantly, SMILR shRNA delivery in the MCT-induced
PH rat model ameliorated PH and pulmonary vascular remodeling by targeting the
Rho/ROCK/miR-141 axis [127], indicating that knocking down SMILR has great
potential for the treatment of PAH. Sun and colleagues showed that expression of
MEG3 is decreased in the lung and PAs of PAH patients and silencing of MEG3
expression triggered PASMC proliferation and migration by p53 signaling pathway
in vitro [128]. In addition to these lncRNAs, dysregulation of maternally expressed
3 (MEG3), cancer susceptibility 2 (CASC2), taurine upregulated 1 (TUG1), H19,
antisense noncoding RNA in the INK4 locus (ANRIL), HOXA cluster antisense
RNA 3 (HOXAAS3), metastasis-associated lung adenocarcinoma transcript
1 (MALAT1), urothelial cancer-associated 1 (UCA1), and ribosomal protein
S4-like (RPS4L) and lncRNA regulated by PDGF and TGFβ (LnRPT) and
TCONS_00034812 has been shown to be associated with PAH pathogenesis.
Their expression in PAH samples, function in pulmonary vascular cells, and
mechanisms are summarized in Table 18.2. All these studies show that targeting
lncRNAs could be a promising avenue to treat PAH. However, several limitations
need to be overcome to consider these lncRNAs as potential therapeutics in PAH.
Further studies are needed to explore the secondary structure of lncRNAs, their
delivery into the human body, the speed of onset and duration of their action, as well
as the prevention of off-target effects.

18.6 Targeting Metabolic Regulation

Metabolic abnormalities are associated with abnormal signaling pathways involved
in the pulmonary vasculature and RV remodeling in PAH pathogenesis. Over the
past few years, several metabolic and signaling pathways have been recognized as
promising therapeutic targets for PAH [3]. These include the inhibition of pyruvate
dehydrogenase kinase (PDK), an inhibitor of the mitochondrial enzyme pyruvate
dehydrogenase (PDH, the gatekeeping enzyme of glucose oxidation), and regulation
of p53, HIF-1, mTOR, and HIPPO signaling pathways and mitochondrial
phosphatase [3].
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Dichloroacetate (DCA), an inhibitor of PDK, prevented and reversed
MCT-induced PH by inducing apoptosis and restoring PDH activity [145]. DCA
also prevented and reversed chronic hypoxia-induced PH by restoration of expres-
sion and function of Kv channels [146]. These results led to an open-label phase I
clinical trial that revealed that chronic oral administration of DCA improved mean
pulmonary arterial pressure (mPAP), pulmonary vascular resistance (PVR), and
6MWD in a subset of patients with IPAH [147]. Interestingly, this study showed
that patients with inactivating mutations in two mitochondrial proteins SIRT3 and
UCP2 were less responsive to DCA [147], demonstrating the importance of preci-
sion medicine.

Targeting fatty acid oxidation to increase the Randle cycle may be another
possible approach to regulate the metabolism and improve the RV function in
chronic PAH. Ranolazine pharmacologically targets this process by inhibiting fatty
acid oxidation and enhancing glucose oxidation. Several clinical trials have already
been completed studying the effect of ranolazine in PH/PAH (NCT01757808,
NCT01174173, NCT02829034, NCT01839110, NCT02133352, NCT01917136).
Ranolazine was found to be safe and well tolerated, associated with an improvement
of functional class, a reduction in RV size, an improvement in RV function, and a
trend toward improved exercise capacity, but did not improve hemodynamics in
11 patients with PAH in a phase III clinical trial (NCT01174173) [148].

Metformin, an antidiabetic drug, has also been reported to reverse PH in experi-
mental rodent models via inhibition of the aromatase and estrogen synthesis poten-
tially via adenosine monophosphate-activated protein kinase (AMPK) [149]. One
study by Liu et al. reported that metformin prevented the exacerbation of experi-
mental PH via activating AMPK and inhibiting autophagy [150]. Metformin has also
been shown to reduce myocardial lipid levels and improve RV function in mice
models of heritable PH [151]. Currently, two clinical trials are ongoing to assess the
effects of metformin on insulin resistance, oxidant stress, RV lipid accumulation,
exercise capacity, and WHO functional class in PAH (NCT03617458,
NCT01884051).

Collectively, these findings underscore how metabolic modulation could be a
promising therapeutic strategy in PAH. Future studies exploring the interaction
between chronic hypoxia, inflammation, hormones, high shear stress, and metabo-
lism may lead to the development of new effective metabolic-based interventions
in PAH.

18.7 Targeting Growth Factors and Proliferation

Dysregulation of different growth factors (e.g., platelet-derived growth factor
(PDGF), epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2), vascular
endothelial growth factor, nerve growth factor) and/or their respective receptor
tyrosine kinases together with inflammatory mediators (e.g., cytokines, chemokines,
immune complexes, and circulating autoantibodies) plays an important role in
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pulmonary vascular remodeling in PAH. Therapeutic targeting of these factors has
shown promising results in PAH in both preclinical and clinical settings.

Activation and aberrant expression of PDGF and its receptors have been shown in
the remodeled small PAs of experimental and clinical PAH. Inhibition of PDGF
receptor by tyrosine kinase inhibitors such as imatinib, nilotinib, and dasatinib has
been shown to improve PAH and pulmonary vascular remodeling in rodent models
[152]. A phase III clinical trial of imatinib mesylate in patients with advanced PAH
revealed that imatinib improved exercise capacity and hemodynamics, yet unex-
pected serious adverse events discouraged further clinical use of this kinase for PAH
[153]. Dasatinib has been reported to cause PAH in humans [154, 155], and nilotinib
has been associated with both, cause and treatment for PAH [156]. These findings
impede the development of these kinases for PAH therapy.

Activation of EGF receptor (EGFR) signaling has been associated with PAH
pathogenesis. Several EGFR tyrosine kinase inhibitors such as erlotinib, gefitinib,
and lapatinib have been shown to ameliorate MCT-induced PH in rats [157].

FGF2 is believed to be important for the development of PAH by promoting
PASMC proliferation [158]. Izikki et al. demonstrated that overproduction of FGF2
by endothelial cells contributed to PASMC hyperplasia [158]. Moreover, pharmaco-
logical inhibition of FGF receptor 1 with SU5402 or siRNA-mediated silencing of
FGF2 reversed MCT-induced PH, suggesting FGF2 to be a promising target for new
treatments.

Activation of the Rho-kinase (RhoA/ROCK1) pathway mediates PASMC prolif-
eration and is involved in vasoconstriction and vascular remodeling in PAH. Fasudil,
a Rho-kinase inhibitor, has been shown to improve PH manifestations in several
preclinical rodent PH models [159–162] and in patients with PAH [163–165],
suggesting that Rho-kinase could be a potential therapeutic target in PAH.

Activation of mammalian target of rapamycin (mTOR) is involved in PASMC
proliferation and pulmonary vessel remodeling and RV dysfunction in PAH
[166]. Everolimus, an inhibitor of mTOR, was shown to improve PVR and
6MWD in eight of the ten patients with PAH or chronic thromboembolic pulmonary
hypertension in a prospective open-label pilot study [167]. Another mTOR inhibitor,
nanoparticle albumin-bound rapamycin (ABI-009), is currently evaluated in a phase
I clinical safety trial of 25 severe PAH patients (NCT02587325). Intravenous
administration of rapamycin-loaded nanoparticles prevented development of
MCT-induced experimental PH as evidenced by attenuated pulmonary arteriole
hypertrophy, a decrease in RVSP and RV remodeling, and activation of downstream
targets of the mTOR pathway [168]. Intraperitoneal injection of imatinib completely
reversed established PH in Rictor KO mice, whereas the combination therapy with
rapamycin and a lower dose of imatinib dramatically reverses the established severe
PAH in rats (Sugen/hypoxia-induced PH); rapamycin alone only caused partial
inhibition [169]. Rapamycin partially reversed the protein expression patterns of
EndMT, improved experimental PH, and decreased the migration of human PAECs,
providing the proof of concept that EndMT is druggable [170]. A recent study by
Tsutsumi et al. has demonstrated that nintedanib (a tyrosine kinase inhibitor)
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ameliorated experimental PAH through inhibition of endothelial-mesenchymal tran-
sition and smooth muscle cell proliferation [171].

18.8 Targeting Inflammation and Immunomodulation

Chronic inflammation and altered immune responses are crucial contributors to the
pathogenesis of PAH and pulmonary vascular remodeling [172]. Rituximab (anti-
CD20 monoclonal antibody) (NCT01086540) and tocilizumab (interleukin-6 recep-
tor antagonist) (NCT02676947) have recently completed clinical trials in patients
with PAH (results not published yet). A recent completed single-group, open-label
phase IB/II pilot study data suggested that IL-1 blockade with anakinra is feasible
and safe in patients with PAH with RV failure [173]. However, a larger placebo-
controlled RCT with the longer treatment period is required in order to further
confirm these outcomes. A hybrid compound of bardoxolone methyl and the NO
donor isosorbide 5-mononitrate has been reported to attenuate vascular remodeling
(pulmonary artery medial thickness, vascular muscularization) and reduce PH (mean
pulmonary arterial pressure, RVSP, RVH, and fibrosis) in MCT-treated rats [174],
suggesting that this hybrid compound might be an effective treatment in
PH. Bardoxolone methyl (an antioxidant inflammation modulator that activates
NRF2 signaling pathway) improved 6MWD (primary endpoint) in two clinical trials
in PAH (NCT02036970 (LARIAT) and NCT02657356 (CATALYST)). An
expanded clinical trial for assessing long-term safety and tolerability of bardoxolone
methyl is underway in eligible PAH patients who previously engaged in controlled
bardoxolone methyl study (NCT03068130). CXA-10, an oral nitrated fatty acid
affecting fibrotic and inflammatory signaling, is being tested to evaluate long-term
safety, efficacy, and pharmacokinetics in PAH patients with a focus on RVEF and
hemodynamics as endpoints on stable background therapy in a phase II multicenter
double-blind, placebo-controlled RCT (NCT03449524). A pilot study assessing
effectiveness of spironolactone (a drug with anti-inflammatory, immunomodulatory,
and antioxidant properties and the potential to improve blood vessel function and
endothelial dysfunction) in treating PAH patients is ongoing (NCT01712620). Two
other clinical trials of spironolactone have been completed (NCT02253394,
NCT01468571). Rabinovitch and colleagues have demonstrated that elafin, a natu-
rally occurring elastase inhibitor, reversed obliterative changes in pulmonary arteries
by elastase inhibition and caveolin-1-mediated amplification of BMPR2 signaling
[175]. The same study also showed that elafin is pro-apoptotic and decreased
neointimal lesions in PAH lung explant culture [175]. Currently, a clinical phase I
trial is in progress to assess safety of elafin in healthy subjects (NCT03522935).
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18.9 Targeting EndMT

EndMT, a process of phenotypic conversion of endothelial cells to mesenchymal
cells, has been shown to play a critical role in experimental and clinical PAH
[170, 176, 177]. Quo et al. showed co-expression of endothelial marker CD31 or
von Willebrand antigen with smooth muscle α-actin in the neointimal lesions of
PAH patients [178]. Ranchoux et al. demonstrated evidence of EndMT by showing
presence of luminal endothelial cells exhibiting a mixed EC/mesenchymal
phenotypes, loss of EC cell-cell junction, acquisition of SMA fibers, vimentin
phosphorylation, and a marked invagination of transitional ECs into the
subendothelial space in the lung of PAH patients as well as Sugen/hypoxia- and
MCT-induced experimental PH models [170]. Another study reported by Hopper
et al. showed that BMPR2 deficiency leads to EndMT in cultured PAECs by
showing spindle SM-like morphology, decreased expression of CD31, and increased
expression of αSMA, SM22α, calponin, and phospho-vimentin and Slug expression.
Similar gene and protein expression changes were also observed in mice with loss of
pulmonary EC-specific BMPR2 [179], suggesting that EndMT could be a cause
rather than a consequence of PAH associated with alterations of BMPR2 axis.

A recent study suggested that mesenchymal stem cell (MSC) therapy ameliorated
RV systolic pressure, pulmonary vascular muscularization, fibrosis, and inflamma-
tion, associated with the reversal of EndMT markers (FN, VE-Cad, CD31, Snail,
vimentin (VIM), Twist1, co-expression of vWF and ɑ-SMA in cells within the
pulmonary vascular wall) in chronic hypoxia- and Sugen-hypoxia-induced PH
models in rats [180]. In favor of these in vivo findings, the authors also showed
that MSC-conditioned cell culture media ameliorated abnormal cellular morphology
and migratory phenotypes and EndMT markers in cultured human primary micro-
vascular endothelial cells exposed to hypoxia [180]. These findings suggest that
MSC transplantation could be effective in targeting PH-associated EndMT. How-
ever, further studies are needed to explore more causative link supporting MSC
therapy on targeting EndMT in PAH.

Another possible approach for targeting EndMT in PAH is to inhibit dipeptidyl
peptidase-4 (DPP-4, CD26), a serine protease which regulates the activity of
secreted polypeptides (e.g., cytokines, chemokines, and vasoactive peptides).
Sitagliptin (SG), a typical inhibitor of DPP-4, has been shown to suppress EndMT
in MCT-induced PH models, as evidenced by enhanced expression of vWF and
VE-cadherin; attenuated expression of α-SMA, VIM, and FN; and reduced abun-
dance of CD31 and α-SMA double-stained cells [181].

In addition, several other PAH-associated EndMT targeting therapeutics and
approaches have been suggested in preclinical PAH models, which include hydro-
gen sulfide [182], nintedanib [171], paeoniflorin [183], CD44 [184], high-mobility
group AT-Hook 1 (HMGA1) [179], microRNAs [60, 64, 67, 185, 186], restoration
of BMPR2 signaling [12, 187], and rapamycin [170] (Table 18.3). Collectively,
these approaches have exciting potential as new therapies targeting EndMT in
PH/PAH.
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18.10 Conclusions

Over the past few years, extensive efforts have been made to develop and test novel
effective strategies that target pathogenic pathways in PAH, including BMPR2/
TGFβ signaling, epigenetic modification, DNA damage, immunity, inflammation,
metabolism, endothelial-mesenchymal transition, and RV function and remodeling.
So far, several potentially exciting targets have been identified in both preclinical
and clinical studies. These targets either are currently being examined in preclinical
studies or have been proposed or progressed to clinical trials with the intention of
increasing the availability of effective therapies for patients with PAH that address
the underlying pathology of vascular remodeling in addition to current therapies
targeting pulmonary vasodilation.

Table 18.3 List of emerging therapies targeting EndMT in PAH

Approach/
drug

PAH
models EndMT markers Therapeutic effects Ref.

H2S (NaHS) MCT
rats

" expression of VE-cadherin;
# expression of α-SMA and
Snail; morphological
features of EndMT by EM

# RVSP, mPAP, RV/LV + S,
TAPSE, medial wall
thickness

[182]

Nintedanib SuHx
rats

# Twist1 expression # RVSP, RV/LV + S, medial
wall thickness, intimal
occlusive lesions

[171]

Paeoniflorin SuHx
rats

" expression of VE-cadherin,
# expression of FN and Vim

# RVSP, RV/LV + S, medial
wall thickness, CSA,
pulmonary vascular
adventitial fibrosis, RV
fibrosis

[183]

Sulfasalazine SuHx
rats

# abundance of α-SMA and
vWF co-expressing cells, #
expression of TNF-α, IL-1b,
IL-6

# RVSP, RV/LV + S, % of
vessels stained with
CD44v + cells, vascular
muscularization, CD44v
mRNA

[184]

Rapamycin MCT
rats

" p-120-catenin, # Twist1 Partially improve PAH [170]

MSC
therapy

Chronic
hypoxia,
SuHx
rats

" expression of VE-Cad and
CD31, # expression of FN,
Snail, Vim, and Twist1, #
abundance of vWF and
α-SMA co-expressed cells

# RVSP, pulmonary vascular
muscularization, fibrosis,
and inflammation

[180]

Sitagliptin MCT
rats

" expression of vWF and
VE-cadherin; # expression of
α-SMA, VIM, and FN; #
abundance of CD31 and
α-SMA double-stained cells

# RVSP, hypertrophy of PA
medial layer, RV remodeling

[181]
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Potential Cellular Targets Associated
with the Signaling of the Pulmonary
Hypertension
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Abstract

The mean value of normal pulmonary arterial pressure in human beings is
12–16 mmHg. Pulmonary arterial pressure beyond 25 mmHg is associated with
the condition of pulmonary hypertension, and is related to right heart failure. It
has been noticed that the pathophysiology of pulmonary hypertension is a
multifactor process that involves both structural and functional changes in the
pulmonary vasculature and is responsible for the increase in the pulmonary
vascular resistance. There are several factors which are associated with the
alterations in pulmonary pressure and release from the vascular endothelium
such as nitric oxide, prostacyclin, and endothelium-derived hyperpolarizing
factors. Disturbances in these factors lead to pulmonary hypertension. There are
several important potential cellular targets which are associated with the pulmo-
nary hypertension signaling such as TGF-β, BMR2, Rho, ROCK, CypA, Bsg,
and AMPK. This chapter review all these potential cellular targets.
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19.1 Introduction

Pulmonary arterial hypertension (PAH) is a life-threatening condition in which the
mean arterial pressure becomes equal or above of 25 mmHg with normal pulmonary
capillary wedge pressure equal or less than 15 mmHg [1]. PAH is a chronic disease
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in which small pulmonary arteries get obstructed due to endothelial dysfunction and
vascular remodeling, ultimately leading to right ventricular failure and death [2]. The
estimated prevalence of pulmonary hypertension ranges from 11 to 26 cases per
million in adults, and further, it is noted that the incidence of disease is more in
women compared to men, which is 2–7.6 cases per million [2]. Abnormal prolifera-
tion of endothelial cells or smooth muscles, oxidative stress, and inflammation are
the major factors which are involved in the pathogenesis of PAH [3]. There is an
imbalance between vasoactive mediators of pulmonary arteries which leads to
dysregulation of vascular tone and further contributes to pulmonary vascular
remodeling. This vascular remodeling plays an important role in the development
of PAH and also involves angiogenesis and vasoconstriction due to thrombosis and
hypoxia [4]. Right ventricular hypertrophy and pressure overload are common
pathological findings reported in PAH due to obstruction of blood vessels and
increased pulmonary resistance. PAH has been divided into five categories of
disorders [5]. Type 1 includes pulmonary hypertension which could be idiopathic
or heritable and drug- and toxin-induced and also associated with some diseases such
as human immunodeficiency virus (HIV) and schistosomiasis infections. Pulmonary
veno-occlusive disease and pulmonary capillary hemangiomatosis are also included
in the separate categories of type 1 pulmonary hypertension. Type 2 includes
pulmonary hypertension which is caused by left heart disease. Alveolar hypoxia or
respiratory disorder, associated pulmonary hypertension comes under type 3 cate-
gory. Type 4 includes pulmonary hypertension that occurs due to chronic obstruc-
tion of pulmonary arteries by thrombi known as chronic thromboembolic pulmonary
hypertension (CTEPH). Type 5 includes pulmonary hypertension that is caused by
rare diseases with unknown mechanism (Table 19.1). Over the past decades, signifi-
cant advances have been made in the treatment of pulmonary hypertension including
endothelin receptor antagonists, prostaglandin analogues, and PDE-5 inhibitors
[6]. Owing to the high morbidity and mortality associated with PAH, it is necessary
to elucidate the novel therapeutic intervention which could be directly targeted
toward the molecular mechanisms that are involved in pulmonary artery remodeling.
Therefore, here we have summarized the pathophysiology, genetic phenomenon,
and cellular and molecular mechanisms of pulmonary hypertension along with its
novel therapeutic targets.

19.2 Pathophysiological Phenomenon Associated with PAH

The complex pathogenesis of PAH involves the imbalance between vasoconstrictors
and vasodilatory mediators in pulmonary arteries [3]. Reduced concentration of
vasodilatory mediators such as prostaglandin I2 [7], nitric oxide, and cyclic guano-
sine monophosphate (cGMP) [8] and increased level of vasoconstrictors like throm-
boxane, endothelin, and serotonin are observed in pulmonary hypertensive patients
[9]. These imbalances cause vasoconstriction in pulmonary arteries and contribute to
vascular dysfunction in PAH [3]. In the development of pulmonary hypertension, the
attention is being focused on inflammation in pulmonary vasculature. Mononuclear
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fibrocytes and leukocytes are leaked from the blood vessel walls and contribute in
remodeling of pulmonary vasculature [10]. The high level of circulating cytokines
and their expressed receptors have been reported in idiopathic pulmonary hyperten-
sive patients [11]. Among various cytokines, overexpression of IL-6 gene may be
responsible for the pulmonary vascular disease in rodents [12], and resistance against
hypoxia-induced pulmonary hypertension has been found in IL-6 knockout
mice [13].

Dysfunctions are reported in potassium (K+) and calcium (Ca+2) channels of
vascular smooth muscle cells (VSMC) in PAH [4]. Decreased expression of voltage-
gated potassium (K+) channels [14] and increased expression of transient receptor
potential (TRP) ion channels [15] have been reported previously in idiopathic PAH.
Further, these changes in ion channels produce proliferation in VSMC and
dysregulate cellular homeostasis. In addition, extracellular matrix remodeling may
also contribute in the pathophysiology of PAH [2]. Some studies have shown that the
disruption of internal elastic lamina of pulmonary arteries is due to increased activity
of serine elastases [16] and matrix metalloproteinases [17] in pulmonary hyperten-
sion. CTEPH is a different form of pulmonary hypertension. Pathogenesis of
CTEPH is similar to idiopathic PAH which includes obstruction of central
pulmonary arteries by organized thrombus and severe pulmonary vascular
remodeling [18]. Reduced production of angiogenic vascular endothelial growth
factors and decreased leukocyte recruitment are likely to delay the resolution of
organized thrombus [19] (Fig. 19.1).

Table 19.1 Classification of pulmonary hypertension

Group 1 (a) Idiopathic or heritable PAH
(b) Drug- and toxin-induced
(c) PAH associated with identified diseases (HIV and schistosomiasis)

Group 1’ Pulmonary veno-occlusive diseases
(a) Pulmonary capillary hemangiomatosis

Group 2 Pulmonary hypertension resulting from left heart disease
(a) Systolic dysfunction
(b) Diastolic dysfunction
(c) Valvular dysfunction

Group 3 Respiratory disorders associated with PAH
(a) Chronic obstructive pulmonary disease
(b) Alveolar hypoventricular disorders
(c) Exposure to high-altitude disorder
(d) Sleep-disordered breathing

Group 4 Chronic thromboembolic pulmonary hypertension (CTEPH)

Group 5 PH caused by rare diseases of unknown mechanism
(a) Hematological disorders
(b) Myeloproliferative disorders
(c) Lymphangioleiomyomatosis
(d) Vasculitis
(e) Chronic renal failure
(f) Tumor obstruction

This classification was adopted from Simonneau et al. [5]
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19.3 Potential Cellular Targets Associated with the Signaling
of the Pulmonary Hypertension

19.3.1 TGF-b Signaling in Pulmonary Hypertension

TGF-β receptor family and their associated proteins are involved in the regulation of
cell physiological activity such as proliferation, differentiation, and inflammation
through signal transduction in pulmonary vascular endothelium [20]. Disruption of
this signaling pathway is associated with vascular remodeling, atherosclerosis, and
myocardial fibrosis [21]. Altered activity of activin-like kinase 1 and 5 (ALK1 and
ALK5) and bone morphogenetic protein receptor-2 (BMPR2) due to mutation may
be implicated in the hereditary and other form of PAH [4]. It has been observed that
75% of cases of hereditary PAH have been reported due to mutation which is shown
in BMPR2, and this mutation is also responsible for idiopathic PAH which accounts
for 25% of this phenomenon [22]. The loss of gene BMPR2 and its mutation has
enhanced apoptosis and dysfunction in endothelial cells and also causes pulmonary
vascular remodeling which are the contributing factors of pulmonary hypertension
[23]. The previous report revealed that targeted delivery of wild-type BMPR2 gene
into the rat lung endothelium has enhanced BMPR2 expression and prevents

Fig. 19.1 Overview of pathophysiological mechanisms that are discussed in the text and involved
in progression of pulmonary hypertension. These factors are contributing in remodeling of pulmo-
nary vasculature and lumen occlusion which ultimately lead to right ventricular hypertrophy and
heart failure. SMC smooth muscle cell, EC endothelial cell, K+ potassium, Ca+2 calcium channels,
TRP transient receptor potential ion channels
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pulmonary hypertension [23]. Another report found that FK506 (tacrolimus) which
is an activator of BMPR2 signaling has prevented the development of PAH in mice
delivered by osmotic pump via continuous subcutaneous infusion [24]. 1–3% of
PAH cases have been observed due to mutations in other gene members of
transforming growth factor superfamily such as activin receptor-like kinase type
1 (ACVRL1 or ALK1) or endoglin genes [25] (Fig. 19.2).

The other genetic variations responsible for pulmonary hypertension have
occurred in autosomal recessive manner in some genes such as caveolin-1
(CAV1), which regulates SMAD 2/3 phosphorylation, and potassium channel sub-
family K member 3 (KCNK3), which is related to the proliferation of pulmonary
artery smooth muscle cells. Eukaryotic translation initiation factor 2 alpha kinase
4 (EIF2AK4) is also associated with pulmonary vaso-occlusive disease [26, 27].

19.3.2 Involvement of RhoA/ROCK Pathway in Pulmonary
Hypertension Signaling

Rho-associated protein kinase (ROCK) works as the effector for G protein Ras
homolog family member A (RhoA) and contains serine-threonine kinase activity

Fig. 19.2 Overview of potential cellular targets associated with the signaling of the pulmonary
hypertension. PAH pulmonary arterial hypertension, TGF-β transforming growth factor beta,
AMPK AMP-activated protein kinase, ROCK Rho-associated protein kinase, CypA cyclophilin A,
Bsg basigin, TAFI thrombin-activatable fibrinolytic inhibitor, CTEPH chronic thromboembolic
pulmonary hypertension
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[28]. Rho-kinase pathway is associated with the development and progression of
pulmonary hypertension, because it is related with hypoxic exposure, endothelial
dysfunction, VSMC proliferation, increased free radical production, chemotaxis of
inflammatory cells, and platelet activation [29]. Activation of ROCK protein by
RhoA is responsible for the phosphorylation of myosin light chain phosphatase
(MLCP) which is further interacted with actin protein and causes Ca2+-dependent
contraction in pulmonary smooth muscle cells [30]. In hypoxic condition, hypoxia-
inducible factor (HIF)-1α-activated vasoconstriction in pulmonary smooth muscle
cells has been reported through RhoA signaling pathway [31]. Further, it has also
been reported that the Rho signaling pathway inhibits BMP2/SMAD1 signal trans-
duction and promotes pulmonary VSMC proliferation [32]. RhoA is also involved in
endothelial dysfunction which is one of the contributing factors for the development
of pulmonary hypertension [33]. ROCK has reduced the bioavailability of nitric
oxide by inhibiting the expression of eNOS enzyme [33]. Thus, we can say that
RhoA-Rho-kinase signaling pathway are potential novel therapeutic target for PAH.
It has also been shown that the combination of fasudil and sildenafil produced
protective effects in monocrotaline-induced pulmonary hypertension in rats through
inhibition of ROCK pathway [34] (Fig. 19.2).

19.3.3 CypA (Cyclophilin A) and Bsg Signaling in Pulmonary
Hypertension

Intracellular CypA protein related to immunophilin family acts as a receptor for
cyclosporine drug which is used for immunosuppression [35]. Activated Rho kinase
induces secretion of CypA from VSMC [36]. CypA binds to its Bsg receptor present
in circulating cells; thereby, contributes in the progression of hypoxia-induced
pulmonary hypertension. Further, this interaction causes vascular smooth muscle
proliferation, disrupts nitric oxide metabolism, and enhances expression of inflam-
matory cytokines [37–39]. Amelioration of hypoxia-induced pulmonary hyperten-
sion is reported in Bsg+/� mice in comparison with Bsg+/+ mice [38]. The higher
expression of Bsg protein in pulmonary arteries as well as in inflammatory cells of
animal models [40] and the high concentration of CypA protein in serum are
reported from pulmonary arterial hypertensive patients [41]. Hence, inhibition of
CypA secretion could be a new therapeutic target to prevent PAH. In addition, it is
also found that statin drugs and Rho-kinase inhibitors could ameliorate PAH and
prevent the secretion of CypA from VSMC [41] (Fig. 19.2).

19.3.4 AMPK Signaling in Pulmonary Hypertension

AMP-activated protein kinase acts as an energy sensor and has serine-threonine
kinase activity [42]. Inhibition of Rho kinase leads to activation of AMP-activated
protein kinase pathway [43]. Anti-apoptotic effects in endothelial cells [44] and
pro-apoptotic effects in VSMC are produced by AMPK pathway [45], which are the
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crucial factors for remodeling in pulmonary hypertension. Apart from nitric oxide
production in endothelial cells, AMPK signaling promotes proliferation of smooth
muscle cells and vascular remodeling and reduces intracellular signaling pathways
and secretion of growth factors [40]. The downregulation of AMPK in endothelial
cells showed protection against pulmonary hypertensive patients and also hypoxia-
induced pulmonary hypertension in mice [46]. Indeed, activation of AMPK via
various drugs such as statins and metformin produces curative effects in PAH
[46, 47]. Thus, these drugs could be novel therapeutic targets for amelioration of
pulmonary hypertension. In addition, cytokines, chemokines, and various growth
factors are also involved in regulation of endothelial dysfunction and participate in
progression of pulmonary hypertension [40]. Thus, some effective therapeutic
interventions are required which could prevent the generation of cytokines or
inflammation in pulmonary hypertension (Fig. 19.2).

19.3.5 Alteration in Metabolic Pathways in PAH

Normally, pyruvate is formed in the cell by glycolysis, and further utilized in TCA
cycle after formation of acetyl coenzyme A through pyruvate
dehydrogenase enzyme (PDH) [21]. However, decreased activity of pyruvate dehy-
drogenase enzyme has been reported in PAH, and enhanced activities of lactate
dehydrogenase have been reported in lungs and hearts of monocrotaline-induced rats
[48]. In pulmonary hypertension, glycolytic end product pyruvate converts into
lactate by the enzyme lactate dehydrogenase and ultimately induces acidosis; as a
result, right ventricular function is impaired [49]. Some recent studies illustrated
mitochondrial dynamics, in which mitochondrial structures were fragmented inside
the pulmonary arterial smooth muscle cells and were involved in pathogenesis of
pulmonary hypertension [50]. Mitochondrial dynamics is able to activate HIF-1α in
hypoxic condition which further promotes glycolytic shift and depletion of energy in
the right ventricle via defective ATP synthesis [50]. The high level of HIF-1α protein
expression has been found in idiopathic pulmonary hypertension which is responsi-
ble for proliferative vasculopathy [51]. In addition, reactive oxygen species and free
radicals can also induce the production of HIF-1α proteins, because the superoxide
dismutase enzyme level is reduced due to mitochondrial dysfunction which
scavenges free radicals and generates hypoxic conditions [22].

19.3.6 Thrombin-Activatable Fibrinolytic Inhibitor (TAFI) in CTEPH

The injury in lung vasculature activates several factors such as pro-coagulant and
anticoagulant proteins, inflammatory cytokines, and various growth factors which
are involved in the development of CTEPH [52]. Moreover, coagulation system
becomes hyperactive as a result of lung injury which leads to fibrin deposition
[52]. TAFI is a glycoprotein synthesized from the liver and activated by thrombin,
plasmin, and activated platelets [53, 54]. TAFI prevents fibrinolysis by removing

19 Potential Cellular Targets Associated with the Signaling of the Pulmonary. . . 441



C-terminal lysine amino acid from fibrin, thereby inhibiting fibrin binding to plas-
minogen activators and conversion of plasminogen to plasmin [55]. Thus, we could
say that TAFI may be involved in pathogenesis of CTEPH and delayed fibrinolysis
of thrombi. The high level of TAFI in plasma has been found in patients with
CTEPH which directly indicates the correlation with impaired fibrinolysis [29]. Sim-
ilarly, ex vivo plasma clot lysis assay has been performed in plasma from CTEPH
patients which has shown resistance to fibrinolysis [29]. Inhibition of activated TAFI
by using CPI-2KR (an inhibitor of activated TAFI) compound was found effective
against resistant fibrinolysis and ameliorated CTEPH condition in patients [29]. Pros-
taglandin E1 has improved fibrinolysis impairment by inhibiting platelet activation
and further secretion of TAFI [29]. Thus, inhibitor of TAFI could be a novel
therapeutic target in CTEPH patients.

19.4 Conclusion

Pulmonary hypertension is considered as a complex disease with fatal outcomes. Till
date, at molecular level, various studies have been conducted to identify new
molecular mechanisms and pathophysiology involved in pulmonary hypertension,
but detailed mechanisms still remain to be elucidated. Some important signaling
identified are TGF-β, Rho/ROCK, CypA, Bsg, and AMPK. It is necessary to
prioritize and understand these novel molecular pathways in detail and link to
personalized therapeutic interventions for the treatment of the disease.
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Targeting Molecular and Cellular
Mechanism of Influenza A Virus 20
Gayathri Gopal, Shibi Muralidar, and Senthil Visaga Ambi

Abstract

The respiratory epithelium is the erudite barrier that serves as the interface
between the environmental factors and the host immune system. It maintains
homeostasis and shields the lungs against foreign antigens and pathogens. Influ-
enza is one of the highly contagious viral infections of the host respiratory tract
mucosa caused by influenza A virus (IAV). IAV is considered a major life-
threatening human pathogen that potentially causes epidemics and pandemics
with high morbidity and mortality. IAV is capable of infecting a broad range of
birds and mammals including humans. Due to this broad range of infectivity on
both avian and mammalian organisms, zoonotic spillovers from any of these
infected organisms can potentially end up in a pandemic with numerous detri-
mental consequences for the world population. Further, the emergence of H1N1,
H5N1, and H7N9 (avian-origin) influenza viruses causing notable lethal cases has
demonstrated the limitations in the existing drugs and strategies against IAV.
Thus, there is an imperative need for novel influenza therapeutics and a new
mechanism of action to combat the tenacious threat of IAV on the world popula-
tion. In this review, we focus on the defense machinery of the respiratory
epithelium and its response to IAV. We also attempted to enlighten the reader’s
knowledge on the underlying molecular and cellular mechanisms of IAV in lung
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injury highlighting the potential drug candidates with their mechanism of action
toward the end of this chapter.
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20.1 Introduction

Influenza is one of the highly contagious viral infections caused by influenza A virus
(IAV) through infecting the host respiratory tract mucosa. Being the major cause of
seasonal or pandemic flu, IAV has imposed an enormous burden on both the
economy and public health throughout the world. IAV is considered a major life-
threatening human pathogen that potentially causes epidemics and pandemics with
high morbidity and mortality [1–4]. With wild waterfowl as its primary reservoir,
IAV is capable of infecting a broad range of birds and mammals including humans.
Due to this broad range of infectivity on both avian and mammalian organisms,
zoonotic spillovers from any of these infected organisms can potentially end up in a
pandemic with numerous detrimental consequences for the world population. More-
over, the continuous evolvement of IAV due to its adaptation, antigenic mutation,
and reassortment leads to the unexpected emergence of highly pathogenic virulent
strains ultimately resulting in local epidemics or global pandemics. Some examples
of such outbreaks include H1N1 (Spanish flu, 1918), H2N2 (Asian flu, 1957), H3N2
(Hong Kong flu, 1968), H5N1 (bird flu, 2005), H1N1 (swine flu, 2009), and H7N9
(bird flu, 2013) [3, 5].

Seasonal epidemics caused by the different strains of IAV infect 3–5 million
people and kill about 250,000–500,000 people annually. In case of pandemic caused
by the same IAV, the number of deaths can surge up to millions, especially during
the pandemic years, 1957–1958 (H2N2, Asian flu) and 1918–1919 (H1N1, Spanish
flu), where the deaths ranged from 1 million to 50 million, respectively [2, 6,
7]. Further, the emergence of H1N1, H5N1, and H7N9 (avian-origin) influenza
viruses causing notable lethal cases has demonstrated the limitations in the existing
drugs and strategies against IAV. Currently, the two main strategies available for
controlling IAV include vaccination and small molecule anti-influenza drugs. How-
ever, selecting an apposite viral strain for the production of annual trivalent or
quadrivalent vaccines is considered to be a formidable task due to rapid antigenic
shift and drift in IAV [2, 3]. Thus, there is an imperative need for novel influenza
therapeutics and a new mechanism of action to combat the tenacious threat of IAV
on the world population. This chapter will enlighten the reader’s knowledge on the
underlying molecular and cellular mechanisms of IAV in lung injury.
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20.2 A Glance on IAV and Its Replication

20.2.1 Biology of Influenza A Virus

Influenza viruses are enveloped RNA viruses that fall under the family
Orthomyxoviridae and have a single-stranded, negative-sense, segmented RNA
genome. They are classified into three types, namely, influenza A virus (IAV),
influenza B virus (IBV), and influenza C virus (ICV), of which IAV was found to
be highly pathogenic compared to the other two types [6, 8–10]. Classification of
these types (IAV, IBV, and ICV) is due to their immunologically diverse matrix
protein and nucleoprotein antigens. The annual influenza epidemics and pandemics
are mainly contributed by IAV and IBV through antigenic variation triggered by
random mutation (antigenic drift) and reassortment (antigenic shift), whereas ICV
are only responsible for very mild infections. Further, the host range of ICV is
restricted to humans and pigs, and in the case of IBV, it is restricted to humans and
seals. However, in the case of IAV, it infects a variety of animals apart from humans
which include horses, seals, pigs, dogs, ducks, chickens, and whales [8, 11–14].

Both IAV and IBV are pleomorphic with a diameter of 80–120 nm and contain
eight negative-sense RNA segments. Apart from the influenza virus classification,
IAV is also classified into subtypes based on its genetic and antigenic dissimilarities
in their two membrane glycoproteins, namely, hemagglutinin (HA) and neuramini-
dase (NA). The 8 single-stranded negative-sense RNA segments encode a total of
12 proteins which include 8 structural proteins, namely, HA, NA, M1 (matrix
protein), M2 (ion channel protein), 3 polymerases (PB1, PB2, PA), and nucleopro-
tein (NP), and 4 nonstructural proteins (NS), namely, NS1, NS2, PB1-F2, and N40
[6, 9, 15, 16].

In IAVs, so far 9 NA (N1–9) and 16 HA (H1–16) subtypes have been isolated
from waterfowls. The sequence identity between the H1–16 and N1–9 subtypes was
found to lie between 30% and 60%. Subtypes H17 and H18 of HA and N10 and N11
of NA are two additional subtypes that are recently identified in bats. Apart from the
numerous possible combinations in the available subtypes, only three subtype
combinations (H1N1, H2N2, and H3N2) have been constantly infecting the
human population [8, 17–20]. All eight gene segments of IAV are encapsidated by
their nucleoprotein, and the polymerase complexes containing three polymerase
proteins PA, PB1, and PB2 are placed at the nucleocapsid ends. Further, the helical
capsids are surrounded by M1 proteins which are then encircled by a host-derived
lipid bilayer where the membrane glycoproteins (HA and NA) and M2 proteins are
embedded. Despite the virion shape, HA was found to be the most abundant
membrane glycoprotein situated in the viral envelope which is followed by NA
and M2. The typical structure of IAV is illustrated in Fig. 20.1 [21, 22].
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20.2.2 Life Cycle of Influenza A Virus

Infection in the lower respiratory tract of humans can result in the deluging of
alveolar compartments leading to the development of ARDS (acute respiratory
distress syndrome) which may ultimately result in death by respiratory failure.
IAV primarily targets and infects the airway and alveolar epithelial cells that are
located on the surface of the respiratory tract. The viruses target alveolar epithelial
cells due to the presence of sialic acid residues (SA residues) which is known to be
the functional receptor of the virus. Infection in these alveolar epithelial cells can
lead to the induction of necrotizing bronchitis and bronchiolitis along with interstitial
pneumonia leading to epithelial damage [23, 24]. Infection of the influenza virus in
the pulmonary mucosa can play a major influencing role on the airway functioning,
and further, the replication of influenza virus in the airway epithelium can possibly
disrupt the normal cellular morphology and functions. Also, the exclusive viral entry
and release through the apical surface of airway epithelial cells and the great number
of progeny virions that are released from the apical membrane can easily alter the
optimal state and composition of the apical membrane [25–27].

20.2.2.1 Viral Entry
IAV’s first step in its life cycle is the initiation of infection by binding to the potential
host cells. HA protein present in the viral envelope is a homotrimer which is
responsible for the formation of spike in the viral lipid membrane. HA0
(a precursor of HA) contains two subunits, namely, HA1 and HA2. HA1 subunit
contains a receptor-binding domain, whereas the HA2 subunit comprises the fusion
peptide. Both the subunits HA1 and HA2 are linked by disulfide bonds. Upon
reaching the host cell, the spikes of HA use its receptor-binding site to get attached
to the surface glycoconjugates which contain terminal SA residues [15, 28,
29]. After this attachment, IAV scans the cell surface using the sialidase function
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Fig. 20.1 Structure of IAV
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of NA to find suitable sialylated receptor, removes local SAs, and also unshackles
the nonproductive associations of HA. Generally, HAs from human IAVs recognize
α-2,6-linked SAs (predominantly found on epithelial cells (EC) of human) that
results in a “bent” presentation, whereas HAs from avian IAVs recognize
α-2,3-linked SAs (predominantly found on EC of duck intestine) resulting in a
“linear” presentation. Although the binding preference of HA receptor to SA
linkages is not crucial for infection, it is the most indispensable factor for IAV’s
host range and transmission [15, 28, 30–33].

20.2.2.2 Endocytosis and Fusion
Following the binding of HA to the host cell’s SA residues, IAVs enter the host cell
through the process of receptor-mediated endocytosis in which the virus gets into the
cell in an endosome. The primary internalization pathway for IAV is through
clathrin-mediated endocytosis which involves dynamin and epsin-1 (adaptor pro-
tein); however, clathrin-independent endocytosis and macropinocytosis are also
found to be a possible mechanism for IAV internalization [15, 28, 29]. Once inside
the host cell, the low pH (around 5 to 6) in the late endosome initiates the fusion of
viral and endosomal membranes. This induction of large irreversible conformational
change in HA due to the low pH dismisses the N-terminus of HA2 subunit (fusion
peptide) and makes the HA2 fusion peptide exposed [34–38]. Further, the exposed
HA2 fusion peptide gets itself inserted into the endosomal membrane which in turn
leads to the fusion of viral and endosomal membranes by bringing both into contact
with each other. The acidic environment in the late endosome is not only crucial to
induce conformational changes and fusion of viral-endosomal membranes but also
activates the M2 ion channel (a type III transmembrane protein). Opening of M2 ion
channel leads to the acidification of the viral core leading to the disassociation of M1
protein from viral ribonucleoprotein complexes (vRNPs), and this acidic environ-
ment releases the packaged vRNPs to enter freely into the host cell’s cytoplasm
[15, 28, 36, 39–41]. Further, this disassociation of vRNPs from M1 protein subse-
quently results in the nuclear import of vRNPs facilitated by the cellular nuclear
import factors like importin-α and importin-β [28].

20.2.2.3 Viral Replication, Transcription, and Translation
Unlike other negative-sense RNA viruses, the replication and transcription of IAVs
take place in the host cell nucleus. This process is facilitated by the trimeric viral
polymerase complex which comprises PB1, PB2, and PA subunits. The viral RNA
replication initiates with the synthesis of (+) ssRNA (positive-sense copy of vRNA)
which is also known as complementary RNA (cRNA). Further, the synthesized
cRNA is then copied in order to produce a huge amount of vRNA. The synthesis
of genomic (�) ssRNA takes place by using (+) ssRNA as a template strand. This
synthesized (�) ssRNA is then packed in new virions or transported to the host
cytosol where they can act as viral mRNA. The viral RNA transcription begins with
the binding of PB2 protein to the 50-cap of host mRNAs which is followed by the
endonucleolytic cleavage activity of PA. Further, this endonuclease activity of PA
leads to the production of cellular capped primer for viral mRNA synthesis [28, 42–
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45]. Synthesis of viral mRNAs is mediated by the polymerase activity of PB1
protein, and then cooperation between the crucial proteins such as PB1, PB2, NP,
M1, and PA leads to the formation of new vRNPs. These vRNPs are further
transported from the host nucleus to the cytoplasm by the viral NS2/NEP protein
and cellular CRM1 proteins for the purpose of nuclear export and incorporation of
vRNPs into the virions [46, 47].

Influenza viruses use the host cell translation machinery to translate their viral
mRNAs, and as a result, multiple interactions of viral mRNAs with the cellular
transcriptional factors like eukaryotic initiation factor-4A (eIF4A), eIF4E, and
eIF4G take place. Upon infection, the host cell protein synthesis will be suppressed,
and IAV’s viral mRNAs will be preferentially translated. Influenza virus depends on
the host cell’s splicing machinery to express its proteins, and at the same time, it
precludes the host cell from using its splicing machinery and thereby blocks the
procession of host cell mRNA. The interaction of NS1 with cleavage and
polyadenylation specificity factor (CPSF) and poly (A)-binding protein II (PABII),
and the interaction of viral polymerase complexes to C-terminal domain of cellular
DNA-dependent RNA polymerase II (Pol II) are known to be the possible reason for
the aforementioned inhibition of host cell mRNA synthesis. Subsequently, the NP
and viral polymerase subunit proteins are imported into the nucleus through the
nuclear localization signals. Further, M1, NS1, and NEP/NS2 are also imported into
the nucleus to implement their respective roles in nuclear export of vRNPs [28, 29].

20.2.2.4 Export of vRNPs, Assembly, and Budding
Generally, negative-sense vRNPs are exported from nucleus to cytoplasm. This
export of vRNPs is mediated by the CRM1-dependent pathway where the vRNPs
are exported through the nuclear pores. Not only cellular CRM1 protein but IAV also
depends on viral NS2/NEP and M1 proteins to export the newly synthesized vRNP
complexes. M1 protein was found to directly interact with the vRNPs through the
C-terminal protein end. Also, the M1 protein’s N-terminal portion can bind to NEP,
and NEP can potentially bind to CRM1 which is accompanied by GTP hydrolysis
(normally happens in the CRM1-dependent export pathway). Binding of M1 protein
to the negative-sense vRNPs and NEP, is followed by the binding of NEP to
CRM1, and this double binding event ultimately leads to a “daisy-chain” complex
that results in the vRNPs’ export out of the nucleus. Further, the YB-1 (Y-box
binding protein 1) is also found to be associated with vRNPs in the nucleus which is
likely to be exported from the nucleus along with vRNPs. This YB-1 protein
facilitates the association of vRNPs with microtubules for the further transportation
of vRNPs to the plasma membrane [48–52]. On the other hand, M2, NA, and HA
proteins are transported via the Golgi apparatus to the surface of the host cell in
which the preparation of viral envelope takes place. The cleavage of HA proteins
into HA1 and HA2 subunit mediated by the cellular furin-like proteases in the trans-
Golgi network plays a crucial role in determining the virulence of influenza viruses
[42, 53–55].

Once the vRNPs are out of the nucleus, the final process in the life cycle is to form
viral particles and exit the cell. IAV being an enveloped virus depends on the host
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cell plasma membrane for the formation of viral particles that exit the cell to infect
neighboring cells. Not only the vRNPs but also the viral proteins like HA, NA, and
M2 that are present within the viral lipid bilayer are necessary to form a viral particle.
The M1 protein present underneath the lipid bilayer plays a significant role in the
assembly process due to its notable interactions with lipid membranes, NEP/NS2,
and vRNPs. Further, the M2 protein also plays a crucial role in mediating the
membrane scission and particle release. At last, the enzymatic activity of NA
proteins removes the sialic acids from host cells, thereby allowing the virion release
from the plasma membrane [28, 29, 42, 56]. A detailed pictorial representation of the
aforementioned life cycle of IAV is given in Fig. 20.2.

20.3 Molecular Pathogenesis of Influenza Virus Infection

The interaction of viral proteins with the host immune cells is responsible for the
pathogenesis of influenza virus infection. Both the viral factors and the host immune
system indicate the molecular pathogenesis [57]. In recent years, it has been stated
that host microflora also plays a significant role in activating the pulmonary immune
cells to induce virus-specific immune responses. Hence, the immune-rich environ-
ment which surrounds the host and virus is the primary factor that contributes to viral
pathogenesis. Influenza A virus infection in the respiratory epithelial cells destroys
the host cell pre-mRNAs and further inhibits the translation of mRNAs leading to the
death of the host cells either by cytolytic or apoptotic mechanisms [58]. Virus-
infected cells adapt different immune response mechanisms to limit the speed of
viral replication. As a response to the immune mechanism triggered by the incoming
virus, various transcription factors are activated which is accompanied by the
production of chemokines and pro-inflammatory and anti-inflammatory cytokines.
The recruitment of other immune cells by cytokines, to the site of infection, induces
inflammatory responses which on later stages initiate anti-inflammatory effects
against the virus [59].

When IAV infects the epithelial cells of the respiratory tract or the alveolar
macrophages, the Toll-like receptors (TLR) and retinoic acid-inducible gene I
(RIG-I) of the host cell recognize the single-stranded RNA of the influenza virus.
The signals produced by TLR and RIG-I induce the production of interferon,
cytokines, and transcription factors which in turn activate the antiviral immune
responses [60]. Conceptually, during the course of IAV infection, there are three
stages of events, with respect to the responses that occur simultaneously throughout
infection period. The first is the spread of the virus in the alveolar epithelium; the
second is the immediate response of the host immune cells through innate and
adaptive immune mechanisms to eliminate or neutralize the virus which can prevent
the severity of the infection and help viral clearance. On the other hand, the immune
responses to the virus entry can also induce significant damage to the infected
respiratory epithelium and endothelium. The third is the long-term immunity devel-
oped against the viral strain which is also accompanied by the regeneration of
damaged lung tissues [61].
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20.3.1 Host Cell Immune Response Upon IAV Infection

Host immune cells start functioning after the detection of the virus. The first line of
defense mechanism against the invading virus is provided by the host mucosal
immune system which can prevent the adhesion of the virus to the susceptible
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immune cells. Host innate immunity includes phagocytic cells, interferons (IFNs),
and pro-inflammatory cytokines and is capable of multiple mechanisms in fighting
the invading virus [62]. Adaptive immunity in the host system is mediated by B
lymphocytes and T lymphocytes, in the motive of neutralizing or eliminating the
virus particles. In contrast, IAVs use a plethora of strategies to demonstrate a
successful infection in the host cell and to escape the detection and clearance by
immune cells. Upon detection of IAV infection, natural killer (NK) cells,
neutrophils, dendritic cells, and macrophages infiltrate to the site of infection [57].

NK cells interact with the viral protein carrying dendritic cells and macrophages
to secrete cytokines and chemokine and restrict the infection of IAV by lysing the
infecting cells. Neutrophils are important innate immune cells that are hired by the
pro-inflammatory cytokines to the site of infection via vascular endothelium. They
are involved in the viral clearance through phagocytosis and degranulation. Further,
they are helpful in adaptive immunity to regulate influenza-specific CD8+ cells to the
site of infection. The role of dendritic cells (DCs) is to recognize the virus. During
IAV infection, DCs transport from the lungs to the lymph nodes to present the
antigens to the T cells. T cells and B cells are key elements in elucidating immune
response against IAV infection. Cytotoxic T lymphocytes (CTLs) defend IAV
infection through activated cytokines and effectors. CTLs are also involved in
class I MHC-mediated lysis of virus-infected cells. B cells are activated when
CD4+ cells interact with IAV-infected epithelial cells via class II MHC binding
and thus promote antibody production [63].

When IAV attacks the host cell, the innate immune response provides a barrier to
the incoming viral protein. It is the first line of defense mechanism which triggers the
pro-inflammatory response. On the other hand, adaptive immunity has a crucial role
in eliminating the pathogen during the later stages of infection. In addition to the two
typical immune mechanisms acquired for the viral infection, respiratory mucosal
immunity is triggered in the infected mucosal tissues. Despite several immune
mechanisms adapted to restrict viral replication in the host cell, IAVs have devel-
oped various strategies to escape host immune responses and to exhibit successful
infection [64].

20.3.1.1 Innate Immune Response Against IAV Infection
The innate immune response is the primary rapid response. During IAV infection,
viral conserved components called pathogen-associated molecular patterns (PAMPs)
are recognized by host pathogen recognition receptors (PRRs), such as RIG-I and
TLR. This leads to the innate immune signaling resulting in the production of
various cytokines and activation of antiviral molecules. The invading viral protein
is recognized by the host receptor and discriminates them from the self-molecules.
Among various PRRs, RIG-I is one of the primary receptors that recognizes the
intracellular ssRNA and transcriptional intermediates of IAVs in the infected host
cells. This in turn triggers the activation of caspase, leading to the induction of
transcription factors including IRFs and NF-κB [57, 63–65].

In addition to the above transcription factors, TLRs expressed on the endosomes
and lysosomes also recognize nucleic acid derived from IAVs. Further, it was
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demonstrated that TLR3 may be responsible for recognizing unidentified RNA
structures present in the phagocytized cells during IAV infection [66]. IAV infection
induces the activation of lung epithelial-associated immune cells and related soluble
factors. More of ciliated cells and less of secretory cells and basal cells make up the
human respiratory epithelial layer. Secretory cells, especially goblet cells, secrete
mucus components and antiviral factors to evade primary barrier toward the viral
protein. Similarly, ciliated cells aid in the removal of viral proteins and virus-
engulfed debris via the mucociliary elevator to expel them from the respiratory
tract. As a response to viral infection, NOD-like receptor family, pyrin domain-
containing 3 (NLRP3) and NLR apoptosis inhibitory protein 5 were activated
[17, 58, 65].

After the identification of viral components by the immune cells, the transcription
factors including NF-κB and IRFs are activated, and this readily triggers the tran-
scription of IFNs and other pro-inflammatory cytokines to eliminate the viral
antigens. In response to the stimulation of NLRP3 inflammasome by
IAV-associated M2 ion channel and PB1-F2, IL-1 secretion is stimulated. IFNs
bind to receptors, resulting in upregulation of multiple interferon-stimulated genes
(ISGs). These ISGs can modify the different steps of IAV life cycle, for instance,
viral entry into host cells can be restricted via the involvement of Mx family,
interferon-induced transmembrane (IFITM) protein family, cholesterol
25-hydroxylase (CH25H), and TRIM proteins [66].

20.3.1.2 Adaptive Immune Response Against IAV Infection
On detecting the influenza infection, DCs induce the IFNs and cytokines for their
maturation into APCs (antigen-presenting cells), to initiate the T cell-mediated
immune responses. The viral protein binds to the DCs, and the protein-bearing
DCs get activated to recruit naive CD4+ T cells which get differentiated into Th1,
Th2, Th7, regulatory T cells (Treg cells), follicular helper T cells, and killer cells.
The signals produced by DCs present the antigen to the MHC class II molecules and
induce the differentiation of Th2 cells that is regulated by CD4+ T cell. The mature
Th2 cells trigger B cell activation and thereby maintain immunological memory
[67]. During the early stages of infection, T cells expand independent of the TCR
mechanism to efficiently eliminate the IAV-infected airway epithelial cells. CD8+ T
cells are key components for virus clearance in adaptive immunity. When the DCs
present the virus particles to the MHC class I molecule, CD8+ T cells get activated to
undergo rapid expansion, differentiation, and migration to the infected sites. Gener-
ally, CD8+ T cells play a significant role in establishing adaptive immune responses
through cytotoxic effects on the virus particles by cytotoxic T lymphocytes (CTLs)
[68]. CTLs are responsible for the destruction of virus into cytotoxic granules
containing perforin and granzymes (GrA and GrB) through apoptosis thereby
inhibiting further IAV replication in the host cell. This process is regulated by the
production of cytokines, such as TNF, FASL, and TRAIL. The recruitment of death
receptors by cytokines will help enhance the cytotoxicity of IAV. Furthermore, CD8
+ T cells are capable of restoring the IAV-specific memory CTLs against specific
epitopes of IAV. In addition to the cytotoxic effects, CTLs also prevent the spread of
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the virus from URT to the lungs. It is also evident that the process of autophagy has
an important role in establishing memory CD8+ T cells [69].

CD4+ cells induce the Th2 cells to activate B cells. B cells generate specific
antibodies against the viral proteins to eliminate them from the host cells and restore
the memory for secondary infection. The overall mechanism of adaptive immune
response against IAV infection is illustrated in Fig. 20.3. The function of antibodies
could differ from each other: IgG is responsible for inhibition of IAV pathogenesis,
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while IgA blocks IAV transmission. Further, IAV-specific antibody-dependent cell-
mediated cytotoxicity (CDCC) finds importance in providing cross-protection
against IAV infection. However, mutation of HA and/or NA through antigenic
shift and drift can help the virus to escape the host. Also, additional glycosylation
on H5 HA is responsible for the viral inhibition of neutralization by specific
antibodies [57, 63, 68].

With mucosal tissues being the primary site of virus entry, IgA and IgM in the
mucosal tissue are the predominant antibodies exhibited to neutralize the pathogens
and to prevent the viral entry and replication. IgA antibodies which are specific
against HA and NA proteins of influenza virus are the primary neutralizing
antibodies [70]. Generally, primary immune response for viral infections occurs in
the lymphoid tissues, whereas the periphery is the site of secondary responses. After
the viral entry, IgM is produced dominantly to exhibit primary responses against the
invading viral proteins followed by the dominance of IgG during secondary
responses. Production of higher levels of IgM could help in the rapid clearance of
virus. Initial systematic response by IgM against the virus is usually required for the
subsequent IgG antibody response. Generally the half-life of antibodies against any
pathogen is short, but antibody titers can last a lifetime with the help of antibody-
secreting cells (ASCs) which are long-lived. Furthermore, calcium modulator,
transmembrane activator, cyclophilin ligand interactor (TACI) cytokines, B lympho-
cyte stimulator (BLyS), and a proliferation-inducing ligand (APRIL) are also respon-
sible in producing the required immune responses and protection and against
secondary viral infection. These factors can be targeted to maintain the antibody
titer by increased survival of ASCs during the secondary immune responses, thereby
leading to enhanced counterpart of subsequent infections [8, 65, 70].

20.3.2 Cellular and Molecular Mechanism of IAV Infection

When the virus infects the host cell, the goal is to replicate itself and attack a more
number of cells. A viral enzyme, called polymerase, serves as the key to produce
more copies in the host system [71]. It copies the genetic material of the virus and
navigates the host cell mechanism toward the synthesis of viral proteins. This is
made possible by utilizing the “cap” from the host cell wherein the viral polymerase
binds to the mRNA of the host cell. The cap is cut off from the host cell mRNA and
is added to the beginning of the viral mRNA by a process called “cap snatching.” But
the mechanism behind the enzyme subunits performing this action remains unclear
[9]. The major mystery behind the influenza virus is whether the viral specificity
toward the host cell receptor can generate a prevalent strain of virus [62]. The viral
HA of the glycoprotein binds to the SA residues of the host cells. Also, specific
amino acid changes in HA have been found remarkable in the specificity of the sialic
acid receptor and the pathogenicity. The HA of the IAV virus typically binds to the
α2,6-linked sialic acids found in the upper respiratory tract of humans which is the
primary site of infection [61].
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20.3.2.1 Host Cell Protein Synthesis
IAV infection in host cells is efficient enough to suppress the gene expression of the
host cell. The viral polymerase protein complex binds to the 50 ends of the host
mRNAs and cleaves it. Now, the 50 cap of the host mRNAs is used as a primer for
viral mRNA synthesis [71]. IAV-encoded NS1 protein inhibits the splicing of
cellular pre-mRNAs and blocks the nuclear export of host mRNAs. IAV-specific
mRNAs are translated efficiently to the cytoplasm and ensure viral protein synthesis.
A crucial element in the translation of IAV mRNAs is the sequences of 50 untrans-
lated end of viral mRNAs. Another important mechanism for the maintenance of
viral mRNA translation is the downregulation of protein kinase receptor (PKR)
activity. PKR phosphorylates eukaryotic initiation factor-2α to reduce the translation
of viral mRNAs to the cytoplasm. IAV demonstrates two different ways to escape
the inhibitory effects by PKR activation. First is the interaction of NS1 protein with
PKR that disturbs the activation of PKR. Second is the activation of chaperone-
associated protein (p58IPK) upon IAV infection which can interfere with the
dimerization and activation of PKR. Controlling the viral protein synthesis and
arrest of host protein synthesis leads to cell death within 20–40 h of infection [9].

20.3.2.2 Production of Cytokines and Activation of Transcription
Factors in IAV Infection

As a response to the IAV infection, lung epithelial cells and leukocytes infection
produce chemokines and cytokines. The respiratory epithelial cells and the
macrophages are the targets of IAV infection. During the course of infection, a
limited number of cytokines are produced by infected epithelial cells [63]. The
cytokines include IFN-α/β, IL-1β, IL-6, and TNF-α. IAV-infected macrophages
produce MIP-1α, MIP-1β, RANTES, MCP-1, MCP-3, and IP-10 and limited IL-8.
Epithelial cells secrete IL-8, RANTES, and MCP as a response to IAV infection. The
chemokines help in the recruitment of neutrophils to the site of infection. Dendritic
cells have been found to secrete large quantities of IL-12 in response to viral
infection. IAV infection also induces IL-15 production by peripheral blood mono-
nuclear cells (PBMCs) [7]. It is elucidated that antigen-presenting cells can produce
high levels of antiviral and immunostimulatory cytokines during the virus entry.
Viral infection also initiates the activation of different transcription factors which
induces the expression of cytokine and chemokine. NF-κB, AP-1, IRFs, STATs, and
IL-6 are predominantly activated during the infection. Activation of NF-κB is
detected within 1 hour of infection and activates the replication of the virus and
viral protein synthesis [72]. The production of IAV-induced cytokines and
chemokines is given in Fig. 20.4.

NF-κB is found to be activated due to ER stress caused by the expression of a
single IAV gene. MAP kinases are important regulators of the gene expression of
cytokines, and the Map kinase superfamily ERK and c-Jun-NH2 terminal kinase are
activated during the IAV infection [9]. AP-1 activation requires viral replication as
the expression of a single IAV gene HA or NP is not sufficient to induce the
activation of AP-1, but NF-κB is readily activated. Interferon regulatory factor
(IRF) activation is important for virus-induced response to the host cells. IRF is
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indirectly activated by the viral infection via the expression of IFN-α/β genes and
regulates the activation of many other interferons. STATs are also activated by IAV
indirectly by the upregulation of IFN-α/β. In addition to the upregulation of certain
chemokine and cytokine genes, IAV infection can also regulate the post-translational
mechanism involved in the production of cytokines [58]. IAV-infected macrophages
produce IL-1β and IL-18 after 9–12 days of infection. Expression of proIL-18 by
macrophages and osteoclasts occurs several hours after the accumulation of viral
mRNAs and proteins. Caspase cascade activation regulates apoptosis during IAV
infection. Multiple apoptosis signals are linked with the activation of caspase-9 and
caspase-8 wherein IAV-infected macrophages activate caspase-1 and caspase-3.
Activated caspase-1 helps in the cleavage of proIL-18 to mature into IL-18 and
IL-1β [59].

20.3.2.3 Apoptosis in IAV Infection
Infection with influenza A virus (IAV) leads to significant cell death in the URT and
LRT including lung parenchyma. High levels of cell death are observed in case of
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severe infections which can aggravate inflammation leading to respiratory failure.
Several studies have been attempted to demonstrate the aid of IAV induces cell death
that could either restore the lung homeostasis or progression of lung pathologies.
There are two primary pathways involved in the activation of apoptosis: intrinsic and
extrinsic pathways.

Intrinsic Pathway
The intrinsic pathway is triggered by intracellular stress and is mitochondria-
associated. Host factors such as nitric oxide, cytochrome-C, and mitochondria-
mediated activation caspases are responsible for the activation of this pathway
[73]. The Bcl-2 protein family is significant in activating and mediating the intrinsic
pathway. The intracellular mechanism of apoptosis is triggered by the catalytic
activation of caspases. Initiator caspases get activated upon IAV infection and
undergo homophilic dimerization resulting in autocatalytic cleavage to induce
effector caspases. The activated caspases trigger the stimulation of caspase-activated
DNase (CAD) for fragmentation of the genomic DNA of the host cells [73].

Effector caspase-8 cleaves pro-apoptotic B cell lymphoma 2 (Bcl-2) family
proteins including BH3-interacting domain (Bid). The subsets of the Bcl-2 family
include proteins such as Bid, Bad, Bik, NOXA, and PUMA. Some of these proteins
act as cell death agonists, while some of them act as an antagonist to cell death. The
intracellular signals by effector caspase-9 activate the Bax and Bak proteins that help
in the pore formation in the outer membrane of mitochondria and disrupt the
mitochondrial membrane potential. The activated Bid is responsible for mitochon-
drial damage and membrane potential loss which stimulates the release of
cytochrome-C to the cytosol from mitochondria. The cytochrome-C binds to the
apoptotic protease-activating factor 1 (Apaf1) to form a protein complex called the
“apoptosome.” The cascade of events proceeded by effector caspases amplify the
apoptotic signal [74].

Extrinsic Pathway
The activation of death receptors on the cell surface which are derived from the
TNFR superfamily regulates the extrinsic pathway of apoptosis. A few well-known
death receptors that can induce apoptosis include TNFR1, TNFRSF6, DR3
(TNFRSF25), DR4 (TNFRSF25), and DR6 (TNFRSF21). When the viral protein
binds to these death receptors, the protein-receptor complex ligates and activates
apoptotic signals [67]. In the early infection stage, these receptors trigger the
apoptosis via formation of a death-inducing signaling complex (DISC) which
often deals with caspase-8. Stimulation of caspase-8 can activate the effector
caspases which are caspase-3 and caspase-7. This cascade of events by caspase
activation commits the cells to undergo apoptosis. During lethal infection of IAV,
expression of FasL is abundant in the lung epithelial cells, macrophages, dendritic
cells, and lymphocytes. It is also demonstrated that the time course of gene expres-
sion of FasL during virus infection is directly proportional to the body weight loss in
mice models. Functional deficiency in the production of type I IFN during IAV
infection correlates with the FasL expression on the cell surface. FasL-mediated
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apoptosis is highly associated with the severity of illness including lung inflamma-
tion and body weight loss in the host [70].

Activation of TRAIL is also associated with influenza pathogenicity. Expression
of TRAIL gene during severe influenza infection induces apoptosis in airway
epithelial cells and alveoli. Functional drawbacks in the expression of TRAIL
genes result in increased multiplication of the virus. Hence, TRAIL is crucial for
the control of IAV infection and propagation of the virus. The expression of all the
TRAIL gene during IAV infection, on host survival, depends on the severity of the
disease after infection [59, 70].

20.3.2.4 Autophagy
Autophagy is an important innate immune mechanism in which dysfunctional
cellular components are removed or degraded to maintain the cellular metabolic
function. The mTOR pathway is one of the highly conserved autophagic pathways
required for the proper cellular homeostasis. Autophagy is significant in the replica-
tion of many viruses including IAV. But the autophagy mechanisms remain unclear
[75]. It has demonstrated that nuclear protein- and M2 ion channel-mediated
autophagy is responsible for promoting the replication of the virus in the host
system. This is achieved by regulating the AKT-mTOR signaling pathway. The
signals from mTOR complex 1 (MTORC1) negatively associates with the ULK1
kinase activity, thus inducing autophagy [66]. The interaction between the viral
proteins (polymerase basic protein 2) and the host autophagy receptors (microtubule-
associated protein light chain 3 (LC3)) promotes the production of viral particles and
accelerates the production of viral progeny. Autophagy is also induced by the
phosphorylation of Bcl-2/Beclin-1 complex through JNK1 [76]. Autophagy
pathways for cellular metabolism and homeostasis have an impact for many viruses;
however, the role of autophagy mechanism is known less in IAV infection. To limit
infection of IAVs, TRIM23 is essential to mediate autophagy via its RING prosta-
glandin E3 ligase and ADP-ribosylation factor (ARF) GTPase activity [67]. In
contrast to other host factors, Beclin-1- and TUFM-regulated autophagy also
inhibited IAV replication. It has been demonstrated that in HeLa cells and A549
cells, activation of JNK1 after IAV infection induces autophagosome formation,
while TGF-activated kinase 1 contributes to the process. Furthermore, the memory B
cells after IAV infection are maintained by the process of autophagy to counteract
the infection. To escape autophagy during infection, IAV utilizes autophagy to
complete its life cycle. The viral protein NS1 can suppress JNK1-mediated
autophagy induction, and the viral M2 proton ion channel could also block the
maturation of autophagosome and mediates the LC3-bound membrane redistribu-
tion, thereby allowing the filamentous budding of IAV in the host cell [65, 68].
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20.4 Pharmacological Management of IAV Infection

Anti-influenza drugs are the key players in the treatment and management of
IAV-infected patients especially at the early pandemic period in which an effective
vaccine is absent. Despite broad protective vaccines for flu, anti-influenza drugs play
an indispensable role for the treatment of patients who show poor response toward
vaccination. The anti-influenza drugs that are currently in use directly target the virus
in different stages of viral life cycle. As of now, only two classes of anti-influenza
drugs are available for the treatment and management of influenza infection which
include M2 ion channel blockers and NA inhibitors. The first class, i.e., M2 ion
channel inhibitors, comprises adamantane derivatives like rimantadine and amanta-
dine. These drugs target the M2 ion channel protein and inhibit the proton conduc-
tivity of the same which in turn disrupts the viral-endosomal membrane fusion.
Disruption of this process prevents the uncoating and subsequent release of vRNPs
into the host cell cytoplasm in the viral life cycle. However, the emerging develop-
ment of high resistance of influenza viruses toward the M2 ion channel inhibitors
(rimantadine and amantadine) results in their large discontinuation which is then
replaced by the NA inhibitors [77, 78].

NA inhibitors, being the competitive analogs of SA residues, interfere the NA
protein’s sialidase enzymatic activity toward sialic acid that is present in the host
cell’s surface. By disrupting this crucial process of IAV, the progeny viruses released
from the infected cell get inhibited and thereby prevent the further spread of infection
to other healthy cells. Oseltamivir, zanamivir, and peramivir are the three licensed
NA inhibitors that are currently in use for the management of influenza infection.
Baloxavir marboxil acts as a selective inhibitor of cap-dependent endonuclease
activity of PA polymerase which is responsible for the cap-snatching activity of
influenza viruses. Apart from these drugs, favipiravir which targets the viral
RNA-dependent RNA polymerase is currently under clinical evaluation for its
usage and effectiveness in management of influenza infections
[77, 78]. Table 20.1 summarizes the available drugs, their target, and mechanism
of action for the management and treatment of IAV infection.

20.5 Conclusion

Infection in the lower respiratory tract of humans can result in the deluging of
alveolar compartments leading to the development of ARDS which may ultimately
result in death by respiratory failure. IAV primarily targets and infects the airway
and alveolar epithelial cells that are located on the surface of the respiratory tract.
The respiratory epithelium elicits the innate and adaptive immune response against
IAV infection. Viral infection also initiates the activation of different transcription
factors which induce the expression of cytokines and chemokines. The continuous
evolvement of IAV due to its adaptation, antigenic mutation, and reassortment leads
to the unexpected emergence of highly pathogenic virulent strains ultimately
resulting in local epidemics or global pandemics. A detailed understanding of the
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pathobiology of IAV infection may be beneficial for suggesting novel therapies that
could intervene the host signaling pathways crucial for viral entry and replication,
reduce the inflammatory response, and decrease lung injury and enhance tissue
regeneration. Further research and new therapeutic strategies will pave way to target
the IAV infection and develop biomarkers that can identify patients with severe
disease for effective treatment.

Acknowledgment The authors express their gratitude to SASTRA Deemed to be University,
Tamil Nadu, India, for infrastructure and financial support. Authors also extend their appreciation
for the contribution of Biopharmaceutical research lab members, SASTRA Deemed to be
University.

Table 20.1 Potential drug candidates and their mechanism of action against IAV infection

Antiviral
drug Drug target Mode of action References

Amantadine M2 proton ion
channel of the
virus

Blocks the IAV M2 ion channel and
thereby disrupts the viral-endosomal
membrane fusion which is much needed
for the uncoating and vRNP release

Medication
and
Manufacturer
[79]

Rimantadine M2 proton ion
channel of the
virus

Blocks the IAV M2 ion channel and
thereby disrupts the viral-endosomal
membrane fusion which is much needed
for the uncoating and vRNP release

Medication
and
Manufacturer
[79]

Oseltamivir Neuraminidase
(NA)

Inhibits the binding of NA to the sialic
acid residues present in the host lung
epithelial cell surface

Amarelle et al.
[80]Zanamivir

Peramivir

Laninamivir

Favipiravir Viral protease Selective inhibition of viral
RNA-dependent RNA polymerase

Denney and
Ho [66]

Umifenovir
(Arbidol)

Viral
components

Prevents the contact between the virus and
the host cell and thereby inhibits the
membrane fusion of the virus

Wang et al.
[81]

Ribavirin RNA
transcription

Selective inhibition of viral
RNA-dependent RNA polymerase

Mc Mahon and
Martin-
Loeches [82]

Glycyrrhizin Pro-
inflammatory
gene
expression

Inhibits the prostaglandin E2 production
by activated macrophages; suppresses the
formation of superoxide in macrophages

Wolkerstorfer
et al. [83]

Ouabain Protein
translation

Inhibits the vRNP replication in alveolar
epithelial cells by decreasing intracellular
potassium levels which in turn inhibits
protein translation

Amarelle et al.
[84]

Baloxavir
marboxil

Viral PA
polymerase

Inhibits the cap-dependent endonuclease
and interferes with the replication of viral
mRNA

Shie and Fang
[78]
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Abstract

The genus Haemophilus contains a number of species of medical importance. In
particular, Haemophilus influenzae causes a range of invasive diseases including
meningitis, septicaemia, epiglottis, cellulitis and arthritis, as well as non-invasive
infections that can present as sinusitis, otitis media, chronic bronchitis and
pneumonia. Conventional laboratory biotyping and genotyping lack the resolu-
tion required to distinguish between isolates of across these different clinical
phenotypes. However, advancements in whole-genome sequencing have made it
possible to detect subtle differences in the bacterium’s genome content. In this
chapter, we explore the potential that genomics and bioinformatics offer to the
management of H. influenzae infection. In particular, we discuss specific
examples of their application in the study of COPD-related infections caused
by non-typeable strains of H. influenzae.
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Abbreviations

ChoP Phosphorylcholine
COPD Chronic obstructive pulmonary disease
DNA Deoxyribonucleic acid
HGT Horizontal gene transfer
LOS Lipooligosaccharide
MLEE Multilocus enzyme electrophoresis
MLST Multilocus sequence typing
NTHi Non-typeable Haemophilus influenzae
PAFR Platelet-activating factor receptor
pan-GWAS Pan-genome-wide association studies
REA Restriction endonuclease analysis
SNPs Single-nucleotide polymorphisms
WGS Whole-genome sequencing

21.1 Introduction to Haemophilus and Human Colonisation

Haemophilus was first described by Richard Pfeiffer as ‘influenza bacillus’ during
the influenza pandemic of 1889–1892, when it was misidentified as a causative agent
of human influenza [1]. The term Haemophilus is derived from the Greek words
haima and philus for blood and lover, respectively. This acknowledges the fact that
Haemophilus requires the inclusion of blood in in vitro culture medium, in particu-
lar, haem (factor X) and NAD (factor V). Species of the genus Haemophilus are
nonmotile, aerobic or facultatively anaerobic, Gram-negative, non-spore-forming
coccobacilli measuring less than 1 μm in diameter [2]. Haemophilus species when
grown on nutrient-rich media generally produce non-pigmented or slightly
yellowish, flat and convex colonies. They are nitrate reducers and are capable of
fermenting carbohydrates [2].

In 1921, the genus Haemophilus was incorporated into the family
Pasteurellaceae, which includes commensals and opportunistic pathogens of both
humans and animals. Haemophilus species colonise mucosal surfaces of their
specific hosts. Most Haemophilus species exhibit host specificity for humans with
the exception of four animal-adapted species, i.e. H. felis, H. haemoglobinophilus,
H. paracuniculus and H. parasuis [3]. Currently, there are nine human-specific
species of the genus Haemophilus that are broadly classified into three groups
based on phenotypic traits: the H. influenzae group which contains three X factor-
and V factor-dependent species, i.e. H. influenzae, H. aegyptius and
H. haemolyticus; the H. parainfluenzae group which consists of five X factor-
independent and V factor-dependent species, i.e. H. parainfluenzae,
H. parahaemolyticus, H. paraphrohaemolyticus, H. pittmaniae and H. sputorum;
and, lastly, H. ducreyi, which requires X factor but not V factor [3].
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Among the human-colonising Haemophilus species, H. influenzae is of highest
clinical importance. It is a common inhabitant of the healthy nasopharynx and is
generally a harmless commensal. However, when it penetrates into nasopharyngeal
mucosa and reaches the bloodstream, or spreads to other regions of the respiratory
tract, it can cause significant invasive or non-invasive infections [4]. Invasive
infections due to H. influenzae include meningitis, septicaemia, epiglottis, cellulitis
and arthritis [5], while H. influenzae non-invasive infections can be manifested as
sinusitis, otitis media, chronic bronchitis and pneumonia. Generally, encapsulated
H. influenzae is considered more virulent than their non-capsulated (non-typeable)
counterparts. Among capsulated strains, H. influenzae serotype b (Hib) strains are
the most pathogenic and were commonly associated with invasive disease prior to
the introduction of Hib vaccine programmes from the 1980s onwards [6]. However,
since the introduction of Hib vaccines, non-typeable H. influenzae (NTHi) has
emerged as the leading cause of both invasive and non-invasive Haemophilus
diseases [7].

H. aegyptius is associated with acute conjunctivitis (pink eye) as well as an
invasive disease known as Brazilian purpuric fever [8, 9]. H. haemolyticus, which
was once considered non-pathogenic, has occasionally been reported to cause
invasive diseases that include bacteraemia, peritonitis and arthritis
[10, 11]. H. parainfluenzae is present in the normal microbiota of the mouth and
pharynx, and is a rare cause of meningitis, dental abscess, liver abscess, septic
arthritis and endocarditis [12–15].

H. parahaemolyticus has been reported from patients with pharyngitis, and also
from subacute endocarditis, brain abscess and septic shock [16–18]. The other three
species of the H. parainfluenzae group, i.e. H. paraphrohaemolyticus, H. pittmaniae
and H. sputorum, occur in the mouth and oropharynx of healthy individuals and are
less commonly associated with lower respiratory tract infections and invasive
disease such as liver abscess [19–21]. Finally, H. ducreyi is a causative agent of
chancroid which is a major sexually transmitted infection in developing countries of
Africa and Southeast Asia that manifests as genital ulcerative disease [22]. In
addition, H. ducreyi has been implicated in chronic skin ulcers in children [23].

21.2 Non-typeable Haemophilus influenzae and Human Disease

NTHi is a major bacterial pathogen associated with mucosal infections, including
otitis media, sinusitis, conjunctivitis and exacerbations of chronic obstructive pul-
monary disease (COPD) [24–27]. In addition, there have been increasing reports of
invasive disease caused by NTHi isolates [28]. Langereis and de Jonge have put
forward four possible explanations for the emergence of NTHi [28]. Firstly, intro-
duction of the Hib vaccine is considered to have caused a major reduction in
nasopharyngeal colonisation by Hib leaving NTHi to become more dominant.
Secondly, improved diagnostic techniques have likely resulted in an increase in
the number of previously undetectable NTHi isolates now being identified in clinical
specimens. Thirdly, NTHi is believed to have acquired through horizontal gene
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transfer additional virulence and survival factors that have augmented its pathoge-
nicity and immune evasion properties. Finally, the epidemiology of H. influenzae
infection, which was once primarily associated with paediatric disease, appears to
have shifted more towards the elderly, a population group which is growing faster
than other age groups globally [28].

Unlike encapsulated H. influenzae, which possesses a carbohydrate capsule as a
major virulence factor, for NTHi there does not appear to be a single feature that is
characteristic of all disease-associated strains [29]. Moreover, the extent to which
disease isolates of NTHi are phenotypically or genotypically similar has not been
studied extensively. NTHi possesses an array of adhesins and host immune evasion
molecules that help them colonise the respiratory epithelium and establish infection
therein [30, 31]. Fimbriae encoded by the hif locus [32], high molecular weight
adhesins (HMW1 and HMW2) encoded by the hmw1 and hmw2 loci [33], Hia (for
H. influenzae adherence protein) and Hap (for Haemophilus adhesion and penetra-
tion protein) encoded by the hia and hap loci, respectively [34], are utilised by NTHi
to bind to human airway epithelial cell receptors or extracellular matrix proteins to
initialise colonisation. Other surface adhesins include outer membrane proteins
2 (P2) and P5 [35], outer membrane lipoprotein (PCP) [36], protein E [37] and a
phosphorylcholine (ChoP) moiety on lipooligosaccharide (LOS) [38]. It is conceiv-
able that NTHi strains which have similar repertoires of virulence factors could be
associated with very different clinical phenotypes [39]; however, this question
requires high-resolution analysis of the genomes of a wide range of NTHi strains.

Several environmental factors and disease conditions can predispose individuals
to higher susceptibility of respiratory infection [40–42]. Exposure to tobacco and
biomass smoke induces lung inflammation and impairs the innate immune response
by altering alveolar phagocytosis, resulting in increased susceptibility to respiratory
infection [43–45]. In addition, exposure of airway epithelial cells to tobacco and
biomass smoke upregulates the expression of host cell surface receptors, including
platelet-activating factor receptor (PAFR), which is subsequently utilised by respi-
ratory bacteria such as NTHi for adherence and invasion [30, 46, 47]. Upregulated
PAFR is believed to be bound by an NTHi adhesin, a ChoP moiety which is
presented on cell wall LOS [38, 48–50]. This may provide an opportunity for
NTHi to establish infection and cause exacerbations in COPD patients.

21.3 Current Techniques for the Genotyping of NTHi

NTHi strains are highly diverse, and various typing methods have been proposed for
epidemiological purposes [51–53]. NTHi are naturally transformable, and compara-
tive genomic studies based on whole-genome sequencing have demonstrated the
existence of substantial genomic plasticity among NTHi strains [53, 54]. This results
mainly from horizontal gene transfer (HGT) processes, which cause nonuniform
genetic exchanges among bacteria [55]. The high rate of HGT in NTHi has been
demonstrated by the presence of multiple unique strains co-localised within the
biofilms and by the simultaneous existence of polyclonal NTHi populations during
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chronic infections, such as COPD and cystic fibrosis [56, 57]. This genetic diversity
is believed to be important for ensuring survival of the population. Environmental
challenge may selectively enrich for resilient strains and against susceptible strains
while maintaining survival of the population [58]. Thus, evolutionary pressures
select beneficial mechanisms that generate diversity across the NTHi population.

Biotyping is one of the traditional methods of determining phenotypic diversity of
NTHi isolates [59]. Classically,H. influenzae strains are phenotypically grouped into
eight (I–VIII) biotypes based primarily on three biochemical reactions: ornithine
decarboxylation, indole production and urea hydrolysis [60]. Unlike capsulated
strains, NTHi isolates are found to be more diverse in biotype [60]. NTHi strains
inhabiting a specific niche, such as the middle ear, sinuses, blood or the respiratory
tract, or those associated with a certain clinical source, are indistinguishable from
others based on their biotypes. For example, strains belonging to all five biotypes I,
II, III, IV and V have been isolated from the middle ear of patients with chronic otitis
media [61]. Similarly, biotypes II, III and V are found to be associated with both
invasive strains and commensals of the upper respiratory tract [62, 63].

Some studies have reported a correlation between virulence-related phenotypes of
NTHi and their clinical sources. For instance, Chin et al. reported a higher ability of
NTHi strains isolated from COPD patients with exacerbations to induce a inflamma-
tory response and to adhere to primary human tracheobronchial epithelial cells than
strains isolated from patients with stable conditions [64]. Similarly, Bresser et al.
demonstrated differences between persisting and non-persisting NTHi strains with
regard to their ability to induce secretion of pro-inflammatory cytokines [65]. In
contrast to the former study, persisting strains triggered lower levels of
pro-inflammatory cytokines IL-6 and IL-8 than non-persisting strains, and both
types of strains exhibited similar levels of adherence to lung cells [65]. Later,
Bresser et al. showed that NTHi strains from the same clinical source exhibit diverse
phenotypes, for example, strains from chronic bronchitis exhibited significantly
different levels of adherence to extracellular matrix proteins [66]. The weak correla-
tion of virulence-related phenotype with clinical source has been attributed to
reversible phase variation in the expression of virulence-related genes in NTHi [67].

In terms of genetic diversity, for many years this has been characterised using the
techniques ribotyping, restriction endonuclease analysis (REA), multilocus enzyme
electrophoresis (MLEE) and multilocus sequence typing (MLST) [68–70]. REA
involves digestion of bacterial genome with a restriction endonuclease followed by
visualisation of the fragments, whereas in ribotyping only fragments that hybridise
specifically with a ribosomal RNA are probed [71]. REA and ribotyping provide
sufficient discriminatory power to be useful for taxonomic studies, however they are
not very suitable for routine diagnostic and epidemiological studies as the
procedures are time-consuming and labour-intensive due to the need for Southern
blotting and probing [68].

MLEE typing is based on the comparison of the electrophoretic mobility of
housekeeping enzymes [72]. The resolution of MLEE is low as it considers only
limited variations within a small number of enzyme loci. The resolution can be
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increased by including more loci in the analysis; however, this adds technical
complexity and is more time consuming.

MLST is an improved version of MLEE, where the nucleotide sequence of an
internal fragment from each of seven housekeeping genes is analysed [73]. The
major advantages of MLST are high-resolution discriminatory power and the pro-
duction of data that can be compared between different laboratories [74]. In addition,
the method has high throughput capability and is scalable for population-based
studies [75]. However, MLST typing does not provide a sufficient level of resolution
to discriminate between the NTHi isolates collected from different clinical sources
[76–78].

More recently, whole-genome sequencing (WGS) allows the examination of the
entire genome of an NTHi isolate and hence provides the opportunity for a higher
level of discrimination between strains, including those from different disease
phenotypes [79]. With the recent advancement in sequencing technologies, high-
throughput sequencing of entire bacterial genomes with short turn-around times is
becoming more affordable [80]. The sequencing can be coupled with appropriate
bioinformatics workflows for robust handling and analysis of big sequence data.
This facilitates the detection of small genetic differences and the distinction of
closely related isolates.

21.4 Differential Genomic Content of NTHi Strains Associated
with COPD

COPD is emerging as the third leading cause of mortality worldwide, claiming
approximately 3.2 million lives in 2017 [81]. Bacterial infection is a frequent feature
in the lower airways of COPD patients with NTHi being a predominant bacterium in
that clinical setting [26, 82, 83]. NTHi colonises damaged airways in COPD patients
and contributes to further inflammation and airway injury, particularly during acute
exacerbations [84, 85]. It is therefore important to understand the underlying
mechanisms that make NTHi proficient in establishing an infection of the COPD
airways. Furthermore, elucidation of differences between NTHi strains associated
with COPD versus other clinical phenotypes can aid the development of targeted
therapy against NTHi-induced exacerbations of COPD.

There are a number of important studies that investigated genomic changes that
occur in NTHi during persistence in COPD airways [78, 86]. Pettigrew and
colleagues assessed 101 longitudinal pairs of NTHi that were collected over a period
of 15 years. They reported polymorphisms in certain cell surface proteins (antigens)
as well as changes in simple sequence repeats of genes that regulate vital virulence
functions, such as adherence, nutrient uptake and modification of LOS [78]. Moleres
and colleagues examined 92 NTHi isolates from 13 COPD patients collected over
1–9 years and found genetic changes in phase-variable genes as reported by
Pettigrew and colleagues. In addition, they identified loss-of-function mutations in
the ompP1 ( fadL) gene which encodes a bifunctional membrane protein OmpP1 that
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enables NTHi to adhere to airway epithelia as well as transport long-chain fatty acids
into the cell [86].

In our recent work, we performed an in-depth comparative analysis on a set of
568 NTHi genomes that were isolated from different clinical phenotypes, including
otitis media, conjunctivitis, meningitis and COPD [77]. We classified the collection,
based on the MLST profile, into 174 unique sequence types (STs). Thirty-four of the
STs contained both COPD and non-COPD strains of NTHi, indicating a limited
ability of MLST genotyping to differentiate COPD strains of NTHi from other
clinical phenotypes. We then expanded the analysis further by considering all of
the polymorphic sites from 853 core genes. This led to the identification of eight (I–
VIII) distinct subpopulations of NTHi. However, the discriminatory power of
phylogeny based on core genome SNPs was still not sufficient to separate the
NTHi isolates according to their clinical source. This result was consistent with
previous findings by De Chiara et al. and Pettigrew et al. [76, 78]. On the other hand,
when comparative gene content analysis was performed based on pan-genome
accessory genes of the NTHi collection using discriminant analysis, a clear separa-
tion of NTHi isolates from COPD compared to other disease phenotypes emerged.
Furthermore, using a pan-genome-wide association studies (pan-GWAS) approach,
a set of genes were found to be significantly associated with COPD strains, and these
included genes involved in adherence, immune evasion and nutrient uptake. In
addition, variant forms of genes that play important roles in transformation compe-
tence and recombination, such as tfoX, pilA and recJ encoding TfoX (regulates
transformation via competence-regulon genes), PilA (regulates DNA uptake via
type IV pili) and RecJ (DNA repair and recombination), were found specifically in
COPD isolates of NTHi. These COPD-associated accessory genes may provide a
competitive advantage to NTHi in the colonisation of COPD airways.

21.5 Future Applications of Genomics in NTHi Diagnostics
and Treatment

WGS, relative to older genotyping methods, is unique in offering the highest
resolution to differentiate bacterial species [87]. Application of WGS in clinical
microbiology has transformed the field of diagnostic and public health microbiology
through rapid, culture-independent and accurate characterisation of pathogens and
for the surveillance of infectious diseases, respectively [88, 89].

WGS has been useful in the detection and characterisation of NTHi from a wide
spectrum of diseases, including otitis media, conjunctivitis, meningitis and COPD
exacerbations. In addition, it has been successfully applied to elucidate the phylog-
eny of NTHi isolates and to study the evolution of NTHi genome during persistence
in the human airways [76–78]. Furthermore, it can be employed to detect accessory
genome content, and hence strains, with a predicted higher propensity to be
associated with acute exacerbations of COPD, and other clinical disease
phenotypes [77].
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Recurrent infection with NTHi is a common clinical problem in children with
otitis media and in patients with COPD [90, 91]. Recurrent infections are caused
either through infection with new exogenous strains of NTHi or by failure of
antibiotic therapy to effectively clear an existing infection. Precise differentiation
between new and persisting isolates of NTHi can be achieved with the high resolu-
tion of WGS. The ability to distinguish between new and relapse NTHi infections in
COPD would assist in guiding effective antibiotic selection in the treatment of
patients.

NTHi is constantly evolving and modifying its genome to adapt to dynamic
changes in the human host during chronic and recurrent infections [92]. The emer-
gence of hypervirulent and antibiotic-resistant strains of bacteria, including NTHi,
and their global dissemination is a potential threat to public health [93]. WGS
provides the ability to inform public health management of NTHi by mapping the
origin and transmission network of hypervirulent and antibiotic resistant strains.

21.6 Conclusions

The Haemophilus genus contains both commensal and pathogenic species of bacte-
ria for which humans are their primary host. While disease is mostly associated with
a small number of taxa including H. influenzae, H. aegyptius and H. ducreyi, it is
apparent that a diversity of clinical phenotypes can be caused by the same species.
This is particularly evident with respect to infection with H. influenzae which can
manifest as sinusitis, otitis media, chronic bronchitis and pneumonia or cause
invasive disease including cellulitis, epiglottis, septicaemia, meningitis and arthritis.

This raises the question as to whether certain biotypes or genotypes within the
H. influenzae classification are more specialised than others for specific disease
sequelae. It is apparent that classical biochemical and genetic techniques for
differentiating isolates of H. influenzae are limited in their ability to answer this
question and a higher resolution method is required. The emergence of whole-
genome sequencing provides a platform for detecting subtle inherited and acquired
differences between individual isolates of H. influenzae and correlating these with
clinical disease phenotypes. Its application has led to the discovery that NTHi
strains, which are associated with acute exacerbations of COPD, can now be
differentiated genetically from non-COPD strains. A set of genes in the accessory
genome of COPD isolates of NTHi encode adherence and cellular metabolism
functions which are believed to enable NTHi to adapt to the microenvironment of
COPD airways. In addition, NTHi strains harbour competence- and recombination-
related genes which may facilitate incorporation of further horizontally acquired
survival and virulence genes into their genomes. Knowledge of the distinct gene
content in COPD isolates of NTHi has the potential to open up new avenues for the
development of targeted therapeutics in the management of NTHi infections and
related exacerbations in COPD.
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Targeting Molecular and Cellular
Mechanism in Rhinovirus Infection 22
Manju and Pranav Kumar Prabhakar

Abstract

More than 50% of the respiratory system infection is caused by rhinovirus, one of
the most important members of Picornaviridae family. Since the discovery of
rhinovirus by Dr. Price in 1956, it has been found to be the commonest cause of
common cold. It is ubiquitous in prevalence, even though we have very limited
knowledge and understanding of its mechanism of pathogenicity. The rhinovirus
infection ultimately results in many different types of complications and
abnormalities such as sinusitis, asthma and otitis media and other types of
pulmonary diseases. An RT-PCR-based methodology has provided a way to
identify the rhinovirus and its role in upper and lower respiratory systems. Here
in this chapter we are going to discuss about the rhinovirus and immunological
responses against rhinovirus. Finally, we are also going to explain various
possible therapeutic approaches for the management of rhinovirus.

Keywords

Asthma · Rhinovirus · Pathogenesis · Viral load · Exacerbation

22.1 Introduction

Rhinoviruses which are a genus of Picornavirus family are the main cause of many
human diseases. Some of the most common human diseases are common cough and
cold (also known as virus-induced respiratory infections), viral meningitides,
encephalitis and sepsis-like syndrome in neonates [1, 2]. More than 50% of the
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respiratory tract infection in humans are caused by the rhinoviruses. Rhinovirus, a
member of Picornaviridae family, was isolated by and purified by Dr. Watson Price
and his group at the Johns Hopkins University and also confirmed as the main cause
of common cold in humans [3].

22.2 Structure of Rhinovirus (Picornavirus)

More than 100 serotypes of rhinovirus are included in the Picornaviridae family.
The structures of these viruses are small (around 24–30 nm in diameter), are
nonenveloped and contain a small nuclear capsid and a positive-sense single-
stranded RNA of 7200–8500 nucleotides [4, 5]. The 50 end of ssRNA of rhinovirus
genome is protected with a protein of viral origin, and at 30 end, it contains a poly
(A) tail like the eukaryotic mRNA. The 50 side of genome is responsible for the
expression of the structural proteins, and non-structural proteins are encoded from
the 30 end of genome. After the entry of virus into the host cell, the viral genome is
expressed; whole viral proteins are expressed as a single long stretch of polypeptide
which is later cleaved into structural and non-structural proteins of virus [4, 6]. There
are 4 different types of capsid proteins, namely, VP1, VP2, VP3 and VP4, arranged
in 60 repeating protomeric icosahedral units (Fig. 22.1). Three out of four capsid
proteins, VP1, VP2 and VP3, are present on the surface of capsid unit and possess
antigenicity which is responsible for the host-pathogen immunological responses.
The antigenic diversity among the rhinovirus serotypes is due to the variation in the
capsid proteins VP1, VP2 and VP3. On the basis of the genetic homology, these
serotypes can be divided into three categories of HRV-A, HRV-B and HRV-C. The

Fig. 22.1 Nonenveloped rhinovirus is a spherical icosahedral virus. Three types of viral capsid
protein (VP1, VP2 and VP3) cover the viral single-stranded positive-sense RNA. The fourth capsid
protein connects capsid with the genetic material
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fourth capsid protein VP4 is present inside the virus and helps in anchoring ssRNA
with the viral capsid. Overall, these capsid proteins protect the viral genome [3–5].

On the basis of the host cellular receptor, human rhinoviruses are classified into
two categories. More than 90% of the HRV-A and HRV-B rhinovirus families enter
into host cell through the attachment with the intercellular adhesion molecule-1
(ICAM-1), and the remaining rhinoviruses enter via the low-density lipoprotein
receptor [4, 5]. On the capsid protein VP1, a hydrophobic pocket (known as canyon)
is present which is the point where ICAM-1 at which virus gets connected with the
host cells [7]. The fourth viral capsid protein VP4 is located on the internal portion
and is required during the assembly of new viral particles at the time of replication
and infection to the fresh healthy host cells [8]. In recent times, HRV-C has gained
more interest due to rhinovirus-associated exacerbation of asthma [9]. Even the
genomic sequencing of HRV-C has not able to elucidate the exact mechanism of
infection and the receptor involved in the pathogenesis especially in the case of
epithelial cells. The structural modelling analysis reveals that HRV-C neither using
ICAM-1 nor LDL receptor. HRV-C has not been studied extensively, and hence
very less information is available regarding the pathogenesis process.

22.3 Pathogenesis of Rhinovirus

The main route for the entry of rhinovirus is upper respiratory tract organs like the
mouth and nasal epithelium. Viral load can be detected in the nasal secretion after
24 h of infection, and the viral load reaches to its peak on second or third day of
infection. After the third day, the declination in the viral titre can be seen, and mostly
on the fifth day, it is undetectable. Symptom for the common cold starts on the
second day of infection and reaches to its peak on third or fourth day. The exact
mechanism of rhinitis is not very clear that it is due to the cytocidal properties of
virus or due to the release of chemical messengers. Histamine has not shown any role
in the case of the occurrence of rhinitis, whereas kinins have been seen in elevated
amount.

22.3.1 Pathogenesis of Rhinovirus in the Respiratory Tract (Upper
and Lower)

In non-asthmatic people, manifestations of rhinovirus contamination are commonly
restricted to the upper part of the respiratory tract. Rhinorrhoea and the congestion of
nasal chamber due to mucus, the foremost noticeable indications, are related with a
neutrophilic incendiary reaction that’s related with expanded vascular permeability
and induction of bodily fluid hypersecretion. Cough is an uncommon however
irksome sign of rhinovirus URI. The pathogenesis of cough may include aggravation
from back pharyngeal seepage or direct disease of the large airway’s routes.
Gwaltney et al. [10] showed sinus inclusion in numerous people with ordinary
regular cold manifestations. The sinus infection settled without intercession
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proposing that these upper respiratory abnormalities ought to be more precisely
described as a viral rhinosinusitis. Nonetheless, the irritation related with hindrance
of sinus openings and optional Eustachian tube brokenness can incline to intense
bacterial sinusitis and otitis media, individually.

Conversely, lower respiratory side effects related with rhinovirus contamination
are generally conspicuous in patients who have basic asthma or other ongoing lung
infection. These manifestations incorporate hack, windedness, chest snugness and
wheezing [11–14]. The reason for these lower respiratory side effects has been a
wellspring of contention concerning components of rhinovirus pathogenesis. In
particular, the basic discussion focuses on the degree to which rhinovirus can
contaminate cells of the lower respiratory tract and, thusly, regardless of whether
bronchial disease shapes the reason for respiratory manifestations, rather than
reflecting backhanded impacts identified with the safe reaction to the upper aviation
route contamination. There is an assortment of likely hindrances to disease of lungs
by rhinovirus including the temperature affectability of replication of the infection.
Rhinovirus imitates ideally at 33 �C, a temperature essentially lower than that of
bronchial aviation route epithelium [15]. It is imperative that rhinovirus has been
correspondingly disconnected with bacterial microorganisms in 24–54% of
youngsters and 10–18% of grown-ups with pneumonia [16–18]. In this manner,
more imperative to respiratory tract irresistible ailment pathogenesis during rhinovi-
rus contamination, might be the limit of rhinovirus to incline to accompanying or
resulting disease with other respiratory microorganisms. For example, human tra-
cheal epithelial cells at the same time tainted with RV14 and Strept. pneumoniae
show expanded adherence of the Strept. [19]. So also, macrophages presented to
rhinovirus demonstrated debilitated responsiveness of Pattern Recognition
Receptors (PRRs) following presentation to bacterial cost like receptors (TLR)
agonists for example lipopolysaccharide and lipoteichoic corrosive [20]. Moreover,
considers embroiling rhinovirus contribution in lower respiratory tract disease
dependent on the identification of rhinovirus antigens (or genomes) in lower respi-
ratory tract routes are jumbled by the powerlessness to bar upper respiratory tract
inferred rhinovirus tainting of bronchial samples. This is unquestionably risky with
sputum investigation, yet even bronchoscopically acquired examples can be tainted
during the bronchoscope’s section through the upper aviation route. Notwithstand-
ing, a few investigations uphold the presence of rhinovirus in the lower aviation
route [21, 22] including work demonstrating rhinovirus by in situ hybridisation after
exploratory RV16 contamination [23]. Work by this group likewise shows that while
rhinovirus serotypes reproduce ideally at 33�, i.e. the temperature of the upper
respiratory lot, the higher temperature of the lower aviation routes isn’t a flat-out
boundary to rhinovirus replication [24]. The prevalence of current feeling subse-
quently underpins the idea that rhinovirus probably can gainfully contaminate cells
of the lower aviation routes.
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22.3.2 Pathogenic Influences of Rhinovirus on the Epithelium

Rhinovirus can be transmitted from a carrier through direct contact or fomite contact
or through aerosol. The virus enters into a healthy person through intranasal or
conjunctival inoculation. Within 24 h of conjunctival inoculation, virus is
transported into the nasopharynx via the lacrimal duct [25]. The nasal mucosa is
the main site for rhinovirus infection. Based upon functional, ultrastructural and
biochemical criteria, nasal epithelial cells are classified as ciliated, secretory and
basal cells [26]. Other cells include dendritic cells, macrophages, mast cells and
lymphocytes. The terminal processes of cholinergic and sensory nerves are also
observed [27]. The mucous secreted by goblet cells and submucosal glands traps the
inhaled foreign particles such as fungal spores, bacteria and viruses [28]. Mucous
contains ions, water, immunoglobulins (such as IgA) and glycoproteins
[29, 30]. Cilia transport the entrapped infectious particle along with the mucous to
the oral cavity where they are swallowed and digested, resulting in the destruction of
the foreign particle. However, if the balance between the composition and volume of
mucus, ciliary beat, and periciliary fluid is disturbed, it may lead to the increased
susceptibility to pathogens [31].

Majority of known RV serotypes, i.e. HRV-A and HRV-B, enter the airway
pathway by attachment with the bound ICAM-1 (intercellular adhesion molecule-1)
present on the surface of airway epithelial cell, while other minor serotypes enter
through LDL (low-density lipoproteins) [32–34]; recently identified CDHR3 might
serve as receptor for HRV-C [35]. The RV infection and allergic reactions
upregulate the expression of membrane-bound ICAM-1 by NF-κβ-dependent mech-
anism. Respiratory viruses including respiratory synovial virus or influenza virus are
associated with respiratory epithelial cell destruction. However, the epithelial cell
structure and composition remain intact during the rhinovirus infection and are
seldom associated with cytopathology effects [25, 36]. However, it causes dissocia-
tion of zona occludens 1 that leads to the disruption of epithelial cell barrier function;
henceforth transmigration of pathogens and their soluble products and exposure of
basolateral epithelial cell receptors such as TLR take place [7]. The RV infections
are mostly associated with the upper respiratory tract; however, some asthmatic
individuals may develop lower respiratory tract infection as well.

Virus uptake takes place through clathrin-independent or clathrin-dependent
endocytosis or through micropinocytosis [8]. In case of a minor group like
HRV-A2, after binding with LDLR present at the surface of ciliated epithelial cell,
virus is internalised into early endosome. The mildly acidic environment present in
this compartment triggers the virus-receptor dissociation. The virus-free LDL recep-
tor through perinuclear recycling endosomes returned to the plasma membrane, and
virus enters late endosomes. Under the low pH (� 5.6), viruses are converted into
subviral A particles that contain viral genome but are devoid of VP4 (innermost
protein coat). The viral RNA genome is released into the cytoplasm, and degradation
of subviral B particles (empty capsid) takes place in lysosomes (Papadopoulos et al.,
2000). In case of a major group like HRV-A89, both virus and ICAM-1 are sorted
into recycling pathway. The acidic condition in perinuclear recycling endosome
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leads to the conversion of virus into subviral A and B particles. Once viral RNA
genome enters the cytosol, the empty capsid returns to apical mucous layer [37]. The
release of RNA genome into the cytosol takes place either by rupturing the
endosomal membrane or by forming pores in the membrane. As (+) ssRNA genome
enters the cytosol, translation of viral genome into a polyprotein begins with the help
of host cell ribosomes. After the autocatalytic cleavage of polyprotein into structural
(VP1, VP2, VP3 and VP4 capsid proteins) and non-structural proteins takes place,
viral polymerase initiates RNA replication. Biosynthesis is followed by the assembly
of virus and then release of viral progeny into the nasal cavity (Fig. 22.2). In contrast
to the cell lysis for the release of viral progeny, cell-to-cell spread of rhinovirus takes
place via virus-carrying macrovesicles [38].

There are a number of viral pathogens such as influenza virus and respiratory
syncytial virus which damage and destroy the nasal epithelial barrier, but the studies
conducted on rhinovirus have confirmed that it doesn’t damage epithelial cells and
not cause cytopathology. This was studied by using monolayer adenoid tissue, and
infected with rhinovirus and at the point of peak secreted viral titres, no damages to
the adenoid tissue monolayer have been observed, and there was no cytopathic effect
as well [25]. This is steady with the inability to watch cytopathology in rhinovirus-
tainted nasal or bronchial biopsy tissue. Contamination does, notwithstanding, upset

Fig. 22.2 Replication of rhinovirus in the host epithelial cells. Virus is taken inside the cells via
different modes like clathrin-coated vesicle or clathrin-independent (low-density lipoprotein recep-
tor (LDLR) or intercellular adhesion molecule-1 (ICAM-1). After endocytosis, there is a decrease
on endocyte’s pH which facilitates uncoating of viral particles. Single-stranded negative strand of
viral RNA is translated into structural and non-structural viral protein which later spliced and
replicated. The virion particles are assembled into viral particles, and packed viral particles are
exported once cell lysed

490 Manju and P. K. Prabhakar



epithelial hindrance work. The impacts of rhinovirus to increment vascular spillage
and bodily fluid discharge reflect partially this capacity of the rhinovirus to upset the
epithelial obstruction, explicitly the interruption of tight intersections. Studies using
refined human nasal epithelial cells demonstrated diminished zona occludens
1, claudin-1 and E-cadherin mRNA and protein levels after contamination with
rhinovirus [39]. This is reliable with perceptions in regard to the interruption of
aviation route epithelial apical intersections by poly(dI:dC) [40]. Notwithstanding
expanding porousness, this disturbance of the epithelial obstruction will encourage
movement of microorganisms (counting non-rhinovirus microbes) and their solvent
items, and uncover basolateral epithelial receptors, where TLR and different PRRs
are conspicuously found.

22.4 Immune Response to Rhinovirus

Without a capacity to credit the presence and degree of side effects to either virus
titre or cytopathology, we recommend that it is the qualities of the host immune
response against rhinovirus that are the essential determinant of indications. The host
reaction to the infection incorporates those interceded by the innate immunity,
humoral immunity and cell-mediated immunity. Somewhat these particular reactions
speak to a continuum with the reformist advancement of more serious (and more
indicative) reactions, in spite of the fact that the particular succession of this
continuum may differ from patient to tolerant.

(a) Innate immunity against rhinovirus infection: When the host lacks pre-sensitised
humoral immune component or some other mucosal epithelial surface-
associated components, rhinovirus is able to infect the host epithelium and
initiates the innate immune responses. The induction and initiation of innate
immune response is very fast as it was evident in many studies. The studies
revealed that the rhinovirus infection induces type-I interferon production and
reduction in the nasal epithelial pH in less than 24 h after the induced infection
[41]. The identification or detection of rhinovirus by innate immune components
solely depends on the recognition of rhinovirus-associated PRR such as TLR,
retinoic acid-inducible gene-1 (RIG-1) and melanoma differentiation-associated
gene-5 (MDA-5). Host TLR-2, present on the cell surface of epithelial cells, is
able to recognise rhinovirus capsid protein, and once rhinovirus has been
internalised and rhinovirus-induced translation started, the single-stranded
RNA and double-stranded DNA of rhinovirus are identified by the endosomal
THR-3, TLR-7 and TLR-8. MDA-5 and RIG-1 also able to detect the double-
stranded DNA (Fig. 22.3) [42]. This recognition of rhinovirus PAMPs with the
host PRR induces the expression of a number of cytokines and releases
cytokines such as type-I interferon (interferon alpha and beta), type-III
interferons (interleukins 28-A, 28-B and 29) and some other cytokines like
IL-6, IL-12 and IL-15. The antiviral mechanism of action of interferons is
mediated by the inhibition of viral replication, whereas the mode of action of
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other cytokines like IL-12 and IL-15 is through the induction of proliferation
and differentiation of cytotoxic T-cell and natural killer cells, their survival and
recruitment at the site of action [43]. The increased natural killer cells are the
primary and early source of interferon-gamma secretion. Interleukin-6 also
plays an important role in the induction of different aspects of innate immune
components which is responsible for the removal of rhinovirus [44], and a
single-nucleotide polymorphism in the interleukin-6 gene leads to serious illness
[45]. Rhinovirus-infected epithelial cells also release some cytokines such as
interleukin-1ß and interleukin-11, which also modulated immune system for the
fight against rhinovirus. Apparently the most significant determinants of the
clinical result of rhinovirus disease involve a number of growth factors such as
G-CSF and GM-CSF, and various chemokines such as interleukin-8 (IL-8 or
chemokine C-X-C motif ligand 8, CXCL8), chemokine (C-X-C motif) ligand
5 (CXCL5) or epithelial-derived neutrophil-activating peptide 78 (ENA-78), C-
X-C motif chemokine ligand 10 (CXCL10) or interferon-gamma-induced pro-
tein 10 (IP-10) and chemokine (C-C motif) ligand 5 (CCL5) or regulated on
activation, normal T-cell expressed and secreted (RANTES) that together drive
granulocyte enlistment, survival and enactment. These granulocytes are mostly

Fig. 22.3 Induction of innate immune system and activation of various cellular components of
innate immunity. Viral particles enter into host cells through the binding to the host cell receptor.
Once viral particle is inside the endosome inside host cell, decrease in pH uncoated viral particles.
Viral dsRNA and ssRNA genetic material and newly produced genetic material are detected by the
toll-like receptor-3 (TLR-3) and toll-like receptor-7/8 (TLR-7/8). The recognition of ssRNA and
dsRNA by TLR-3 induces the expression of retinoic acid-inducible gene-1 (RIG-1) and melanoma
differentiation-associated protein-5 (MDA-5), respectively. These RIG-1 and MDA-5 induce the
expression and production of various cytokines such as RANTES (regulated on activation, normal
T-cell expressed and secreted), IP-10 (IFN-γ-induced protein 10) and ENA-78 (epithelial-derived
neutrophil-activating peptide 78). Other than these, the interaction of TLR-7 and TLR-8 induces the
expression of IFN-β- and IFN-γ mediated through NF-κβ
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neutrophils, reflecting particularly the activities of CXCL8 and CXCL10. These
mediators rapidly increase in the nasal secretion and serum of rhinovirus-
infected person, and its concentration parallelly increases in the peripheral
blood neutrophils. The exact role of polymorphonuclear leukocytes in the case
immunity against rhinovirus is not very clear; however the resulting neutrophil-
loaded nasal exudate is one of the more trademark highlights of ‘colds’, and the
early articulation of CXCL8 and CXCL10 connects to the presence of indicative
RV diseases [44]. A neutrophilic secretion has also been related with increments
in kallikrein, which drives the creation of kallidin and bradykinin [45]. These
kinins are raised in the nasal washes of the patients with rhinovirus infection and
have sufficient symptoms, especially in those with sensitivities and asthma
[46, 47]. Eosinophils can likewise be powerfully communicated [48]. The
acceptance of eosinophilia may impact the capacity of RV to create nasal side
effects by upgrading observer unfavourably susceptible responses (talked about
underneath). Interestingly, eosinophils, to a limited extent through their capacity
to discharge various strong RNAses, seem to advance infection
annihilation [49].

(b) Humoral immunity against rhinovirus: The role of humoral immune system
against the rhinovirus in the rhinovirus-induced patients is increasingly under-
stood. In an experimental study with the rhinovirus infection, B-cell responses
have been detected in the form of mucosal rhinovirus-specific immunoglobulin
on third day of infection and immunoglobulin G on seventh to eighth days of
infection [50]. A part for this humoral reaction is proposed by perceptions that
the presence of serotype-explicit killing IgG antibodies blocks resulting chal-
lenge disease following exploratory vaccination with a RV of that serotype
[51]. It ought to be underlined that given the requirement for killing neutraliser
to be available at the nasal mucosa limit, almost certainly, secretory IgA would
be the genuine determinant of defensive humoral insusceptibility. Antibodies
could add to viral freedom by going about as killing antibodies, e.g. stopping
cellular-associated ligands, opsonising the infection for introduction to phago-
cytic cells or starting NK cell-interceded counteracting agent subordinate cell
cytotoxicity. Notwithstanding immediate infection balance, prior antibodies
may likewise serve to intercede neutraliser-encouraged antigen uptake and
promote quicker and more active cell-based immunological responses
[52]. The idea that humoral immunological reactions have a prime role in the
forestalling and destroying contamination is additionally derived from
perceptions with respect to the expanded recurrence and seriousness of disease
in patients with humoral safe disappointment (e.g. normal variable insusceptible
inadequacy). In these conditions, RV was the most widely recognised infection
delivering respiratory contaminations [21]. This was not rectified with substitu-
tion immunoglobulin, further involving the requirement for serotype-explicit
antibodies, which could be deficient in some random business immunoglobulin
arrangement.

(c) T-cell-based immunity against rhinovirus: When there is an unavailability of
active innate immunity and neutralising immunoglobulin, the significance of
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rhinovirus-associated T-cell-mediated damage of the rhinovirus becomes very
important. The viral titres start declining which gives an indication that there
might be de novo activation of rhinovirus-specific T-cell just after 72 h of
infection. This observed watched time period is just reliable with enactment of
prior effector T-cell or memory T-cells, which should therefore react to shared
epitope(s) shown by the infective rhinovirus. Due to rhinovirus infection as a
consequence, both CD-4- and CD-8-specific T-cell responses get induced. CD4
cells are mainly Th-1 type of T-cells, and the interferon gamma released by them
is responsible for the antiviral immunological responses, but these CD-4-spe-
cific T-cells also induce the development of humoral immune system
components [21]. CD-8-specific T-cells are one of the centre points in the
adaptive immune system-associated removal of rhinovirus from the host body;
however, the availability and their significance have not been studied in detail.
These T-cells can be detected after the rhinovirus infection, and the main
characteristic feature is the production of interferon gamma. An extra molecular
mechanism which may produce the induction of some rhinovirus-associated
symptoms—like different respiratory infection focusing on resistant reactions—
the inclination of these cells to associatively communicate IL-10 and subse-
quently moderate observer safe intervened harm [53, 54].

22.5 Therapeutic Approaches against Rhinovirus

Even after the tremendous scientific efforts by scientist and researcher, there is
neither approved medicine nor any vaccine available for the management of rhino-
virus infection. However, the clinical trials for the vaccines have been started in the
1960s. Scientific community has achieved some mixed success in these strategies.
Various strategies have been used by the scientific communities to target rhinovirus.

22.5.1 Strategies to Targeting Virus

Capsid Binding Agents Rhinovirus is a nonenveloped virus which has ssRNA as
the genetic material. There are four viral capsid proteins (VP1–VP4) which form an
icosahedral structure and seven non-structural proteins. Some of these viral proteins
and enzymes have been used to target rhinovirus such as capsid proteins, protease
and RNA-dependent RNA polymerase ([55], [56], [57]). Among all these proteins,
viral capsid proteins were the first viral components used as a therapeutic target for
the inhibition of rhinovirus replication. These categories of compounds have affinity
for the hydrophobic binding pocket present on the capsid of rhinovirus and result in a
modulation in the conformation of capsid and increase their stability which ulti-
mately reduced the binding capacity of viral capsid with host target protein [58]. Inhi-
bition of these viral components shows an advantage to reducing the pathogenicity,
but the disadvantage is that it leads to mutation-induced resistance.

494 Manju and P. K. Prabhakar



The viral pathogenesis required the binding of viral capsid proteins with the host cell
receptors such as ICAM-1 (by HRV-A HRV-B), LDL receptor (by HRV-A) and
cadherin-related family member 3 (by HRV-C). This host receptor binds on the
specific site on the viral capsid called canyon, and the canyon is the site for drug
molecules which block virus entry into host cell through binding with the capsid.
The first-generation drugs of capsid binder are WIN compounds, a drug with narrow
strain specificity. One of the derivatives of these compounds, Picovir or pleconaril,
reached clinical trial, but later the FDA has rejected due to some serious safety
concern. The bioavailability of this pleconaril is almost 70% and has a large half-life.

Only one capsid binding drug which results in positive clinical data was
Vapendavir molecule [59]. The Vapendavir is an experimental medicine
administered orally, and the binding site for this is present on the VP1 viral capsid
protein. This binding prevents the release of viral ssRNA genetic material into the
host target cell. Vapendavir has shown some good result against HRV-A and
HRV-B serotypes, whereas against HRV-C the result is not very conclusive.

Protease Inhibitors Another important target to block the rhinovirus pathogenesis
is through blocking two proteases expressed by viral genome, namely, 2Apro and
3Cpro. These proteases are structurally similar to trypsin but differ in the active site
nucleophile where serine is replaced with cysteine. The 2Apro cleaves the
polyprotein and separates structural and non-structural proteins. This has very
limited activities for viral protein, but it works on host transcription factor (eIF4G)
and blocks the host protein synthesis but let viral protein synthesis continue. Most of
the drugs which target viral protease target 3Cpro. One of the 3Cpro protease inhibitor
is Rupintrivir, manufactured by Agouron and Pfizer in the form of nasal spray [60].

22.5.2 Strategies to Targeting Host Protein

There are some host proteins which can also be targeted for the management of
rhinovirus infection. As during infection, these viruses hijack most of the cellular
activities of cells by taking control over the cellular components. Virus uses host
cellular component for the replication and viral protein synthesis. Inhibition of these
host protein activities may also inhibit the replication and viral protein synthesis.
One of the important and considerable drawbacks associated with inhibiting and
blocking host protein is the toxicity it causes. As one of the large groups of human
rhinovirus uses ICAM as the viral receptor for the entry into host cell, Boehringer
Ingelheim designed soluble ICAMwith the name of Tremacamra. Experimental data
shows the reduction in the common cold symptom, but it has been stopped and
discontinued [61].

Not only rhinovirus but all Picornavirus family uses cytosolic side of host’s Golgi
body and endoplasmic reticulum as a surface for their genetic material replication,
and the structure and chemical composition of this membrane are modulated by the
virus. According to studies, the non-structural protein of picornaviruses, 2-B, 2-C
and 3-A, played an important role in the modulation of composition and morphology
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of ER membrane after associating with them. A detailed study of the interaction of
these viral proteins and host proteins revealed a novel therapeutic target for the
management of the designing of antiviral drugs. Enviroxime and other similar type
of compounds were the first antiviral drug designed for the influencing of membrane
remodelling feature [62]. Enviroxime has been failed due to some of the physico-
chemical properties of drug such as weak exposure, its toxic effect and lacking
efficacy when used through both oral and nasal routes [63].

One of the important enzyme Phosphatidylinositol-4-kinase IIIβ (PI4KIIIβ) play
very significant role in the membrane trafficking in the Golgi body rhinovirus
interact with PI4KIIIβ through its non-structural 3-A protein. The detailed mecha-
nism of this interaction is not clear [64]. Viral RNS-dependent RNS polymerase
(3-Dpol) hooks up on the phosphatidylinositol-4-phosphate (PtdIns4P)-rich mem-
brane, and the PI4KIIIβ blockers like PIK93 successfully stop viral replication
[65]. And hence a number of pharmaceutical industries targeted this protein com-
plex; however there was no very much success.

It has been reported that another rhinovirus protein 3-A interacts with the host
protein Arf guanosine triphosphate exchange factor GBF1 [66, 67]. The guanosine
triphosphate binding protein ARF-1 plays a significant role in the endoplasmic
reticulum and Golgi body-mediated membrane trafficking and activates PI4KIIIβ.
This also affects the replicative process of rhinovirus through the inhibition of DNA
replication by GBF1-suppressive protein Brefeldin A [68]. Oxysterol binding pro-
tein (OBP) joins PtdIns4P and Arf-1 and works as regulator for cholesterol
homoeostasis. Some of the drugs against picornavirus and rhinovirus target this
oxysterol binding protein like enviroxime compounds [69].

22.6 Summary

Still it is a part of discussion that the symptoms coned during the rhinovirus infection
are due to the pathogenicity of it or it is due to the microenvironment in which the
virus replicates and proliferates. We have seen that the many features of our immune
system are responsible in regulating and restricting rhinovirus infections but at the
same time reducing symptoms as well, as the virus itself is not cytopathic in nature.
There are many immunological components which play their role in the rhinovirus-
induced immunity which are innate immune system, adaptive immune system and
cell-based immunological responses. As we will explore the molecular mechanism
much more, it will open many future directions for the management and treatment
strategies for rhinovirus, especially in those asthmatic patients where asthma goes
severe exacerbation due to rhinovirus infections.
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Targeting Molecular and Cellular
Mechanisms in Respiratory Syncytial Virus
(RSV) Infection

23
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Abstract

RSV is a negatively stranded RNA virus from the paramyxovirus family. It
sprouts from the apical surface of epithelial cells and creates a filamentous
structure which contains both viral proteins and genomic RNA. This is the
leading cause of bronchitis, asthma, and pneumonia which can lead to ventilation
and respiratory failure in infants. RSV encodes for only 11 proteins, but the
protein ratios are capable of causing virus replication. In the virion capsid, the
most prominent proteins are F and G proteins which are present on the surface of
cells from which the virus starts budding. The F protein is responsible for the
fusion of virion to the cells and the modification or deletion of which is responsi-
ble for the drastic change in virus infection, while the modification/deletion of G
protein has the modest effect. The F protein is conserved in all the strains of RSV.
RSV F is necessary for the viral entry into the cells and facilitates the
pH-independent fusion of virus to the host cell plasma membrane which leads
to infection of the host. Following the viral fusion, viral genome- and vRNA-
dependent RNA polymerase gets released into the cytoplasm which will lead to
transcription of each viral protein and result in translation of the same. Targeting
F protein or the related polymerases can lead to prevention of RSV infections.
Here, we will discuss the recent review, therapies, and targeting mechanisms to
prevent the RSV infection.
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23.1 Introduction

Respiratory syncytial virus is a common respiratory problem in which the lungs are
on high risk of infections and leads to breathing problem in the upper respiratory
tracts. The interference in the lungs and breathing problems leads to a rise in mild
cold and sneezing. This virus propagates in infants mainly, resulting in bronchitis
which is the leading cause of narrowing of air pathway and causes obstruction in
breathing [1, 2]. This can be severely increased which leads to pneumonia, respira-
tory failure, and apnea and results in death. This can be also propagated in elderly
patients with severe lung damage. The ease of communication of this virus is well
evident that it spreads from person to person. The virus enters into the body via
different pathways such as the nose, eyes, and mouth from the sneezing of the
infected person or to get in touch with the infected person having RSV infection.
This RSV virion can also survive on the hard surfaces for some short span of time.
The main streamway for the treatment of RSV infections is passive although with
immunization. The main focusing targets of this virus were the infants and adults
having a previous history of cardiac, pulmonary, and neuromuscular diseases. In the
current era, a single line of treatment is available which is also not much effective in
the treatment of RSV. From the geographical data results, it was observed that in
2015, 33.1 million episodes of acute RSV infection were out of which, 3.2 million
patients were hospitalized and the mortality rate was about 59,600 which was mainly
observed in the children under the age of 5 years [2, 3].

23.1.1 Etiology

From the research studies, it was concluded that RSV is a negatively charged single-
stranded virus which belongs to the virion family such as Paramyxoviridae in the
genus Pneumovirus. It was observed that in the era of 1955, it was first discovered
from chimpanzees from where it gets transmitted to human pathogen.

RSV is composed of a bilipid layer envelope surrounded by a ribonucleic protein
molecule along with several functional membrane proteins which help in the attach-
ment of moiety to host cells and fusion of the same.

The RSV was also found to configure into two stereotype strains such as A and
B. The human RSV is among one of the stereotypes. The two stereotypes can be
differentiated on the basis of their several membrane proteins where they are
attached or on the basis of attachment of membrane proteins [4].
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23.1.2 Symptoms of RSV Infection

RSV was found to be characterized by runny nose and fever that start to begin in 3–5
days after the initiation of infection. It was observed that in the young children,
initiation of cough and sneezing involves the lower respiratory tract only. In infants
the first symptom was depicted by apnea that is not a period of not breathing. Due to
this majority of the infants got developed respiratory distress, loss of appetite, fever,
and death. In adults, the symptoms were mild and may manifest in the form of
common cold only [3–5].

23.1.3 Diagnosis

Infections caused by RSV pathogen were determined using various virology tests
such as viral culture in which a sample was collected from the infected person and
was kept in various cell lines for which the virus was going to be tested. If the cell
shows cytopathic changes, then the culture is said to be positive. The other rapid
antigen detection test for the detection includes enzyme immunoassay which founds
the antibodies with respect to a partiuclar disease. This test was used to determine the
antibodies related to a particular infectious disease [6–10]. This method involves the
amplification of target DNA by using polymerase chain reaction (PCR). It is used to
measure the amount of a specific RNA which was monitored by amplification
reaction under fluorescence. This phenomenon was known as RT-PCR or qPCR.
These methods are used for the analysis of gene expressions and quantification of
viral ribonucleic acid in research and clinical determination [11].

23.1.4 Structure of RSV

Human respiratory syncytial virus (RSV) is a single-stranded virion belonging to a
Paramyxoviridae family. The genome of this virus contains 10 genes which encodes
11 proteins. Two surface proteins are present on its superficial surface entitled as F
protein, and the G attachment which is a glycol protein helps and plays a major
function as an antigen of virus and also plays a critical role for the virulence of the
virus. Attachment to the host cell is carried out by the G protein. To permit the entry
of the viral particle inside the host cell, F protein plays a role by enabling the fusion
of the viral particle to the cell membrane of the host cell. Clumping of multinucleated
cells is mediated by F protein after the fusion of the plasma membrane which is
utilized to form the syncytia which helps in transmission of viral particles from one
cell to another [1, 5, 11]. RSV is also composed of two different antigenic subtypes
like A and B. The etiology of infection is not defined which is caused by which
subtype of infection [9, 10].
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23.2 Pathogenesis of RSV Infection

The spread of RSV infections happens by the nasopharyngeal or conjunctival
mucosa after their contact with the infected person. It can cause pneumonia and
bleeding of the bronchiolitis due to which alveoli get contacted and caused problem
in breathing. The virus survives for 6 h on surfaces, on about 90 min on gloves and
about 20 min on skin. That is why it is strictly advised to keep washing your hands
frequently to avoid the contamination and contact precautions [12–14].

23.2.1 Incubation Period

The incubation of RSV can last between 2 and 8 days after coming in contact with
the infected person. But symptoms may remain up to 3 weeks. It occurs very often
during winters and spring. It arises in all infants, but the level of severity was more in
the children with lung disease and in premature birth. RSV inoculation takes place in
the upper respiratory tract followed by degradation of epithelial cells. It envelop the
negatively stranded ribonucleic acid molecule which gets RNA and convert that into
positive stranded of RNA with the help of RNAPCR reaction, then it further
undergoes translation and forms a virus moiety which further forms a viral factory
on replication [2, 7, 11–15]. The new virus invades the neighboring cell causing
multinucleated syncytia and destroying other cells. The syncytia attract the new
immune cells and destroy them. In response to this reaction, various chemokines
gets released which further releases more epithelial cells which will further releases
more mucous. As more number of immune cells gets released, they will leads to the
release of more mucous and also leads to the damage of more blood vessels which
cause inflammation and swelling. The extra fluid in the walls makes them thicker and
causes narrowing of airway passage. In addition dead cells in mucous slide in the
alveoli and cause over there a mucus plug formation which traps air. Over the time
the trapped air slowly diffuses into the bloodstream and causes the airways to
collapse called atelectasis. On the other hand, some tiny mucous plugs are formed
which will act as a one way valve as they allow the air to enter the lungs but not
leaving the same outside. It further leads to overinflatation of lungs which is also
known as air trapping. As a result, both air trapping and atelectasis reduce the
ability to carry oxygen and remove carbon dioxide from the lungs which will
cause hypoxemia in the long run. [2, 7, 11, 15].

23.3 Immune Response to RSV

The information regarding the interaction of virus with the immune class is depicted
well versed in the animal models and in vitro studies. It was evident from the studies
that with the onset of infection in the body, the host cell interacts with the immune
system and leads to the production of virus-neutralizing antibodies and T-cell-
specific immunity products. On interaction with the immune cells, the host produced
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mainly two types of action coined as systemic and pulmonary response to RSV and
cellular [10, 16–18].

23.3.1 Systemic Response to RSV

23.3.1.1 Neutrophils
The predominant systemic effect was initiated by the neutrophils. Neutrophils are the
preexisting class type of bronchoalveolar lavage (BAL) fluid which exist in the
inflated lungs of infants who are suffering from RES. During the early phase of
pathogenesis, the neutrophils get activated if RSV is in the lower respiratory tract
where they produced neutrophil elastase and activation markers. As a result, the
virus directly interact with the neutrophilic cells and RSV protein which creates the
turbulence between the intracellular virions resulting in phagocytosis [6, 9, 19].

23.3.1.2 Natural Killer (NK) Cells
Prevalence of RSV infection leads to a lesser count number of natural killer cells.
These killer cells have the strong impact of the inhibition on the leukocyte
immunoglobulin-like receptor which are responsible for the inflammation caused
during the infection. As the number of NK cells decreases, the chances of infection
rises up which leads to fatality. The rise in fatality is due to the gathering of
granzyme B expressing NK cells in the respiratory tracts of infants who were already
suffering from bronchitis [19, 20].

23.3.1.3 Dendritic Cells
Dendritic cells such as conventional dendritic cells and plasmacytoid dendrimeric
cells are produced and mobilized in the nasal mucosa during the onset of infection.
In this the RSV fusion protein which was present in the mucosa helps in the
migration of dendrimers rather than monocytes. The movement of these dendrimers
plays their role as primary antigen-presenting cells during the infection [10, 16, 17].

23.3.1.4 Monocytes and Macrophages
The mucous of the alveoli which is obtained from the bronchoalveolar lavage fluid
of the RSV-infected adults and infants was found to contain surface glycoproteins of
RSV such as HLA-DR molecules, IL-1β, and cytoplasmic TNF-α, which depicts a
local immunoregulation and antigen-presenting role [7, 21].

23.3.1.5 T Lymphocytes
T lymphocytes developed from the stem cells of the bone marrow and form the
interference potential immune evasion strategy in which the pathogenic microbes
and tumors start invading the host cells by maximizing the rate of transmittance of
disease from the fresh host to another one with constant growth. RSV infection leads
to the rise of initial T systemic lymphopenia due to the increase in level of disease.
RSV is also involved in the apoptosis caused by T cells which induces the
expressions of series cell death [5, 8, 9, 11, 15, 19, 20, 22, 23].
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23.3.2 Cellular Response in Term and Preterm Infants

The cellular response in terms of cellular level was analyzed using the neutrophil
counts; lymphocytic counts in bronchoalveolar lavage (BAL) fluid were increased in
infants ventilated on RSV bronchiolitis; all are higher in preterm infants which leads
to maturation of immune system [5–7, 14, 21, 24].

23.4 Current Therapies for RSV Infection

In terms of treatment, a few drugs and treatment options are available for RSV. The
target genes and proteins are widely used for the RSV infections for prevention and
cure. The prophylactic and curative mode of the drugs determines their mechanism
of action. On the basis of the proposed cycle of mechanism, only a few practical
options are used for the cure of RSV. Various processes such as DNA replication,
synthesis of mRNA, and protein synthesis can be targeted for the development of
drugs. According to the FDA till date, ribavirin is the only approved inhaled therapy
for the treatment of RSV. A guanosine analogue ribavirin possesses a broad antiviral
activity and was approved in 1986 by the FDA for the treatment of bronchitis in
infants and children [1, 25, 26]. The various treatment options for the RSV are
mentioned in Table 23.1.

23.4.1 Treatments in Clinical Trials

Two major antibodies such as RI-001 and ALX-0171 are currently in clinical trial
phases I and II, respectively. Out of which, RI-001 is a polyclonal antibody for the
neutralization of RSV and is derived from the plasma component of immunocom-
promised adults and children. However, it was not found to be much suitable for the
treatment of RSV has never been observed; it is hoped that RI-001 cts in immuno-
compromised population [1–3, 9, 10, 17, 25–31]. The Various treatments of RSV in
clinical trials are mentioned in Table 23.1 and management strategies of RSV are
mentioned in Table 23.2.

23.5 Molecular and Cellular Targets to Prevent RSV Infection

RSV belongs to family Paramyxoviridae, subfamily Pneumovirinae, and order
Mononegavirales. It is composed of 15kb negatively charged single-stranded RNA
which contains ten genes. These genes are responsible for the encoding of
11 proteins. The whole of the RNA genome is packed with nucleoprotein
(N) which provides the helical symmetry. This helical symmetry helps in the
attachment of polymerase (L) protein, phosphoprotein (P), and M2-1 protein. All
these proteins are necessary for the transcription and translation processes.
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As RSV contains an envelope, so to progress the infection, the attachment of the
envelope to the cell membrane is a prerequisite to transfer its genome to the
cytoplasm of the host cell. RSV contains three transmembrane glycoproteins, out
of which two, i.e., G and F proteins, are responsible for the fusion process. G protein
is the important one which is responsible for the viral attachment, while F protein is
responsible for the fusion of the virus to the cell membrane. [2, 3, 32–35]. The
structure of RSV is shown in Fig. 23.1.

To enter the target cell, the virus made a contact with the host cell through G
protein which will activate the F protein through its engagement with the secondary
protein. Extensive research was carried out to study the mechanism of the viral
fusion to target cell. It was concluded by some researchers that heparin sulfate is
needed for the fusion of the viral cell, while others have concluded that CX3CR 1 is
sufficient to carry out this process. Studies by using human airway epithelial (HAE)

Table 23.1 Management of RSV infection

Therapy Components Explanation

Management
of symptoms

Bronchodilators Should be used under careful monitoring and should not
be used routinely

Corticosteroids Should not be used routinely

Antibiotics Use for children only who have confirmed with infection

Oxygen supply Use only if the saturation concentration of oxygen in
blood is below 90%

Vaccination Palivizumab This is a monoclonal antibody with human origin. It
targets the specific protein of RSV. Can be administrated
i.m. of by i.v. route

Motavizumab 20-fold more potent than palivizumab. Derived from
palivizumab

Medi-534 This is a live-attenuated virus vaccine and is effective
against RSV

Therapeutics Ribavirin Only FDA-approved treatment for RSV. This is the
antiviral drug which inhibits both DNA and RNA
viruses. This inhibition is based on polymerase
inhibition. It can be administered i.v., orally and by
aerosols also

RSV-IVIG Adequately provide passive immunity and decrease the
RSV-related hospitalizations to 41–65%

Alternative
therapies

Vitamin D It reduces acute respiratory symptoms

Pre-probiotics The role of gut microflora in prevention of RSV disease
was evaluated some years ago

Phytotherapy Curcumin It has pleotropic effects which include anti-inflammatory,
anticancer, antibacterial, antiviral, autophagy, etc. some
studies suggested that it works excellently for the
prevention of disease severity

Modified
Dingchuan
decoction

This is a mixture of Chinese herbs Salviae miltiorrhizae
radix, Scutellariae radix, Farfarae flos, and Ephedrae
herbs. This is useful in the treatment of asthma, cough,
and lung-related problems
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cell lines have shown that heparin sulfate is found in very low quantity on the apical
surface of the cells which suggests the clinically less relevance of heparin sulfate. A
few information is available for the role of SH protein on the viral structure;
however, it was found to be responsible for the virulence and possess no role in
the fusion process [4, 7, 11, 36–38].

23.5.1 G Protein

A huge and important fusion protein on the cell surface of RSV which is G is
responsible for the viral entry into the target cell and is known to bind heparin sulfate
present on the cells while it binds to CX3CR 1 on ciliated cells. Indeed, heparin
sulfate and CX3CR 1 are the potential targets for the prevention of viral fusion and
thereby the RSV infection. It was also shown that the antibodies which prevent the
interaction of G protein with CX3CR 1 reduce RSV infection in mice. In infants, a

Table 23.2 Treatments of RSV in clinical trials

Therapy
Mechanism of
action Example of candidates Conclusion

Antiviral drugs Replication
inhibition

RSV 604

RSV codon
mutation

Ribavirin, viramidine,
merimepodib

RSV treatment but
can affect the host
adversely

Inhibitors of
inosine
monophosphate
dehydrogenase
enzyme

Ribavirin, mycophenolate,
mizoribine

Promising anti-RSV
drug

Immunostimulation Ribavirin Studies are under
trials

Fusion
inhibitors

Inhibition of
attachment to the
cell membrane by F
protein

Chemical, BMS-433771,
RFI-641; Peptide, HR121,
HR212, RhoA

Chemical fusion
inhibitors comprise
some serious side
effects, while peptide
fusion inhibitors are
the promising one

Nanoparticles Inhibits cell
attachment

Silver and gold
nanoparticles

Studies are under
trials

Antisense
therapy

Interference with
RNA

siRNA-ALN-
RSV01Phosphorodiamidate
morpholino oligomers

Effective and found
to be safe to the host

Ethnobotanicals Can be the
inhibitors of fusion

Plant extracts—
Cinnamomum cassia,
Cimicifuga foetida, Sheng-
Ma-Ge-Gen-Tang, Ginger,
etc. water extract of Licorice

They seem to be
promising but still
studies are under
trials
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few amount of CX3CR was found to be present inside the respiratory tract, and RSV
is known to interact preferably with the CX3CR 1-expressing cells. Further, glyco-
sylation strategy is mainly used for the shielding of antigenic protein from recogni-
tion via antibody. When the G protein is heavily glycosylated, it will change the
glycan structure and will alter the macrostructure of G protein which will mask the
protein backbone from the antibodies and will limit their affinity. Also, the antigenic
variation is also generated across RSV strains on a huge variation in the oligosac-
charide arrangement. This antigenic rearrangement will weaken the immune
response as the antibodies generated previously have poor attraction with the new
variants with G protein. Additionally, frameshift mutations, premature stops, and
point mutations can be seen in the new variants. In this way, they get protected from
the immune system. These strategies of immune protection reduce the possibility of
neutralizing antibodies to protect the cells and effectively render the immunological
memory to act as surplus against RSV infection. In the ectoderm layer, the G protein
further contains two hypervariable regions which make them suitable for mutations
and prevent the recognition by normal antibodies generated during the previous
infection. RSV variants can be divided into two more categories: RSV A and RSV B
based on these variations [8, 19, 28, 39–42]. These variations in strains lead to
enhancement of viral pathogenicity along with the suppression of humoral immunity
response. Antigen presentation to the T cell can be prevented on heavy glycosylation
of the G protein which also suppresses the antibody response. The soluble form of
RSV G (sG) protein will be produced which will behave as an immune “decoy.”
Generally, during the initial stages of viral life cycle, the sG protein production is
high, which flooded the nearby areas and reduces the effectiveness of G
protein-specific antibodies. The creation of sG protein can be achieved by initiation
of RNA synthesis at the second AUG codon which will remove the 65 amino acids

Fig. 23.1 Structure of respiratory syncytial virus (RSV) showing all its proteins
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from N terminal which is responsible for the fixation of G protein in the viral
envelope structure. Also, the release of G-specific antibodies can be prevented by
the combination of variable glycosylation, and sG release can be prevented by
sG. sG also uses multiple mechanisms to protect against antibodies. The modulatory
effects of sG protein can also change the cytokine responses which will change the
Th1 response. Also, the RSV deficient of sG protein will enhance the
pro-inflammatory modulators like cytokines and IL-8. This concludes the role of
sG in blocking the conscription of the immune cells to the site of infection. It also has
an impact on the complement system which is involved in the clearance of the virus
particles at the site of infection. The G protein also contains a CX3C motif which is
also responsible for the modulation of immune cell response by limiting the immune
cell recruitment. Through this motif, RSV cell acts as a mimic to the CX3CL1
cytokine and allows the attachment of the viral protein through this which will help
in increasing the RSV infectivity. It can be concluded from the above discussion that
RSV G protein is involved in immunomodulation by various means that can allow
the virus to prevent the role of G-specific antibodies and can impact the normal
functioning of the immune system against RSV. So, G protein of the RSV can said to
provide the favorable and major target for the prevention of infection [9, 16, 22, 43–
45].

23.5.1.1 Targeting of G Protein with Monoclonal Antibodies (mAb)
In RSV structure, the G protein is the major protein which can impact the viral
replication, and targeting of G protein can abolish the RSV infection to a greater
extent. G protein targeting has attracted an increased attention to provide the RSV
prophylaxis in infants and can provide the posttreatment also [28, 42].

23.5.2 F Protein

The F protein is mandatory for the fusion process which renders the fusion of the
virus to the host cells and is important for viral multiplication. Its way of positioning
the RSV envelope and the way of sequencing make the F protein a primary target for
the treatment of RSV infection. The vaccine development targeting F proteins are
under trials. One mAb palivizumab is designed to target F protein, thus neutralizing
the replication of the virus and can provide treatment toward RSV to the high-risk
patients. However, it can provide treatment against the majority of RSV strains; one
mutated strain which is carrying N276S mutation is resistant to palivizumab. The
mechanism of cell attachment by F protein includes a conformational shift in the F
protein structure when the virion came closer to the target cell, and as a result to this,
it will anchor its N terminal hydrophobic head into the target cell membrane, and
further it will fold back so that the virus as well as target cell can get attached to each
other. So all the forms of F proteins can be a good target for RSV infection as
mentioned in Fig. 23.2. Initially, the work on targeting of F protein in RSV infection
was hindered by the numerous confirmations of F protein, while later on, it was
found that the targeting of postfusion confirmation may have a modest therapeutic
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benefit. Now, the crystal structures of prefusion F protein and postfusion F protein
have been solved and will lead to the development of treatment therapy for the RSV
infection. Small peptides were also developed previously against RSV, but the need
of frequent injections and high cost of the therapy had ruled out their use [7, 19, 27].

Even though the G protein acts as a main attachment protein, F protein is also
responsible for the cell attachment; it generates the functions which will defend the
loss-of-function mutations in the G protein which is less stable than the F protein.

F protein was found to act on neonatal B regulatory cells (nBreg). It attaches to
nBreg through B cell receptor (BCR) which will cause the upregulation of CX3CR1
which is further bonded to G protein through CX3C domain. Moreover, the RSV
infection of nBreg will increase the production of IL-10 (anti-inflammatory) which
will suppress the Th1 activity. This nBreg-specific activity is observed in the cord as
well as in infant blood just after birth, but it decreases along with age [11, 32, 40,
44]. Thus, infants are more prone to RSV infection. Targeting of F protein can thus
provide a better target for the treatment of RSV infection. Various targets for the
prevention of RSV infection are shown in Fig. 23.3.

23.5.3 SH Protein

The small hydrophobic (SH) is the type II transmembrane capsid protein present on
the surface of RSV envelope. Structural studies have shown that it is viroporin which
is responsible for the formation of pores inside the cell membranes which alters the

Fig. 23.2 The image showing the working of RSV F protein which helps in fusion of RSV to the
target cell
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membrane permeability. SH deletion mutants still have the ability to enter the cells
and can replicate. However, the deletion strains are less virulent than the wild strains
of RSV SH. The role of SH is not fully understood yet; however, the research
suggested that SH helps in prolongation of the life of the infected cells and makes
them insensitive to apoptosis which will further help in viral replication. The
presence of SH influences the cytokine production and increased production of
IL-1B, and TNF expression was observed with deletion strains. That’s why the
deletion strains of SH were explored as a live-attenuated vaccine though, till date,
nothing is present inside the market [5, 15, 28, 46].

23.5.4 N Protein

The nucleoprotein (N) along with the phosphoprotein (P) coats the RNA genome of
RSV to protect the same from degradation. Structural studies had evaluated that it
forms a left-handed helix around the viral genome. Along with its key roles, the N
protein was also found to have their role in immune invasion functions. Nucleopro-
tein was also found to be present on the surface of infected epithelial cells along with

Replication inhibitors

Fusion inhibitors

Membrane fusion

Transcription

Viral m RNA

Viral proteins

Replication

RSV genome

Fig. 23.3 The structure of RSV showing various targets for the treatment of infection
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their presence inside the nucleus. The presence of the N protein in a bilipid
membrane leads to the reduction of T cell activation. This ability of RSV to modulate
the T cell activation affects the antibody production so it can also be a good target for
the treatment of RSV infection. Scientist had evaluated that after 6 hr of RSV
infection, the N protein was colocalized with RIG-1 and MIDA5 and later on during
infection, the viral inclusion bodies were observed. The interaction of N protein with
RIG pathway components restricts the subsequent antiviral IFN response and can
enable a more replication of RSV. Hence, it can act as an important target for the
prevention of infection [7, 17, 21, 31, 36, 41, 47].

We have studied the various pathways by which G, F, SH, and N proteins act in
the virus particle and how they are responsible for the modulation of the viral
replication process. By causing the blockade of the cellular pathways, they can be
the potential targets for the treatment of RSV infection.

23.6 Future Prospective

With 3.2 million RSV-related hospitalizations, each year, the development of
vaccines is the key point which can prevent its occurrence as well as commence-
ment. The complex nature of RSV capsule as well as its immune invasion strategies
had hindered the development of vaccines. Further the immune profiles of the group
of people who are at higher risk (old, neonatal, children, pregnant women) have
added more complexity in the vaccine development stages. Till date, the prophylaxis
treatment for children is available in the hospitals by oxygen, nebulization, and fluids
to mitigate the bronchitis-like symptoms of RSV infection. Ribavirin is also offered
in some countries as a treatment though it possesses certain side effects like high-
cost treatment, low effectiveness, etc. The vaccine development for the protection
against RSV can be useful as the primary purpose of vaccine is to develop the long-
lasting antibodies against RSV and stimulation of B cell and T cell response. The
antibodies generated during the first RSV infection are active for a shorter period of
time, and consecutively two infections are needed to generate the long-lasting
antibodies which can also decline rapidly. The antibodies gained through the
mother’s placenta also start declining at the age of 2–3 months, and the peak of
RSV infection is at the age of 2.5 months. However, one study had also concluded
that high tidal volume of RSV antibodies in mother’s placenta close to birth does not
reduce the chances of newborn RSV infection. Moreover, males are at higher risk of
developing RSV infection as compared to females as the antibody transfer rate is
lower in males as compared to females. Thus, a promising treatment for the
prevention of RSV infection is needed certainly, and this target can be achieved
with the help of target-specific vaccine development. An ideal curing treatment will
be the one which provides the action for a longer period of time along with the direct
action on the target. It should be able to conserve the immune evasion mechanism of
RSV and thus enable the natural immunity of the body to fight against RSV. To
develop a better design of the therapeutics, research workers must work together
toward defining the role of all RSV proteins and define all the process that suppress
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the internal immunity and should also monitor the virus over the period of time for
the genetic variations. Armed with this knowledge, we will be able to develop the
better vaccine therapeutics which will protect our populations from this deadly viral
disease.
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Targeting Molecular and Cellular
Mechanisms in SARS-CoV-2 Novel
Coronavirus Disease 2019 (COVID-19)

24

Sagarika Majhi, Kamal Dua, Parteek Prasher,
Harlokesh Narayan Yadav, and Lubhan Singh

Abstract

Coronavirus disease 2019 (COVID-19) represents a significant threat to global
well-being and safety. Controlling it and reducing the rate of death as soon as
possible is a pressing job for the healthcare sector. The possible therapeutic agents
used in COVID-19 are from the past encounters in combating SARS, MERS, and
other viruses. Assuming that broad-spectrum antiviral drugs have long been
accepted on the market to treat various infectious diseases, their metabolic
features, dosage, possible efficacy, and side effects are yet to be studied for the
current scenario. Repurposing of clinically approved drugs may be a salient short-
term approach for the treatment of novel coronavirus. But the downside is that
these therapies are too “broad spectrum” to target COVID-19 directly. Therefore,
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its side effects cannot be underrated. A number of clinical trials are underway to
evaluate the effectiveness of other treatment options.

Active symptomatic support is still the key to treatment. Although stem cells,
monoclonal antibodies, polypeptides, interferon, and plasma from recovered
patients have been shown to be effective in treating COVID-19 patients, their
safeties are still being evaluated, and the efficacy remains to be further confirmed.
This chapter illuminates the structural proteins of SARS-CoV-2 and helps to
investigate certain proteins and gain new insights into the drugs used for COVID-
19. The features of future therapy must be multicomponent, multitarget, and
multi-pathway for disease, care and it has tremendous potential for COVID-19
therapy. Because the pandemic is rapidly emerging, such observations will lead to
better understanding for making effective therapeutics to curb COVID-19.

Keywords

Coronavirus disease 2019 (COVID-19) · SARS-CoV-2 · Virus · Repurposing

24.1 Introduction

A recurring trend mostly in case of infectious disease has emerged in the environ-
ment. Many pathogens since their initial exposure were found to reappear, mostly in
highly virulent types. Viral illnesses remain a major threat to the health and living
style of public in society. In the past years, the world has encountered numerous
highly infectious viral outbreaks, including severe acute respiratory coronavirus
syndrome (MERS-CoV, SARS-CoV-1), H1N1 influenza, etc. The World Health
Organization (WHO) has recently recognized a pandemic of respiratory illness of
uncertain pathogenesis occurred on December 31, 2019. Due to the striking
similarities of its indications to those caused by SARS, the International Association
on Virus Taxonomy named it SARS-CoV-2. The WHO later announced that the
illness characterized by the new virus is “COVID-19” which is the abbreviation for
“coronavirus disease 2019” [1].

A single-stranded RNA-containing coronavirus (CoV) is covered with an enve-
lope which contains a spike-like glycoprotein, which provides it a crown-like
impression when viewed on a microscope. They exhibit various clinical incidences
of respiratory and extrapulmonary system with associated increase in mortality [2, 3]
(Fig. 24.1).

The RNA virus, usually in a circular or elliptic form, has a diameter of
60–140 nm. Its gene codes 29,891 nucleotides, encrypting 9860 amino acids and
sharing a sequence identity of 99.9%, proposing a very notable host transition into
human beings. Like most other CoV, it is susceptible to the high temperatures and
ultraviolet radiations. In addition, lipid solvents such as chloroform, ether (75%),
ethanol, peroxyacetic acid, and chlorine-containing disinfectant may efficiently
inhibit the activity of such viruses [4, 5].
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SARS-CoV-2 is highly infectious but is usually mild and self-limiting. The
symptomatic and asymptomatic carriers both can spread infection. According to
current evidence, COVID-19 virus is highly contagious and gets communicated
between persons through respiratory secretions and contact routes. Hence, washing
hands frequently and keeping a distance of at least 1 meter are considered the main
measures to prevent infection [6]. Personal protective equipment (PPE) kits may
protect individuals from infection, especially in immune-compromised people. The
WHO’s approved PPE comprises of surgical masks, boots, gowns, or face masks,
respirators, and aprons [7]. Newer possibilities of feco-oral transmission are also
mentioned in some recent speculations. Rapid diagnostic tests will be helpful for
screening and diagnosing COVID-19 patients.

Trials are currently underway on new antiviral drugs and vaccines to combat the
pandemic, although isolation and containment is just a way to keep COVID-19 from
spreading. The exact mechanism of the virus is still unknown so far, and there has
been no effective drug produced for the virus also. Currently, it is necessary to
monitor the source of infection, cut off the dissemination route, and make use of
existing drugs and effectively manage the disease progression. New medications
should also be developed, along with vaccine research and development, due to
which disease morbidity and mortality will be reduced and people’s lives would be
better secured. Despite globalization, viral diseases are frequently increasing and can
trigger a global outbreak. Biosafety and health security awareness will allow for the
prevention and control of emerging infectious diseases.

Fig. 24.1 Classification of
SARS-CoV-2
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24.2 Transmission Cycle

Current research indicates that COVID-19 passes by direct, by indirect
(by contaminated items or object surfaces), or by mouth and nose secretions near
infected persons. Such secretions involve blood, respiratory droplets, or droplets of
secretion (the diameter of the droplet particles is>5–10 μm). They are expelled from
the nose or mouth whenever, for example, an infected individual coughs, sneezes,
talks, or sings. People who might be in close direct contact with an infected person
(within 1 m) may grab COVID-19 when the contagious droplets get into their mouth,
nose, or eyes. Unlike the others, SARS-CoV-2 also utilizes the angiotensin-
converting enzyme 2 (ACE2) receptor for its binding and entry into the host system
[8]. COVID-19’s incubation period could fluctuate from 3 days to 14 days, and the
highly contagious population roughly doubles in every 7 days on an average. Also,
each infected patient can pass on the infection onto an additional 2.2 people
[9, 10]. A latest evidence from a genome sequencing of SARS-CoV-2 showed that
this virus developed into two main forms (assigned as L and S) with two distinct
SNP. Although the L type is more widespread (~70%), is aggressive, and spread
faster, as observed in the early stages of the outbreak, the S type (~30%) is an older
and less violent form. Such ultrarapid advances in viral outbreaks clearly indicate an
immediate need for awareness of these viral mechanisms in order to survive with this
COVID-19 as a public health emergency.

Clinical Features: An individual with COVID-19 might show a range of
symptoms. This may be categorized as asymptomatic or symptomatic, carrier or
infectious. On the basis of the patient’s immunity status, the disease can range from
mild to profusely symptomatic. However, the rate of fatality ranged from 2.3% to
5% with an average of 3%. Feeble epidemiological risk factors for early diagnosis
include older age, male gender, smokers, and related comorbidities comprising
overweight, hypertension, diabetes, chronic lung problems, heart disease, and
renal disease [11]. The clinical features of COVID-19 are depicted in Fig. 24.2.

Some diagnostic laboratory findings of COVID-19 along with its characteristic
features are enlisted in Table 24.1.

24.3 Structure of SARS-CoV-2

The crown-like microstructure of SARS-CoV-2 is generated by transmembrane
spike glycoproteins (S proteins). This further forms homotrimers on the virion
surface [20]. An exopeptidase, namely, ACE2 (angiotensin-converting enzyme 2),
is present on respiratory tract epithelial cells. It encompasses a therapeutic target for
restricting SARS-CoV-2 entry into the cell. Viral S protein and host ACE2 facilitates
endocytosis of pathogens that bind to the human host. S protein is sheared by host
serine proteases, such as transmembrane serine protease 2 (TMPRSS2) which leads
to the release of single-stranded RNA (ssRNA) (+) into the intracellular area. Host
machinery converts the RNA to generate the replicase and the structural proteins
(Fig. 24.3).
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Host and SARS-CoV-2 proteases split the replicase into nonstructural proteins
including the RNA-dependent RNA polymerase (RdRp) protease. RdRp eases the
replication and amplification of SARS-CoV-2 RNA. Two other proteases, 3CLpro
and PLpro, are essential for replication and packaging of new virions. They process
the translation of genomic RNA into structural and nonstructural protein. Both
3CLpro and PLpro are extremely important for replication and host cell regulation,
and are also viable targets for antiviral agents (Fig. 24.4).

SARS-CoV-2 transmembrane proteins are transferred to the viral capsids formed
with the help of endoplasmic reticulum and Golgi apparatus. It consists of spike [S],
envelope [E], and membrane [M]. Viral assembly occurs when the viral RNA and
nucleocapsid (N) protein are incorporated via viral transmembrane proteins. The S,
N, M, and E form vital proteins which play a crucial role in the virus life cycle. The S
protein promotes the binding of receptors and the fusion of membranes. The N
protein strengthens the entry of pathogens and conducts cellular post-fusion pro-
cesses in the host that are essential for viral survival. The E protein continues to
promote virion formation and viral pathogenicity, while ribonucleoproteins are
formed by the M protein which mediates inflammatory responses in hosts. The
resulting exocytosis occurs with the release of newly synthesized virions.

24.4 Pharmacological Treatment

Numerous drugs have demonstrated benefit in COVID-19 by using chloroquine and
hydroxychloroquine in patients with less serious illnesses. Many drugs currently
being tested include lopinavir/ritonavir, remdesivir, favipiravir, oseltamivir, ribavi-
rin, beta-interferon, tocilizumab, and Arbidol. Natural resources with antiviral
properties promise candidates for selection as lead targets for drug design and

Fig. 24.2 Clinical symptoms of COVID-19 according to severity
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production for COVID-19 therapy. During the present scenario of an international
health emergency and shortage of care modalities, these available natural resources
can save time as well as be cost-effective.

In the near future, the production of a biosensing material capable of detecting
SARS-CoV-2 or a biomarker linked with COVID-19, wearable technology capable
of detecting clinical symptoms related to the advent of SARS-CoV-2 (e.g., fever,

Table 24.1 Laboratory findings of COVID-19

Sr.
no. Test/marker Characteristic features References

1. Hemogram • Lymphopenia (in 80% of cases),
mild thrombocytopenia, and
leukocytosis
• Neutrophil-to-lymphocyte ratio
(NLR) �3.13 shows progression to
severe illness

[8, 12]

2. Inflammatory markers • " serum procalcitonin with severity
• "C-reactive protein (CRP), lactate
dehydrogenase (LDH), SGOT,
troponin, D-dimer, ferritin, creatine
kinase, and ESR
• "interleukin (IL)-6, IL-4, IL-10, and
tumor necrosis factor (TNF)-α

[13, 14]

3. Serology (blood sampling is
much easier than swab sampling
from the oropharynx or
nasopharynx)

a. Enzyme-linked immune-sorbent
assay (ELISA): Sensitivity of 87.3%
and specificity of 100%, based on Rp3
nucleoprotein to detect IgM and IgG
against SARS-CoV-2

[13, 15]

b. Immunochromatography (card
test): Sensitivity of 82.4% and
specificity of 100%, it is convenient,
is cheaper, and offers a rapid turnover

4. Reverse-transcriptase polymerase
chain reaction (RT-PCR)

• Sensitivity is 70%
• Specimen collection from the upper/
lower respiratory tract or sputum or
bronchoalveolar lavage
• Samples to be taken as early as
symptom onset, to obtain high virus
concentrations

[16, 17]

5. Bronchoscopy • Bronchoalveolar lavage (BAL) may
be done when sputum sample cannot
be obtained
• Strict precautions are to be taken to
avoid aerosol infections
• The sensitivity for BAL 93%

[18]

6. Radiology [chest X-ray,
computed tomography, & lung
sonography]

• They are nonspecific, normal in
initial phases to patchy unilateral or
bilateral involvement to lobar/multi-
lobar/bilateral consolidation

[19]
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cough, and fatigue), and vaccine production could help achieve early diagnosis and
prevention of SARS-CoV-2.

Pharmaceutical industry faces several administrative impediments such as
increased clinical trial design stringency and increased product licensing protection
criteria. Given the many challenges in developing new antiviral substances, there has
been an increasing initiative in several parts of the world to produce antivirals from
natural products in both preclinical and clinical settings. Various synthetic drugs
along with their molecular targets and natural bioactive compounds against corona-
virus disease have been identified for their effective use and described in Tables 24.2
and 24.3, respectively.

24.5 Conclusion

In conclusion, the pervasiveness of SARS-CoV-2 and its progression depend on the
relationship between the virus and the immune system of the person. Viral
parameters include virus type, its tendency to mutate, viral load, and virus survival.
The variables of immune system of the person include genes (such as HLA genes),
age, sex, dietary habits, neuroendocrine-immune regulation, and physical status. All
the above variables contribute to whether a person is infected with the virus, the
infection period & severity, along with the re-infection propensity of COVID-19.
Precise diagnosis in the preliminary stages of the outbreak helps monitor the spread
of infectious virus. Developing modern, secure, reliable, fast, and easy SARS-CoV-
2 detection technologies is imperative in the future. Physicians must actively

Fig. 24.3 Microstructure of SARS-CoV-2
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interfere in the two variables to make them grow into a direction that improves public
well-being, and will help patients recover as soon as possible. Nevertheless, it must
not be assumed that a 100% curative effect can be obtained by medical action.

Recent analysis offers a significant report on a range of natural products which
have shown efficacy as anti-CoV drugs and potential for treatment. Fortunately,
many researches on the antiviral impacts of natural molecules in this area are now
only preliminary, and in-depth in vivo studies on suitable experimental animals are
required to explore the cellular and molecular mechanisms. There are a few
promising natural compounds on which studies should be performed to obtain
pharmacokinetic profile comprising of absorption, distribution, metabolism, and
excretion. In addition, clinical trials (phases I–III) are needed to test therapeutic

Fig. 24.4 Life cycle of SARS-CoV-2 in host cell
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efficacy and protection against CoV on human subjects. Most specifically, research
will be conducted to investigate the possible associations of anti-CoV activity
between natural products and usable antivirals. Optimizing any of the above lead
compounds with established or new mode of action may contribute to the eventual
production of new COVID-19 therapeutic agents.
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Abstract

The COVID-19 pandemic is presently the major threat to human society and
health due to its high infectivity and mortality rates. To date, this pandemic has
resulted in more than 1.5 million deaths globally, affecting more than
200 countries. Phylogenetic analysis of the SARS-CoV-2 genome revealed its
striking homology with the bat-derived coronavirus strains, thus confirming the
zoonotic origin of the virus. SARS-CoV-2 binds to the angiotensin-converting
enzyme 2 (ACE2) receptors expressed on the surface of the host cells, leading to
endocytosis of the receptor, followed by the replication of the viral RNA,
packaging, assembly, and release of the progeny viruses. This leads to the
systemic infection in the host body and the shredding of the virus, causing its
transmission to a new host. The extent of infection in the host cells depends on the
expression of ACE2 expression and hyperactivation of the immune system to
generate a cocktail of inflammatory cytokines, also referred to as the cytokine
storm. This inflammatory response can cause severe damage to the lung tissues.
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25.1 Background

The coronavirus disease-2019 (COVID-19) pandemic has imposed a severe threat to
humanity, affecting more than 200 countries globally (www.worldometers.info).
COVID-19 is a highly infectious disease caused by SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2), a novel coronavirus strain, also referred to as
2019 novel coronavirus (2019-nCoV) or human coronavirus 2019 (hCoV-19)
[1]. SARS-CoV-2 is a positive-sense single-stranded RNA virus responsible for
the highly contagious severe acute respiratory syndrome (SARS) in humans [2]. In
December 2019, the initial cases of SARS-CoV-2 infection were reported in Wuhan
City of Hubei Province, China [3]. Several cases were reported since 8 December
2019, revealing that many individuals employed or lived nearby the local Huanan
Seafood Market were suffering from unidentified pneumonia [3]. With the increas-
ing severity of the infection, the China Health Authority alerted the World Health
Organization (WHO) about this situation on 31 December 2019. By the end of
January 2020, there were 7736 confirmed and 12,167 suspected cases in China, and
a further 82 confirmed cases were detected in 18 other countries [4]. Due to the
increasing reports of COVID-19 infection and morbidity in China and other
countries, the WHO declared this disease as a pandemic in March 2020 [5]. By
the end of October 2020, the number of COVID-19 confirmed cases had surpassed
36 million, including 1 million 56 thousand deaths in more than 200 countries across
the globe [Weekly update of COVID-19 on 9 October 2020].

25.2 Classification and Origin of SARS-CoV-2

SARS-CoV-2 belongs to the family Coronaviridae, which can be classified into two
subfamilies, namely, Coronavirinae and Torovirinae. The members of the
Coronavirinae subfamily are further subdivided into four genera such as
(a) Alphacoronavirus, e.g., human coronavirus 229E (HCoV-229E) and HCoV-
NL63; (b) Betacoronavirus, e.g., HCoV-OC43, severe acute respiratory syndrome
coronavirus like SARS-CoV, HKU1, and Middle Eastern respiratory syndrome
coronavirus (MERS-CoV); (c) Gammacoronavirus also known as avian coronavi-
rus, responsible for the infection in birds; and (d) Deltacoronavirus including the
viruses infecting pigs and birds [6]. The alpha and beta genera were derived from the
bat gene pool, whereas the gamma and delta genera were derived from pig and avian
sources [7]. Members of alphacoronavirus and betacoronavirus possess the patho-
genic property, which may be mild or detrimental to humans. Four of these viruses,
such as NL63, 229E, OC43, and HKU1, were known to cause mild respiratory
problems in humans. In contrast, the other three strains, including MERS-CoV,
SARS-CoV, and the newly emerged SARS-CoV-2, can cause severe respiratory
syndromes [1]. SARS-CoV-2 belongs to the genera of Betacoronavirus and displays
a crown-like morphology on the surface when observed under an electron micro-
scope. The presence of this “crown-like structure” had influenced the nomenclature
of this family of viruses as the coronaviruses (corona is the Latin term for crown).
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These “crown-like structures” represent the glycoprotein moieties present on the
viral envelope, which facilitate the entry of the virus into the host cells.

The full-length genome sequences of SARS-CoV-2 obtained from early infected
individuals related to the Wuhan meat market revealed that the genomic length of
this novel coronavirus ranges between 29,891 and 29,903 nucleotides (nt). Phyloge-
netic analysis of the SARS-CoV-2 genome revealed the striking similarity of the
virus with two bat-derived coronaviruses isolated in 2018 in eastern China, such as
bat-SL-CoVZC45 and bat-SL-CoVZXC21 (>88% similarity) [8]. Furthermore, it
was found to be genetically distinct from SARS-CoV (with about 79% similarity)
and MERS-CoV. A further study revealed that SARS-CoV-2 was more related to the
bat coronavirus RaTG13, which was previously detected in Rhinolophus affinis, an
intermediate horseshoe bat (>92% sequence identity) from Yunnan Province,
China. These findings suggest that SARS-CoV might have originated from bats
and crossed the interspecies barrier to infect humans via zoonotic transmission [9]
(Fig. 25.1).

Fig. 25.1 Multiple sequence alignment of whole-genome sequences and phylogenetic tree of
SARS-CoV-2 with human SARS-CoV, coronavirus from other species, and MERS-CoV (Clustal
Omega). Novel coronavirus, i.e., SARS-CoV-2 showed more sequence similarity with
coronaviruses from pangolin and civet. On the other hand, human SARS-CoV was placed more
closer to coronavirus from bat
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25.3 Structural Organization of the Virus

The SARS-CoV-2 genome comprises of 30-kb-long single-stranded RNA that
consists of a variable number of open reading frames (ORFs) between 6 and 11.
The viral mRNA codes for 29 structural and nonstructural proteins (nsps), which
include ORF1a/b polyprotein, spike (S) glycoprotein, envelope (E), membrane (M),
and the nucleocapsid (N) protein. About two-thirds of the viral genome comprises
overlapping replicase genes ORF1a and ORF1ab, which are directly translated into
the polyprotein pp1a (nsp1–11) or pp1ab (nsp1–16), respectively, depending on a
ribosomal (�1) frameshift [10]. The remaining one-third portion codes for the
structural proteins, including S, E, M, and N proteins [11]. The translated
polyproteins may undergo further proteolytic cleavage to generate 11 or 16 individ-
ual nsps. The viral nsps constitute the replication/transcription complex (RTC), a
membrane-anchored, dynamic protein-RNA complex required for viral replication.
The processing of viral polyproteins is mediated by two proteases, namely, the
papain-like protease (PLpro or nsp3) encoded between nsp1 and 4 and the main
protease or chymotrypsin-like protease (Mpro or 3CLpro or nsp5) encoded between
nsp4 and 11/16. The papain-like proteinase is the first nsp encoded by ORF1ab and
is an essential component of the RTC. The PLpro cleaves nsps 1–3 and blocks host
innate immune response [12]. The viral Mpro facilitates the processing of the
nsp7–10 region and liberates 4 small proteins nsp7, nsp8, nsp9, and nsp10, respec-
tively [12]. SARS-CoV-2 also contains six accessory proteins, encoded by ORF3a,
ORF6, ORF7a, ORF7b, and ORF8 genes. The structural proteins such as S protein,
E protein, M protein, and N protein constitute the outer surface of SARS-CoV-2. The
M and E proteins play crucial roles in the morphogenesis and assembly of viral
particles, while the spike protein facilitates virus entry within the host cells [13]. The
~600 kDa S glycoprotein exists in a trimeric form, and each monomer in this
complex is composed of two heterodimeric subunits, S1 and S2. The S1 subunit
consists of the receptor-binding domain or RBD, which interacts with the peptidase
domain (PD) of angiotensin-converting enzyme 2 (ACE2) receptor, expressed in the
membrane of lung pneumocytes and other cell types [14]. RBDs of SARS-CoV and
SARS-CoV-2 have 72% similarity in the amino acid sequence with highly similar
tertiary structures. S protein needs to be cleaved at S1/S2 to get activated and further
interaction of S1/ACE2, resulting in the fusion of S2 subunit with the host cell
membrane [15]. This process is mediated by TMPRSS2 and furin-like proteases
following a conformational change of S protein from a pre-fusion to post-fusion
state. The replication of SARS-COV-2 in the host cells is mediated by a multi-
subunit replication/transcription complex made of nsps such as nsp12, nsp7, and
nsp8 [16]. The nsp12 acts as the catalytic subunit of the RNA-dependent RNA
polymerase (RdRp), while nsp7 and nsp8 increase the RNA-binding ability and
processivity of the enzyme [16]. Another nonstructural protein, nsp13, codes for the
enzyme helicase, which catalyzes the unwinding of double-stranded RNA formed
during replication and allows the next round of viral replication [11]. Thus, the
coordinated functions of the structural and nonstructural proteins of SARS-CoV-
2 facilitate the infection and replication of the virus in the host cells.
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25.4 Human Transmission of SARS-CoV-2

In December 2019, many individuals were admitted to the local hospitals of Wuhan,
the capital city of Hubei Province of China, with severe pneumonia of unknown
cause. Many of the infected persons shared common exposure to the Hunan whole-
sale meat/seafood market. On 7 January 2020, the virus was identified as a corona-
virus strain, which showed significant homology with the bat coronavirus.
Furthermore, the environmental samples from the Hunan market also confirmed
the origin of the virus from that place [17]. The number of cases then started to
increase exponentially, and individuals who did not have exposure to the Hunan
market were also found to be infected, thus revealing the contagious nature of
SARS-CoV-2 infection in humans. The massive migration of Chinese people in
and out of China during the Chinese New Year acted as a catalyst for the global
transmission of the disease. Even the countries outside China, those with no history
of travel to China, experienced a steady increase in the COVID-19-positive cases.
These incidents confirmed that local human-to-human transmission was also occur-
ring in those countries [18]. Close contacts between the individuals and exposure to
large droplets generated during coughing and sneezing were identified as the main
modes of transmission, and the disease was also found to be airborne since these
droplets can spread 1–2 m in the air. Moreover, it was observed that a subset of
COVID-19 patients may be asymptomatic but still can spread the virus via close
contact with healthy individuals or transmission of droplets [19]. Approximately
40–45% of SARS-CoV-2 infections are accountable to asymptomatic persons.
These individuals help in the transmission of the virus to other individuals for an
extended period of time, which is typically longer than the usual 14 days. Computer
tomography images showed that asymptomatic infection is associated with subclini-
cal lung abnormalities [20]. Studies have also shown that viral loads are higher in the
nasal cavity compared to the throat and there is no significant difference in viral
burden between asymptomatic and symptomatic patients. For viral infections, there
is a certain period of time, after which the symptoms become prominent in the hosts,
which is known as the incubation time or incubation period. The mean incubation
period for SARS-CoV-2 infection was found to vary from 2 to 14 days [median
5 days] [21]. The estimated necessary reproduction number (R0) and serial interval
were estimated to be 2.2 and 5–6 days, respectively, with a doubling time of the
number of infected individuals every 3 days [22].

25.5 The Temporal Spread of SARS-CoV-2 Subtypes

The availability of SARS-CoV-2 genome sequence data from almost every region of
the world made the real-time tracking of its evolution possible. The SARS-CoV-
2 virus infects humans with various degrees of severity; some regions of the world
experienced much higher severity and mortality than the rest [23]. Like all other
RNA viruses, with time, it accumulated mutations and evolved into multiple
subtypes that spread nonuniformly among geographic locations. The first reported
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SARS-CoV-2 sequences from Wuhan, China, in December 2019 are formally
known as the “O” subtype and considered to be the ancestral one. Within 1 month,
9 subtypes were born, including the ancestral subtype with 2 of the O and B
consisting of 86% of all viral sequences, and the rest were B2 (4.55%), A1a
(2.69%), A3 (2.07%), A2 (1.66%), B1 (1.44%), B4 (1.66%), and A2a (0.41%)
spread across Asia (13 countries), Europe (6 countries), North America (2 countries),
and Oceania (1 country). From the subsequent month, rapid changes in frequencies
of viral subtypes took place with the inclusion of another subtype A6 (consisting of
0.26% of viral sequences); the frequency of A2a subtype with Spike D614G and
RdRp P323L (also known as ORF1b P314L) mutation gained 11.15% from less than
1% in the previous month. Also frequency of A1a gained from 2.69% to 11.41%. By
the end of February, SARS-CoV-2 reaches greater portions of Asia (18 countries),
Europe (17 countries), North America (4 countries), and Oceania (2 countries)
followed by Africa (3 countries) and South America (1 country). From March, the
A2a subtype started outcompeting all other subtypes gaining 63.58% frequency
worldwide, which further rose to 76.60% till the end of May. The selective advan-
tage of A2a subtype virus was predicted to be due to (1) an introduction of the
additional cleavage site in S1/S2 junction of spike protein [24, 25] and (2) increased
stability of spike protein by D614G mutation [26]. Further, A2a has evolved into
three subtypes, namely, 20A, 20B, and 20C, among which 20B that harbors two
consecutive mutations—G28881A and G28882A—attained the highest frequency.
After May, the sequence data submission across geographical regions became parsed
and nonuniform making it difficult to track real-time viral evolution. The current
mutation of SARS-CoV-2 was estimated to be around 26.64 substitutions per year
for each transmission line [www.nextstrain.org]. Thus, the temporal spreading of the
virus is greatly influenced by the mutational potential of SARS-CoV-2 (Fig. 25.2).

25.6 Phases of Viral Life Cycle

The SARS-CoV-2 infection is initiated after its entry in the nasopharynx by getting
attached to ACE2 receptor-enriched epithelial cells of the nasal and oral mucosa.
This results in a reduced sense of smell and taste, and with time the virus is
transmitted to the lungs, which then becomes the primary site of infection. After
attachment, a chain of events occurs sequentially, including endocytosis, viral
genome replication, transcription, assembly, and release of the progeny virus to
the neighboring cells. As a result, the infection gradually gets transmitted to different
organs throughout the human body.

Classically, the viral life cycle can be divided into five elements: attachment,
entry via membrane fusion, replication and processing of the viral genome, viral
assembly, and release. The cellular and molecular mechanisms of viral entry,
replication, assembly, and release of the progeny virus particles have been
summarized as follows.
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25.6.1 Cleavage of S Protein

For cellular attachment, the S1 subunit of the viral spike protein binds angiotensin-
converting enzyme 2 (ACE2) receptor, expressed in the membrane of lung
pneumocytes. The S1 subunit consists of the receptor-binding domain or RBD,
which interacts with the peptidase domain (PD) of the ACE2 protein [14]. An
atypical interaction exists between SARS-CoV-2 spike protein RBD with hACE2
binding. Though SARS-CoV-2 RBD has a higher ACE2 binding affinity than
SARS-CoV RBD, the SARS-CoV-2 spike has a lower ACE2 binding affinity than
SARS-CoV spike protein. The cryo-electron microscopy of the SARS-CoV-2 spike
protein revealed that its RBD is mostly in the lying-down state, a state associated
with ineffective receptor binding. Therefore, compared to SARS-CoV, although
SARS-CoV-2 RBD has a higher ACE2 binding affinity, it is less accessible,

Fig. 25.2 Radial phylogenetic time tree based on more than 80,000 SARS-CoV-2 RNA sequences
worldwide, showing the trajectory of the evolution of SARS-CoV-2 subtypes in different time
points. Each concentric circle shows the date of sample collection; earlier dates are closer to the
center. The A2a subtype (red), after originating in January 2020, rapidly outcompeted other
subtypes within a few months and became the dominant subtype

25 Underpinning the Rudimentary/Underlying Mechanisms Involved in the. . . 543



resulting in comparable or lower hACE2 binding affinity for SARS-CoV-2 spike. To
maintain its high infectivity while keeping its RBD less accessible, SARS-CoV-
2 relies on a second strategy—host protease activation. The fusion of the viral
membrane with that of the host cell depends on the cleavage of S protein by host
cell proteases at the S1/S2 and the S20 site, which results in S protein activation.
After attachment of the S protein to the host membrane, the second event is
membrane fusion. This process is facilitated by the host proteases, namely, furin,
transmembrane serine protease 2 (TMPRSS2), and cathepsin L. After the proteolytic
cleavage of S at S1/S2 and S20, the two subunits S1 and S2 are generated that remain
associated via non-covalent interactions. The S1 subunit consists of the RBD, while
the S2 subunit gets anchored to the membrane and initiates the fusion process.

The S1/S2 site in SARS-CoV-2 consists of an exposed loop that harbors a stretch
of a polybasic sequence of 6–7 arginine (R) and lysine (K) residues such as
RKKRKRYG. This multibasic amino acid sequence is unique to SARS-CoV-
2 and is absent in SARSr-CoV (SARS-CoV-related coronaviruses), but present in
human coronaviruses like OC43, HKU1, and MERS-CoV. Hence, in both SARS-
CoV-2 and MERS-CoV, the entry of the virus in the lung cell phase required the
furin-mediated pre-cleavage of the S protein at the S1/S2 site and further cleavage by
TMPRSS2 since the expression of cathepsin L is minimal in lung cells. It has been
observed that the furin preactivation step is required for the entry of SARS-CoV-
2 pseudovirus into different types of ACE2-expressing cells, including lung epithe-
lial and lung fibroblast cells [27].

Accumulating experimental evidence further revealed that TMPRSS2 indepen-
dent of furin could also initiate the S protein activation and facilitate viral entry in the
host cells. Hoffman et al. had shown that TMPRSS2 could also cleave SARS-CoV-
2 S protein at S1/S2 and S0 sites and mediate the fusion of the free fusion peptide
with the host cell membrane [28]. TMPRSS2 has been reported to cleave at single
arginine or lysine residues (R/K#) at S-cleavage sites. The arginine residues such as
R682, R683, and R685 located in the S1/S2 cleavage sites of SARS-CoV-2 act as the
recognition sequence for TMPRSS2-mediated cleavage. Moreover administration of
camostat mesylate, a serine protease inhibitor, was found to block the SARS-CoV-
2 infection in lung cells [28], proving the importance of TMPRSS2 in SARS-CoV-
2 entry and transmission into the host cells. A cathepsin B/L-mediated auxiliary
activation of SARS-CoV-2 S protein has been found to be operative in TMPRSS2-
negative cells. However, the question of whether these cellular proteases act syner-
gistically was yet to be solved until the report published by Shang et al. [27]. With
the help of inhibitor study, they established the role of host cell proteases in SARS-
CoV-2 infection. They observed that, in the presence of camostat, a TMPRSS2
inhibitor, entry of SARS-CoV-2 in three cell lines such as ACE2-transfected HeLa,
Calu-3, and MRC-5 was significantly reduced. Moreover, with administration of
E64d, a lysosomal cathepsin inhibitor, similar results were obtained. Additionally,
pretreatment with PPCi, a furin inhibitor, enhanced the efficacy of camostat or E64d.
These results clearly proved that a cumulative association of TMPSS-2 and cathep-
sin B/L with furin is required for the priming of the viral S protein before its entry
into the host cells.
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25.6.2 Binding of the Activated S Protein with ACE2 Receptor

The binding of the active SARS-CoV-2 S protein and ACE2 receptor occurs after the
host proteases prime the virus to initiate the infection process. It has been observed
that SARS-CoV-2 S protein binds to ACE2 with higher affinity (about 20 times
higher) than the SARS-CoV counterpart. This increased specificity and affinity of
SARS-CoV-2 S protein toward ACE2 may contribute to the higher rates of trans-
mission and mortality of this virus in humans than its ancestral strain SARS-CoV or
other coronaviruses. ACE2, on the other hand, is widely distributed throughout the
body due to its high expression in the nasal epithelium, oral mucosa, lungs, heart,
brain, vascular endothelium, small intestine, colon, and kidney, which facilitates the
transmission of the virus into different organs.

25.6.3 Fusion of the Virus and Host Cell Membranes

The S2 subunit of SARS-CoV-2 mediates the fusion of viral and host cell
membranes. The S2 subunit comprises five structural domains, namely, FP, HR1,
HR2, TM, and CT domains, respectively, which are responsible for viral fusion and
entry. FP domain acts as the fusion peptide, consisting of 15–20 conserved hydro-
phobic amino acids, such as glycine (G) or alanine (A). Due to its hydrophobicity,
FP interacts with the lipid bilayer of the host cell membrane and anchors to the target
membrane. HR1 and HR2 domains are composed of a repetitive heptapeptide
sequence: HPPHCPC, where H is a hydrophobic residue, P is a hydrophilic residue,
and C is any charged residue. HR1 and HR2 domains associate to form a six-helical
bundle (6-HB), which is vital for the fusion of the S2 subunit. HR1 domain is located
at the C-terminal end of FP, while HR2 is located at the N-terminal end of the TM
domain. The TM domain anchors the S2 subunit protein to the viral membrane.

The viral fusion proteins may be classified into three distinct classes (class I, class
II, and class III) based on their structure and mode of action. The coronavirus S
protein belongs to the class I family due to the structural features of its fusion
domain, the requirement of the proteolytic cleavage for activation, and the presence
of heptad repeats that can fold into a 6-HB conformation. The fusion of class I fusion
peptides with the host cell membrane involves the following sequential steps:
(a) formation of a pre-fusion native state, (b) formation of a pre-fusion metastable
state, (c) formation of a pre-hairpin intermediate state, and (d) formation of a post-
fusion stable state. When the S protein is synthesized, it exists in the pre-fusion or
native state. Proteolytic cleavage at the S1/S2 site results in the change of confor-
mation of the S protein to a pre-fusion metastable state to generate separate S1 and
S2 subunits that remain non-covalently associated. The transition of FP from the
metastable state to the next pre-hairpin intermediate state required overcoming an
energy barrier. The energy barrier may be overcome by FP only through the
acquisition of a conformational change triggered by the neighboring environmental
factors, such as pH, hydrophobicity, polarity, etc. This conformational change of FP
then directs the three HR1 regions to assemble into a coiled-coil trimer. Immediately,
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the three HR2 regions then bind to the hydrophobic buckets of the HR1 trimer in an
antiparallel orientation. This complex is known as the fusion core or 6-HB. When
the FP attains this conformation, it comes in the close proximity of the host cell
membrane so that both the viral and host cell membranes can fuse. The FP now
exists in a stable post-fusion state.

The fusion of SARS-CoV-2 with the host cell membrane occurs by the
abovementioned mechanism [29].

25.6.4 Replication of the Viral Genome

Like the other RNA viruses, immediately after the entry, the SARS-CoV-2 (+)
ss-mRNA undergoes translation by using the host cell machinery to form important
viral proteins that participate in viral replication, assembly, and release of progeny
virus particles. The complete replication process of the viral genome includes RNA
synthesis, proofreading of the template, and capping of the new RNA. Several
SARS-CoV-2 nsps mediate this whole process by forming the replication/transcrip-
tion complex (RTC), a membrane-anchored, dynamic protein-RNA complex
required for viral replication. The nsp12 acts as the catalytic core of the
RNA-dependent RNA polymerase (RdRp), while nsp7 and nsp8 enhance the
RNA-binding ability and processivity of the enzyme [16]. Another nonstructural
protein nsp13 codes for the enzyme helicase, which causes the unwinding of double-
stranded RNA formed during replication and allows the next round of viral replica-
tion. Another nsp complex that is crucial for viral RNA replication is the nsp14–16
complex, of which nsp14 helps in RNA proofreading while nsp15 imparts uridylate-
specific endoribonuclease activity. The nsp14 contains two domains, the N-terminal
domain having an exoribonuclease activity participates in proofreading, while the
C-terminal domain possesses the (N7 guanine)-methyl transferase activity and in
capping the 50end of the viral m RNA. The cap consists of an N7-methylated
guanosine (GTP) molecule linked with the first transcribed nucleotide by 50–50

bond transcribed. The capping machinery apart from Nsp14 consists of Nsp13,
16, and cofactor Nsp10. Finally, nsp16 in complex with nsp10 mediates the termi-
nation of mRNA capping. A recent experimental study by Banerjee et al. showed
that SARS-CoV-2 proteins interact with human RNAs. After SARS-CoV-2 infec-
tion, the viral NSP16 protein binds to the mRNA recognition domains of the splicing
RNAs (U1 and U2) and downregulates global mRNA splicing. The other proteins,
such as nsp1, bind to 18S ribosomal RNA and promote global inhibition of mRNA
translation, while nsp8 and nsp9 regulate 7SL RNA and prevent protein trafficking
to the cell membrane. Overall these SARS-CoV-2 proteins were also shown to
downregulate host interferon response after viral infection so that progeny virus
particles can evade the host immune responses [30].
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25.6.5 Assembly and Release of the Progeny Virus Particles

The endoplasmic reticulum and Golgi apparatus of the host cells facilitate the
assembly of the viral RNAs and associated proteins into the progeny virus particles.
The M and E proteins interact together and also with N and S proteins to assemble
new virus particles in the endoplasmic reticulum and Golgi apparatus.

After assembling, the release of the progeny virus particles may occur by
budding, exocytosis, or host cell death. It has been observed that the incomplete
virus particles generally are released through budding. In contrast, the mature or
complete progeny viruses opted for either exocytosis or lysis of the host cells. These
newly released viruses may either infect healthy neighboring cells or may be
shredded into the environment via droplet transmission.

All these phases constitute the life cycle of SARS-CoV-2 within the host cells,
including the lung pneumocytes (Fig. 25.3).

25.7 Pathogenicity of SARS-CoV-2 in Host

SARS-CoV-2 infection results in systemic and respiratory disorders in patients,
including fever, ARDS, respiratory failure, multiple organ dysfunction, septic
shock, coagulation dysfunction, and metabolic acidosis. In addition, gastrointestinal
symptoms such as nausea, vomiting, abdominal pain, and diarrhea and other cardio-
vascular symptoms such as chest pain, heart palpitations, myocardial injury, acute
coronary syndrome, arrhythmias, acute coronary syndrome, etc. are observed in
COVID-19 patients. Moreover, reduced peripheral blood leukocyte and lymphocyte
counts, abnormalities in liver enzymes, C-reactive protein, myocardial enzymes, and
increased D-dimer and inflammatory factors are also reported in COVID-19 patients.
The pathogenicity caused by SARS-CoV-2 in COVID-19 patients may be
summarized as follows.

25.7.1 Downregulation of ACE2

ACE2 is an integral membrane protein with enzymatic activity that plays a key role
in the regulation of the renin-angiotensin system (RAS). RAS-signaling pathway
acts as a homeostatic regulator of vascular function. The major biochemical activity
of ACE2 is the degradation of angiotensin II (Ang II). This crucial vasoactive
peptide angiotensin II acts as a potent vasoconstrictor by binding to its receptor
angiotensin II type-I receptor (AT1R). Binding of Ang II to AT1R results in
angiotensin 1–7, which opposes the action of Ang II. It has been observed that the
pathophysiological actions of Ang II are mediated via AT1 and AT2 receptors. In
contrast, the activity of Ang (1–7) is mediated through the Mas oncogene and
Mas-related G-protein-coupled D receptors. Thus, the RAS system comprises of
two axes: (1) the ACE-Ang II-AT1 receptor axis that promotes vasoconstriction,
fibrosis, proliferation, thrombosis, oxidative stress, and inflammation and (2) the
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ACE2-Ang (1–7)-Mas receptor axis that counterbalances the effects of Ang II which
imparts anti-inflammatory, antithrombotic, cardioprotective, vasodilatory, and
antiproliferative actions [31]. During the fusion of the viral membrane with the
host cell membrane, the ACE2 receptor gets internalized, and this results in the
downregulation of ACE2 on the host cell surface. Downregulation of ACEs leads to
the dysregulation of both ACE2-Ang II-AT1 and the ACE2-Ang 1–7-Mas axes.
Hence, the protective function of Ang II-controlled downstream signaling cascades

Fig. 25.3 Human-to-human SARS-CoV-2 transmission takes place through respiratory droplets.
Lung pneumocytes are most susceptible for SARS-CoV-2 infection. The viral spike protein, which
consists of S1 and S2 subunits, binds to the host transmembrane ACE2 receptor. Activation of
SARS-CoV-2 spike protein through cleavage at S1/S2 by host protease TMPRSS2 has been shown
to be indispensable. Upon cleavage, at S1/S2 site, the spike protein gets activated and attaches to the
host ACE2 receptor, followed by fusion of viral membrane with the host cell membrane and release
of viral RNA into the cytoplasm. Viral proteins (nsps, RdRp, etc.), along with host proteins, guide
the replication followed by the translation of viral RNA. Upon translation, the viral proteins go
through maturation and folding in the endoplasmic reticulum. Finally, viral packaging takes place
within Golgi vesicle, followed by release from the host cell. SARS-CoV-2 acquires an additional
furin cleavage site in spike protein over SARS-CoV, which results in half-cleaved spike protein at
the time of the release of the viral particle that provides the virus with tissue tropism

548 A. Ghosh et al.



is disrupted, and increased respiratory damage, cell damage, inflammation, throm-
bosis, etc., occur in the COVID-19 patients.

25.7.2 Impairment of the Immune System

A severe impairment of the immune system is generally observed in COVID-19
patients, associated with high levels of inflammatory cytokines, referred to as the
“cytokine storm.” The major immune dysfunctions caused by SARS-CoV-2 include
the following events.

25.7.2.1 Cytokine Storm
Medical reports of COVID-19 patients have revealed the severity of this disease is
associated with the massive production of inflammatory cytokines, also known as
the cytokine storm. This uncontrolled inflammatory response in the lungs can lead to
severe pneumonia in the patients and even death. The COVID-19 patients who have
been hospitalized or kept under ICU had shown higher levels of interleukin (IL) such
as IL-1β, IL-1Rα, IL-7, IL-8, IL-9, IL-10, G-CSF, GM-CSF, IFN-γ, CCL2, CCL3,
CCL4, CXCL10, PDGF, VEGF, and TNFα, in the plasma compared to the healthy
individuals [32]. This cytokine storm may be caused by Nlrp3γ inflammasome, a
powerful pro-inflammatory regulatory system, found activated in COVID-19
patients. The activation of the Nlrp3γ inflammasome is known to trigger an immune
response by activating the intracellular caspase-1. Activated caspase-1 further
mediates the release of pro-inflammatory cytokines, such as IL-1β and IL-18, and
the formation of gasdermin D (GSDMD) pore channels in plasma membranes. These
events lead to the release of several biologically active damage-associated molecular
patterns or DAMPs. These DAMPs result in the lysis and death of the lung cells by a
process known as pyroptosis.

25.7.2.2 Activation of the Complement System
DAMP-mediated killing of SARS-CoV-2-infected cells leads to the activation of the
innate immune response in the patients, thus activating the complement cascade
(ComC). In addition to DAMPs, the ComC also can be directly activated by mannan-
binding lectin (MBL), which can bind to SARS-CoV-2 proteins. MBL is generally
present in serum that can interact with MBL-associated serine protease 2 (MASP-2).
This MBL-MASP-2 complex can initiate the complement-activated lectin pathway
via binding to sugar residues on the virus membrane. TheN protein of SARS-CoV-
2 was found to interact with MASP-2, activating the complement protein C4.
Activation of the complement cascade further leads to the damage and lysis of
alveolar lung cells.

25.7.2.3 Lymphocyte Dysfunction
Massive lymphocyte dysfunction, also known as lymphopenia, is commonly
observed in COVID-19 patients and is responsible for the severity of the disease.
This medical condition is featured by decreased CD4+ and CD8+ T cells in the
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peripheral blood and increased double-positive HLA-DR and CD38 populations.
The later event indicates the activation of T cells. Also, a high population of
pro-inflammatory Th17 and cytotoxic CD8+ T cells were observed in the COVID-
19 patients suffering from severe immune dysfunction. Th17 cells act as the central
executioner of the immune dysfunction since it produces a plethora of inflammatory
interleukins, cytokines, and growth factors, which can cause severe damage to the
immune system. Th17 cells can produce IL-17, GM-CSF (mainly associated with
TH1 cells), IL-21, and IL-22. It can also regulate the pro-inflammatory cytokines
such as G-CSF, IL-1β, IL-6, and TNFα; chemokines such as KC, MIP2A, MIP3A,
IL-8, and IP10; and matrix metalloproteinases (MMPs). G-CSF is required for
granulopoiesis, and recruitment of neutrophils, IL-1β, IL-6, and TNFα can lead to
systemic inflammatory symptoms, including fever, the chemokines can recruit the
immune infiltrates, and the MMPs can induce tissue damage. Thus systemic immune
dysregulation can be induced by the Th17 cells via activation of the cytokine storm
[33]. All these immune disorders lead to severe respiratory disorders in COVID-19
patients, including death.

25.8 Role of Host Genetics in Viral Pathogenesis

SARS-CoV-2 infection showed enormous inter-individual variability in clinical
readouts that includes silent infection to severe disease. To understand the host
genomic-guided underpinnings of viral pathogenesis, disease susceptibility, and
varied clinical outcomes, multiple genome-scale studies were performed across
different populations of the world. Host genetic variations in key members of viral
entry genes (ACE2, TMPRSS2, and FURIN) can alter the expression and function-
ality of these proteins, which results in altered susceptibility to the SARS-CoV2
infection. Studies showed that ACE2 occurs at non-polymorphic frequencies in most
human populations [34–36]. There are a few variants in the gene (rs73635825 and
rs143936283) that showed different intermolecular interactions with the SARS-
CoV-2 spike protein [37]. TMPRSS2 is another key gene that modulates cellular
entry of SARS-CoV-2 by priming the spike protein. Our study and one recent study
have identified an intergenic single nucleotide polymorphism, rs35074065 (deletion
of C allele), to be associated with increased expression of both TMPRSS2 and the
interferon-inducible gene MX1 in lung tissue [24, 38]. Individuals carrying this
SNP-delC genotype have higher TMPRSS2 expression, which helps in increased
viral entry. The frequency of this SNP-delC is extremely low in East Asian
populations and significantly higher in European and North-American populations.
Our study has further identified a neutrophil elastase (NE) cut-site on the 614G
position on the SARS-CoV-2 A2a subtype. The A2a subtype swept through the
world and outcompeted other subtypes after it emerged in late January. The
increased expression of MX1 due to delC SNP leads to interferon-mediated neutro-
phil trafficking in lung cells. We speculated that the availability of NE either due to
neutrophil infiltration or due to other mechanisms (such as availability of NE
inhibitor protein—alpha 1 antitrypsin) has favored enhanced host cell entry of the
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SARS-CoV-2614G subtype that has a specific NE cut-site in the 614G position [24]
of the spike protein. SARS-CoV-2-pseudotyped lentiviral particles with this variant
614G were shown to infect multiple human cell types more efficiently (~3.5-fold),
compared to the 614D variant [39].

Another study by Asselta et al. identified an exonic variant (p.Val160Met) and
two distinct haplotypes in TMPRSS2, associated with increased gene expression
[40]. Notably, one of these variants overlaps with a known androgen-responsive
enhancer for TMPRSS2, indicating a plausible mechanism behind the sex bias in
COVID-19 severity. Recently, a study attempted to explore the variations in the
furin gene with the susceptibility of COVID-19 [41]. However, there was no
association found between furin gene variations with SARS-CoV-2 infection.

Further, multiple studies explored the disease severity in the context of COVID
infection. A genetic susceptibility locus in 3p21.31 (SLC6A20, LZTFL1, CCR9,
FYCO1, CXCR6, and XCR1 gene clusters) was found to be associated with
COVID-19 patients with respiratory failure and further confirmed a potential
involvement of the ABO blood group system [42]. Further studies pointed out that
the risk genomic segment of around 50 kb in size was inherited from Neanderthals
and is carried by ~50% of people in south Asia and ~16% of people in Europe
[43]. Rare loss of function variants in 13 human loci known to involve in TLR3- and
IRF7-dependent type-I interferon (IFN) response has been shown to be associated
with life-threatening COVID-19 disease [44]. These loci were prior found to be
involved with influenza virus infection. Further studies have shown that about 10%
of patients with severe COVID-19 lung disease have neutralizing autoantibodies
against type-I IFNs [44].

25.9 Therapeutics Developments for Management of COVID-19

Since the emergence of the COVID-19 pandemic, quite a few therapeutic regimens
have been explored based on the clinical data obtained from the epidemics caused by
the ancestral strains of SARS-CoV-2, such as SARS-CoV and MERS-CoV.
Undoubtedly, the vaccines will serve as the ultimate therapeutic strategy against
this virus, but the timeline for their production is a matter of concern to combat the
present pandemic situation. Alternatively, therapeutics such as small molecule
inhibitors and neutralizing antibodies may be used to prevent SARS-CoV-2 infec-
tion. Many of these agents have already got approval for clinical trials, and a few
have shown promising results. Among the plethora of therapeutic agents presently
under clinical trials in different countries, remdesivir (Gilead Sciences), earlier
repurposed for Ebola; hydroxychloroquine, the antimalarial agent; ritonavir and
lopinavir, two anti-HIV drugs; ivermectin, an FDA-approved anti-parasite and
anti-HIV drug, etc.; and the neutralizing antibodies such as an anti-SARS-CoV-
2 antibody, anti-C5a antibody, etc., deserve special mention [45].

The ongoing therapies can be broadly divided into two categories depending on
their mode of action. One group of drugs can affect the coronavirus directly by
targeting the critical viral proteins. These drugs may either inhibit the enzymes
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responsible for the replication of the viral genome or inhibit the viral entry into the
host cells. The second group includes those who can modulate the host immune
system by boosting the innate immune responses. Some of the novel or repurposed
therapeutic agents which are presently under clinical trial against SARS-CoV-2 are
briefly summarized as follows.

25.9.1 Agents Targeting Viral Replication

25.9.1.1 Remdesivir (GS-5734)
Remdesivir, a structural analogue of adenosine, is so far the most promising drug
that exhibits significant antiviral activities against RNA viruses, including SARS-
CoV-2. Due to its structural resemblance with adenosine, it can readily incorporate
into the nascent viral RNA, and further inhibits the polymerase activity of the viral
RNA-dependent RNA polymerase (RdRp) [46]. Inhibition of viral RdRp results in
the premature termination of the RNA chain, thereby inhibiting the replication of the
SARS-CoV-2 genome. Remdesivir, originally developed by Gilead Sciences
(USA), was first tested against the Ebola virus in the Democratic Republic of the
Congo and also known to be effective against different coronaviruses, including
SARS-CoV and MERS-CoV. In a very recent case study, it was reported that
remdesivir treatment resulted in the reduction of the recovery time in patients
hospitalized with COVID-19 by inhibiting the lower respiratory tract infection [47].

25.9.1.2 Favipiravir
Favipiravir, developed by Toyama Chemical (Fujifilm, Japan), is a structural ana-
logue of guanine and effectively inhibits the activity of RdRp. It is an approved
medication for influenza with minimal side effects. Early clinical data with
favipiravir administered to COVID-19 patients showed promising outcomes. An
open-label nonrandomized trial involving 80 patients in China reported a significant
reduction in the viral clearance time in patients treated with favipiravir [48].

25.9.1.3 Ivermectin
The anti-parasite drug ivermectin is an FDA-approved agent that was also reported
to be effective against both dengue virus and human immunodeficiency virus (HIV).
A recent study has shown that ivermectin can reduce SARS-CoV-2 RNA up to
5000-fold in mammalian cells [49]. Ivermectin, in combination with the antibiotic
doxycycline, has been approved for clinical trials against COVID-19 in several
countries [clinicaltrials.gov].

25.9.1.4 Ribavirin
This drug is a guanosine analogue that is known to inhibit RNA-dependent RNA
polymerase activity of SARS-CoV-2. Based on the clinical data of this drug against
HCV, ribavirin was approved for clinical trials in COVID-19 patients alone or in
combination. An earlier case report revealed that ribavirin in combination with
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lopinavir-ritonavir and interferon-β-1b improved the medical conditions of patients
with mild COVID-19 symptoms [50].

25.9.2 Agents Blocking the Virus-Host Cell Membrane Fusion

25.9.2.1 Recombinant Human Angiotensin-Converting Enzyme
2 (APN01)

As described earlier, the ACE2 receptor plays an important role in the entry of
SARS-CoV-2 in the lung cells, which highly express this receptor. Also, ACE2,
being a regulator of the renin-angiotensin system, is known to protect multiple
tissues from injury. The human recombinant ACE2 or hrsACE2 (APN01;
APEIRON Biologics, Vienna, Austria) is a soluble protein that can be implicated
in anti-COVID therapy due to its ability to bind to the viral spike protein. APN01
may have two modes of action that will be beneficiary to COVID-19 patients.
Firstly, it can neutralize SARS-CoV-2 by binding to S protein, and secondly, it
can minimize the injury to multiple organs, such as lungs, kidneys, and heart, to
name a few. The in vitro studies revealed that hrsACE2 could reduce SARS-CoV-
2 load in cell lines by a factor of 1000–5000, and a recently published case study
revealed the efficacy of APN01 in COVID-19 patients [51].

25.9.2.2 Hydroxychloroquine
Hydroxychloroquine (HQ) is an FDA-approved antimalarial agent that can also
inhibit viral infection by raising the endosomal pH required for membrane fusion
between the virus and the host cell. Moreover, HQ was shown to block the replica-
tion of SARS-CoV by interfering with the glycosylation of ACE2 receptor, thereby
reducing the viral copy number. Based on this evidence, the FDA issued an
emergency. Although not such promising results were reported from the clinical
studies, more randomized controlled trials are recommended for further evaluation.

25.9.2.3 Arbidol Hydrochloride (Umifenovir)
Arbidol is a well-known drug against influenza that targets the viral membrane-
expressed glycoprotein hemagglutinin (HA) and blocks the fusion of the viral
membrane with the host endosome after endocytosis. Presently, it is undergoing
trials as a single agent (NCT04260594, NCT04255017). In vitro studies have
revealed that Arbidol effectively inhibited the entry of SARS-CoV-2 in mammalian
cells [52]. Also, in a recently completed clinical trial, Arbidol in combination with
HQ had shown promising outcomes in patients hospitalized with COVID-19
symptoms [53].
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25.9.3 Immunomodulatory Medications

25.9.3.1 Tocilizumab
It is a humanized monoclonal antibody targeting the interleukin-6 receptor (IL-6R).
Tocilizumab has also been approved for the treatment of the cytokine storm
associated with cancer immunotherapy and other lung disorders. Although it does
not possess any direct antiviral effects, it significantly counters the massive cytokine
storm syndrome, a severe symptom of COVID-19, by inhibiting the binding of IL-6
to its receptor. After its efficacy was tested in vivo systems, the FDA has approved
for a phase III randomized, double-blind, placebo-controlled trial for this antibody-
based drug in hospitalized COVID-19 patients.

25.9.3.2 Sarilumab and Emapalumab
Sarilumab is an anti-IL-6Rα monoclonal antibody antagonizing IL-6 in rheumatoid
arthritis, while emapalumab targets interferon (IFN)-γ, and is used in the treatment of
hemophagocytic lymphohistiocytosis. Like tocilizumab, both sarilumab and
emapalumab can effectively block the massive cytokine release due to SARS-
CoV-2 infection. The Italian media agency, Agenzia Italiana del Farmaco (AIFA),
had approved the use of either sarilumab or emapalumab in phase II/III clinical trials
involving hospitalized COVID-19 patients with pulmonary complications.

25.9.3.3 Bevacizumab
Bevacizumab is a recombinant humanized monoclonal antibody that can specifically
bind to VEGF and is widely used in the treatment of different types of cancers.
Presently, a clinical trial is under process to evaluate the effectiveness of
bevacizumab to treat SARS-CoV-2 infection (NCT04275414).

These sets of medications described here either can directly bind to the essential
SARS-CoV-2 proteins or inhibit the viral replication or entry into the host cells or
those that can reduce the cytokine storm-generated in virus-infected lung
pneumocytes due to high inflammation. The increasing viral load, coupled with
the cytokine storm, can do irreversible damage to the lung cells, which may lead to
severe pneumonia in COVID-19 patients. Since vaccine development is not feasible
soon, these medications are playing a crucial role in checking the infection and
reducing the death rate.

25.10 Conclusion

The COVID-19 pandemic has become a severe threat to human health due to the
contagious nature of the infection and high mortality rates. Till October 2020, it has
resulted in more than 1.5 million deaths globally, affecting more than 200 countries,
and the numbers are increasing day by day. Genetic analysis of SARS-CoV-
2 revealed its striking similarity with the bat-derived strains CoVZC45, CoVZXC21,
and RaTG13 and thus confirmed the zoonotic origin of the virus. Starting from the
first reported case in December 2019 at Wuhan, China, the SARS-CoV-2 strain
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slowly mutates into newer subtypes that spread across the world. Over time, one of
the subtypes, A2a, with two signature mutations, Spike D614G and RdRp P323L,
outcompeted the other subtypes and became the major pathogenic strain across Asia,
Europe, and North America. Our group first revealed that the mutant subtype (614G)
outcompeted the pre-existing type (614D), significantly faster in Europe and North
America than in East Asia. Our hypothesis was based on the phylodynamic analysis
of over 70,000 SARS-CoV-2 coronavirus genome sequences, available worldwide,
until July 2020. Additionally, we also identified a novel neutrophil elastase
(ELANE) cleavage site introduced in the G mutant, near the S1/S2 junction of the
spike protein, which was absent in wild-type strain [24]. We hypothesized that
elevation of neutrophil elastase level at the site of infection would enhance the
activation of spike protein, thus facilitating host cell entry for 614G, but not the
614D, subtype. This finding will definitely help to understand the mechanism of
viral entry and pathogenesis in host cells.
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Abstract

SARS-CoV-2, or novel coronavirus, is causing the fatal and contagious corona-
virus disease-2019 (COVID-19) affecting thousands of people every single day.
Researchers are continuously searching for any possible cure and/or vaccine, but
no conclusive report is available till date. SARS-CoV-2 is a positive-sense single-
stranded RNA virus (+ssRNA virus) which uses its RNA as its genetic material as
well as mRNA for the viral protein production. The severity and mode of
infection of SARS-CoV-2 are attributed to the presence of a cleavage site for
furin endoproteases in the junction of the S1 and S2 domains of the spike
glycoprotein. The S1 part attaches the virion to host ACE2 (angiotensin-
converting enzyme 2), a cell-surface receptor found in various tissue types
including the alveolar epithelial cells, and is internalized inside the endosome.
This primes the S2 by cleaving the S1/S2 junction by the cellular serine protease,
transmembrane protease serine 2 (TMPRSS2), which actually is a furin
endoprotease, and unmasks it for the fusion of the viral and cellular endosome
membranes. This fusion facilitates the viral genome to enter into the cytoplasm of
the host cell and establish infection. Immediately after entering, the viral RNA
uses the host cell’s protein synthesis machinery for producing its own proteins.
SARS-CoV-2 does not lyse the host cell; instead, they “bud” off from the cell and
infect nearby cells in the same way. As most of the human epithelial cells express
ACE2, particularly the alveolar cells and cells of the intestine, those infectious
virions eventually spread throughout the body and may pose the host toward a
critical condition. The complex signaling required for activating innate and
adaptive immunity needs a lot of proteins to be expressed by the host. But in

N. Roy Chattopadhyay · N. Das · T. Choudhuri (*)
Department of Biotechnology, Visva-Bharati, Santiniketan, India
e-mail: tathagata.choudhuri@visva-bharati.ac.in

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
K. Dua et al. (eds.), Targeting Cellular Signalling Pathways in Lung Diseases,
https://doi.org/10.1007/978-981-33-6827-9_26

559

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6827-9_26&domain=pdf
mailto:tathagata.choudhuri@visva-bharati.ac.in
https://doi.org/10.1007/978-981-33-6827-9_26#DOI


COVID-19, the initial stages of pathogenesis may suppress the immune responses
of the host by suppressing the protein production, as stated earlier.

Keywords

COVID-19 · SARS-CoV-2 · Pandemic · ACE2 · RdRp · Spike glycoprotein ·
Signaling · Pathways · Immunity

26.1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), or novel corona-
virus, is the causative agent of the fatal and contagious coronavirus disease-2019
(COVID-19), affecting thousands of people in every single day posing a global
threat. The first incidence disclosed worldwide in December 2019 has reported an
unknown disease with fever and pneumonia-like symptoms eventually resulting in
acute respiratory distress syndrome and death. Later it was confirmed that the disease
has been caused by a coronavirus, related to bat coronaviruses, and it may have
originated from the animal market of the capital of Hubei province in China, named
Wuhan [1, 2]. Since then it has continued, and still continuing, to spread throughout
the world irrespective of the socioeconomic status, ethno-genetic diversity, and
topographical differences [3, 4]. The disease has been declared as a Public Health
Emergency of International Concern (PHEIC) on 30 January 2020 and a pandemic
on 11 March 2020 by the World Health Organization (WHO) [4]. Common
symptoms include dry cough, fever, breathing trouble, and other symptoms of
common flu. Sore throat, diarrhea, loss of smell and taste, and sputum secretion
are generally reported in less people [5, 6]. While immune-competent healthy people
show recovery from this disease, severe pneumonia and multi-organ failure are noted
in some and became the cause of their death [3, 7]. The average rate of deaths per
hundred confirmed infections is about 4.5% [8]; still the situation is frightening due
to a few reasons. Firstly, the basic reproduction number (R0) of the virus is 1.4–3.9 in
different countries, i.e., one infected person can infect 1.4–3.9 new people who come
in contact with the infected one [9]. Therefore, the possible number of infections and
deaths is quite scaring as the huge population of human beings and the universal
susceptibility toward this virus can pose a serious threat to mankind. Secondly, no
cure is known till date. A range of antivirals and antiparasitic drugs are being tested
clinically and are being used in patients along with antibiotics like azithromycin; but
no conclusive data is still available to declare that as a cure for COVID-19. Thirdly,
no vaccine is also known. Again, a number of candidate vaccines are being tested
clinically, and some show promising results, but it must be noted that approval of
any vaccine needs at least 12–15 months to pass through all the stages of clinical
trials. SARS-CoV-2 is a newly found virus, and so is the resultant disease. Therefore,
determination of the molecular and biochemical characteristics of the virus and
targeting one or more of those are time-taking, eventually delaying the process of
vaccine generation. And finally, the situation is frightening and probably alarming
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due to the information gathered in the last few months. The mechanism of infection
of this virus indicates that it might be present in other mammals also; indeed, it is
confirmed that COVID-19 is a potent zoonotic disease [4, 9–14].

The virus usually infects people during close contact with other infected persons
or objects, and through respiratory droplets during coughing and sneezing by these
persons [4, 15, 16]. Diagnosis can be done by chest CT scan, antigen test, or
antibody test in the suspected person, but the presence of the virus is mainly
confirmed by reverse transcription polymerase chain reaction (RT-PCR) from a
nasopharyngeal swab [5, 17]. No drug and vaccine are available for the disease till
date, and the incubation period of the virus inside the infected person may vary from
a few days to as long as 2 weeks or even more; therefore, social distancing, use of
masks, frequent washing of hands with soap, maintaining personal hygiene and
healthy lifestyle, and avoidance of touching the mouth and nose are the only
methods suggested to prevent the infection [4, 5, 18].

26.2 Phylogeny and Molecular Mechanism of Infectivity
of SARS-CoV-2

SARS-CoV-2 belongs to the realm Riboviria, order Nidovirales, family
Coronaviridae, genus Betacoronavirus, subgenus Sarbecovirus, and species severe
acute respiratory syndrome-related coronavirus [19, 20]. It is a positive-sense single-
stranded RNA virus (+ssRNA virus); the RNA genome is surrounded by an enve-
lope embedded with spike glycoprotein responsible for the pathogenicity. Though
this virus shows significant homology with the bat coronaviruses and its homologue
found in pangolins, the severity or mode of infection of SARS-CoV-2 is attributed to
the presence of a cleavage site for furin endoproteases in the junction of the S1 and
S2 domains of the spike glycoprotein (nucleotide number 21563.0.25384 of the
reference sequence NC_045512). Western blot analysis of 293 T cells expressing S
protein of SARS-CoV-2 with C terminal HA tag showed two bands. One band
corresponded to the unprocessed S protein (S0) and another for the S2 subunit of the
S protein, indicating efficient proteolytic processing of SARS-CoV-2S protein [20–
25]. The S1 part attaches the virion to host ACE2 (angiotensin-converting enzyme
2), a cell-surface receptor found in various tissue types including the alveolar
epithelial cells and intestinal cells. The internalization of the virus via endosome
primes the S2 domain of spike glycoprotein by cleaving the S1/S2 junction with the
help of the cellular serine protease, transmembrane protease serine 2 (TMPRSS2).
This enzyme actually is a furin endoprotease, and unmasks S2 for the fusion of the
viral envelope and cellular endosome membrane. This fusion facilitates the viral
genome to enter into the cytoplasm of the host cell and start initiating the establish-
ment of infection [20–29]. SARS-COV, the close relative of SARS-CoV-2, utilizes
endosomal cathepsin B and L (Cat B/L) and the serine protease TMPRSS2 [26] for S
protein priming. Ammonium chloride (Cat B/L activity blocker) treatment strongly
inhibited the entry of SARS-CoV-2 in the TMPRSS2-cell, whereas it was less
effective in TMPRSS2+ cell. The result was clinically proven where serine protease
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inhibitor camostat mesylate and E-64d, an inhibitor of Cat B/L, was used. The
SARS-CoV-2S can use both Cat B/L and TMPRSS2 for the priming process [25–
27]. Moreover, ACE2 expression correlates along with the expression of other
human CoV receptors [alanyl aminopeptidase (ANPEP) and dipeptidyl peptidase-4
(DPP4)]. Thus, this finding indicates that the stated furin endoprotease may act as a
co-receptor for S protein of SARS-CoV-2 [28, 29].

As the genetic material carries positive sense, the virus uses its RNA as its genetic
material as well as mRNA for the viral protein production (Fig. 26.1) [11–13, 21–
24]. The viral RNA enters the host cytoplasm and immediately starts using the host
cell’s protein synthesis machinery for the production of its own proteins needed for
genome replication. The details of the nucleotide sequences, their respective peptide
sequences, structures, and annotated functions are available in public databases
[5, 21–23]. On a particular note for the most important mature proteins for infectiv-
ity, a few are mentioned hereafter. Two-thirds of the genome, called the ORF1ab, is
responsible for producing the ORF1ab replicase polyprotein; this actually produces a

Fig. 26.1 SARS-CoV-2 and its mode of infection. The schematic representation of the steps of
establishment of infection inside a host cell. Abbreviations: +ssRNA positive-sense single-stranded
RNA, ACE2 angiotensin-converting enzyme 2, TMPRSS2 transmembrane protease serine 2
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set of 16 mature viral proteins needed for different aspects of establishment of
infection [4, 5, 21–26]. The remaining parts encode the spike glycoprotein (S),
small envelope protein (E), matrix protein (M), nucleocapsid protein (NC), and
some other accessory proteins to evade the host immune system. The first
265 nucleotides comprise of the 50UTR and then the sequence for ORF1ab starts.
From nucleotide number 266–805 (nt 266–805), a protein called nsp1 (“nsp” stands
for nonstructural protein) is synthesized. This protein binds the host 40S ribosomal
subunit, and this binding pushes the host mRNAs toward degradation by cleaving
them near their 50UTRs. Thus, the productions of the host proteins are usually
stopped and can make the host immune-compromised. Viral mRNAs are protected
from such cleavage as they bear a 50-leader sequence; and therefore, the productions
of viral proteins are facilitated. Viral proteins nsp7 and nsp8 (nt11843.0.12091 and
12092.0.12685, respectively) interact with each other to facilitate viral replication,
probably by acting as a primase complex. One of the most important mature
viral proteins is nsp10 (nt13025.0.13441), which stimulates two other mature viral
proteins—nsp14 (nt18040.0.19620) and nsp16 (nt20659.0.21552). Another viral
protein called nsp15 can cleave the long viral sense RNA in some mature fragments,
each with a 50cap-like structure made of a 20–30-cyclic phosphate (Fig. 26.2). This
structure might initially protect the viral RNAs from host-mediated destruction and
marks them for further processing. After activation by nsp10, the N7-guanine
methyltransferase activity of nsp14 adds the N7-methylguanosine cap to the viral
mRNAs and recruits nsp16 to those. This protein then adds a methyl group to the
20-O-ribose of that N7-methylguanosine. These methylations form a compact cap at
the mature viral mRNAs and prepare those for protein production using the eukary-
otic host-cell machinery as well as escape from host immune clearance. All these,
and some other proteins, help the RNA-dependent RNA polymerase (RdRp), or
nsp12 (nt13,442–16,236), to efficiently replicate and transcribe the viral genome to
establish the infection securely and to generate new infective virions [21–23].

SARS-CoV-2 continues to replicate its genome required for the synthesis of new
virions; alongside, it also synthesizes a nested set of subgenomic mRNAs for the
production of viral proteins needed for packing and release of those virions. They do
not lyse the host cell after the packing of even a large number of virions; rather, they
“bud” off from the cell and infect nearby cells in the same way. As most of the
human epithelial cells express ACE2, particularly the alveolar cells and those in the
intestine, those infectious virions eventually spread throughout the body and push
the host toward a critical condition if not treated timely [27]. But unfortunately, no
specific and confirmed drug is available till date to treat SARS-CoV-2 properly [4–
6]. According to current information, a few antiviral and antimalarial drugs are being
used to manage, at least minimally, COVID-19; however, researchers are testing
various other drugs and drug candidates virtually and in clinical trials also. Any
affective vaccination is also not available till date [4–6, 30–32]. Therefore, immune-
compromised people, for example, persons having other diseases, may sometimes
face severe complications due to COVID-19 and may even die due to ADRD and
severe pneumonia [4, 13, 17, 33, 34]. The immune response of the host plays the
vital role for clearing any infection. But in COVID-19, the initial stages of
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pathogenesis try to suppress the immune responses of the infected person. The
complex signaling required for activating innate as well as adaptive immunity
needs a lot of proteins to be expressed by the host. But SARS-CoV-2 tries to
suppress the production of host proteins at a very initial stage of its infection, as
stated earlier [4, 18, 25, 27, 30, 33]. Though a few cytokines and chemokines are
reported in COVID-19 patients, which molecules might trigger a series of immune
responses and cytokine storm, it should be noted that such induction of immune
responses is not universal. In addition, cytokine storm may lead to severe respiratory
distress which is widely reported to be associated with COVID-19.

26.3 The Signaling Pathways and Key Molecules Tangled
with SARS-CoV-2 Infections in the Lung

Early in this pandemic, little information about infection mechanism of SARS-CoV-
2 was available in published reports. It took a long time to know about the
similarities and differences of SARS-CoV-2 with other beta coronaviruses. The
novelty of the mechanism of infectivity of this virus, as discussed earlier, makes it
more perilous and hard to treat. SARS-CoV-2 enters into the human body through
the nasal-paranasal and oral route. The virus binds to the epithelial cells of these
cavities, which act as the portals for initial infection and transmission. The viral
infection goes downward through the respiratory tract to conducting airways and
spread into the lung alveoli. In severely affected individuals, ARDS and pneumonia
are seen with the major symptom of low ratio of partial pressure arterial oxygen
(PaO2) against the fraction of inspired oxygen (FiO2), i.e., low PaO2/FiO2 compared
to normal individuals. In 18.9% of the cases, patients suffering from ARDS show
PaO2/FiO2 ratio less than<100 mmHg. The increased vascular permeability, plasma
leakage, and severe hypoxemia are the main characteristics of ARDS. Infiltration of
active immune cells, mainly neutrophils and mononuclear cells, therefore develops
hyperinflammatory state and hypercoagulation. Consequently, it develops
disseminated microvascular coagulation and eventually becomes fatal [25, 33–36].

The surface epithelium of the alveoli, or the pneumocyte layer, is composed of
two types of cells. Type I cells are complex branched cells containing cytoplasmic
plates, whereas type II is the progenitor cell type for both type I and type II. The type
II cells help in the renewal of the damaged area of the lung. They synthesize and
discharge pulmonary surfactants and thus create a receptive condition for gas
exchange. Also, the lungs contain functionally distinct types of other stem cells
like basal cells, club cells, and bronchoalveolar stem cells, each present in specific
anatomical locations. Type II pneumocytes expressing ACE2 are the prime target of
SARS-CoV-2 infection of the human lung as detailed earlier. The Oct4+ pulmonary
stem cells, large and small bronchial epithelial cells, goblet/club cells, and pulmo-
nary endothelial cells also can express ACE2. Thus, the lung is the primary target for
this fatal virus. Tissue-resident immune cells within the lung and type II
pneumocytes are the first candidates to encounter SARS-CoV-2. As the host
becomes immune-compromised by the viral interaction with protein production,
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these cells become the primary sites for viral proliferation and host inflammatory
responses [25, 33–36].

26.4 Role of Angiotensin-Converting Enzyme 2 (ACE2)
and Proteases Toward SARS-CoV-2 Infection

In previous sections, it has been discussed that ACE2 protein is the functional
receptor for the spike glycoprotein of the SARS-CoV-2, and initially, the entry of
SARS-CoV-2 needs the binding of the surface unit S1 of the spike protein to the
ACE2 receptor. The renin-angiotensin system (RAS) has an important role in
circulatory homeostasis as well as in injury/repair response. Stimulation of a local
RAS within the pulmonary system (circulation and lung parenchyma) could promote
the pathogenesis of lung injury or infection by increasing vascular permeability,
vascular tone, and fibroblast activity, and by depleting alveolar epithelial cell
survival. In a close relationship with ACE2, the RAS appears to have a critical
role in SARS-CoV-2 infection [37]. Generally, after the CoV binds to its receptor,
the proteases like trypsin and TMPRSS2 activate the early fusion pathway; if not, the
virus becomes endocytosed and eventually destroyed. When furin cleaves the S
protein in proper time of infection pathway, the exogenous and membrane-bound
proteases track the early entry. Otherwise, the virus may again be endocytosed after
the cleavage at the S1/S2 site. The low pH within the endosome activates cathepsin
L; thus, it cleaves the S2 site and triggers the viral fusion facilitating the infection
pathway. Likewise, SARS-CoV-2S protein also possesses a unique furin cleavage
site at the S1/S2 region, and SARS-CoV-2 can utilize membrane-bound TMPRSS2
or endosomal cathepsin L for its entry [26, 38, 39].

In the ACE-Ang II-AT1R (ACE-angiotensin II-angiotensin II type 1 receptor)
pathway, the classical RAS increases sympathetic nervous system tension. This
results in vasoconstriction and increases blood pressure; thereafter it boosts inflam-
mation, fibrosis, and myocardial hypertrophy (Fig. 26.3). On the other hand, ACE2-
Ang 1–7-MasR-based pathway antagonizes these effects [40]. SARS-CoV-2 induces
the downregulation of ACE2 in various tissues [41–43]. Thus, the ACE-Ang
II-AT1R pathway takes over the command and increases vascular permeability
through the JAK/STAT pathway [41]. Some cytokines like IL-6, IL-1β, tumor
TNF-α, and IFN-γ have been testified to be commonly raised in COVID-19.
Among them, IL-6, IL-1β, and IFN-γ were reported to hinder ACE2 expression,
which ultimately alters the balance of the renin-angiotensin system (RAS) [44–
47]. Since SARS-CoV-2 enters cells mainly via an ACE2, targeting this protein
will be a beneficial therapeutic strategy in controlling the COVID-19 outbreak. The
proposed and repurposed ACE2 inhibitors are listed in Table 26.1.
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26.5 Toll-Like Receptors (TLRs) and Activation of NF-kB
and Interferon Regulatory Factor in the Lung

TLRs play an important role in the innate immune system by recognizing pathogen-
associated molecular patterns (PAMPs). Upon recognition of PAMPs, TLRs signal
by recruiting specific adaptor molecules which in turn activate transcription factors.
The immune-resident and epithelial cells of the lung express TLRs such as TLR3
and TLR7/8, which can recognize pathogen-associated molecular patterns and viral
nucleic acids and can induce downstream signal [57, 58]. TLRs activate mitogen-
activated protein (MAP) kinases and a number of transcription factors like NF-κB,
interferon regulatory factor 3 (IRF3), and IRF7; thereby initiating consequential
activation of many pro-inflammatory cytokines and type I (α and β) and type III (λ)
IFNs [59]. It was found in common respiratory viruses that TLR3 activates IRF3 via
TIRF (TIR-domain-containing adapter-inducing interferon-β) and IRF7, and also
activates NF-κbeta through MyD88. Like TLR3, other endosomal TLRs like TLR7/
8 and TLR9 can detect viral nucleic acids resulting in activation of IRF7 and
NF-κbeta via MyD88. Concerning the lung, SARS-CoV infection triggers an

Fig. 26.3 Modulation of angiotensin II and its signaling pathway by SARS-CoV-2 complicates
infection. As ACE2 is the main receptor for SARS-CoV-2 entry, targeting the ACE2-AngII-AT1R
pathway has a great potential for COVID-19 therapeutic plans
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inflammatory response by augmenting the production of IL-6, IL-8, IFN-γ, inducible
protein 10 (IP-10), and NF-κB in the differentiated Calu-3 cell line grown at the
air-liquid interface (ALI). Besides these, two helicases called RIG-1 and MDA5 can
recognize viral replication products from cytosol and activate IRF3 via IPS-1/
MAVS/VISA/Cardif [57, 60].

26.6 Association of Interferons in COVID-19

Interferons (IFNs) are cytokines formed by cells during virus infections. They
initiate antiviral signaling activity by binding to specific receptors (IFN alpha/beta)
on the cell surface and consequently can activate the JAK/STAT signaling cascade
(Fig. 26.4). Thus, the establishment of an antiviral state is achieved by the expression
of hundreds of interferon-stimulated genes. COVID-19 is characterized by elevated
serum cytokines (particularly IL-1β, IL-6, and TNF-α), weakened interferon
responses, and peripheral lymphopenia [61]. COVID-19 is associated with a reduced
IFN-I and IFN-III host response [62]. The ORF6 and ORF8 proteins and nucleocap-
sid of SARS-CoV-2 can hinder IFN-I signaling in vitro [63]. However, these
pro-inflammatory molecules may restrict SARS-CoV-2 replication in vitro. Clinical
trials regarding the administration of exogenous IFN-I and IFN-III against COVID-
19 (NCT04343768 and NCT04354259, respectively) are still going on [64, 65]
(Table 26.1).

Table 26.1 The proposed and repurposed drugs, targeting specific signaling molecules in
COVID-19 treatment

Targets Drug trials

Human ACE2
inhibitor

Lividomycin, burixafor, quisinostat, fluprofylline, pemetrexed, spirofylline,
edotecarin, and diniprofylline [48]
COL-3 and CGP-60474 [49]

IL-6 inhibitors Tocilizumab [clinical trial in Italy, NCT04317092, and different countries in
Europe and the USA, NCT04320615] [50]

IL-1 inhibitors Anakinra [clinical trial in Italy (NCT04324021) and another trial in Italy and
the USA, by Novartis (NCT04362813)] [50]

Application of
IFNs

Interferon Beta-1A and Interferon Beta-1B [clinical trial NCT04343768]
[51]

TNFα inhibitors Infliximab [clinical trial—NCT04425538] [52]
Adalimumab (AVID-CC) [under clinical trial by Oxford Clinical Trials
Research Unit]

NF-k beta
inhibitors

Caffeic acid phenethyl ester (CAPE), resveratrol, Bay11-7082, and
parthenolide [validated in SARS-CoV-infected mice and proposed for
COVID-19 treatment] [53, 54]

p38MAPK
inhibitors

Silymarin [clinical trial—NCT04394208] [55]
Losmapimod [clinical trial—NCT04511819] [56]

Janus kinase
inhibitors

Baricitinib [13 different clinical studies (ClinicalTrials.gov)]
Ruxolitinib [clinical trial by Novartis NCT04337359]
Tofacitinib [clinical trial in Italy (NCT04332042, NCT04390061)] [50]
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26.7 Involvement of Il-6 and JAK/STAT Signaling During CoV
Infection

Lung epithelial cells and macrophages respond to SARS-CoV-2 infections,
activating NF-κB-and its targets like IL-6, IL-8, and TNF [66–68]. Furthermore,
IL-6 shows pleiotropic effects concerning different lung-related diseases. It was
observed that in murine models of acute lung injury, IL-6 initiates an inflammatory
response through the STAT3 pathway within the lungs [69, 70]. The IL-6�/� mice

Fig. 26.4 SARS-CoV-2 infection affects a number of host signaling pathways. A number of
important signaling pathways in the host are affected by SARS-CoV-2 infection, and thus each of
the molecules of these pathways may be targeted by candidate drug molecules
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showed a decreased inflammatory influx in the bronchoalveolar lavage [71]. The
importance of IL-6 was also proved in COPD and asthma [72]. Especially IL-6-
induced expression of Ang II creates a feedback loop by promoting the expression of
IL-6 via JAK/STAT. JAK/STAT pathway involves the rapid transmission of extra-
cellular signals and induces the changes in gene expression via STAT-related
transcription factors. Upon receptor binding of extracellular signaling molecules
cytokines, IFNs, colony-stimulating factors, and hormones, the JAK proteins are
cross-phosphorylated and recruit STAT proteins. STATs are phosphorylated at
particular sites and activate. Activated STATs dimerize and translocate to the
nucleus to act as transcription factors. Thus, STATs bind at a different position in
the genome and control transcription of thousands of genes [73]. Il-6 and some
kinase inhibitors are repurposed and in a clinical trial for COVID-19 treatment
(Table 26.1).

26.8 NF-kBeta Signaling Pathway: A Major Signaling Pathway
in SARS-CoV Infection

Severe cases of SARS-CoV-2 infection preferentially activate a pro-inflammatory
cytokine production, with minimal activation of antiviral response. The infected
epithelial cells secrete cytokines. They then contribute to the initiation of inflamma-
tion at the tissue level. One of the important characteristics of severe cases of SARS-
CoV-2 infection is low levels of type I interferon (IFN) production, whereas
excessive production of inflammatory cytokines (i.e., IL-6, TNF) occurs simulta-
neously [44, 74, 75]. Commonly, the cytosolic innate immune receptors of viral
infection prime the activation (i.e., phosphorylation and nuclear translocation) of the
two key transcription factors IRF3 and NF-κB. Consequently, they activate the
transcription of different antiviral and inflammatory genes. The preferential nuclear
transport of NF-κB was observed in ACE2 expressing A549 lung cells [76]. Knock-
out and overexpression of viral RNAs (RIG-I, MDA5, and TLR3 as well as IFN) and
receptors were done in ACE2 expressing A549 cells infected with SARS-CoV-2. No
significant changes were observed in IFIT1 mRNA (IRF3 target) and TNF mRNA
(NF-κB target) levels in those cells. The results indicate that RIG-I, MDA5, TLR3,
and IFN receptors (cellular RNA sensors) are not involved in NF-κB activation.
Commonly, cGAS and STING work as intracellular sensors for cytosolic DNA.

Upon DNA binding with the aid of ATP and GTP, the cGAS catalyzes the
production of cGAMP. This cGAMP then acts as a second messenger, which in
turn binds and triggers STING, thus leading to type I IFN production
[77, 78]. Though cGAS mainly acts as a cytosolic DNA sensor, the induction of
the cGAS-STING signaling axis and activation of downstream NF-κB and IRF3
have been shown for numerous RNA virus infections [79]. The cGAS knockout
mice are more vulnerable to the infection of a positive-sense single-stranded RNA
virus, West Nile virus (WNV) [80]. Likewise, STING-deficient mice had greater
susceptibility to RNA vesicular virus stomatitis (VSV) infection, and STING-
deficient cells could not produce an aggravated innate immune response against
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RNA viruses such as VSV and SeV (Sendai virus) [81]. Upon infection of SARS-
CoV-2, both cGAS and STING are re-localized to perinuclear clusters of infected
cells. Therefore, the condition indicates the activation of cGAS and STING. The
pharmacological inhibitor of STING H-151 significantly decreases in the levels of
TNF mRNA in infected cells, both in ACE2 expressing A549 and Calu-3 lung cells.
Generally, STING activation connects with NF-κB and IRF3 activation. But several
reports showed that interference in ER to Golgi translocation of STING preferably
stimulates the NF-κB pathway [82, 83]. The researcher observed that there is no
significant colocalization of STING and Golgi markers in SARS-CoV-2-infected
cells, indicating impaired STING translocation and activation of a specific NF-κB
inflammatory response. Hence, SARS-CoV-2 infection activates the cGAS-STING
pathway, which in turn induces pro-inflammatory cytokines through NF-κB, and the
STING inhibitors can control this specific response efficiently. However, pharmaco-
logical STING inhibitors could not block TNF upregulation completely. It can be
speculated that multiple pathways may be responsible for NF-κB pathway activation
[76]. Thus, combinatorial therapeutic approach can be used to target multiple NF-κB
activation pathways in SARS-CoV-2-infected cells (Table 26.1).

26.9 NLPR3 Inflammasomes

NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3) acts as an intracellu-
lar sensor that perceives a broad range signal along with PAMPs from viruses,
leading to the formation of the inflammasome. Formation of NLRP3 inflammasome
primes caspase 1-dependent release of IL-1β and IL-18. Among them, IL-1β can
promote the production of IFNs and antiviral factors through IRF1/STAT1 signal-
ing, helping virus elimination [84]. In the case of SARS-CoV infection, ORF8b and
ORF3a are capable of triggering NLPR3 inflammasomes [85, 86]. The largest
nonstructural protein of SASR-CoV-2 (nsp3) is composed of several domains.
Among them, the SARS-CoV unique domain (SUD) (Nsp3c) is also found in
MERS-CoV and SARS-CoV-2 having 15% and 75% identity with SARS-CoV,
respectively. SUD can induce NLRP3 production and promote inflammation by
inducing CXCL10 in the lung [87]. Therefore, a precise and regulated approach to
modulate NLPR3 activity and its levels could be helpful for ARDS treatment in
COVID-19 patients.

26.10 p38-MAP Kinase Pathway

Ang II shows its effects by activating the p38 MAPK pathway, whereas ACE2
converts Ang II to Ang 1–7, which in turn binds to the Mas receptor and conse-
quently decreases p38 MAPK activation [88]. In SARS-CoV-2, upon viral entry,
loss of ACE2 activity is very prominent. Therefore, it leads to the downregulation of
Ang 1–7 production, accelerate Ang II-mediated activation of p38, and uncontrolled
inflammation. Additionally, p38 activation produces a positive feedback loop with
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ADAM17, which cleaves the ACE2 ectodomain, and further declines the ACE2
protective activity [89]. In COVID-19 patients, Ang II levels were positively related
to the degree of lung injury and viral load, indicating RAS imbalance [90]. SARS-
CoV can directly upregulate p38 activity with the help of its protein and promote its
replication. It can be predicted that by possessing a high homology with SARS-CoV,
the new virus SARS-CoV-2 may follow a similar mechanism [56]. Besides these,
ERK, JNK, and p38 involve numerous aspects of COPD development [91]. Stress,
LPS, and different inflammatory factors can activate the p38MAPK pathway, which
produces inflammatory cytokines [92]. Among its four isoforms, p38α MAPK
associates with the production of IL-8 and IL-6 in response to IL-1 and TNF-α,
respectively [93, 94]. Additionally, p38MAPK can posttranscriptionally regulate
TNF-α and COX-2 gene via AREs (AU-rich element), but the exact mechanisms of
p38MAPK-mediated posttranscriptional regulations are still unclear [95].

The expression of intercellular cell adhesion molecule-1 (ICAM-1) increases in
the early phase of acute lung injury (ALI), thus leading to the aggravation of disease
[96]. p38MAPK can regulate the expression of ICAM-1 by human antigen R (HuR)
or p53. Being a posttranscriptional regulatory factor, HuR affects the half-life and/or
translation of different mRNAs, like ICAM-1, TNF-α, COX-2, and TLR4 through
binding to AREs [97–99]. Therefore, pharmacological targeting of the MAPK
pathway in ARDS will be a wise approach (Table 26.1).

26.11 Targeting Potential Molecules for Treatment of COVID-19

Designing a successful and universal treatment regimen for COVID-19 patients
becomes critical due to these above-discussed mechanisms of infection of the
virus and the respective host responses. Various signaling pathways and their
functional proteins are used by the virus for successful establishment of infection.
Potentially each of these molecules can be targeted for designing a therapeutic plan
for COVID-19 patients. As mentioned earlier, a lot of these targets are indeed being
tested in different laboratories throughout the world. A set of combinatorial
approaches are also being investigated by some. Ideally, it is needed to attack the
infection from, at least, three sides: a drug to kill or stop the virus; a chemical or
biochemical blocker for any step of the establishment of the infection; and, last but
not the least, a modulator for one or more important signaling molecules. An
elaborate list of the drugs against signaling molecules has been presented in
Table 26.1. Table 26.2 lists the widely used antiviral and antiparasitic drugs.
Oseltamivir, peramivir, zanamivir, ganciclovir, acyclovir, and methylprednisolone
are already reported to be almost ineffective against SARS-CoV-2. Some other
antiviral drugs like umifenovir, galidesivir, ribavirin, triazavirin, ritonavir,
nitazoxanide, favipiravir, lopinavir, ritonavir, nafamostat, darunavir, and remdesivir,
and an antimalarial drug chloroquine, have been used separately or in combination to
treat COVID-19 patients. Recently, a new line of attack is proposed depending upon
the mechanism of entry of the virus. A blocker for ACE2 or TMPRSS2 is being tried
to prevent the viral entry into the host cell. Interestingly, the WHO has announced a
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combinatorial approach using remdesivir, chloroquine, a blocker as said above, and
an immune booster as said above [8, 31, 102]. A chloroquine derivative,
hydroxychloroquine, is being widely used as a promising treatment strategy for
COVID-19 and is also suggested by the WHO [103]. It is an effective antimalarial
drug which increases lysosomal pH and reduces inflammatory responses by a
complex immune-modulating process. But it should be noted that
hydroxychloroquine can reduce both innate and adaptive immune responses signifi-
cantly by suppressing Toll-like receptor signaling (TLR) pathways. In COVID-19,
lack of strong and effective immunity plays one of the major roles for poor

Table 26.2 Selected antiviral and antiparasitic drugs for final screening and their mode of actions

Drug Mode of action [5, 100–106]

Favipiravir Selectively inhibits RNA polymerase and
prevents replication of the viral genome

Remdesivir Nucleoside analog that is expected to inhibit
the action of RNA polymerase by
incorporating those into RNA during
replication and/or transcription

Ribavirin Ribavirin triphosphate (RTP) is the
predominant metabolite which directly inhibits
viral mRNA polymerase by binding to the
nucleotide binding site of the enzyme

Galidesivir Binds to viral RNA polymerase at the binding
site of natural nucleotides; thereby leads to
structural change in the viral enzyme and
disruption of the viral RNA polymerase
activity resulting in premature termination of
the elongating RNA strand

Umifenovir Interacts at the plasma membrane to stabilize it
and to prevent viral entry

Pirodavir Binds and stabilizes the viral capsid

Chloroquine Increases endosomal and lysosomal pH; thus it
might prevent the release of viral genome,
which may inhibit viral RdRp

Proguanil Specifically inhibits parasitic dihydrofolate
reductase

Quinine Might act similarly like chloroquine

Artemether Possibly creates oxidative and metabolic stress
and accumulates intracellular calcium

Artesunate Increases reactive oxygen species (ROS) and
decreases glutathione on parasite

Nafamostat, camostat mesylate Inhibits TMPRSS2

Losartan, olmesartan Inhibits AT1R

Benazepril, captopril, enalapril, fosinopril,
lisinopril, moexipril, perindopril, quinapril,
ramipril, trandolapril

Inhibits ACE and helps increase ACE2
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prognoses in patients [4, 7, 9, 18]. Therefore, the use of chloroquine/
hydroxychloroquine molecule in COVID-19 patients can pose a serious threat on
their cure, and survival also. This indeed is being reported very recently, and makes
scientists bound to exclude this molecule from treatment proposals.

26.12 Conclusion

Novel coronavirus disease-2019 or COVID-19 has made people look back into
many things. Each and every day, scientists as well as general public are reporting
striking incidents and novel scientific findings. Probable zoonotic transfer of SARS-
CoV-2, its scaring abilities for adaptation and infection, destruction of various
species and climate change, effects of social distancing in public psychology, and
even survival of man and economy are being studied by all and are really important
indeed. But still it cannot be denied that the search for possible treatment of COVID-
19 patients has outweighed all as the first and foremost task at present is to make
people survive through this hell. Published reports are showing individual results for
some known and/or unknown candidates for the treatments. Some are reporting
about any antiviral; some are trying to establish the efficacy of antiparasitic drugs
like the hydroxyl derivative of chloroquine and hydroxychloroquine; some are trying
inhibitors to block host-cell entry by SARS-CoV-2; and even others are trying to
help immunity of affected people by testing interferons. But as far people have
learned about the characteristics of the viral genome and its mode of infection, it can
be inferred that no one drug available at present would serve the purpose of curing a
significant number of patients. Rather, a combination of molecules, each for
targeting a specific step of establishment of infection, would be helpful as a full-
proof treatment plan; and this has also been proposed by the WHO recently. Though
drug interactions are checked thoroughly in clinical trials, it should be noted that the
dose and dosage of any candidate molecule should be finalized very carefully by
efficient and experienced healthcare professionals to prevent any unwanted adverse
result(s) as very less is known about this fatal virus till now (Fig. 26.5). Like other
pandemics which passed in earlier centuries, we hope that proper and widespread
management of COVID-19 will also become possible and help survival of mankind.
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Fig. 26.5 Proposed treatment plans for fighting COVID-19. A set of possible combinatorial
treatment plans including an antiviral, an antiparasitic drug, an inhibitor for preventing host-cell
entry, and some molecular targets in the host signaling pathways might improve management of
COVID-19. Adapted and modified from Chattopadhyay NR, Chatterjee K, Banerjee A,
Choudhuri T. Combinatorial therapeutic trial plans for COVID-19 treatment armed up with
antiviral, antiparasitic, cell-entry inhibitor, and immune-boosters. VirusDisease. (2020). 31
(4):479–489
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Special Features of Human Lung ACE2
Sensitivity to SARS-CoV-2 Spike
Glycoprotein

27

Dipannita Santra, Amrita Banerjee, and Smarajit Maiti

Abstract

The present review explains some special features of lung tissues in relation to
angiotensin (Ang) metabolism and function. The enzymes ACE and ACE2
remain in a balanced state to maintain the normal physiological vaso-status. In
some pathological conditions, this balance is hampered, and the immediate
effects are pressure deregulations and hypertension. A number of cardiac and
renal anomalies are associated with hypertensive disorder. Adrenal functions and
corticosteroids are also associated with physiological functions of angiotensin
and peripheral salt regulation linking hyper- or hypotension. ACE2 is the most
efficient target of SARS-CoV-2, the cause of the present pandemic that claimed
millions of life globally. The death from this virus is mostly caused by higher rate
of viral propagation with extreme fidelity and Ang-linked multi-organ failure.
The special property of lung surface ACE2 and its efficacy in viral propagations
have been briefly reviewed in this chapter with some therapeutic strategies related
to Ang regulations.

Keywords

SARS CoV-2 · Angiotensin · ACE2 · Comorbid · Hypertensive vascular disorder

D. Santra · A. Banerjee
Cell and Molecular Therapeutics Laboratory, Department of Biochemistry and Biotechnology,
Oriental Institute of Science and Technology, Midnapore, India

S. Maiti (*)
Cell and Molecular Therapeutics Laboratory, Department of Biochemistry and Biotechnology,
Oriental Institute of Science and Technology, Midnapore, India

Epidemiology and Human Health Division, Agricure Biotech Research Society, Midnapore, India

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
K. Dua et al. (eds.), Targeting Cellular Signalling Pathways in Lung Diseases,
https://doi.org/10.1007/978-981-33-6827-9_27

583

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6827-9_27&domain=pdf
https://doi.org/10.1007/978-981-33-6827-9_27#DOI


27.1 Introduction

In the last week of December 2019, a few cases of pneumonia were reported in
Wuhan of China. After a careful analysis, experts of the Centers for Disease Control
and Prevention, China declared that the symptoms were caused by novel coronavirus
[1]. The World Health Organization (WHO) mentioned the disease as “COVID-19.”
The International Committee on Taxonomy of Viruses named the virus “severe acute
respiratory syndrome coronavirus 2” (SARS-CoV-2). There are 49,664,999 con-
firmed cases of novel coronavirus disease 2019 (COVID-19) globally, with
1,248,759 deaths and reserved. The total fatality rate is 0.025%. Major thrust was
delivered on generating research intelligence to guide evidence-based actions to
control the virus as a worldwide response to manage the pandemic condition. Its
genetic similarities with the SARS virus (outbreak 2003) and dissimilarities with its
virulence and pathogenicity make it unique. Its clinical characteristics were very
similar to those of viral pneumonia. The coronaviruses are single-stranded RNA
viruses with a diameter of 80–120 nm. It belongs to the Coronaviridae family and
the Orthocoronavirinae subfamily, which is divided into four genera:
Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus.
SARS-CoV, MERS-CoV, and SARS-CoV-2 are all betacoronaviruses, a genus
that includes many viruses that infect humans, bats, and other domesticated and
wild animals [2]. Bats are considered to be the natural hosts of SARS-CoV-2.
Pangolins and snakes are known to be intermediate hosts. No definite intermediate
host of SARS-CoV-2 has been suggested till date. A study from Wuhan Institute of
Virology showed 96.2% similarity in the gene sequence alignment between SARS-
CoV-2 and bat coronavirus [3]. This may suggest that bats are the potential source of
SARS-CoV-2. Using macrogenomic sequencing, molecular biological detection,
and electron microscopic analysis, Xu et al. [4] showed 99% similarity between
SARS-CoV-2 isolated from pangolins and SARS-CoV-2 from infected humans. No
studies to date have fully elucidated the potential natural and intermediate host of
SARS-CoV-2. Coronaviruses exploit their homotrimeric spike glycoprotein (com-
prising an S1 subunit and S2 subunit in each monomer) on the envelope to bind to
their cellular receptors, ACE2 present in lung cell surface. Such a binding triggers a
cascade of events that results in the fusion between cell and viral membranes
resulting in entry to lung cell. Previous cryo-electron microscopy studies of the
SARS-CoV 2003 spike protein and its interaction with the cell receptor ACE2 have
shown that receptor binding induces the dissociation of the S1 with ACE2. This
event induces the S2 to transfer from a pre-fusion to a more-stable post-fusion state.
This is essential for final membrane fusion [5] upon engagement of ACE2 by a
receptor-binding domain (RBD) in S1 [6]. Efficient rearrangements occur that cause
S1 shedding and cleavage of S2 by host proteases, and exposure of a fusion peptide
adjacent to the S20 proteolysis site activates the fusion [7]. It has been reported that
angiotensin-converting enzyme 2 (ACE2) plays a crucial role in the entry of virus
into the cell to cause the final infection and proliferation of the virus [8]. ACE2
protects the lung and heart from acute respiratory distress syndrome (ARDS) and
acute myocarditis. Angiotensin II has several adverse effects in the lung and tissues.
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SARS-CoV-2 is highly contagious and is able to infect humans not only through the
mucous membranes of the nose and mouth and eyes [9]. These results explain the
faster transmission capability of SARS-CoV-2 in humans compared with SARS-
CoV. In this regard, soluble ACE2 could also be a possible potential candidate for
the treatment of COVID-19.

27.2 Angiotensin and Its Physiological Functions

Angiotensin is a protein hormone that causes vasoconstriction and blood vessels to
make it narrower. It is the part of the renin-angiotensin system, which helps to
maintain blood pressure and fluid balance in the body. Angiotensin I is produced by
the action of renin (released from the kidney juxtaglomerular cells) on a protein
called angiotensinogen (an α-2-globulin), which is formed by the liver. Angiotensin
I (Ang I) is further cleaved to angiotensin II (Ang II) by angiotensin-converting
enzyme (ACE). ACE is an integral component of the renin-angiotensin system
(RAS). It converts angiotensin I to angiotensin II (ATII). The renin-angiotensin
system (RAS) is considered to be the major regulator of blood pressure and electro-
lyte balance. Several new members of the RAS have been identified so far. These
new members include (pro)renin receptor [10], angiotensin (1–12) [11], ACE2 [12],
angiotensin (1–7) [13], and the Mas receptor [14]. All the major components of the
RAS including renin, angiotensinogen, ACE, ACE2, AT1R, AT2R, and the Mas
receptor are expressed in the lung tissue [15]. After angiotensin I is converted to
angiotensin II, it has effects on the kidney, adrenal cortex, arterioles, and brain
tissues by binding to angiotensin II type I (AT1) and angiotensin II type II (AT2)
receptors. AT1 receptor, a G-protein-coupled receptor, exerts its function in the
adrenal gland, renal glomeruli and proximal tubules, vascular and cardiac muscles,
and brain tissues. The AT2 receptor is coupled with various phosphatases and
mediates protein dephosphorylation. These receptors are present in several tissues
including the adrenal gland, heart, and brain. AT1 contributes to such pathological
conditions by the stimulation of cellular growth via protein phosphorylation, which
activates DNA transcription of several cytokines and growth mediators. AT2
functions to promote vascular remodeling and proliferation, mainly via the angio-
tensin II type I (AT1) receptor. This result increased capillary growth, vascular
permeability, and oxidative stress responses. AT1 receptor blockers (ARBs) are
non-peptide antagonists for the clinical use purposes in the treatment of hypertension
[16]. Two chemical compounds ditrifluoroacetate and trifluoroacetate salt show the
pharmacology and functions of AT2 receptor [17, 18]. The ACE cleaves the
C-terminal dipeptide end from angiotensin I to generate a potent vasopressor,
angiotensin II [19]. It inactivates the vasodilator bradykinin by the eventual removal
of two C-terminal dipeptides [20]. The level of Ang II in the renal proximal tubules
and interstitial fluid is approximately 103 times than the concentration in plasma. In
the plasma, angiotensin II sustains with a half-life of 1–2 min. During this period
peptidases degrade it into angiotensins III and IV. Angiotensin III stimulates an
aldosterone effect of angiotensin II. Angiotensin IV has further decreased the
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systemic effect. The ultimate effect of angiotensin II is to increase blood pressure,
body water, and sodium content.

Angiotensin deficiency can prevent the regulation of blood volume and pressure.
High angiotensin levels can also cause cardiac anomalies and heart failure. Angio-
tensin blockers can help in these situations by blocking the receptor sites.

27.3 Role of Angiotensin-Metabolizing Proteins

The conversion of angiotensin I to angiotensin II is catalyzed by an enzyme called
angiotensin-converting enzyme (ACE). ACE is located primarily in the vascular
endothelium of the lungs and kidneys in human bodies (Fig. 27.1). Angiotensin-
converting enzyme (ACE) is a zinc metallopeptidase [19]. ACE occurs in two
isoforms in humans, encoded by a single gene located on chromosome 17 at q23.
Both of the ACE isoforms hydrolyze the circulating peptides and catalyze the
hydrolysis of substance P, Ang 1–9, N-acetyl-seryl-aspartyl-lysyl-proline
(Ac-SDKP), cholecystokinin, and other proteins in addition to Ang I. It also affects
the vasodilator peptides bradykinin and kallidin [21]. Its further action is also
associated with sperm membrane and infertility. ACE has also been implicated
during a range of physiological processes unrelated to blood pressure regulation,
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like hematopoiesis, immunity, reproduction, and neuropeptide regulation
(Fig. 27.1). Angiotensin-converting enzyme inhibitors (ACE inhibitors) are a thera-
peutic materials that slow down the activity of the enzyme ACE and eventually
decrease the assembly of angiotensin II. Consequently, blood vessels enlarge or
dilate, and blood pressure is significantly reduced. The medicines act on the renin-
angiotensin-aldosterone system, but the ACE inhibitors inhibit the formation of
angiotensin II and consequently the downstream effects via AT1 receptor (vasocon-
striction, cell growth, sodium and water retention, and sympathetic activation). In
contrast, ARBs were screened and designed to replace angiotensin II from the AT1
receptor. ARBs augment vasodilation and natriuresis (Fig. 27.1). However, this
ARB-associated autocrine cascade with bradykinin, nitric oxide, and vasoactive
prostaglandins is less important than that of ACE inhibitors [22]. Therefore, the
potent effect of ACE inhibitors (CEI) on humans and on hypertensive animals is a
significant decrease of Ang II formation and an interference with kinin metabolism
[23, 24]. ACE inhibitors have been linked with the IgA nephropathy and particularly
on its sustained modification. IgA nephropathy is related to the accumulation of
extracellular matrix (ECM) in the kidney.

Tipnis et al. [25] cloned a human metalloproteinase for the first time [12]. On the
other hand, angiotensin-converting enzyme 2 (ACE2) is a carboxymonopeptidase
with a preference for hydrolysis between proline and carboxy-terminal hydrophobic
residues in cardiovascular, neuronal, and reproductive organs [12].

27.4 Functions of ACE2 and Its Role in Lung Functions

Both ACE and ACE2 are endothelium-bound carboxypeptidases and work in coor-
dination. The ACE2 protein is highly expressed in the heart and kidney. In the
kidney, it is expressed in renal tubular in epithelium, vascular smooth muscle cells of
the arteries, and the glomeruli [26]. ACE2 is a type I transmembrane zinc
metallocarboxypeptidase with a variable homology to ACE which has been
discussed earlier. The importance of the RAS in lung diseases has recently been
focused in regard to the identification of ACE2 role in severe acute respiratory
syndrome (SARS) coronavirus receptor. There is abundant expression of RAS
components within the lung, including ACE and ACE2. In the recent pandemic
situation by SARS-CoV-2, it has again highlighted that activation of the
intrapulmonary RAS could influence the pathogenesis of lung injury causing the
highest rate of morbidity [15]. The systemic ANG II is mainly generated in the lung
[27]. Reports suggest that in bleomycin-induced pulmonary fibrosis in rats or mice,
ACE inhibitors or AT1 receptor blockers can attenuate epithelial apoptosis, intersti-
tial fibrosis, and collagen deposition [28]. This secreted protein catalyzes the cleav-
age of angiotensin I into angiotensin 1–9, and angiotensin II into the vasodilator
angiotensin 1–7 (Fig. 27.1). The tissue-specific expression of this gene suggests its
regulatory role in cardiovascular and renal function. In addition, this protein is a
functional receptor for the spike glycoprotein of the earlier emerged human corona-
virus HCoV-NL63, SARS-CoV and recently occurring human severe acute
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respiratory syndrome coronaviruses SARS-CoV-2 (COVID-19 virus). ACE2
functions with preference for hydrolysis between proline and a hydrophobic or
basic C-terminal amino acid residue [29].

The primary function of ACE2 is maintaining the balance with
angiotensin-converting enzyme (ACE) function. ACE2 successively cleaves the
carboxyl-terminal amino acid phenylalanine from angiotensin II (Asp-Arg-Val-
Tyr-Ile-His-Pro-Phe) and hydrolyzes it into the vasodilator angiotensin (1–7)
(H-Asp-Arg-Val-Tyr-Ile-His-Pro-OH) [30]. ACE2 also cleaves other peptides
including [des-Arg9]-bradykinin, apelin, neurotensin, dynorphin A, and ghrelin
[30]. Report suggests that ACE2 regulates the membrane trafficking of the neutral
amino acid transporter SLC6A19 and has been implicated in Hartnup’s disease
[31]. The importance of ACE2 in pulmonary physiology was appreciated when
this enzyme was identified as a functional receptor for the SARS coronavirus
(SARS-CoV) occurring in December, the causative agent of severe acquired respi-
ratory syndrome (SARS) [32]. In vivo experimental studies revealed that lung ACE2
expression is significantly decreased upon SARS-CoV infection, which eventually
results in respiratory failure and death [33]. It is suggested that ACE2 expression is
reduced in established atherosclerotic plaques [34] and in proatherosclerotic states,
such as diabetes [35].

Decreased expression of ACE2 is linked with lung fibrosis in both human and
experimental animals [36]. Moreover, lung overexpression of ACE2 in lungs
attenuates monocrotaline-induced pulmonary hypertension [37] and bleomycin-
induced pulmonary fibrosis [38]. Again, ACE2 protects murine lungs from acute
injury [39, 40]. On the contrary, mutant ACE2 mice exhibit enhanced vascular
permeability with depressed lung function [41]. Administration of recombinant
ACE2 has been shown to prevent the development of lung failure in ACE2 knockout
mice [41]. An altered rennin-angiotensin system (RAS) has been implicated as a
causative factor in the pathogenesis of pulmonary arterial hypertension (PAH).
Activation of the classic ACE-AngII-AT1R axis of the RAS regulates the role of
the vasoactive peptide angiotensin II (Ang II), and its receptor AT1R. That adversely
affects pulmonary hemodynamics to cause PAH [15]. Besides this, modulation of
matrix metalloproteinases (MMP-2 and MMP-9) by ACE2 may also be responsible
for impaired tissue remodeling [42]. Furthermore, ACE2 overexpression has been
shown to inhibit hypoxia-induced collagen production by cardiac fibroblasts. This
suggests that the anti-fibrotic action of ACE2 has a strong physiological implication
[43]. In acute respiratory distress syndrome (ARDS), ACE, Ang II, and AT1
receptor function as lung injury-promoting factors, while ACE2 protects the lung
from injury as a negative regulator of the RAS [40]. The pathogenesis of pulmonary
fibrosis includes endothelial and epithelial cell injury, invasion of inflammatory
cells, and production of chemical mediators leading to the cellular proliferation
and activation of fibroblasts [44]. So, manipulation of ACE2 could protect against
pulmonary fibrosis as a therapeutic target.
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27.5 ACE2 Polymorphism and Its Physiological Implications

The Study on Leeds Family by Rice et al. [45] is one of the first studies to explore the
link of ACE2 polymorphisms and inheritance of hypertension. The levels of active
circulating ACE2 have also been correlated with hypertensive symptoms. Studies
have examined the connection between ACE2 genetic variants and disease severity;
the risk of calculation developing hypertension in several ethnic populations is
accountable. Higher levels of ACE2 expression are suggested to cause severity of
coronavirus infection COVID-19 symptoms. A polymorphism of ACE2 gene was
earlier documented in the Chinese population with three ACE2 variants (rs4240157,
rs4646155, and rs4830542) associated with HT [46]. In a Nicotine Dependence in
Teens Canadian cohort, rs2074192, rs233575, and rs2158083 mutations were sig-
nificantly associated with clinical variations of blood pressure and hypertension
[47]. In India, the study of 246 HT patients and 274 normotensive people indicated
an association of HT with ACE2 rs21068809 mutation [48].

The renin-angiotensin-aldosterone system (RAAS) pathway can also be regulated
by a polymorphism in ACE. In African-American population, hypertension with an
ACE polymorphism was reported [49]. SARS-CoV and SARS-CoV-2 spike
proteins interact very efficiently with human angiotensin-converting enzyme
2 (ACE2) as their receptor, whereas MERS-CoV spike protein attaches with
dipeptidyl peptidase-4 (DPP4) [50]. COVID-19 severity depends on the host trans-
membrane serine protease-2 (TMPRSS2) for SARS-CoV-2 spike (S) protein
priming [51]. During SARS-CoV-2 infection, not only the ACE2 is facilitated by
the invasion of SARS virus for rapid replication, but also ACE2 is depleted from the
cell membrane. Therefore, the damaging effects of Ang II are enhanced, resulting in
the severe damage of lung tissues [52]. ACE2 promotes the entry of CoV into host
cells in two different ways. The first one involves ACE2 receptor-mediated clathrin-
dependent endocytosis. The RBD of the virus is recognized by the extracellular PD
(peptidase domain) of ACE2 mainly through polar residues. When CoV is attached
to ACE2, the ACE2 extracellular domain controlling the catalytic effect is cleaved
off by specific proteases. As a result, the transmembrane domain is internalized. The
other is the assistance of clathrin [53]. The viral particles and host cells fuse. The
intracellular structure of ACE2 promotes viral transport from the cell membrane to
the cytoplasm. In vitro studies have shown that ADAM17 inhibitors can attenuate
virus replication [54].

The second way involves ACE2 receptor-mediated transmembrane serine
protease-2 (TMPRSS2)-dependent membrane fusion. When the SARS-S protein
binds to ACE2, processing by TMPRSS2 is suggested to permit fusion at the cell
surface. Prevalent polymorphisms in TMPRSS2, including p.Val160Met
(rs12329760), support potential explanations for differential genetic susceptibility
to COVID-19. The viral receptor-binding domain (RBD) located in S1 has been
narrowed at the lower portion to amino acid residues 318–510 [55]. Similar to
SARS-CoV, RBD of SARS-CoV-2 spike protein comprises two subdomains: core
and extended loop. Cocrystal structures of SARS-CoV and SARS-CoV-2 spike
proteins complexed with ACE2 have shown that the extended loop of RBD directly
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interacts with loops flanked by α2- and α3-helices. Nevertheless a β-hairpin loop
between β3- and β4-sheets of ACE2 is also involved in the process [56]. The strong
binding mechanism between spike and the ACE2 has been explored. At the
N-terminus of α1, Gln498, Thr500, and Asn501 of the RBD form a network of H
bonds with Tyr41, Gln42, Lys353, and Arg357 from ACE2. At the C-terminus of α1,
Gln474 of the RBD is H-bonded to Gln24 of ACE2. The points presented so far
propose that the link, involving ACE2, between the preexistent condition of hyper-
tension and an elevated risk of SARS-CoV-2 infection (and the resultant mortality) is
mostly due to the regulation of ACE2 expression. Almost all of these variants of
ACE2 are diversely occurring (minor allele frequency R 5%) in one or the other
population. Notwithstanding, it raises the possibility of genetic regulation of ACE2
expression being highly widespread.

27.6 Evolutionary Basis of ACE2 and SARS Spike Glycoprotein
Binding

Evolution is a dynamic and continuous interplay where pathogens and hosts are
interacted. SARS-CoV-2 is the seventh coronavirus known to infect humans. The
other six coronaviruses are HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-
HKU1, SARS-CoV, and Middle East respiratory syndrome coronavirus (MERS-
CoV) [57]. This is expected that all these have some evolutionary relationship.
HCoV-229E and HCoV-NL63 belong to the alphacoronavirus. And the others
including SARS-CoV-2 belong to betacoronavirus. SARS-CoV and MERS-CoV
are considered highly pathogenic and are known to be transmitted from bats to
humans via some intermediate host [58]. Phylogenetic analysis determines the
evolutionary relationship and host selection between spike glycoproteins within
the human-specific betacoronavirus. To better understand the host selection of
betacoronaviruses, the connection of spike glycoprotein between SARS-CoV-
2 and other closely related betacoronaviruses has been analyzed (Fig. 27.2). The
result showed that bat SARS-like CoV RaTG13 has 96.2% overall genome sequence
identity [5], and those are joint neighbor of SARS-CoV-2. The phylogenetic analysis
may help the understanding of the highly virulent nature of SARS-CoV-2.

27.7 Clinical Feature of ACE2 and Spike Binding

Current clinical reports and epidemiological data indicate that SARS-CoV-2 is
associated with significant morbidity of cardiovascular diseases and complications
(Fig. 27.2). These include hypertension (HTN), myocarditis, acute myocardial
infarction, and increased heart and kidney failure [59]. In mouse models of acute
respiratory distress syndrome, ACE2 knockout mice displayed more severe
symptoms, while overexpression of ACE2 had some protective effects [60]. This
suggests the ACE2 may have some adaptive role in COVID-19 pathogenesis
(Fig. 27.2). In SARS-CoV infection of mice, both viral replication and viral spike
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protein separately have been demonstrated to selectively reduce ACE2 but not ACE
expression [33]. Nevertheless, SARS-CoV also induces rapid downregulation of
ACE2 from the cell surface [61]. It promotes the release of catalytically active ACE2
ectodomains [62]. These results indicate the importance of physiological balance
between ACE/ACE2 and Ang II/Ang (1–7), which is likely to be disrupted by
SARS-CoV viral infection. In mouse models, recombinant ACE2 administration
was shown to inhibit myocardial remodeling and terminate Ang II-induced cardiac
hypertrophy [63]. Moreover, renal oxidative stress, inflammation, and fibrosis have
also been terminated [64]. Exogenous recombinant ACE2 attenuates acute lung
failure in ACE2 knockout also as in wild-type mice. This suggests the cross-
interactivity and similarity between mouse and human proteins. Moreover, recom-
binant ACE2 protein was shown to have a therapeutic potential for the SARS-CoV
infection [33]. Recombinant ACE2 is safe in healthy human subjects [65] and
patients with lung disease [66]. This strategy has been evaluated in a European
phase 2 clinical trials for COVID-19 pathogenesis. Peptide derivatives of ACE2 are
also being exploited as cell entry inhibitors [67]. There are several potential thera-
peutic approaches which are being tested or developed (Fig. 27.2). Certain ACE
inhibitors drugs such as lisinopril could be useful in balancing the ACE/ACE2
function. In addition, therapeutic Ang (1–7) heptapeptide could be administered to
activate its receptor MAS and to counteract the activities of Ang II. Notwithstanding
drugs blocking Ang II receptors can also be evaluated (Fig. 27.2).

27.8 Differential Global Binding Pattern of ACE2 and Spike
Protein

Up on binding to ACE2, the S protein of the spike of SARS-CoV-2 requires
cleavage by proteases to fuse with the cell membrane and trigger the process to
enter the host cell [68]. A number of host proteases are capable of cleaving the S
protein of SARS-CoV-2, including transmembrane serine protease-2 (TMPRSS2),
cathepsins, and furin [69]. Among these proteases, TMPRSS2 is crucial for viral
entry and spread in the host infected by SARS-CoV-2 [69]. ACE2 and TMPRSS2
together confer specificity of host cell types that the virus can enter. TMPRSS2 has
been docked against the SARSCoV-2 S protein [70]. An approved TMPRSS2
protease inhibitor is capable of blocking SARS-CoV-2 cell entry [68]. Moreover,
variations in TMPRSS2, as opposed to ACE2, have been predicted as associated
with disease severity in COVID-19 patients [69]. TMPRSS2 is frequently mutated in
prostate cancer, which may contribute to the higher rate of COVID-19 mortality
observed in age-matched men compared to women [71]. Both factors likely contrib-
ute to the efficiency of virus transmission, making COVID-19 more contagious than
infections by SARS-CoV.
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27.9 Therapeutic Strategies Against SARS-CoV-2 Via ACE2

Presently, no specific antiviral agent is available against SARS-CoV-2 infection
[72]. For studying SARS-CoV-2 pathogenicity, SARS-CoV animal models can be
used because SARS-CoV-2 is 80% similar to SARS-CoV. Repurposing of previous
drugs was the initial strategy to treat COVID-19. The newest guideline published by
the National Health Commission (NHC) recommends IFN-α, lopinavir/ritonavir,
ribavirin, chloroquine phosphate, and Arbidol as antiviral therapy [73]. In addition,
the heptad repeat 1 (HR1) and heptad repeat 2 (HR2) on SARS-CoV-2 involved viral
and cell membrane fusion [74]. Xia et al. reported that HR2-derived peptides
(HR2P) and EK1 (a modified OC43-HR2P peptide) exhibited effective fusion-
inhibitory activity toward SARS-CoV-2. AP-2-associated protein kinase
1 (AAK1) is a host kinase that regulate a clathrin-mediated endocytosis [75]. This
can be therapeutically targeted. A group of approved drugs targeting AAK1 were
searched out based on artificial intelligence (AI) technology [76]. Among them, the
Janus kinase inhibitor baricitinib, an AAK1-binding drug, was supposed as a
initially severed as suitable drug for COVID-19 [76]. Arbidol was shown to inhibit
virus entry/fusion of viral membranes with cellular membranes [77]. Chloroquine, a
traditional antimalarial drug, was shown to be effective against SARS-CoV-2 infec-
tion in vitro [78]. Recently, it is shown that HCQ treatment is significantly applied in
COVID-19 patients, and its effect is reinforced by azithromycin [79]. A few
combination of medications, all currently included with HCQ are being used in
COVID-19 cases [80]. But this drug has severe range of toxicity and is used in
systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) treatment. A lot
of antiviral agents have been developed against viral proteases, polymerases,
MTases, and entry proteins. A number of clinical trials of antiviral drugs are
currently in the testing stage. These drugs are remdesivir (NCT04252664,
NCT04257656), favipiravir (ChiCTR2000029600, ChiCTR2000029544), ASC09
(ChiCTR2000029603), lopinavir/ritonavir (ChiCTR2000029387,
ChiCTR2000029468, ChiCTR2000029539), and Arbidol (ChiCTR2000029621).
Remdesivir is a monophosphoramidate prodrug of an adenosine analog, and it is
an inhibitor of viral RNA polymerase. Combined treatment of remdesivir with
chloroquine has also been proposed to inhibit SARS-CoV-2. Research in the last
several years has been conducted with tea (Camellia sinensis) flavonoids for their
different therapeutic and disease protective roles. Tea flavonoids have been con-
firmed as strong antitoxicant, antioxidant, and anti-inflammatory agents. An
antitumerigenic role of catechin derivatives especially epigallocatechin gallate
(EGCG) has been shown decisively by several laboratories [81–83]. Tea flavonoids
have been confirmed as strong antiinfective, antioxidant and anti-inflammatory
agents [84]. Some of the traditional molecules as phytochemical sources have
been tested and found that nigellidine from Nigella sativa L., black cuminseed,
can be a great importance in COVID-19 treatment. Importantly SARS-CoV-2 infec-
tion ACE2 mediated and impairment with aldosterone system can be repaired by
NS. Vasorelaxant and antihypertensive function of NS helps in the modulation of
renin-angiotensin system (RAS) or the diuretic activity [85]. Other than nigellidine
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there are several compounds like thymoquinone groups of drugs and α-hederin, and
these compounds are suggested to have important therapeutic activities against
different types of pathogenic infections.

27.10 Conclusion

SARS-CoV-2 is highly ubiquitous and more infectious than previously experienced
coronaviruses. The case fatality rate varies on geographical locations and ethnicity.
The high affinity of SARS-CoV-2 spike (S) protein to lung ACE2 receptor
contributes to the higher infectivity of virus and greater fidelity in its propagation.
Vaso-dilation and constriction and peripheral vascular status is strictly related to the
health of several organs like the heart, kidney, and brain. The physiological vaso-
state is completely devastated during SARS-CoV-2 pathogenesis especially in aged
individuals and again with comorbid condition. Diabetes, hypertensive disorder, and
lung and kidney disorder are the fatal situation in COVID-19 pathogenesis. Asymp-
tomatic contact is very often overlooked, but this causes super-spreading of the
disease. Symptomatic and asymptomatic variants are possibly the outcome of
interindividual variability in their metabolic and genetic profile. At present there
are no effective treatments such as antiviral or passive immunization schemes to
control this pandemic. Development of a safe and effective vaccine will take time.
Recent studies have revealed some of the potential therapeutic strategies such as
ACE2/TMPRSS2 receptor inhibition, immunotherapy, vaccination, application of
antiviral drugs/peptides and plasma therapy that inhibit the inflammatory responses
and interaction between ACE2 and SARS-CoV-2. Recently, teicoplanin, an antibi-
otic used to treat Staphylococcus infection, has been found to inhibit cathepsin-L in
several coronaviruses, including SARS-CoV-2 [86]. It is shown in molecular
modeling that nigellidine (from Nigella sativa, black cumin) can bind in the active
sites of several important proteins of SARS-CoV-2 [87]. Our earlier study also
proposed that epigallocatechin gallate (EGCG) and theaflavin gallate (TDG) from
tea are the potent binder to the CoV-2 spike protein [88]. This has been demonstrated
in our previous findings on some suitable epitope screening from SARS-CoV-
2 spike [89]. Possible suitable epitope as screened in the current study may be
helpful in this global pandemic situation.
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Implications of Phosphoinositide 3-Kinase
(PI3K) Signalling in Cellular and Molecular
Mechanisms of Respiratory Diseases
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Abstract

Phosphoinositide 3-kinases (PI3Ks) are the central modulators of different cellu-
lar signalling pathways and play an important role in cell survival, proliferation,
growth, metabolism, cell polarity, and activation of various immune cells, to
mention a few. PI3Ks are classified into three main categories based on their
structure and substrate specificity. In mammals and higher eukaryotes, there exist
four isoforms of class I PI3K (PI3Kα, β, γ, δ), three isoforms of class II PI3K
(PI3KC2α, C2β, C2γ), and a single class III PI3K. These isoforms have
overlapping functions, but the stimulation for specific receptors required for
their activation is also different. PI3Ks regulate a plethora of signalling cascades
that are involved in pathway members which are involved in various physiologi-
cal processes such as ROS generation, mast cell activation, neutrophil migration,
etc. These events eventually lead to inflammation in various respiratory diseases
like chronic obstructive pulmonary disease, asthma, emphysema, cystic fibrosis,
etc. PI3K signalling has also been reported to be involved in SARS-CoV-2-
mediated pneumonia in the lungs. Nowadays, inhibition of various members of
PI3K pathway is the leading approach for the treatment of respiratory diseases.
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28.1 Introduction

Impairment of the normal lung function due to genetic mutations, infection, inflam-
mation, lifestyle, and exposures to external agents such as cigarette smoke or
pollutants can lead to severe respiratory diseases. Chronic inflammation is found
to be associated with several respiratory diseases such as chronic obstructive pulmo-
nary disease (COPD), asthma, cystic fibrosis, and idiopathic pulmonary fibrosis, to
name a few [1]. The limited success of glucocorticoid-based treatment in these
diseases, coupled with the lack of potent anti-inflammatory medications, had
initiated the search for new therapeutic targets, including a plethora of protein or
lipid kinases which may trigger the inflammatory responses leading to lung disorders
[2]. The phosphoinositide 3-kinase (PI3K) has been identified as the central player of
several respiratory disorders by its ability to regulate inflammatory responses in the
lung via different downstream signalling proteins [3]. Several studies have shown
that selective targeting of PI3K signalling may be a potential therapeutic strategy for
controlling respiratory disorders [1]. PI3Ks belong to a family of intracellular
signalling kinases that participate in orchestrating a plethora of vital cellular
functions such as growth and differentiation, proliferation, cell cycle progression,
migration, adhesion, and metabolism, to mention a few [4].

28.2 Historical Overview of PI3 Kinase

In the mid-1980s, a tyrosine-phosphorylated 85 kD protein, associated with
unknown lipid kinase activity, was first reported in platelet-derived growth factor
(PDGF)-stimulated cells or oncogenically transformed cells (such as the Tyr kinase
SRC or polyomavirus middle T antigen-transformed cells). Researchers also
identified a phosphorylated lipid in GPCR-stimulated neutrophils, which was
found to be PI-3,4,5-P3 (phosphatidylinositol (3,4,5)-trisphosphate (PIP3)) [5]. The
same lipid PIP3 was also found in neutrophils upon treatment with tyrosine kinase
agonists. Phosphorylated forms of the phosphatidyl glyceride class of lipid,
phosphatidylinositol (PI), are called phosphoinositides. The phosphoinositides are
known to play crucial roles in diverse signalling pathways via phosphorylation by
lipid kinases. The inositol ring of PI can be phosphorylated on the three, four, and
five hydroxyl (–OH) groups to form seven different types of phosphoinositide
species by a variety of kinases. Whitman et al. demonstrated that the enzymatic
activity associated with oncoproteins (polyoma middle T antigen) could
phosphorylate the 30-OH group in the inositol ring of PI to form
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phosphatidylinositol-3-phosphate (PI-3-P). A year later, Auger et al. revealed that in
PDGF-stimulated smooth muscle cells, this enzyme could produce
phosphatidylinositol-3,4-bisphosphate (PI-3,4-P2) and phosphatidylinositol 3,4,5-
trisphosphate (PI-3,4,5-P3) [6]. These discoveries led to the finding that the bioac-
tive product of phosphoinositide 3-kinase (PI3K) is important for cellular responses
to growth factors and also for malignant transformation. Further, Lewis Cantley, an
American cell biologist, and his group made the surprising discovery that this
oncoprotein-associated kinase is actually a “PI-3-kinase” which phosphorylates
the 3-OH group of the inositol ring of phosphoinositides.

28.3 Classification and Overview of PI3K Signalling Cascades

28.3.1 Classification

PI3Ks exist as heterodimers composed of a regulatory subunit and a catalytic subunit
and participate in the activation of receptor-mediated signalling cascades via phos-
phorylation of phosphoinositol class of lipids. The phosphorylated lipids, in turn, act
as the secondary messengers and regulate a wide array of downstream signalling
pathways [4]. On the basis of the structural organization, substrate-binding specific-
ity, and downstream signalling ability, the PI3K family of kinases may be classified
into three subtypes [classes I, II, and III]. The class I PI3K may be further
subgrouped into class IA and IB based on their associated catalytic subunits and
regulatory subunits. Class IA PI3K is activated by membrane-expressed receptor
tyrosine kinases (RTKs) such as growth factors, cytokines, and insulin, while class
IB PI3K is activated by G-protein-coupled receptors (GPCRs).

The class II PI3Ks consist of three isoforms (PI3KC2α, PI3KC2β, and PI3KC2γ),
which are widely expressed in vertebrates. This family of PI3K can phosphorylate
phosphoinositol and phosphoinositol 4-monophosphate in vitro to form PI-3-P and
PI-3,4-P2, respectively. PI3KC2α and PI3KC2β isoforms consist of an N-terminal
clathrin-binding (CB) region and are known to regulate clathrin-mediated endocyto-
sis. Class II PI3Ks are known to be activated by various activators and growth
factors, including chemokines like CC chemokine ligand 2 (CCL2),
lysophosphatidic acid (LPA), cytokines such as leptin and tumor necrosis factor a
(TNFa), insulin, and the growth factors such as epidermal growth factor (EGF),
platelet-derived growth factor (PDGF), etc. All three types of PI3KC2 subclass
possess a unique C-terminal region that contains a C2 domain and a PX domain.
The PX domain helps in the binding of PI3KC2 with phosphatidylinositol
4,5-bisphosphate [PI-4,5-P2].

The class III PI3K, also known as vacuolar protein sorting 34 (Vps34), is
conserved in all eukaryotes. Vps34 binds to an adaptor protein Vps15 that regulates
the intracellular membrane localization and activity of Vps34. Vps15 also recruits
essential signalling proteins, such as Rab5 GTPase, to coordinate with Vps34 at
endosomes. Class III PI3Ks are also known to regulate Toll-like receptor (TLR)
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signalling. Detailed nomenclature, classification, composition, activation, etc. of
PI3Ks are documented in Table 28.1.

28.3.2 Downstream Signal Transduction Pathways of PI3 Kinase

Three classes of PI3K have different substrate specificities and downstream signal-
ling events given in detail below. The signalling cascades of different classes of
PI3Ks have been schematically represented in Fig. 28.1.

28.3.2.1 Class I PI3K
Upon binding to extracellular signals such as growth factors to the cell surface
receptors such as RTKs, RAS, or G-protein-coupled receptor (GPCR), activation
of the class I PI3K pathway is initiated. PI3K class IA (p110α, p110β, and p110δ) is
activated via RTK activation, while the catalytic p110γ subunit of class IB PI3K gets
activated by Gβγ subunit of GPCR and RAB5. In resting condition, the P110
catalytic subunit of PI3K IA exists as a heterodimer with p85 regulatory subunit
and remains inactive by the inhibitory action exerted by the p85 subunit [3, 5, 8].

Three different pathways of activation of PI3K can be found through RTK
activation. The first way of activation involves the direct binding of p85 to the
activated RTK intercellular phospho-YXXM domain (Y, tyrosine; X, any amino
acid; M, methionine) through the SH2 domain. p110 is now free from inhibition and
converts its substrate phosphatidylinositol 4,5-bisphosphate (PI-4,5-P2; also known
as PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PI-3,4,5-P3; also known as
PIP3). Another PI3K activation pathway depends on an adaptor protein growth
factor receptor-bound protein 2 (GRB2), which binds to RTK YXN motif. Scaffold-
ing protein Grb2-associated binder (GAB) then binds GRB2. Finally, GAB interacts
with p85. The third way of PI3K activation is the interaction of GRB2 with SOS.
SOS in turn activates RAS. RAS further activates p110 independently of p85 [7, 8].

As mentioned earlier, the activated PI3K converts PI-4,5-P2 to PI-3,4,5-P3 for
triggering the downstream signalling. Signalling proteins possessing the pleckstrin
homology (PH) domains can bind to PI-3,4,5-P3 and get accumulated at sites of
PI3K. Important signalling mediators having the PH domain include serine-
threonine kinases AKT or protein kinase B (PKB) and phosphoinositide-dependent
kinase-1 (PDK1). Association with the membrane-bound PI-3,4,5-P3 recruits these
proteins into proximity and results in the phosphorylation of Akt by PDK1. PDK1
phosphorylates AKT at T308 and results in partial activation, while the mammalian
target of rapamycin complex 2 (mTORc2) then further phosphorylates Akt at S473,
resulting in its complete activation [8]. Activated AKT can phosphorylate up to
100 substrates, thereby modulating a variety of cellular functions, including cellular
growth and differentiation, death, and apoptosis, migration, epithelial-to-mesenchy-
mal transition, and glucose homeostasis to name a few. Hence, the PI3K/AKT axis is
known as the canonical PI3K signalling.

Interestingly phosphorylation of most of the downstream target protein targets by
Akt resulted in an inhibitory effect. For example, phosphorylation of the
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Forkhead-related transcription factor 1 (FKHR-L1) by Akt results inhibits the
transcription of genes, which are stimulated by FKHR-L1. Similarly, phosphoryla-
tion of pro-apoptotic protein Bad by Akt creates a binding site for 14-3-3. This
complex further prevents the binding of Bad to Bcl-2 family of proteins such as
Bcl-2 and Bcl-XL, thus inhibiting the apoptotic response. Another prominent target
of Akt is glycogen synthase kinase 3 (GSK3), a protein kinase that mediates
phosphorylation of the proteins such as glycogen synthase, c-Myc, cyclin D, etc.
to keep them in a repressed state. Akt-induced phosphorylation of GSK3 (both alpha
and beta isoforms) inhibits the catalytic activity of this enzyme and results in the
activation of those pathways [4, 9].

The termination of PI3K signalling is triggered by the degradation of PI-3,4,5-P3
by the phosphatases such as Src homology 2 (SH2)-containing phosphatases (SHIP1
and SHIP2), phosphatase and tensin homolog (PTEN) deleted on chromosome TEN,
protein phosphatase 2A (PP2A), and PHLPP (PH domain and leucine-rich repeat
protein phosphatases) to name a few. SHIP1 and SHIP2 can remove the phosphate
group from the 50-position of the inositol ring to generate PI-3,4-P2, whereas the
phosphatase PTEN can dephosphorylate at 30-position of PI-3,4,5-P3 to produce
PI-4,5-P2. The protein phosphatase PP2A dephosphorylates primarily at Thr308,
whereas the phosphatase PHLPP dephosphorylates at Ser473. All these
phosphatases can effectively inhibit the activation of PI3K/Akt signalling [11].

28.3.2.2 Class II PI3K
The class II PI3K regulates various physiological processes such as endocytosis,
exocytosis, signal transduction, endothelial cell migration, activation and signalling
from the insulin receptor, and angiogenesis to name a few. Like all PI3Ks, class II
PI3K consists of the common “signature motif” containing the central C2 domain,
one helical domain, a bilobed kinase domain, an additional C2 domain, PX domain,
and a Ras-binding domain (RBD). Unlike class I PI3Ks, the class II PI3Ks exist as
monomers without any regulatory subunit. But they possess a unique N-terminal
extension with additional protein-binding domains, which facilitate their intracellu-
lar localization. Class II PI3Ks also consist of a conserved C-terminal region
composed of a phosphoinositide-binding PX and C2 domains that contribute to
their membrane-binding ability.

During endocytosis, in the clathrin-coated pit, clathrin acts as a recruiting and
activating agent of PI3KC2α. PI3KC2α binds to clathrin by clathrin box motif,
which converts the membrane-abundant PI-4-P to PI-3,4-P2 which is required for
the maturation of clathrin-coated pits. Formation of PI-3,4-P2 leads to the recruit-

Fig. 28.1 (continued) PIP3 phosphatidylinositol (3,4,5)-trisphosphate, PI-3-P
phosphatidylinositol-3-phosphate, GAB Grb2-associated binder, GRB2 growth factor receptor-
bound protein 2, MTM myotubularin, VPS vacuolar protein sorting, PDK1 phosphoinositide-
dependent kinase-1, MDM2 mouse double minute 2 homolog, FOXO Forkhead box protein O,
GSK glycogen synthase kinase, NF-kB nuclear factor kappa-light-chain-enhancer of activated B
cells, mTOR mammalian target of rapamycin, 4E-BP 4E-binding protein
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ment of the curvature inducing PX–BAR domain protein sorting nexin 9 (SNX9),
which facilitates the internalization of the clathrin-coated pits via membrane invagi-
nation. This leads to the dynamin-mediated membrane scission and vesicle release,
thus completing the endocytosis. PI-3,4-P2 is then rapidly converted to PI-3-P by
type I inositol-3,4-bisphosphate 4-phosphatase (INPP4), resulting in the transition of
clathrin-coated pits into internalized early endosomes. The PI-3,4-P2 generated by
PI3KC2α activates the enzyme Rab1 at the base of the primary cilium-involved in
sensing extracellular stimuli and transducing intracellular signalling.

Formation of PI-3,4-P2 by PI3KC2α at the membrane and intracellular vesicles
triggers various intracellular signal transduction cascades. For example, the catalytic
activity of PI3KC2α is related to increased PI-3,4-P2 levels, which facilitate the
internalization of TGF-β receptor into SARA (Smad anchor for receptor activation)
containing early endosomes. The endocytosis of the transforming growth factor beta
(TGF-β) receptor leads to Smad2/3 phosphorylation, which in turn activates the
angiogenic signalling pathways. Also, clustering of PI3KC2α takes place around the
insulin-bound receptor leading to the local production of PI-3,4-P2, and subsequent
activation of Akt1, which recruits the glucose transporter type 4 (GLUT4) to the
plasma membrane and glucose uptake, is initiated. PI3KC2α is also responsible for
the SNAP25-dependent fusion of exocytic vesicles with the membrane, regulating
the exocytosis of both neurotransmitters and insulin granules in pancreatic B cells.
Thus, PI3KC2α plays an important role in endocytosis, exocytosis, and intracellular
trafficking.

PI3KC2βwas initially identified as an activator of Ca2+ flux while later also found
to be the downstream modulator of growth factors, such as EGF and stem cell factor
(SCF). PI3KC2β is known to play important roles in IgE-dependent allergy, cell
migration, and metabolic regulation. PI3KC2β was also found to be localized on
lysosomes and late endosomes under nutrient deprivation or stress conditions.
PI3KC2β is recruited in lysosomal compartments by PI-3,4-P2, where it forms a
complex with mTORC1 and acts as the repressor. PI3KC2β is known to promote the
gating of the Ca2+-activated K+ channel. It plays a vital role in IgE-mediated Ca2+

entry and subsequent degranulation of the mast cells.
PI3KC2γ is the least characterized among all three class II PI3Ks but known to

play a crucial role in vesicular trafficking and glucose homeostasis by sustaining the
Akt signalling. After binding to an agonist, the activated insulin receptor gets
internalized into Rab5-positive endosomes, from which it may be either recycled
to the membrane or degraded in lysosomes. In the early endosome, the endosomal
signalling protein anaplastic large cell lymphoma (APPL1) facilitates Akt recruit-
ment and activation. But the rapid degradation of PI3KC2β-produced PI-3,4,5-P3
into PI-3-P induces the release of APPL1 from endosomes, and the downstream
signalling cascade is terminated. Interestingly, upon insulin stimulation, PI3KC2γ
gets recruited by Rab5-GTP in early endosomes and promotes P-3,4-P2 accumula-
tion. As a result, the release of APPL1 is inhibited, leading to long-term Akt
activation. PI3KC2γ-mediated signalling has significant implications in several
respiratory and inflammatory disorders [12].
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28.3.2.3 Class III PI3K
As a lipid kinase, Vps34 generates PtdIns3P, and the generation of PtdIns3P is an
important early event of autophagy. PtdIns3P pool is finely regulated inside the cell
by phosphatases called myotubularin (MTM), which dephosphorylates PI-3-P to
PIs [13].

PI3K class III can form two different complexes containing the catalytic subunit
Vps34, protein kinase Vps15, and Beclin1 (also known as Atg6) as a common core
part. Complex I contains Atg14/ATG14L along with core complex, and directs the
complex I to phagophore initiation sites. The localization of this complex I to ER is
important for the formation of autophagosome, which is controlled by the protein
kinase ULK1. ULK1 phosphorylates several sites of beclin1 protein, hence
activating the complex I promoting autophagy. When UVRAG (UV radiation
resistance-associated gene) associates with the common core complex, it is known
as complex II, directing endosome and autophagosome maturation, autophagosome
lysosome fusion, and endocytic trafficking [14].

Vps34 also participates in endocytosis when forming a complex with Vps15,
UVRAG, and Beclin1. Vps34 enters the early endosomes through the interaction
between Vps15 and Rab5. In the early endosome membrane, Vps34 generates PI-3-
P leading to the recruitment of effector proteins such as EEA1, Hrs (also known as
HGS), rabankyrin-5, and rabenosyn-5. These effector proteins can regulate the
docking and fusion of cargo-containing vesicles from the plasma membrane and
also participate in sorting of the enclosed cargo, which can be recycled back to the
membrane or delivered to the lysosome for further degradation [15].

During stress and glucose starvation, protein kinase MAPKAP2 (mitogen-
activated protein kinase-activated protein kinase 2) and AMPK phosphorylates
different sites of beclin1 to induce autophagy. DAPK (death-associated protein
kinase) also promotes autophagy through beclin1 phosphorylation. Phosphorylation
of specific tyrosine residues in beclin1 by epidermal growth factor receptor (EGFR)
upon binding to growth factors, e.g., EGF (epidermal growth factor), and phosphor-
ylation of several serine residues of ATG14L by mTORC1 lead to suppression of
autophagy [14].

28.4 Molecular Mechanism of Different Respiratory Diseases
Involving PI3K Pathway

The complex interplay between external factors like allergens, environmental pollu-
tion, etc. and internal factors like oxidative stress, hypoxia, autophagy, and immune
regulation contributes to the development of pulmonary diseases where PI3K sig-
nalling has a pivotal role. The initiation of autophagy involves the activity of the
PI3K-III/Beclin1 complex, whereas stabilization of HIF-1α under hypoxia is depen-
dent on the PI3K/Akt pathway. ROS can activate autophagy by inhibiting the PI3K/
Akt/mTOR pathway or by activating AMPK to inhibit the mTOR signalling path-
way. Inactivation of PTEN can also increase mTORC1 activity via the PI3K/Akt
pathway, thus suppressing autophagy [16]. Dysregulation of one or more of these
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pathways may result in different lung pathophysiologies as discussed below
(Fig. 28.2).

28.4.1 Asthma

Asthma is one of the important chronic, heterogeneous diseases of the lung
characterized mainly by denudation of the epithelium due to mucosal inflammation
and epithelial shedding, increased submucosal mucus gland area in large airways,
wheezing, coughing, and shortness of breath. Different types of lung cells, including
epithelial cells and smooth muscle cells, communicate against inhaled stimuli
(allergens, viruses, air pollutants, and proteases), which activate pattern recognition
receptors (PRRs) expressed at airway epithelial cells. Increased collagens 1, 3, and
5, fibronectin, tenascin, versican, collagen I, and hyaluronan and decreased elastin
are the critical attributes of a different layer of airway muscle. An increase in smooth
muscle mass, angiogenesis and vascular remodelling, and thickening of the airway
wall are the other significant symptoms that occur in individuals who have asthma
[17]. Immediate hypersensitivity response, genetic and environmental factors,
immunological factors, behavioral factors such as active or passive smoking, age,
and sex also have a close influence on the severity of asthma. There may be a close
association of PI3Kδ and PRR (pattern recognition receptor) signalling pathway.
Activation of PI3Kδ results in the increase of oxidative stress by mtROS (mitochon-
drial reactive oxygen species) in the airway epithelium. PI3Kδ activation in the
airway epithelium can regulate NLRP3 (nucleotide-binding domain and leucine-rich
repeat-containing protein 3) inflammasome and ER (endoplasmic reticulum) stress.
Activation of PI3Kδ in airway epithelium possibly helps in the release of cytokine
(TSLP) and interleukins (IL-25, IL-33) from airway epithelium that acts on dendritic
cell migration, mast cell, and ILC2 (type 2 innate lymphoid) cells to recruit both
innate and adaptive hematopoietic cells and initiate the release of T helper cell
2 (Th2) cytokines (IL-4, IL-5, and IL-13). PI3Ks are activated in naïve CD4+ T
cell upon contact with antigen-presenting cells like dendritic cell (DC) [18]. PI3Kδ
has an additional role in the activation of Th2 lymphocytes by C–C chemokine
ligand (CCL)17 and CCL22 secreted from DCs [74]. Cytokines secreted from DCs
attract Th2 cells via C–C chemokine receptor (CCR) type 4. IL-4 stimulates B cells
that secrete IgE into circulation. IgE binds with FcER1 surface receptors on mast
cells. Binding of allergens to IgE helps in the secretion of histamine and prostaglan-
din D2 (PGD2) that evokes bronchoconstriction. Mast cells also attract Th2 cells and
eosinophils through the release of PGD2 through CRTh2 (chemotactic receptors of
Th2 cells). IL-5 and IL-13 production from both Th2 lymphocyte and ILC2 is
necessary for the induction of type 2 eosinophilic inflammation that is crucial for
asthma pathogenesis and relatively resistant to corticosteroids. IL-13 is an inducer of
mucus hypersecretion [19]. The binding of IL-13 to the smooth muscle cell surface
receptor results in the production of PIP3 by PI3K. PDK1 activation by PIP3
phosphorylates Akt that helps in RhoA-dependent smooth muscle cell contraction.
Mitogens like epidermal growth factor (EGF), insulin-like growth factors (IGFs),
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platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF)-2 acts via
tyrosine kinase receptors (TKR) and G-protein-coupled receptors (GPCRs) present
on airway smooth muscle cell membrane. p21ras activates through these receptors
and interacts with the downstream PI3K pathway. cAMP response element-binding
(CREB) protein transcription factor phosphorylation occurs through PDK1, Akt, and
S6 kinase beta-1 (S6K1, also known as p70s6k), and activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) occurs through Ras-related
C3 botulinum toxin substrate 1 (Rac1). These activated transcription factors help in
cell proliferation by cyclin D1 gene expression [20].

Neutrophilic inflammation such as Th1 (type 1) and Th17 (type 17) is critically
involved in the development of non-type 2 asthma. In severe asthmatic patients,
increased Th17 cells may regulate neutrophilic inflammation by CXCL8, released
from airway epithelial cells. Increased release of IL-9 (Th9) from a population of
CD4+ cells occurs in asthma that plays a role in airways to maintain mast cells [19].

Epigenetic regulation is also observed in PI3K signalling and asthma. A decrease
in the level of histone deacetylase 2 (HDAC2) in airway epithelium by activation of
PI3K leads to an increase in the pro-inflammatory cytokines [18]. The epigenetic
modulators such as microRNAs (miRNAs) also play a pivotal role in asthma. The
miRNAs contribute to the phenotypes such as airway hypersensitivity, Th2-related
inflammation, airway recruitment of eosinophils, and mucus secretion, associated
with asthma. Some miRNAs have a contribution to asthma by regulating the PI3K
pathway, including miR-21, miR-133a, miRNA-27b-3p, miR-19, miR-200a,
miR-223, miR-221, MiR-138, and miR-10a (Table 28.2).

28.4.2 Chronic Obstructive Pulmonary Disease (COPD)

Chronic obstructive pulmonary disease, commonly referred to as COPD, is a
progressive lung disease with most common features like emphysema and chronic
bronchitis. Although smoking remains the main causative agent for COPD, many
environmental factors like air pollution, fumes, and dust can result in developing
COPD in the case of nonsmokers. In both, massive inflammation takes place with the
generation of ROS [28]. Pesticide use and autoimmunity also have roles in COPD
progression. The inflammatory response can be triggered by particulate matter (PM),
nitrogen dioxide (NO2), and ozone (O3) exposure and increased IL-8 concentration.
Lung injury and destruction of the parenchyma are caused by IL-8-stimulated
neutrophil elastase that attacks lung elastin and alveolar wall. AAT (alpha-1
antitrypsin) inhibits neutrophil elastase, and AAT deficiency causes the development
of COPD in a small number of individuals [29].

PI3K pathway regulates autophagy that leads to apoptosis of the alveolar epithe-
lial cells and causes COPD. PI3K signalling regulates different other signalling
pathways, e.g., p38MAPK, Erk, etc. and downstream responses (e.g., NF-κB-
dependent transcription) within the immune cells. Nuclear erythroid 2-related fac-
tor-2 (Nrf2), a transcription factor regulating most antioxidants, is not properly
activated in the lung due to high oxidative stress [30]. In the case of COPD, oxidative
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stress may be increased by the reduction in the transcription factor Nrf2, activation of
NADPH oxidases (NOX), myeloperoxidase (MPO), and reduced superoxide
dismutase (SOD) [31]. PI3K activation by ROS also activates NF-κB that amplifies
inflammatory responses. Sirtuin-1 (SIRT-1) deacetylates target proteins like
Forkhead box protein O1 (FOXO1), NF-κB, and matrix metalloprotease
9 (MMP-9). ROS activates PI3K, followed by the activation of Akt and mTOR,
which then inhibits SIRT-1. Reduced expression of SIRT-1 leads to cellular senes-
cence in COPD due to acetylation of the target proteins. Accelerated lung aging and
inflammation are caused by the acquisition of senescence-associated secretory
phenotype (SASP) which is characterized by the upregulation of NF-κB,
downregulation of autophagy, and decreased DNA repair process. p38 mitogen-
activated protein kinase and Janus-activated kinase are activated by SASP, and this

Table 28.2 miRNA regulation in PI3K pathway dysregulation

miRNAs regulated
through the PI3K
pathway Lung diseases References

Asthma

miR-21 Increase airway hyperresponsiveness, proliferation
and migration of ASM cells. Play important role in
airway remodelling.

[21]

miR‐133a Upregulation of miR‐133a expression inhibits airway
remodelling by inhibition of PI3K/AKT/mTOR
pathway

[22]

miRNA-27b-3p Regulate SYK gene expression in the pathogenesis of
pediatric asthma

[23]

miR-19a Downregulate TGF-β receptor 2 and increase severe
asthma proliferation

[21]

miR-200a Upregulation of miR-200a downregulates PI3K
expression and suppress airway smooth muscle cell
proliferation and airway remodelling in asthmatic
mice

[24]

miR-223 Downregulate eosinophil progenitor cell proliferation [25]

miR-221 Regulate airway smooth muscle cell proliferation and
release of IL-6 in severe asthmatic patients

[21]

miR-138 Suppress PDK1 expression by targeting the 30-UTR
of the gene and inhibit airway smooth muscle cell
proliferation

[21]

miR-10a Regulate mitogen-induced ASM proliferation
targeting PI3K pathway by downregulating PIK3CA
expression

[21]

COPD

miRNA-101-3p.1 Activates EGFR/PI3K/AKT signaling pathway and
facilitates COPD progression

[26]

miR-34a Overexpression can induce PI3Kα expression and
reduce SIRT1/-6 expression resulting oxidative stress
and COPD

[27]
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results in the release of inflammatory cytokines (IL-1β, IL-6, and TNF-α), growth
factors like vascular endothelial growth factor (VEGF), TGF-β1, chemokines, and
MMPs, downstream from NF-κB activation [32]. Accelerated aging of the lung in
COPD includes senescent epithelial cells, endothelial cells, and fibroblast release
inflammatory proteins, including TNF-α, IL-β, IL-6, CCL2, CXCL1, CXCL8,
TGF-β, and MMP-9. ROS-mediated activation of PI3K activates NLR family
pyrin domain-containing 3 (NLRP3) inflammasome by the induction of NF-κB
signalling activating caspase-1-dependent pathway and interleukins like IL-1α,
IL-1β, IL-33, and IL-18. Chemokines released from activated macrophage, includ-
ing CXCL8, CXCL1, and leukotriene B4 (LTB4), attract neutrophils by the CXCR2
cell surface receptor. Neutrophil elastase, cathepsin G, and proteinase-3 stimulate
submucosal glands and goblet cells that result in mucus hypersecretion. CXCL9,
CXCL10, and CXCL11 interact via CXCR3 chemokine receptor of CD8+ cytotoxic
T (Tc1) cells and CD4+ Th1 cells. The release of proteases (e.g. MMP-9) from
macrophage causes elastin degradation. CD8+ cytotoxic T (Tc1) cells release
perforin, granzyme B, and TNF-α that induce apoptosis of alveolar cells. These
could result in alveolar destruction or emphysema. MMP-2, MMP-9, MMP-12, and
cathepsins K, L, and S are the elastolytic enzymes released from alveolar
macrophages that causes elastolysis in COPD patients. Epithelial cells and
macrophages also release TGF-β, which stimulates fibroblast proliferation and the
release of connective tissue growth factor (CTGF), which results in fibrosis around
the small airways, along with neutrophilic inflammation [19]. Additionally, miRNA-
101-3p.1 and miR-34a are reported to help activate the PI3K pathway and facilitate
COPD progression (Table 28.2).

28.4.3 Cystic Fibrosis (CF)

Cystic fibrosis (CF) is caused by CFTR (cystic fibrosis transmembrane conductance
regulator) gene mutation that leads to defective CFTR protein. ΔF508 CFTR
(deletion of phenylalanine 508 of the cystic fibrosis transmembrane conductance
regulator) is the most common form of the impaired CFTR protein. A thin layer of
mucus and liquid over the airway surface helps to move bacteria toward the pharynx
by ciliary beating, which gets compromised in cystic fibrosis leading to a chronic
inflammatory response. CF causes chronic endobronchial infection, malnutrition,
and decreased lung function. CF patients may develop pancreatic insufficiency,
CF-related diabetes, and liver disease [33].

Different signalling pathways are involved in cystic fibrosis (CF) lung pathogen-
esis, such as hypoxia-inducible factor (HIF)-1α, NF-κB, PI3K, AKT, proline-rich
tyrosine kinase (PYK)-2, mTOR, and mitogen-activated protein kinase (MAPK).
PI3K signalling is responsible for elevated TGF-β-mediated airway remodelling in
CF patients. The loss of CFTR can increase intracellular Ca2+ from the sarcoplasmic
reticulum by TGF-β. TGF-β interacts with the sarcoplasmic reticulum via TGF-βR1
or TGF-βR2, which leads to the autophosphorylation of proline-rich tyrosine kinase
2 (PYK2). Activated PYK2 then further activates PI3K that stimulates cell
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proliferation and migration. Increased Ca2+ level can induce cell contraction inde-
pendently or in conjugation with PYK2. The upstream and downstream targets of
Ca2+, PYK2, and PI3K play important roles in modulating cell contraction, prolifer-
ation, and migration in normal and CFTR-deficient airway smooth muscle cells [34].

The PI3K/Akt/mTOR pathway plays a vital role in the regulation of ΔF508
CFTR stability. Misfolding, ER accumulation, and an inability of trafficking to the
plasma membrane are the main characteristics of ΔF508 CFTR. CFTR, those are
unable to degrade by proteasome, can be stocked in the cytoplasm in the form of
aggresome. Upregulation in mTORC1/2 signalling in ΔF508 CFBE cell shows a
defective autophagy pathway and reduced aggresome clearance. Inhibitors of PI3K/
AKT/mTOR pathway decrease in mTORC1/2 activation and increase in autophagic
activity [35].

28.4.4 Activated PI3K Delta Syndrome (APDS)

APDS is denoted as a primary immunodeficiency disease caused by the gain-of-
function mutations in PI3K signalling genes where the development and response of
lymphocytes get altered. APDS patients having T cells in the circulation that are
terminally differentiated, low IL-2 secreting, senescent, shortened telomeres, and
poor proliferative capacity, whereas transitional B cells are mainly found in circula-
tion in APDS patients. Patients with APDS also are susceptible to pathogenic virus
and bacterial infections [36].

There are two different types of APDS. APDS I is due to a single amino acid
substitution in the gene PIK3CD encoding for p110δ subunit marked by the
hyperactivated PI3Kδ signalling pathway where it converts more PIP2 to PIP3. To
date, there are ten such mutations reported, of which E1021K is most common.
APDS II is caused by splice site mutation leading to the exclusion of exon 11 in the
gene PIK3RI (encoding for p85α, p55α, p50α). This mutation results in the inhibi-
tion of the interaction between the regulatory part p85 and its catalytic counterpart
[37]. Activation of PI3K in B lymphocytes results in phosphorylation of AKT,
which, in turn, phosphorylates mTOR, FOXO, and BACH2 (BTB Domain And
CNC Homolog 2) [38]. Unphosphorylated FOXO acts as a transcription factor when
found inside the nucleus. FOXO upregulates several genes like IL-17 receptor alpha
(Il-7rα), L-selectin (CD62L), recombination-activating gene 1 (RAG1) and RAG2,
IKAROS, activation-induced cytidine deaminase (AID), and early B cell factor
1 (EBF1) to name a few. APDS is the hyperactivated situation of PI3K signalling,
leading to increased phosphorylated FOXO, rendering its localization outside of the
nucleus by interaction with 14-3-3 protein [39]. This results in impaired B cell
population generation due to dysregulation of the abovementioned conditions. A
fine regulation of B cell lymphoma 6 (BCL6) protein and Blimp-1 protein is required
for plasma B cell generation and subsequent B cell formation. This regulation gets
altered in hyperactivated PI3K signalling like APDS [40].

In T lymphocyte, PI3Kδ/AKT pathway is activated by signals from the T cell
receptor, inducible T cell costimulator (ICOS), and IL2 receptor. Active
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unphosphorylated FOXO1 is required for naïve T cell survival by regulating the
expression of IL-7 receptor-α (IL-7Rα), and homing toward secondary lymphoid
organs. When FOXO is inactivated by the activated PI3K/AKT via phosphorylation,
the process is altered. Inactivation of FOXO results in the downregulation of IL-7Rα
and CD62L expression, which directs the T cells to exit the lymph nodes and
circulate through the vascular systems and organs as found in APDS patients
[36]. As a result, more Th1 cells are produced instead of Treg cells. Since Th1
cells produce a high level of IFNγ, autoimmunity occurs in APDS patients. Another
important target of FOXO is C–C chemokine receptor 7 (CCR7), required for Treg
cell homing. Activated PI3K/AKT leads to reduced Treg function through the
downregulation of CCR7 [39]. Inactive FOXO in case of APDS causes more
effector T cell pool than memory T cell. This change in T cell population is also
influenced by phosphorylated EZH2, which promotes effector T cell formation.
Unphosphorylated EZH2 is responsible for memory T cell formation [38]. These
are the leading cause of the increased level of the effector T cell population in APDS
patients [39]. PI3K downstream protein mTOR remains in a hyperactivated state in
APDS patients. Activated mTOR convert naïve T cell to effector T cell by increasing
the cellular metabolism. In a hyperactivated condition, T cell drives toward a
senescence state rather than a quiescent state upon antigen exposure. This
hyperproliferation of T cell may cause T cell senescence in APDS without a
known mechanism [36].

28.4.5 Idiopathic Pulmonary Fibrosis (IPF)

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fatal interstitial lung
disease characterized by fibroblast/myofibroblast accumulation in the alveolar wall
by circulating fibrocytes, gradually replacing normal lung tissue by fibrotic scarring
and honeycombing [1]. Enormous matrix deposition to alveoli leads to distortion of
the alveolar architecture and consequent loss of respiratory function. Alterations in
lung functions like reduced lung compliance (pulmonary surfactant alterations and
lung extracellular matrix compliance reduction) and lung volumes, reduced diffusing
capacity, increased dead space ventilation, chronic arterial hypoxemia, and altered
airway physiology such as increased cough reflex and increased airway volume as
well as pulmonary hemodynamics are characteristics of IPF.

Immune cells, like monocyte-derived alveolar macrophages, are crucial for the
development of lung fibrosis. IPF is positively correlated with age, male sex, as well
as cigarette smoking [41].

It has been observed that there are no significant differences between IPF and
control tissues in p110α, p110β, and p110δ expression, whereas p110γ appeared to
be overexpressed nearly 1.5-fold in IPF lung tissue. The fibrocyte influx in lung
alveoli is influenced by stromal cell-derived factor-1 (SDF-1) signalling working
through CXCR4, which is the predominant chemokine receptor on fibrocytes.
CXCR4 expression is upregulated by growth factors and hypoxia (HIF1a), which
is prevented by PI3K inhibition with pharmacological inhibitor LY2949002
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[42]. Akt inhibitors can partly reverse the EMT process responsible for fibrosis,
indicating the PI3K/Akt pathway contributes to fibrosis and EMT progression
[43]. Besides, fibrocyte infiltration can be abolished by inhibition of mTOR into
the lung, reducing collagen deposition and CXCR4 expression from fibrocyte
in vivo [42].

28.4.6 Lung Cancer

As described earlier, PI3K signalling plays a vital role in cell proliferation, survival,
and growth. Aberration in this pathway component, including amplification and
mutations, results in tumor cell proliferation, apoptosis inhibition, metastasis, angio-
genesis, and chemotherapy resistance. Genetic alteration of PI3K pathway
components leads to increased PI3K signalling and causes lung cancer. Mutational
activation of p110α subunit of PIK3CA gene by mutant Ras oncogene results in
overexpression of Akt in non-small cell lung cancer cells (NSCLC). Akt activation
in NSCLC tumors relates to poor prognosis and resistance to chemoradiotherapy.
mTOR (mammalian target of rapamycin), the downstream regulator protein of the
PI3K pathway, is reported to be mutated in lung adenocarcinomas and reported to be
important for tumor progression metastasis along with KRAS mutation. These
events are also responsible for the downstream activation of S6 and eIF-4E needed
for cell proliferation, angiogenesis, and cell survival [44].

28.5 Role of PI3K Inhibitors in the Prevention of Respiratory
Diseases

Many PI3K inhibitors are identified and synthesized for respiratory diseases, mostly
targeting cancers of different organs, including the lung. Among them, few are
pan-PI3K inhibitors (Wortmannin, LY294002), and few target different classes of
PI3Ks (IC87114, YM-024, TGX-221) (Table 28.3). Many PI3K inhibitors are
reported to be in the clinical trial for the treatment of respiratory diseases. Several
inhibitors are in a clinical trial also used in combination with other drugs. The same
drug can also be used in clinical trials for different respiratory diseases (Table 28.4).

28.6 Implications of PI3Kinase Signalling in COVID Infection

In recent times COVID-19 (coronavirus disease-2019) pandemic caused by the
coronavirus SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) had
unleashed a severe assault on the human health and society with 0.6 million deaths
globally, affecting more than 200 countries [WHO Situation Report-185]. One of the
primary reasons resulting in high mortality in the advanced-stage COVID-19
patients may be due to the unregulated inflammation in the lungs, which can further
lead to acute respiratory distress syndrome (ARDS). As a central regulator, PI3K,
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along with its downstream effectors such as Akt or mTOR, controls multiple cellular
processes that may be advantageous to the viral growth [48, 49]. It has been
observed that several viruses such as RSV, HBV, HPV, and HCV have been
reported to activate the PI3K/Akt pathway to reduce apoptosis and hence to facilitate
prolonged cell survival required for the viral replication. Also, some viruses such as
adenovirus, influenza A, and EBV can enhance the remodelling of the cellular
cytoskeleton via activation of the PI3K/Akt pathway. As mentioned earlier, PI3K/
Akt/mTOR pathway is also involved in the regulation of the immune responses of
the host cells such as maturation, and trafficking of leukocytes, regulation of Toll-
like receptor (TLR)-mediated signalling, and also the regulation of a wide array of
transcription factors such as AP-1, NF-kB, CREB, GSK-3β, etc. and PI3K/Akt
signalling may be represented as a two-faced player in host-virus infection. In a
very recent publication, Klann et al. reported that multiple pathways activated by
growth factor receptor signalling cascades, including the RAF/MEK/ERK MAPK
signalling pathway and also PI3K/Akt/mTOR, are required for the replication of
SARS-CoV-2 in mammalian cells [50]. They observed that the administration of
PI3K inhibitor pictilisib and dual PI3K/mTOR inhibitor omipalisib inhibited the
replication of the SARS-CoV-2 genome and production of the viral progeny in the
host cells. Although the host PI3 kinase/Akt pathway acts as a beneficiary pathway
to the viral replication and growth, its role in SARS-CoV-2 replication in lung
pneumocytes has not been demonstrated yet. Nevertheless, an adverse effect of
PI3K/Akt suppression in the patient lung cells cannot be ruled out. As mentioned
earlier, pharmacological inhibition of the PI3K/Akt pathway by agents like
triciribine, pictilisib, and MK2206, alone or in combination, can provide potential
medication options for the COVID-19 patients with respiratory complications like
ARDS [51], but extensive clinical trials are required to establish the importance of
PI3K signalling as a potential drug target against COVID-19.

Table 28.3 PI3K inhibitors in lung diseases

Inhibitors Role in lung disease Reference

Wortmannin Pan-PI3K inhibitor [45]

LY294002 Pan-PI3K inhibitor inhibits OVA induced activation of Akt [45]

IC87114 PI3Kδ specific inhibitor for p110δ subunit reduces CD4+ T cells
and allergic responses of mast cells.

[45]

YM-024 Class I PI3K inhibitor for p110α, inhibit Akt and α-SMA
expression

[46]

TGX-221 Class I PI3K inhibitor for p110β, inhibit cell proliferation. [46]

AS-252424 Class IB p110γ inhibitor [46]

Theophylline PI3Kδ inhibitor, restore corticosteroid sensitivity in COPD [47]

MK-2206 Increase CFTR stability and expression by restoring autophagy [35]
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Table 28.4 PI3K pathway inhibitors in clinical trial for lung diseases (compiled from www.
clinicaltrial.gov)

PI3K pathway
inhibitors

Clinical trial
identifier Trial phase

Combination with
other drug Condition

BKM120 NCT01723800 Phase
1 completed

Carboplatin and
pemetrexed

Stage IV
non-small cell
lung cancer

BKM120 NCT02194049 Phase
1 completed

Cisplatin/etoposide Advanced solid
tumors or small
cell lung cancer

GDC-0941 NCT00974584 Phase
1 completed

Paclitaxel,
carboplatin,
bevacizumab,
pemetrexed, and
cisplatin

Advanced
non-small cell
lung cancer

Gedatolisib
(PF-05212384)

NCT03065062 Phase 1 CDK4/6 inhibitor
Palbociclib
(PD-0332991)

Squamous cell
lung cancer

IPI-145 NCT01653756 Phase 2 Alone Asthma

Defactinib
hydrochloride
and
vismodegib

NCT02465060 Phase 2 Alone Lung carcinoma

PF-05212384 NCT02920450 Phase 2 Paclitaxel and
carboplatin

Non-small cell
lung cancer

Aspirin NCT03532698 – Osimertinib Non-small cell
lung cancer stage
IIIB and IV

RAD001 NCT00124280 Phase 1 Alone Non-small-cell
lung carcinoma

Idelalisib NCT03257722 Phase 2 Pembrolizumab Non-small-cell
lung carcinoma

SAR245409 NCT01390818 Phase 1 SAR245409 Non-small-cell
lung carcinoma

Ipatasertib NCT04467801 Phase 2 Docetaxel NSCLC stage IV
and stage IIIB

Serabelisib NCT04073680 Phase 1b/2 Canagliflozin Lung cancer

BGB-10188 NCT04282018 Phase 1/2 Zanubrutinib and
tislelizumab

Non-small cell
lung cancer

CHF6523 NCT04032535 Phase 1 Alone COPD

IPI-145 NCT01653756 Phase 2a Alone Asthma

GSK2269557 NCT02522299 Phase
2 completed

Alone COPD

RV1729 NCT02140346 Phase
1 completed

Alone COPD

RV1729 NCT01813084 Phase
1 completed

Alone Asthma

RV1729 NCT02140320 Phase
1 completed

Alone Asthma

Rapamycin NCT03383380 Phase 2 Alone APDS
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28.7 Conclusion

As discussed, PI3K signalling has an important role in the normal function of the
human lung, and deregulation at any level may result in serious pulmonary malfunc-
tion, progressive degeneration, as well as mild to severe lung complications, includ-
ing lung injuries. These features became important in the case of the COVID-19
pandemic, where the severity of the disease can be attributed to preexisting lung
injuries as comorbidity features, although a clear link is yet to be established. The
suitability of selective PI3K inhibitors, as with many potential therapeutic targets,
depends on a balance of expression, function, disease relevance, toxicity profile, and
tolerance within the proposed disease. Bottlenecks like a selective PI3K inhibitor are
exemplified by the lack of progression from in vivo models and early-stage human
trials to late-stage development. Present therapies are inadequate resulting in consid-
erable unmet medical needs such as in severe asthma, COPD, CF, and IPF. Selective
inhibition of PI3K inhibitors at controlling lung disease is promising, but potential
side effects of selective inhibition will be an essential therapeutic determinant in
terms of cost-benefit ratio. For conditions such as CF and IPF, which are generally
progressive and where effective pharmacological therapy is almost nonavailable,
side effect profiles may be clinically more acceptable compared to the administration
of inhibitors at mild asthma. A short-term application may be suitable for those
where toxicity profiles and tolerance are poor, such as during exacerbations of severe
asthma and COPD. In the case of viral infection and lung injury, the immune system
becomes unstable, and PI3K signalling may become an unlikely target as in the case
of the recent COVID-19 pandemic or other lung disorders. It will take further
development in preclinical and clinical trials for new selective therapeutic modality
targeting PI3K signalling to be used in the near future.
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The Role of the Cholinergic System in Lung
Diseases 29
Vedran Milankovic and Tamara Lazarevic-Pasti

Abstract

Acetylcholinesterase is a crucial player in the catalytic hydrolysis of cholinergic
neurotransmitters. Recent studies have indicated that acetylcholinesterase is
potentially a marker and a regulator of apoptosis, as well as a tumor suppressor
with great potential. It was shown that the gene for acetylcholinesterase expres-
sion is usually decreased in tumor tissues, regardless of the cellular origin of an
enzyme. Acetylcholinesterase is also a newly established regulator in cell prolif-
eration and cell death. Hence, for lung cancer diagnosis and prognosis, acetyl-
cholinesterase could be used as a potential marker. Moreover, the
neurotransmitter acetylcholine is an autocrine growth factor for human lung
cancer. The released acetylcholine binds back to nicotinic and muscarinic
receptors on lung cancer cells. That action accelerates the proliferation, migration,
and invasion of cancer cells. The cholinergic system is also involved in asthma
and chronic obstructive pulmonary disease. An improved understanding of this
complicated regulation will yield new insights into apoptosis biology and
pathways that might be strategic targets for designing different lung disease
therapeutics.
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29.1 Introduction

The cholinergic system is a neurotransmitter system dominantly involved in learning
and memory processes [1]. Besides its main component, the neurotransmitter acetyl-
choline (ACh) (Fig. 29.1), the cholinergic system includes enzymes acetylcholines-
terase (AChE), butyrylcholinesterase (BuChE), and choline acetyltransferase
(ChAT), as well as the muscarinic and nicotinic acetylcholine receptors (mAChR
and nAChR) and vesicular acetylcholine transporter (VAChT). All components of
the system are present in the central nervous system (CNS). Nevertheless, some
components are present in other parts of the human body, implicating the cholinergic
system’s less-known alternative roles.

Numerous studies showed the presence of ACh, AChE, or AChRs in immune [2],
skin, skeletal muscle, cardiovascular, digestive, urinary, reproductive, and respira-
tory system cells [3]. It seems that almost all types of cells express acetylcholine
receptors. Still, the cell should be able to synthesize and release ACh to be consid-
ered a part of the cholinergic system. It was shown that ACh could be released by
and act on non-neuronal cells [3]. In these cells, the cholinergic system exerts its
non-neuronal roles. In the last few decades, extensive research revealed the involve-
ment and disfunction of cholinergic components in many diseases related to different
organ systems. Still, the exact role of all non-neuronal cholinergic functions
remained unknown.

Nowadays, the neuronal cholinergic system’s modulation as a treatment for
different diseases is often a mainstream choice. AChE inhibitors are well-known
therapy for various neurological disorders, especially Alzheimer’s disease [4–
8]. Lately, some established therapies are targeting the non-neuronal cholinergic
system [3]. As already mentioned, AChE inhibitors are also used in some cancer
treatments [9]. Still, the expression and the role of the non-neuronal cholinergic
system are not fully understood. The modulation of the non-neuronal cholinergic
system has many potential applications in different medicinal treatments, once we
elucidate the exact mechanism of its actions.

This chapter will discuss the components of the cholinergic system, their neuronal
and non-neuronal roles, and diseases caused due to disruption in their functioning.
Special attention will be given to the pulmonary cholinergic system, as well as its

A B

Fig. 29.1 (a) 3D structure of acetylcholine. Carbon atoms, brown; oxygen atoms, red; nitrogen
atoms, blue; hydrogen atoms, white. (b) 2D structure of acetylcholine
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role in lung cancer development, asthma, and chronic obstructive pulmonary
disease.

29.2 Components of the Cholinergic System

Components of the cholinergic system are neurotransmitter acetylcholine, choliner-
gic enzymes (acetylcholinesterase, butyrylcholinesterase, and choline
acetyltransferase), acetylcholine receptors (muscarinic and nicotinic), and vesicular
acetylcholine transporters.

29.2.1 Acetylcholine

Acetylcholine (Fig. 29.1) is synthesized from choline and acetyl-coenzyme A
(acetyl-CoA), supplied by mitochondria. The enzyme choline acetyltransferase
catalyzes this process in the cytoplasm. After synthesis, ACh is transported by
vesicular ACh transporters into synaptic vesicles of cholinergic neurons, localized
throughout the peripheral and central nervous systems. The rate-limiting steps in
ACh synthesis are the availability of choline and acetyl-CoA. Cholinergic neurons
innervate almost all brain structures and regions. Cholinergic neurons are either a
part of local circuits (interneurons) or neuron projections that spread throughout
various parts of the brain and wire them up [10, 11]. Considering the abundance of
cholinergic neurons across the brain, it is not surprising that the cholinergic system
has an important place in the regulation of various physiological processes. Those
processes are attention, learning, memory, stress response, wakefulness, sleep,
emotional responses, and behavior [12, 13] and overall have a prominent role in
developing many CNS diseases. Following synthesis, ACh undergoes exocytosis
and release into the synaptic cleft, binding to two different types of receptors.

When classically viewed, acetylcholine is a neurotransmitter regulating cognitive
and behavioral functions in the brain—autonomous ganglionic and parasympathetic
postganglionic transmission. Within the respiratory tract, acetylcholine is in charge
of mucus secretion from airway submucosal glands and a bronchomotor tone [14]. It
is the dominant parasympathetic neurotransmitter in the lungs. There are some
additional acetylcholine roles in the respiratory system, such as inflammation and
remodeling in inflammatory lung diseases [15–17]. It was also proven that acetyl-
choline is synthesized in the airway epithelium cells and inflammatory cells [18–20],
two types of cells that express both nicotinic and muscarinic receptors for acetylcho-
line. These receptors later could influence the inflammatory response [15, 19]. The
presented facts led to the change in the traditional view of acetylcholine’s physio-
logical and pathophysiological role. It allowed us to open new possibilities for
therapeutic targeting of the cholinergic system in the lungs [21].
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29.2.2 Enzymes of the Cholinergic System

There are three enzymes included in the cholinergic system: acetylcholinesterase,
butyrylcholinesterase, and choline acetyltransferase.

Cholinesterases are the enzymes from the serine hydrolase family. This class of
enzymes has serine residue in their active site responsible for the hydrolysis of their
substrate [22]. By the term cholinesterase, there are two types of enzymes known so
far: acetylcholinesterases and butyrylcholinesterases [22]. Both of them can hydro-
lyze acetylcholine and some other choline esters but with different relative abilities.
Besides cleaving acetylcholine, cholinesterase may also be involved in peptide
hydrolysis [23] or may show aryl acylamidase activity [9, 24].

ACh present at the synaptic cleft is rapidly inactivated and hydrolyzed to choline
and acetate by the enzyme acetylcholinesterase [25], an enzyme with the highest
catalysis rate known in biology [26]. AChE has been secreted in cell bodies of
cholinergic neurons and spread across the neuron by axoplasmic transport into the
synaptic cleft attached to a plasma membrane [12, 27]. AChE’s primary functional
target is to quickly breakdown the ACh to choline and acetate in the synapse and
neuromuscular junction, which ends neural response [13, 28].

Besides this well-known function of AChE, some novel non-cholinergic roles of
this enzyme are proven. These include the involvement of AChE in cell adhesion,
differentiation, and proliferation [29]. Some studies have recently indicated a poten-
tial role of AChE as a marker and regulator of apoptosis [29]. Also, there is evidence
that AChE is a very promising tumor suppressor [29]. Having in mind the very
diverse roles of AChE in the human organism, it is expected that there is more than
one isoform present. The human organism expresses three different alternative
spliced isoforms of AChE [30]. The synaptic isoform of AChE (S) is tetrameric
and expressed in the brain and muscle tissue [29]. This form contains a hydrophobic
subunit, which allows it to be anchored to the membrane [29]. The erythrocytic
isoform of AChE (E) is dimeric and contains a hydrophobic region [29]. The read-
through isoform of AChE (R) is monomeric and transforms into a hydrophilic
monomer at the cholinergic synapses to respond to stress [31–33]. The first known
function of AChE, termination of acetylcholine-mediated nerve impulses, is the most
studied one.

Recently, there has been a revolution in AChE research, and additional roles of
AChE became the subject of intensive investigation. It was motivated by the fact that
some of the long-suspected nonclassical functions of this enzyme are confirmed
[33]. The complexity of AChE gene regulation is emphasized and thoroughly
studied in the twenty-first century. Despite that, our understanding of the additional
roles of AChE is still incomplete. It is why the usage of AChE activity modulators is
a topic that is very carefully considered. In terms of neurodegenerative diseases, such
as Alzheimer’s (AD) and Parkinson’s (PD), the situation is clear—AChE needs to be
inhibited to improve the patient’s condition. On the contrary, the role of AChE in
different cancer conditions is not so coherent, which is understandable, having in
mind different etiologies of various cancers [9, 34, 35].
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The first structure of AChE was determined in the enzyme isolated from electric
ray Torpedo californica [36]. This result allowed the visualization of a binding
pocket for acetylcholine at an atomic resolution. Surprisingly, it was shown that the
active site of AChE is not on the surface of the protein [36]. It is located at the bottom
of a 20 Å deep gorge lined with numerous aromatic residues. AChE isolated from
T. californica is structurally similar to AChE in vertebrate nerves and muscles
[37]. The 3D structure of recombinant human AChE revealed in 2010 confirmed
this [38].

First kinetic studies showed that the active site (catalytic anionic site, CAS) of
AChE contains two subsites named “esteratic” and “anionic” subsite [39]. While the
“esteratic” site is accountable for the enzyme’s catalytic activity, the “anionic” site is
known to be a choline-binding pocket. Eventually, it was shown that serine and
histidine residues located in the “esteratic” active site of the enzyme are crucial for
the activity of AChE [40, 41]. “Anionic” subsite handles the interaction with a
positively charged quaternary group of acetylcholine. Also, the “anionic” subsite is
the binding site for some quaternary ligands that act as the inhibitors of AChE
[42, 43]. Besides, some quaternary oximes, which act as reactivators of AChE after
inhibition by organophosphates, bind to the “anionic” site. Besides two subsites of
the AChE catalytic center, there is the “peripheral” anionic site (PAS) [44]. It is
different from the choline-binding pocket of the active site. This site is involved in
substrate inhibition of AChE. However, at low substrate concentrations, binding to
the “peripheral” anionic site could accelerate the acylation step in the catalytic
pathway [45]. AChE is the target molecule for various drugs, chemical weapons,
pesticides, and snake venoms. Knowing the 3D structure of AChE is essential for an
understanding of its catalytic activity and molecular basis of its interaction with
muscarinic and nicotinic ACh receptors and rational drug design [46].

Besides the primary catalytic function of AChE in acetylcholine hydrolysis, many
non-cholinergic functions of this enzyme have been shown. These include AChE
involvement in cell growth, stem cell differentiation [47–49], cell recognition, cell
signaling, synaptogenesis, activation of dopamine neurons [33], tumorigenesis,
amyloid fiber assembly [33, 50, 51], regulation of neuritic growth, neuronal network
formation, cell adhesion [52], hematopoiesis, and thrombopoiesis [33].

There is increasing evidence of apoptosis involvement in many diseases, such as
cancer, diabetes, or Alzheimer’s disease, which indicate the role of AChE in all these
conditions [53–55]. The acetylcholine level is also critical for the successful control
of inflammation and immune response in peripheral tissues [56]. An increase in
acetylcholine levels above a certain threshold can suppress the production of
pro-inflammatory cytokines [57]. Since AChE is responsible for acetylcholine
level regulation, its role in modulating inflammation is evident [56, 57]. Furthermore,
the process of inflammation is linked to various conditions [56], including cancer, so
this is one more clue suggesting that AChE is involved in these conditions. In the last
several years, a novel signaling system differing from the traditional cholinergic
transmission system was proposed. The system shares the same components as the
traditional ones, the alpha-7 nicotinic acetylcholine receptor (α7-nAChR) and
AChE, and could be operational throughout the brain and body [58]. Namely,
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AChE is found throughout the brain and body where its typical substrate ACh is
relatively scarce, and no neuronal transmission occurs. In specific, AChE has been
located in several non-neuronal cell types, including placenta, glia, endothelial,
epithelial, cancer, and immune cells [58]. Moreover, non-hydrolytic actions of
AChE have been commonly associated with developmental processes, stress
responses, and regulation of apoptotic cell death [58]. Hence, a new “para-choliner-
gic” system, where the AChE peptide would serve as the signaling molecule, is
characterized by (1) more generalized mechanism involving the body and brain;
(2) dependence on and limitations to the availability of choline and the signaling via
an allosteric site on the α7 nAChR linked to an intracellular cascade mediated by
calcium; (3) involvement of the endocrine and immune system, besides nervous one;
(4) slow action (seconds to minutes vs. milliseconds as in the cholinergic system);
(5) long-term effects (neurite outgrowth); (6) inclusion of glia [59], folliculostellate
endocrine cells [60], chromaffin cells [61], and cancer cells [62] in the system,
besides only neurons. Nowadays, we are experiencing an increased number of
evidence that AChE is linked with many diseases in somewhat different ways. Not
all of its roles are clear, but it is evident that they are very complex. Hence, it is
essential to study further this enzyme and its functions and the moderators of its
activity to understand them better [9].

In vertebrates, besides the AChE, another cholinesterase efficiently hydrolyzes
the ACh and is called butyrylcholinesterase [63]. Although these two enzymes have
the same function, they use different substrates, tissue distribution, and sensitivity to
inhibitors [47, 64]. Butyrylcholinesterase is well recognized for its role in
metabolizing bioactive esters in food and medications. It is best known for
inactivating succinylcholine, a muscle relaxant used to facilitate abdominal surgery
but endangers patients with “atypical BChE” that hydrolyzes it poorly. Although
some BChE genetic variants are associated with an elevated risk of cardiac death
[65, 66] or early-onset Alzheimer’s disease [67], this enzyme was not known to play
a direct role in mammalian physiology. But in 2004, De Vriese reported that BChE is
capable of hydrolyzing the acylated peptide known as “ghrelin,” which stimulates
hunger and food-seeking [68]. This deacylation reaction cleaves the octanoyl group
essential for ghrelin activity at the growth hormone secretagogue receptor,
“GHSR1a,” which drives growth hormone release from the pituitary gland
[69, 70]. Ghrelin affects a wide array of physiological functions and pathological
states, including insulin release [71], adiposity [72], energy homeostasis [73], and
the development and progression of several types of cancers [74]. Besides, ghrelin is
also involved in psychosocial states, memory, and learning [75]. BChE looks to be a
key regulator of ghrelin in the peripheral circulation with widespread impacts [76].

The gene that codes BuChE displays polymorphisms, resulting in several
enzymes with different activity levels, including enzymatically silent variants.
Moreover, BuChE exists in several molecular forms, including monomers and
oligomers, consisting of identical catalytic subunits [77].

AChE is consistently associated with both cholinergic and cholinoceptive
neurons. At the same time, BuChE immunoreactivity has been detected in all brain
regions using an enzyme-linked immunosorbent assay [78]. AChE is expressed at
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exceptionally high levels in the hippocampus formation [79, 80] and the motor,
premotor, and neocortical areas of the human cerebral cortex [81]. BuChE is also
expressed in the hippocampus and temporal neocortex, still at lower levels than
AChE [79]. Mesulam et al. [79] reported that hippocampal and neocortical AChE is
localized in the axons and pyramidal neurons, while BuChE is associated with glial
cells. However, Racké and Matthiesen [16] reported that, in hippocampal formation,
AChE is present in both neurons and neuropil. At the same time, BuChE is only
detected in neurons and suggested that these enzymes colocalize. In the amygdala,
the number of BuChE-positive neurons is reported to exceed the number of AChE-
positive neurons, with BuChE residing predominantly in the neurons and their
dendritic processes and AChE residing in the neuropil [82]. The distinct distribution
of AChE and BuChE within the brain suggests that these enzymes may both play
important biological roles [83].

Evidence for the role of BuChE in cholinergic signaling in humans comes from a
study that demonstrated that BuChE could hydrolyze acetylthiocholine in human
brain tissue treated with the AChE inhibitor BW-284C51 [79]. Together, these
studies in AChE-knockout mice and human brain tissue have shown that BuChE
can hydrolyze ACh and can compensate for AChE when levels are depleted.

In addition to its role in the hydrolysis of ACh, BuChE is also known to have
nonenzymatic functions. It has been suggested that AChE may accelerate amyloid
deposition in Alzheimer’s brain [51]. BuChE can associate with amyloid-β (Aβ)
protein and may delay the onset and rate of neurotoxic Aβ fibril formation in vitro
[84]. AChE and BuChE may also be involved in inflammatory pathways [83, 85].

Choline acetyltransferase is the enzyme in charge of the biosynthesis of acetyl-
choline. ChAT is presently the most specific indicator for monitoring the functional
state of cholinergic neurons in CNS and peripheral nervous systems. Choline
acetyltransferase is a globular protein composed of a single strand. ChAT is
synthesized in the perikaryon of cholinergic neurons. From the synthesis position,
it is later moved most likely by both slow and rapid axoplasmic flows to the
terminals of nerve cells. At the terminals of cholinergic nerve cells, ChAT exists
in either soluble or non-ionically membrane-bound form. Three species of
mRNA, R, N, and M types of mRNA, are transcribed from various promoter regions
in mice, rats, and humans. They are also produced by different splicing processes. In
rodents, all transcripts encode the same protein. In humans, only M-type mRNA can
generate both large and small forms of ChAT protein, while R- and N-type mRNAs
generate only the small form of protein, which is the same as the rodent type of
ChAT protein. There is a unique property related to the genomic structure of ChAT
in comparison to other enzymes responsible for neurotransmitters synthesis. The
ChAT gene has the first intron with the open reading frame encoding vesicular
acetylcholine transporter, protein accountable for the ACh transport from the cyto-
plasm into the synaptic vesicles. It means that the expressions of choline
acetyltransferase and vesicular acetylcholine transporter are coordinately regulated
in cholinergic cells, probably by multiple regulatory elements. In the central nervous
system, studies showed the exact localization of cholinergic neurons. They could be
found in the basal nucleus of Meynert, the nucleus of the diagonal band of Broca, the
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medial septal nucleus, the caudate nucleus, the nucleus accumbens, the
pedunculopontine and laterodorsal tegmental nucleus, the putamen, the medial
habenular and parabigeminal nucleus, cranial nerve nuclei, and the anterior horn
of the spinal cord. Cholinergic neurons project fibers to many areas in the CNS and
the other areas of the human body, constructing a complicated cholinergic network
with many vital roles in various physiological properties. On the other hand, this
complex system’s disturbances lead to many diseases, varying from neurodegenera-
tive to different syndromes with completely non-related etiologies. The
abnormalities of choline acetyltransferase in the brain are involved in schizophrenia
and sudden infant death syndrome [86]. The abnormalities of choline
acetyltransferase in the other parts of the human organism are still to be connected
to the respective disorders.

29.2.3 ACh Receptors

The cholinergic system is major neurotransmitters systems involved in learning and
memory [1].

The ACh receptor is an essential protein in the cell membrane, interacting with
ACh and thus allowing it to act as a neurotransmitter. The cholinergic receptors are
divided into two groups based on their exogenous agonists: muscarinic and nicotinic
ACh receptors. In different regions of the brain, the expression of AChRs is diverse.
Studies showed that nicotinic receptors could be found throughout the CNS, includ-
ing the neuromuscular junction and autonomic ganglia. Muscarinic receptors are
expressed in the brain both at pre- and postsynaptic nerve terminals, as well as
parasympathetic effector organs [87].

29.2.3.1 The Muscarinic Acetylcholine Receptors
The muscarinic acetylcholine receptors are members of the family of seven trans-
membrane receptors coupled to G-proteins (GPCRs). They regulate different physi-
ological processes [88]. The muscarinic acetylcholine receptor is consisted of a
single polypeptide, forming seven transmembrane domains to build a central pore.
Inside this pore is a binding site for acetylcholine. When ACh is bounded to the
central pore, the signaling cascade via G-proteins is activated [89]. The prominent
role of muscarinic acetylcholine receptors is exerted in CNS and includes the
regulation of sensory, motor, and autonomic processes [90]. The involvement of
this group of receptors in learning and memory is well established [91].

The muscarinic group of acetylcholine receptors is divided into five types, labeled
as M1, M2, M3, M4, andM5, and encoded by five different genes [92]. The structure
of different types of muscarinic receptors is similar apart from the third intracellular
loop. Their signaling attributes are different, so they are further divided into two
subgroups based on that [93–95]. Subgroups determine the specific coupling
preferences of these receptors [96]. M1, M3, and M5 are coupled to Gαq/11 protein,
which causes the activation of phospholipase C. Stimulation of these receptors as a
consequence has the process of phosphorylation, allowing the regulation of different
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proteins and their functions by that process. On the other hand, M2 and M4 are
coupled to Gi/o, inhibiting adenylate cyclase [97]. The stimulation of these
receptors, as a result, has a reduced cAMP level in the cytosol [98]. The intracellular
signaling due to the muscarinic stimulation includes the activation of protein
kinases, phospholipases A2 (releasing arachidonic acid) and D (releasing choline),
as well as the regulation of potassium and calcium channels [99]. In the human body,
muscarinic acetylcholine receptors are distributed centrally and peripherally, and
they are involved in both cognitive processes such as memory [100–102] and motor
function [1, 103].

29.2.3.2 The Nicotinic Acetylcholine Receptors
The nicotinic acetylcholine receptors are ligand-gated ion channels. These receptors
are formed as the congregation of five subunits gathered around one central pore.
They can be found in homomeric or heteromeric conformation [104]. The common
subunits found in these molecules are α2–α9 and β2–β4 [105]. The neural subunits
eligible to form heteromeric receptor with αβ subunit combinations are α2–α6 and
β2–β4. Functional homomeric receptors could be formed from subunits α7–α9
[104]. The β subunits alone are unable to form a functional receptor. At the same
time, α2–α6 subunits alone can only make receptors with a weak response to ligand.
Based on that, only the combination of α and β receptors can form a fully functional
receptor and provide an adequate physiological role [106]. It was shown that α
subunits are responsible for agonist recognition and contain a binding site. In
contrast, β subunits can increase affinity towards agonists and stabilize the whole
receptor in that manner [106]. Among various combinations of subunits’
stoichiometries, the most common in CNS are (α7)5, (α4)2(β2)3, and (α4)3(β2)2
nAChR types [107]. Each subunit consists of two hydrophilic extracellular
segments, N- and C-terminals of the protein, four transmembrane domains labeled
as M1–M4, and the intracellular loop between domains M3 and M4 [11]. It was
shown that phosphorylation sites could be found within that loop [11] and that M2
forms the central pore [104]. For the central pore to be open, two molecules of ligand
must be bind to the receptor. With that action, the permeation of cations Ca2+, Na+,
and K+ is enabled [11].

In the mammalian brain, the α4β2- and α7-type receptors are most abundant
[105]. In rodents, the α4β2 receptor is the most represented combination in all layers
of the cerebral cortex and hippocampus [106], while the α7 receptor is mostly
expressed in basal forebrain neurons [108, 109].

The function of the nicotinic acetylcholine receptors is regulated by the binding of
ligands, nicotine, or ACh. ACh binds to the receptor’s extracellular N-terminal
domain at the boundary between α- and non-α-subunits [110]. The binding causes
an influx of different cations, especially Ca2+ ions, inside the cell [111]. This nAChR
mediated Ca2+ entry causes a marked increase in intracellular Ca2+ concentration,
which is adequate to initiate Ca2+ sensitive processes [1, 11].
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29.2.4 Vesicular Acetylcholine Transporter

The vesicular acetylcholine transporter mediates the storage of acetylcholine by
synaptic vesicles. However, the release of acetylcholine independent from VAChT
is found to be important during development. The vesicular acetylcholine transporter
exchanges cytoplasmic acetylcholine for two vesicular protons [112, 113]. A
decrease in VAChT expression has functional consequences for mammals. The
study with mice with a 70% reduction in the expression levels of VAChT showed
that mice are myasthenic and have cognitive deficits [114]. Hence, vesicular trans-
port activity is rate-limiting for neurotransmission “in vivo” [114, 115]. Exocytosis
of synaptic vesicle contents is the principal mechanism for the secretion of
neurotransmitters and its regulation [116]. Still, there are some alternative
mechanisms of neurotransmitters’ secretion [117–119]. Like those in nerve
terminals, ACh release in quants has also been detected in myocytes and fibroblasts,
cells with no VAChT expressed [120, 121]. The result indicates that the release of
acetylcholine during development is not dependent on VAChT. The question is
whether the release is nonvesicular or vesicular storage can occur without VAChT
[122]. Besides, decreased VAChT expression leads to decreased endogenous cho-
linergic signaling, resulting in pronounced allergic airway inflammation [123].

29.3 Pulmonary Cholinergic System

Besides the lung’s primary function in gas exchange, there are some additional roles:
lungs are a barrier and crucial defense when it comes to environmental contaminants
and pathogens. These essential physiological functions are regulated by acetylcho-
line produced and released by neuronal and non-neuronal sources and their action on
muscarinic receptors. Acetylcholine action provokes airway smooth muscle to
contract and control the tone and regulates the openness of the conducting airways.
Also, acetylcholine is responsible for smooth muscle relaxation and vasodilation in
blood vessels. Acetylcholine was shown to regulate mucus secretion and clearance at
mucosal glands and epithelial cells. Last but not least, acetylcholine has a role in
inflammation modulation [124].

The main sources of acetylcholine in the lung are parasympathetic nerves. They
synthesize and release acetylcholine in this part of the human body. They innervate
all conducting airways and pulmonary blood vessels [125–127]. Due to the stimula-
tion, parasympathetic nerves release acetylcholine, which acts on muscarinic
receptors on airway smooth muscle and causes bronchoconstriction.

Like the other parts of the human body, acetylcholine synthesis and release are
not restricted to cholinergic neurons in the lung. Both epithelial cells [128, 129] and
endothelial cells [127, 130] in the pulmonary system can synthesize and release
acetylcholine. Those cells express choline acetyltransferase, the enzyme in charge of
the synthesis of acetylcholine; hemicholinium-3 sensitive choline transporters that
transport choline into cells [131]; and vesicular acetylcholine transporters, responsi-
ble for packing acetylcholine into vesicles. Also, organic cation transporters OCT1
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and OCT2 are expressed in the luminal membranes of ciliated epithelial cells. OCT1
and OCT2 are polyspecific organic cation transporters that can transport acetylcho-
line. They were shown to directly release acetylcholine into the lumen of the airway
[132, 133]. In pulmonary arteries, acetylcholine induces vasodilation throughout its
action at muscarinic receptors [134, 135].

The sources of acetylcholine are the endothelial cells. The expression of ChAT in
these cells is mosaic. It suggests that acetylcholine production is related to local
mechanical forces’ differences due to blood flow [124, 130].

The studies of muscarinic receptor distribution in lung tissues by
autoradiographic labeling showed that muscarinic receptor density is highest in
parasympathetic ganglia, mucous glands, smooth muscle, and nerve fibers
[136, 137]. Subtype-specific distribution and function were also determined using
pharmacological analysis, in situ hybridization, RT-PCR, and knockout mice
[124]. Muscarinic acetylcholine receptors are present on both preganglionic and
postganglionic parasympathetic nerves in the lungs. They are densest at the ganglia
[136, 137]. Receptors expressed on parasympathetic nerves control acetylcholine
release by postganglionic nerves at target tissues due to the modulation of neuro-
transmission between the pre- and postganglionic nerves. Muscarinic receptors
control neurotransmission across this synapse in the lungs [138]. Preganglionic
neurons in the lungs express inhibitory M2 receptors at the synapse. Inhibitory M2
receptors on postganglionic parasympathetic nerves are very important for proper
lung functioning. M2 receptors are activated by acetylcholine, and that activity
inhibits additional acetylcholine release. In that way, mucus secretion and
bronchoconstriction in a healthy organism are controlled [139, 140]. Receptors
from the M1 group are present in postganglionic nerves. The importance of these
receptors in terms of synaptic neurotransmission modulation varies in different
species. In allergic humans, the role of M1 receptors in facilitating parasympathetic
neurotransmission and bronchoconstriction decrease was proven.

On the other hand, the role of M1 receptors in healthy humans is still not clear
[141]. Bronchoconstriction in the lungs caused by acetylcholine is enabled via
smooth muscle contraction [142]. Studies from the 1990s proved M2 and M3
muscarinic receptors’ presence on airway smooth muscle [143–146]. From a physi-
ological point of view, the role of M3 receptors is key in smooth muscle contraction.
M2 receptors are more represented than M3 receptors, but their airway smooth
muscle contraction role is indirect. They can inhibit induced smooth muscle relaxa-
tion on the airway [143]. Neuronal acetylcholine does not relax precontracted human
pulmonary arteries, but exogenous acetylcholine will if the endothelium is
intact [134].

Acetylcholine acts on muscarinic receptors on endothelial cells and causes nitric
oxide production. Due to nitric oxide production, the smooth muscle relaxes
[134, 135, 147]. M3 receptors are important for vasodilatation and blood pressure
decrease in vivo [148]. It was shown that active muscarinic receptors in epithelial
cells in the lungs increase intracellular calcium [149] and ciliary beat frequency
[149–151]. That increases the transport of mucus and particulates out of the lung.
M3 receptors are dominant and only required for the full increase in ciliary beat
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frequency and particle transport speed [149], while M1 and M2 receptors can
indirectly contribute to the overall increase of ciliary transport speed [150]. Also,
in the last few decades, the role of M1 and M3 receptors in immune response in the
lungs has been demonstrated in alveolar macrophages, mast cells, and airway
epithelial cells. The investigation of the role of inhibitory M1 receptors in human
mast cells showed that acetylcholine inhibits evoked histamine release [152].

On the other hand, M3 receptors exert their action in alveolar macrophages,
causing acetylcholine to induces the release of leukotriene B4, affecting inflamma-
tion in airway epithelial cells [153, 154]. Acetylcholine is also able to contribute to
airway remodeling. By its action on muscarinic receptors, fibroblasts, and smooth
muscle, cell proliferation is increased [155, 156]. Human lung fibroblasts express
M1, M2, M3, and M4 muscarinic receptors, but M2 is dominant [157, 158].

Besides its well-known primary role as a neurotransmitter, acetylcholine can be
released by and act on non-neuronal cells. In non-neuronal cells, the system in
charge of synthesis, transport, reception, and acetylcholine degradation is labeled
as the non-neuronal cholinergic system (NNCS). It was shown many times that the
NNCS is dysregulated in various diseases. Those alterations influence the pathology
of the mentioned diseases. Still, we don’t know much about the expression and
function of the NNCS in many organ systems. It would be extremely useful to dig
deep in that area and establish new promising tools for a series of disorders
connected with pulmonary and other NNCS.

While ACh was considered only as a part of CNS in humans until the 1990s, in
the view of phylogenesis, the non-neuronal cholinergic system already existed
before the nervous system was developed in non-neuronal cells like bacteria,
algae, and protozoa [159]. After the rediscovery of the NNCS in the 1990s, the
research was focused on the distribution, the functions, the molecular components,
and its involvement in pathological conditions. Although almost all cell types
express cholinergic receptors, that alone is not enough to label them as part of
NNCS. They should also synthesize and release acetylcholine to be called the cells
of NNCS, and usually, they contain the same machinery for the complement of that
task as neurons. As already mentioned, acetylcholine is synthesized by choline
acetyltransferase in most of the neurons and non-neuronal cells [159, 160]. Today,
it is known that acetylcholine could also be a product of the enzyme carnitine
acetyltransferase (CarAT) in some non-neuronal cells, such as skeletal muscle
cells and the urothelium [161, 162]. Again, the rate-limiting step in this synthesis
is the reuptake of choline, as the essential nutrient. In neurons and some other cells,
the high-affinity choline transporter-1 (CHT1) is in charge of that [163–166]. In
other cases, choline transporter-like proteins (CTL1-5) [167, 168] or organic cation
transporters (OCTs) are responsible for choline reuptake. Also previously men-
tioned, acetylcholine is stored and released by the vesicular acetylcholine transporter
in neurons [169] and some specific non-neuronal cells [170]. Some cells do not
express vesicular acetylcholine transporter, and they usually do not store acetylcho-
line, but they release it directly via OCTs [133, 171]. The studies acknowledged the
presence of mediatophore [171], a protein of 220 kDa consisting of 15-kDa
proteolipid subunits of the vacuolar H+-ATPase, responsible for acetylcholine
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exocytosis in some cells, enabling extracellular acetylcholine to exerts its effect on a
variety of nicotinic and muscarinic receptors.

The respiratory system includes the nose, nasopharynx, trachea, and lung. The
mentioned organs are required for the transport and exchange of the respiratory gases
oxygen and CO2. The respiratory epithelium lines up the surface in the lumen of the
airways. The respiratory epithelium consists of at least 12 cell types. Besides
epithelial cells, airway pathophysiology involves other types of the cell, such as
fibroblasts and inflammatory cells. Besides, autonomic nerve fibers take place close
to the airways. It is hard to make a difference between the effects caused by the
neuronal or the non-neuronal cholinergic system. It was previously discussed that
neuronal acetylcholine triggers mucus secretion and bronchoconstriction via musca-
rinic receptors [172]. Nicotinic acetylcholine receptors were also found in the
airways, precisely on fibroblasts, immune cells, and the respiratory system [3, 173].

Nicotinic acetylcholine receptor labeled as α7nAChR is responsible for
regulating lung inflammation and cytokine release in acute models of inflammation
related to lung pathophysiology. Both neuronal and non-neuronal acetylcholine can
induce anti-inflammatory effects via α7nAChR in different models of inflammation
[174–176]. According to one model, stimulation of α7nAChR provoke the expres-
sion of the SOCS3 protein. This action further leads to the downregulation of the
JAK-2/STAT-3 pathway [177]. The consequence of this event is a decrease in
pro-inflammatory cytokine production, especially TNF-α [123, 178, 179].

29.4 Cholinergic System and Lung Cancer

The cholinergic system is directly involved in apoptosis. Apoptosis represents a
homeostatic mechanism that involves genetically determined elimination of cells
throughout development, differentiation, and aging. Dysregulation of apoptosis
necessarily leads to pathology, mainly malignancies.

Apoptosis occurs via two distinct, precisely controlled biochemical pathways: the
extrinsic or death receptor-mediated pathway and the intrinsic or mitochondria-
mediated pathway [180]. The extrinsic pathway involves ligation of cell surface
death receptors by their respective ligands initiating the caspase-8 activation, which
triggers apoptosis. In contrast, the intrinsic pathway, which is largely controlled by
the Bcl-2 family of pro- and anti-apoptotic proteins, starts inside the cell as a
response to death signals caused by different types of cellular stress with additional
activation of caspase-9. Both pathways initiate caspase cascade, which leads to the
activation of executioner caspases (caspase-3) and thus triggers the irreversible
apoptotic program [180]. Although there is a wide range of physiological and
pathological stimuli that may trigger apoptosis, not all cells will necessarily die;
abnormalities in cell death regulation pathway can cause different types of
abnormalities and disorders, primarily cancer [9].

Studies in vitro and in vivo have shown that besides its pivotal role in neurotrans-
mission, acetylcholinesterase is involved in regulating cell proliferation, differentia-
tion, hematopoiesis, and apoptosis [64]. Moreover, irregular expression of AChE has
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been found in several types of tumors, suggesting the involvement of AChE in the
tumorigenesis [30, 181]. As mentioned, AChE is encoded by a single gene, but there
are three isoforms of this enzyme, which differ in their carboxy-terminal sequences;
synaptic AChE (AChE-S), erythrocytic AChE (AChE-E), and read-through AChE
(AChE-R) [182]. All AChE isoforms selectively contribute to the processes involved
in promoting or attenuating cell death [183]. However, since AChE-S has an
important role in forming an apoptosome and its expression may be elicited in
different cell types during cell death processes, that isoform has been considered a
potential marker regulator of apoptosis [33].

In contrast to AChE-S that promotes cell death, the AChE-R has the opposite
effect and positively regulates cell proliferation [183]. In general, the AChE displays
a pro-apoptotic function. The AChE is upregulated in response to different apoptotic
stimuli, thus promoting apoptosis. In contrast, knockdown of its expression either by
antisense RNA (asRNA), small interfering ribonucleic acids (siRNAs), or heterozy-
gous deletion of the AChE gene attenuates apoptosis [184]. These data indicate the
possibility that the pro-apoptotic function of AChE may play a role in tumor
suppression.

At the early stage of apoptosis, AChE occurs in the cytoplasm and then
translocates to the nucleus, while at late stages, AChE is only present in the
fragmented nuclei [64]. These findings indicate that AChE participates in
modulating nuclear components, causing the chromatin condensation and fragmen-
tation, which confirms its function in apoptosis. According to Zhang et al., the AChE
is expressed during apoptosis in several cell lines. They have noticed that in some
cells, such as PC12 cells that normally express a low level of AChE or in cells that
normally do not express AChE (human lung fibroblasts (HLF) cells and rat kidney
(NRK) cells), an increase of AChE levels can be observed during apoptosis
[64]. Although the inhibition of AChE expression by siRNAs, for instance, may
rescue cells from apoptosis, it is believed that overexpression of AChE itself cannot
initiate the apoptotic process [185]. In other words, for cell death initiation, the
translocation of AChE triggered by internal/external stimuli is required. Recent
studies indicate an important role of the Ran-binding protein microtubule-organizing
center (RanBPM) in translocation processes of AChE during apoptosis. The
RanBPM protein makes a platform for the interaction of different signaling proteins
such as cell surface receptors, nuclear receptors, nuclear transcription factors, and
tyrosine kinases [186].

Additionally, RanBPMwas considered a pro-apoptotic protein due to its ability to
activate caspase-3 and its modulating effects on the function and stability of many
proteins that regulate cell death [187]. Moreover, it has been found that the RanBPM
binds AChE-S during translocation to the nucleus [186]. Although the translocation
mechanism remains to be clarified, the fact that RanBPM is an AChE interacting
protein and is considered a crucial regulator of cell proliferation confirms the
importance of this protein in the cell death process and tumorigenesis.

Some recent studies have demonstrated a novel role of AChE-S as a DNase.
Considering that AChE-S is a bifunctional enzyme with acetylcholine hydrolysis
and DNA cleavage domains, Du et al. assumed that translocation could be a crucial
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step that figured out the function’s change of AChE-S as a cholinesterase to a
function as a DNase function [188]. In this study, AChE-S was found to hold
intrinsic endonuclease activity between amino acids 32–138 and promote apoptosis
only after translocation into the nucleus. These findings implicate the pro-apoptotic
functions of AChE independent of its cholinesterase function [188]. Overall, these
results represent a very important platform for further research on the role and
mechanisms by which AChE participates in cell death.

In recent years, it has been demonstrated that AChE participates in the formation
of apoptosome by influencing the interaction between apoptotic protease activating
factor-1 (Apaf-1) and cytochrome-c, which consequently activate procaspase-9.
Generally, mitochondrial apoptotic signaling leads to the release of cytochrome-c
that binds to apoptotic protease-activating factor 1 (Apaf-1) and procaspase-9,
making an apoptosome formation. The apoptosome activates caspase-9 and pro-
ceeds down the same common pathway as the extrinsic pathway, which leads to the
activation of executioner caspases (caspase-3) and thus triggers apoptosis. Park et al.
tried to elucidate the molecular role of AChE in apoptosome formation [189]. They
have shown that AChE plays a pivotal role in the oligomerization of Apaf-1 and that
the interaction between AChE and caveolin-1 and, subsequently, cytochrome-c is
indispensable for the interaction between cytochrome-c and Apaf-1 and apoptosome
formation [189]. Interestingly, the silencing of the AChE gene by small interfering
ribonucleic acids (siRNAs) abolishes the expression of AChE and disrupts the
interaction of Apaf-1 and cytochrome-c, subsequently blocking the activation of
caspase-9 and preventing apoptosis [190].

The pathology’s development and progression depend on a rate of disturbance in
the balance between cell proliferation, survival, and cell death (apoptosis). As
mentioned above, the expression and activity of AChE vary between different
types of tumors. Moreover, a significant difference in AChE expression levels
between tumor tissue and normal tissue was confirmed. In general, the alteration
of AChE expression levels depends on the cell type, which confirms the complex but
important role of AChE in apoptosis. Although the involvement of AChE in
tumorigenesis remains unclear, current findings indicate that AChE is indeed
involved in this process [191].

In recent years, it has been demonstrated that the phosphatidylinositol 3-kinase
(PI3K)/Akt signaling pathway regulates numerous cellular functions such as prolif-
eration, growth, survival, and tumor progression in response to different cellular
stimuli or toxic injuries. To preserve cell viability, activated PI3K activates the Akt
pathway via its downstream kinase cascade, maintaining the phosphorylation status
of Akt proteins [192]. Although this pathway plays a key role in various physiologi-
cal processes, it also represents one of the main pathways constitutively activated in
several human tumors. The inhibition of Akt signaling is known to induce apoptosis.
These findings indicate that AChE is capable of reducing cell differentiation [193]
and inhibiting signal transduction via the PI3K/Akt pathway [194]. Notably, recent
studies indicate an important role of a novel form of AChE proteins in apoptosis
[195]. The 55-kDa AChE protein originated from the cleavage of 68 kDa AChE,
expressed after the activation of caspases, is present during apoptosis progression.
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On the contrary, the 55-kDa AChE protein’s decreased expression might contribute
to angiogenesis and be related to tumorigenesis [196]. According to the study of Xie
et al., considering the relationship between the activation of the PI3K/Akt pathway
and the formation of the 55 kD AChE protein, the activation of the Akt cascade
suppresses the formation of the 55 kDa AChE protein. It is observed that PI3K
promotes this inhibitory effect via the activation of the endogenous Akt pathway
[180, 196]. Tumor suppressor, P53, is a regulating apoptotic protein with a key role
in cell apoptosis and tumorigenesis [180, 197]. Ye et al. have demonstrated that
AChE and p53 are associated with the cell apoptotic pathway suggesting that AChE
could be a downstream component of the p53 capable of inducing apoptosis [9, 53].

As mentioned, the lung tissue expresses the cholinergic system, including nico-
tinic acetylcholine receptors, which is included in many physiologic and pathologic
processes [198].

Lung cancer is the most frequently diagnosed cancer and one of the leading
causes of death worldwide. It was established that lung cancer is mostly caused by
smoking [199]. Other factors contributing to lung cancer development are various
occupational and environmental contaminants and numerous unknown factors
[199]. Lung cancers are called small-cell carcinomas (SCLC) and non-small-cell
carcinomas (NSCLC). The division is formed due to the morphological differences
in tissues and clinical outcomes [200]. SCLC cover about a quarter of all lung cancer
cases. It is closely related to smoking and metastasizes very quickly [201–
203]. NSCLC are classified as large-cell carcinomas, squamous cell carcinomas,
and adenocarcinomas. Regardless of the great advance in diagnostic test develop-
ment, chemotherapeutic treatments, and surgical procedures, the survival rate for
patients suffering from lung cancer remains low because of a lack of specific
biomarkers for early screening [204].

The investigation showed that normal human lung fibroblasts do not express
AChE. On the other hand, it was proven that the expression of AChE is upregulated
during apoptosis [64, 185]. The AChE could be considered as a marker of early
cancer differentiation. Different studies showed that the AChE gene could be either
deleted, mutated, or amplified in various cancers [181, 205]. There are many
examples of decreased AChE activity in cancer patients, but the opposite was
found [30, 181, 206, 207]. Hence, it is necessary to further thoroughly examine
the role of AChE in various types and stages of cancer development.

It was shown that AChE activity was significantly lower in different subtypes of
lung cancer patients compared to control [208, 209]. As a consequence of decreased
expression and activity of AChE, the acetylcholine level in lung cancer tissue is
elevated [209]. It was shown that acetylcholine promotes lung cancer cell growth
[210]. Due to the unusually high level of acetylcholine, cell proliferation is
enhanced, proving the involvement of AChE in the regulation of lung cancer cell
growth. The exact role of AChE in this process is still not fully understood. Recent
studies showed that AChE gene expression is always decreased in lung cancer
tissues. Due to that, AChE is recognized as a regulator in cell proliferation and
death, advocating the use of AChE as a potential marker for lung cancer diagnosis
and prognosis. In the next decades, AChE enhancers could be applied as drugs, alone
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or in combination with conventional cytostatics, and be the future of lung cancer
treatment [29].

It was proven that α7nAChR is responsible for the proliferative, pro-angiogenic,
and pro-metastatic effects of nicotine in lung cancer [211]. Nicotine exerts its
biological effects through nAChRs in human lung cancer cells [212], and cancer
development is initiated due to the activation of the α7 subunit of nAChRs [213–
216]. α7nAChR is expressed in squamous cell lung cancer cells, lung adenocarci-
noma, and SCLC [217–221].

29.5 The Cholinergic System in Asthma and Chronic
Obstructive Pulmonary Disease

Asthma is a chronic inflammatory disorder of the airways involving many different
cell types and cellular elements. Rather than being a single disease, it consists of
related, overlapping syndromes. Asthma includes three domains of symptoms:
(1) variable airway obstruction, (2) airway hyperresponsiveness (or bronchial hyper-
reactivity), and (3) airway inflammation, no one of which is essential for diagnosis
[222]. Airway hyperresponsiveness associated with asthma leads to recurrent wheez-
ing episodes, shortness of breath, chest tightness, and coughing [223]. The etiology
of asthma remains undefined despite advances in understanding this disease’s
pathogenesis, genetics, and clinical characteristics [224]. Causes of asthma could
be both genetic and environmental, each contributing to about 50% of the risk of the
disease [225]. Environmental factors that cause asthma induce airway inflammation
with eosinophils (more common) or neutrophils and airway hyperresponsiveness.
Chronic exposure to environmental allergens (such as dust) initiates immunoglobu-
lin E (IgE)—a mediated reaction that is probably the cause of the lower airway
inflammation [222]. The genetic bases of asthma are undeniable, but not yet well
explained. There is evidence that the development of asthma could be genetically
predisposed. The researcher identified a number of chromosomal regions associated
with asthma susceptibility. Some of them are associated with the assembly of IgE
antibodies and the mediators of inflammation production. Still, more investigation is
necessary to identify the exact genes implicated in asthma development. Besides, the
gene-environment interactions that may lead to the disease’s expression should also
be taken into account [226]. Variability in the clinical phenotype caused by the
multiple molecular mechanisms underlying the complex pathological processes
involved in disease development and progression makes it hard to explain
polymorphisms, which are believed that cause the disease [227]. Like other atopic
conditions, asthma is related to T helper cell type-2 (Th2) immune response.

Triggers for asthma development may be allergic stimuli, such as dust, dander,
mold, and pollen, and nonallergic stimuli, including viral infections, cold air,
exercise, and tobacco smoke. All those stimuli cause events that, as a result, have
chronic airway inflammation. Th2 cells in airways release specific cytokines—
interleukins like IL-4, IL-5, IL-9, and IL-13. Mentioned interleukins lead to eosino-
philic inflammation and immunoglobulin E production. Increased IgE levels, as a
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result, have the release of histamine and cysteinyl leukotrienes, inflammatory
mediators that cause bronchospasm, edema, and increased mucous secretion. All
these manifestations of inflammation promotion lead to the development of charac-
teristic asthma symptoms [228]. The inflammatory response is further propagated,
leading to the late-phase asthmatic response characterized by progressive airway
inflammation and bronchial hyperreactivity [228]. Ultimately, the airway
remodeling caused by recurrent asthma episodes, as a result, has further lung
function decline and airway obstruction [226, 229].

Chronic obstructive pulmonary disease (COPD) is generally defined as slowly
progressive airflow obstruction, which is only partially reversible [230]. COPD
implies a set of conditions that develop progressively due to a number of different
disease processes, most commonly in patients with chronic bronchitis and emphy-
sema [231]. Clinical symptoms usual for chronic bronchitis are excessive cough and
sputum production. On the other hand, emphysema is related to chronic dyspnea,
and it is a consequence of distended air spaces and destroyed lung tissue [232]. Many
COPD patients have both of these conditions. The main cause of COPD is long-term
exposure to lung irritants that damage the lungs and the airways. Cigarette smoking
is the usual cause of COPD. Up to 75% of people who have COPD smoke or used to
smoke. Other irritants include secondhand smoke, air pollution, chemical fumes, and
dust from the environment and workplaces [231]. The cause of COPD can also be
genetic. The genetic condition called alpha-1 antitrypsin deficiency is rare but should
be considered if a person under the age of 40 develops COPD. A low level of alpha-1
antitrypsin can lead to lung damage and COPD development. Suppose the patient
diagnosed with this condition smokes or is exposed to smoke. In that case, COPD
can worsen quickly [232]. Cigarette smoking or exposure to harmful agents in most
cases is leading to the inflammation of lung tissue, bronchial airway disease, and the
destruction of parenchyma. The destruction of alveoli is a characteristic of emphy-
sema. As a result of the lungs’ inability to drain, the air is trapped inside, which has
dyspnea as a consequence. In the late stages of COPD, the diaphragm is flattened, the
rib cage is enlarged, and hypoxemia and pulmonary hypertension develop. The
overall result of pathological processes underlying COPD has increased resistance
to airflow and decreased expiratory flow rate. At that stage, the removal of inflam-
matory stimulus does not reduce the inflammation [232].

The cholinergic system plays a crucial role in asthma and COPD. ACh, a
neurotransmitter present in the nerve cells, is synthesized from choline and ace-
tyl—CoA, a thioester used in metabolic reactions and an acceptor and a donor of
acetyl groups catalyzed by ChAT, an enzyme found only in cholinergic cells, as
already mentioned. ACh is released as a result of the brain signal to the lung in
response to the lung’s reaction to tobacco smoke or environmental pollutants. ACh
has many roles in the lungs. It contracts smooth muscle to control the tone and
regulate the patency of conducting airways. It causes vasodilatation and smooth
muscle relaxation in blood vessels. It regulates mucus secretion and mucus clearance
mucosal glands and epithelial cells, and it modulates inflammation. When produced
and released, ACh acts through muscarinic receptors to regulate the lung’s primary
role – gas exchange. It also helps regulate the lung’s other physiological functions,
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as the lung serves as the barrier against pathogens and environmental contaminants
[124]. Airway neurons and non-neuronal cells, such as airway epithelial cells and
inflammatory cells, release ACh, which binds to airway muscarinic receptors and
triggers smooth muscle contraction and mucus secretion [233]. Preganglionic fibers
release ACh at the level of peribronchial ganglia, where postganglionic fibers are
generated, which leads to the release of ACh in the bronchial wall. Airway smooth
muscle and mucous bronchial glands in the medium-to-large airway are stimulated
by this, which results in bronchoconstriction and mucus secretion [233].

The stimulation of nerve endings by tobacco smoke, cold air, dust, or other
asthma triggers can instigate acetylcholine release [234]. Abnormal sensitivity of
cholinergic receptors often causes narrowing of the airways, resulting in contracting
airway smooth muscles when they should not.

Two major mechanisms that lead to bronchoconstriction and mucus secretion in
asthma and COPD are:

1. Increased expression and enhanced function of signaling molecules essential for
muscarinic receptor-mediated airway smooth muscle contraction.

2. Exaggerated release of neuronal ACh due to neuronal mechanisms associated
with inflammation [235].

29.5.1 Treatment of Asthma and COPD with Anticholinergics

Anticholinergics are compounds that are blocking acetylcholine actions. They are
used in the treatment of chronic obstructive pulmonary disease and asthma for a long
time. The timeline of using anticholinergics in the treatment of asthma and COPD is
given in Fig. 29.2 [236].

Anticholinergics’ origins are from botanical preparations of the deadly night-
shade family (Solanaceae), which was used for centuries in many cultures world-
wide. Datura is a genus of the Solanaceae family. Present worldwide is the
inhalation of the aerosol that these plant roots, stems, and seeds release. At the
same time, burning was a treatment for obstructive airway disease for centuries
because the antimuscarinic compound, atropin (Fig. 29.3), was released this way.
Other potent alkaloids that are released are scopolamine and hyoscyamine, and they
lead to intoxication, hallucinations, and poisoning [237, 238].

In the 1800s, British military officers from India introduced Datura stramonium
to Western medicine. Its use was controversial, but it soon became popular. It was

Fig. 29.2 The timeline of using anticholinergics in the treatment of asthma and COPD
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taken in the form of cigarettes or pipe tobacco. Atropin-based agents were in use for
almost a century. As atropine is well-absorbed into the systematic circulation and
penetrates the blood-brain barrier, many side effects took place during its use. In the
1900s, adrenaline replaced these agents as the first-line treatment for respiratory
disorders [239].

As the need to replace β-agonist agents, anticholinergics are back in use in the
1970s. The development of less toxic alternatives of atropin gave them a wider
clinical use [240].

The quaternization of tertiary nitrogen of the tropine moiety of atropine and the
scopine moiety of scopolamine is accomplished that systemic adsorption of these
molecules is prevented and their potent anticholinergic activity is retained. This way,
molecules with highly charged quaternary ammonium salts that are poorly adsorbed
across membranes and had low oral and systemic bioavailability and low blood-
brain barrier penetration are still highly potent antagonists, and muscarinic receptors
are synthesized. These compounds have a relatively short duration of action, because
of the short residence time in the lungs or at muscarinic receptors, because of which
they have to be taken multiple times per day [241].

Anticholinergic therapy is anti-bronchoconstrictor and not bronchodilator therapy
as β-agonists are, so the time needed for anticholinergics to start acting is assumed to
be longer [241].

Depending on the time of action, anticholinergics are divided into short-acting
muscarinic anticholinergics (SAMA) and long-acting muscarinic anticholinergics
(LAMA) [223].

29.5.2 Short-Acting Muscarinic Anticholinergics (SAMA)

SAMAs are nonselective anticholinergic agents that block both prejunctional M2
and postjunctional M3 receptors. SAMAs include atropine, ipratropium bromide,
and oxitropium bromide. Atropine is rarely used nowadays because it is easily
absorbed across the oral and respiratory mucosa, which leads to many side effects.
Unlike atropine, ipratropium bromide and oxitropium bromide have low lipid
solubility. They do not penetrate the blood-brain barrier, which makes them effective
quaternary SAMAs that can be used to treat respiratory diseases [236].

Fig. 29.3 Structure of
atropin
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Ipratropium bromide (Fig. 29.4) starts acting within 15–30 min, but the broncho-
dilator effect peak may take up to 90 min after inhalation. Ipratropium bromide is
useful for patients that cannot tolerate β-agonists because the side effects are very
low. The time of action of inhaled ipratropium bromide is 4–6 h, so it is supposed to
be taken 4–6 times a day, which is inconvenient [242].

Oxitropium bromide (Fig. 29.5) is, unlike ipratropium bromide, based on a
scopolamine molecule instead of atropine. It shows a bit longer duration than
ipratropium bromide, which is 5–8 h, and its peak bronchodilation is 60–90 min
after inhalation [236].

29.5.3 Long-Acting Muscarinic Anticholinergics

LAMAs take more time to start acting than ipratropium bromide, but last longer,
12–24 h. The most used LAMA is tiotropium bromide.

Tiotropium bromide (Fig. 29.6) also contains quaternary ammonium like
ipratropium. Tiotropium bromide binds to all muscarinic receptors, but its most
interesting property is its significantly greater duration of binding to M1 and M3
receptors than M2 receptors, which makes this drug selective for M1 and M3
receptors. Binding to muscarinic M2 receptors occurs early after administration,
which increases the release of ACh, but as the M3 receptor is also blocked,
bronchoconstriction does not occur. Neuronal release of ACh returns to the baseline
within 2 h, when M2 receptors are no longer blocked. As the muscarinic M3
receptor’s function only begins to return after 7 h, the M2 receptors’ blockade is
not significant. Bronchodilation in humans reaches a peak in 3–4 h after the

Fig. 29.4 Structure of
ipratropium bromide

Fig. 29.5 Structure of
oxitropium bromide
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administration of tiotropium bromide, which is slow and makes this drug inappro-
priate for rescue medication. The duration of its action is 1–2 days, making it a great
once-daily bronchodilator [223, 243].

29.6 Future Perspective

The modulation of the neuronal cholinergic system as a treatment for different
diseases is one of today’s mainstream choices. On the other hand, targeting the
non-neuronal cholinergic system as a therapeutic approach in disease control is still
not common. Expression and the non-neuronal cholinergic system’s role are still not
fully understood, but there are some AChE inhibitors in use for the treatment of lung
cancer. The mechanism underlining airway hyperresponsiveness in asthma and
chronic obstructive pulmonary disease is still indefinite, but the malfunctioning of
the pulmonary cholinergic system is thought to be a contributing mechanism.
Concerning that, anticholinergic therapy is used widely and with a high degree of
success in treating this condition. This field is highly promising for novel therapy
design and should be further investigated. Crucial is to expand our knowledge
regarding the exact role of every component of the non-neuronal cholinergic system
in the lungs. With that knowledge gathered, we could establish novel approaches in
lung disease treatment.
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The Keap1-Nrf2 Signaling Pathway in Lung
Cancer 30
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Abstract

The survival and proliferation of lung cancers widely depend on various signaling
pathways; Keap1-Nrf2-ARE is one of the primary pathways in lung cancers. The
principal function of Nrf2 is to offer protection to cells from stress induced by
xenobiotics through the activation of cytoprotective transcriptional programs.
Nrf2 is a Janus-faced transcription factor that can act both as a preneoplastic or
an antineoplastic in cancers. In lung cancers, persistent activation of Nrf2 offers
resistance to chemotherapeutic drugs and radiotherapy thereby facilitates prolif-
eration. The sustainable Nrf2 actuation impacts the different hallmarks of cancers
such as proliferation, metastasis, angiogenesis, and apoptosis. In aberrantly
activated Nrf2 lung cancers, inhibitors of Nrf2 can act as therapeutic agents. In
this chapter, we highlight the relationship between lung cancers and Keap1-Nrf2-
ARE signaling with an emphasis on the dysregulation of Keap1-Nrf2 signaling,
Keap1 and Nrf2 mutations, microRNAs in Keap1-Nrf2 signaling, smoking and
Nrf2 activation in lung cancer, and Keap1-Nrf2 pathway as a therapeutic target.
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30.1 Introduction

Lung cancer contributes to one-fourth of all cancer death and is the second most
common cancer in both sexes. Mostly older people over 65 years of age and a small
group of individuals less than 45 years are diagnosed with lung cancer. Among the
2.1 million estimated lung cancer cases, 1.8 million deaths are reported worldwide
[1]. Globally, the primary cause of lung cancer is tobacco use; air pollution,
occupational agents, radon, and secondhand smoke are the other risk factors.
Based on the pathological features, the two main types of lung cancer are non-
small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC), which
constitutes 80% and 20% of lung cancers, respectively. Efficacious therapies are
available for a subset of lung cancer patients. The Cancer Genome Atlas (TCGA)
revealed that the modulation of the Keap1-Nrf2 pathway occurs in one-third of
squamous cell lung cancer [2]. Nrf2 signal initiates and progresses the lung cancer.
Cancer cells experience severe insult from both exogenous and endogenous agents.
This dynamic defense signaling pathway safeguards the cancer cells from these
agents. The master transcription factor called nuclear factor erythroid 2-related factor
2 (Nrf2) transcribed from the gene nuclear factor, erythroid 2 like 2 (NFE2L2) offers
cytoprotection against the oxidative and xenobiotic stresses [3]. A repertoire of
genes involved in the defense system is under the control of Nrf2. The modulation
of genes governed by the Keap1-Nrf2 pathway promotes the progression of lung
tumors.

30.2 Keap1-Nrf2 Signaling Pathway

Under normal physiological conditions, Kelch-like erythroid cell-derived protein
with CNC homology (ECH)-associated protein 1 (Keap1) accommodates Cul3-
containing E3 ubiquitin ligase complex, thereby acting as a substrate adaptor protein
[4]. This complex retains the master regulator Nrf2 within the cytoplasm and marks
for ubiquitination and degradation [5]. By these processes, Nrf2 is maintained at an
optimal level through sequestration by Keap1. Under electrophilic or stressed
conditions, Keap1 undergoes modifications and is no longer having the potential
to sequester newly synthesized Nrf2 within the cytoplasm. Eventually, the phos-
phorylation of Nrf2 translocates it into the nucleus and partners with a diverse array
of proteins and binds the antioxidant response element (ARE) of target genes to
activate their transcription [3, 6]. The protein products of these myriad genes defend
the cell from electrophilic and oxidative insults. The target antioxidant proteins and
detoxification enzymes include glutamate-cysteine ligase, glutathione reductase,
heme oxygenase, NADPH quinone oxidoreductase 1, peroxidase, thioredoxin, etc.
[7]. Besides the above canonical activation by Keap1, Nrf2 can also be activated
through Keap1-independent mechanisms (Fig. 30.1). The major players involved in
this noncanonical Keap1-independent activation of Nrf2 are protein kinase C (PKC),
p62, p53-induced p21, glycogen synthase kinase-3β (GSK3β), mitogen-activated
protein kinase (MAPK), extracellular regulated protein kinase (ERK), and pAMPK
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[8–12]. Genetically engineered mouse models (GEMM) uncovered that Nrf2 stabi-
lization, accumulation, and activation are not a lung cancer driver [13]. But Keap1
inactivation along with Nrf2 activation and oncogenic mutations transform lung
epithelium to malignancy. Though the primary role of the Keap1-Nrf2 signaling
cascade is to protect cells from redox imbalance, it is also found to modulate in lung
cancer.

30.3 Regulation and Dysregulation of Nrf-Keap1 Signaling
Pathway in Lung Cancer

The defective Nrf2 pathway increases the susceptibility to lung tumorigenesis. The
activation of Nrf2 offers protection to cells from carcinogens. In contrast, persistent
Nrf2 activity promotes the progression phase of lung cancer. NSCLCs generate
reactive oxygen species as a result of enhanced metabolic output, to maintain redox
homeostasis Nrf2 activates the transcription of antioxidant genes. The stress experi-
enced by the lung cancer cells is overcome by the activation of Nrf2. Alterations
such as mutations and DNA methylation activate Nrf2, which regulates NSCLC
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development [14–16]. These changes suggest that Nrf2 activation is one of the key
mechanisms in NSCLC [17, 18]. Modifications in the Keap1-Nrf2 axis deregulate
Nrf2 ultimately triggering tumorigenesis leading to lung adenocarcinomas. In human
lung mucoepidermoid cancer cells, hyperactivation of Nrf2-mediated oxidative
stress response is observed [19]. Besides tolerating stress, Nrf2 overactivation
diminishes the chemosensitivity in lung tumors. Nicotinamide adenine dinucleotide
(NADPH) Q oxidoreductase 1 (NQO1), a target gene of Nrf2, is highly expressed in
the NSCLC than in normal lung tissue [20]. Besides tumorigenesis, NQO1 offers
chemoresistance in NSCLC [21].

BTB domain and CNC homology 1 (BACH1) regulates the transcription of heme
oxygenase 1 (HO1) and other cytoprotective genes in association with Nrf2 and Maf
[22]. Oxidative insult releases heme from hemoproteins and free heme in turn
generates more free radicals [23]. Such high levels of free heme degrade BACH1
in a proteasome-dependent manner [24]. As excess heme is deleterious to the cells,
HO1 catabolizes free heme [25]. Besides HO1 expression, BACH1 activates the
transcription of metastatic genes—CXC-chemokine receptor 4 (CXCR4), matrix
metalloproteinases (MMPs), and high-mobility group AT-hook 2 (HMGA2)
[26]. Interestingly, in lung adenocarcinoma (LUAD), BACH1 expression is highly
correlated with the advanced metastatic state. Heme facilitates BACH1 and Fbxo22
interaction and degrades BACH1 [27]. This high level of BACH1 in LUAD is
overshadowed by the sustained activation of Nrf2. Nrf2 and BACH1 activate the
transcription of antioxidant and pro-metastatic genes, respectively. Nrf2 stabilized
the BACH1 through the inhibition of Fbxo22-dependent BACH1 degradation and
expression of HO1, which curtails the free heme. In LUAD, elevated expression of
Nrf2, BACH1, and HO1 was observed. The pharmacological inhibition of Nrf2,
BACH1, and HO1 could impair lung cancer cell proliferation and invasion.

Anomalous conditions of the Keap1-Nrf2 signaling pathway persist in lung
cancer. Such disruption occurs due to mutations in Keap1 and Nrf2, DNA
methylations in the promoter of Keap1 and Nrf2, and loss of heterozygosity
[28]. Lung cancers exhibited alterations in Keap1 leading to the deviant Keap1
which no longer holds Nrf2 for ubiquitination and degradation, which eventually
accumulates Nrf2 and activates Nrf2 target genes [17]. A few of the Keap1 mutations
augmented the interaction and ubiquitination between Keap1 and Nrf2 but dimin-
ished the Nrf2 degradation [29]. Several of these somatic mutations reside within the
conserved regions of the Kelch and IVR domain of the Keap1, which disrupted the
Keap1 function. Hypermethylation in the Keap1 promoter was observed in lung
cancers, which resulted in the feeble Keap1 expression leading to Nrf2 activation
[16]. Besides Keap1 mutations, somatic mutations within Nrf2 also contribute to the
dysregulation of the Keap1-Nrf2 signaling pathway in lung cancer [30]. Mutations in
the DLG and ETGE motifs of Nrf2 are unresponsive to Keap1-mediated Nrf2
regulation, which led to the abnormal accumulation of Nrf2 and persistent activation
of Nrf2 target genes.

664 A. Raghunath et al.



30.4 Mutations in Keap1 and Nrf2 in Lung Cancer

Among all the cancer types, the greatest enrichment in the mutations of Nrf2 and
Keap1 is observed in lung cancer which directly influences the increased Nrf2
activity [31]. Generally, the mutations in Keap1 lead to the loss of its ability to
regulate Nrf2 termed as the loss-of-function (LOF) mutations, and the mutations
(mostly missense mutations) in Nrf2 help to retain its function, termed as the gain-of-
function (GOF) mutations. Several studies investigated and reported that the occur-
rence of mutations in Keap1 and Nrf2 is mutually exclusive, particularly in NSCLC,
and the distribution of mutation frequency is unequal and varies in different histo-
logical lung cancer types [2, 17, 32–34]. Significant enrichment of GOF mutations in
Nrf2 (59.2%) and LOF mutations in Keap1 (72.2%) was observed in squamous cell
carcinoma (SqCC) and adenocarcinoma (AC), respectively [2, 18, 30–32, 35–
38]. TCGA studies performed in the genomic characterization of 178 lung squamous
cell carcinomas reported that the Keap1/Nrf2 mutations were observed in one-third
(34%) of the patients. [2]. In a large scale clinical study of 2455 patients, alterations
including mutations observed in Keap1 and Nrf2 in 15% and 2.9% of patients,
respectively [32, 39–42]. Very recently, 3.5% and 11.3% of patients identified with
Nrf2 and Keap1 mutations among the 1391 NSCLC patients. Interestingly, many
studies reported the higher mutation rate of Keap1 and Nrf2 in smokers than
nonsmokers [19, 43, 44]

In Nrf2, almost all the observed mutations in AC and SqCC lung tumors were
located in or around the coding regions of Keap1-interacting regions such as DLG
(43%) and ETGE (57%) motifs, which makes Nrf2 insensitive to Keap1-mediated
regulation and thus leads to the Nrf2 accumulation [2, 15, 17, 28, 45]. Genomic
profiling analysis reported the two hot spots of Nrf2 mutation in ~10% of SqCC
patients which enable the escape from the Keap1-mediated suppression [46, 47]. As
Keap1 is the prime regulator of Nrf2, the mutations in Keap1 which were located
across all the domains directly lifts the repression of Nrf2 and increases its abun-
dance and nuclear translocation, which activates Nrf2 target genes to facilitate the
tumor growth in lung cancer. Keap1 mutations were first reported in lung cancer, and
the mutations were observed in 19% of patients in all lung cancer types. As the third
most commonly mutated gene in ADC, the mutations were observed in 26% of ADC
patients [17, 32, 35]. In NSCLC patients, somatic mutations in Keap1 increased Nrf2
abundance and conferred the worse progress-free survival [14, 48]. Glycine-to-
cysteine gene mutations (G430C and G364C, in Kelch-repeat domain) observed in
Keap1 activates Nrf2 due to the reduced binding affinity with Nrf2 in human lung
adenocarcinoma cell lines [5, 49]. Among the 18 characterized mutations in SqCC,
5 mutations which include N469fs, G333C, R554Q, P318fs, and W544C were
promoted in Nrf2 activation, 9 involved in the hypomorphic Nrf2 suppression, and
the remaining 4 mutations did not affect the Nrf2 suppression [2, 29]. Several other
somatic mutations were observed in the highly conserved Kelch binding or
intervening linker (IVR) domains that include NL20, A549, H460, H1435, H23,
H358, H1993, H1395, H838, H1299, and H292 mutations in NSCLC patients
[15, 17].
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30.5 MicroRNAs Associated with the Keap1-Nrf2 Signaling
Pathway in Lung Cancer

MicroRNAs (miRNA) are a type of noncoding RNA molecules that regulate the
protein synthesis and posttranscriptional expression of targeted genes by the com-
plete or partial binding with the 30 untranslated region (30-UTR) of the mRNA targets
[50–52]. Many investigations were performed to understand the dual role of
miRNA, tumor suppressor as well as oncogenic, in the regulation of various cancer
types particularly in lung cancer [53]. Among the many miRNAs involved in the
regulation of lung cancer, some miRNAs disrupt the Nrf2-keap1 signaling pathway
by regulating the expression level of Nrf2 and keap1 by disrupting the stability and
degradation of Nrf2 and Keap1 mRNA [54, 55]. Overexpression of miR-155
facilitates the malignant transformation of lung cells and increased the resistance
of arsenic trioxide by upregulating the Nrf2 level in arsenic-transformed bronchial
epithelial cells in adenocarcinoma [56–58]. In contrast, miR-34a directly inhibits the
expression of Nrf2 in NSCLC cells that leads to the decreased synthesis
of antioxidants such as glutathione [59]. MiR-141 facilitates the degradation of
Keap1 mRNA by directly binding to its 30-UTR and promotes the proliferation of
cancer cells in NSCLC [60, 61]. Recent studies showed that miR-421 is associated
with the poor prognosis in NSCLC patients that promotes cancer progression by
targeting the 30 UTR of keap1 and downregulating its expression, which reduces the
drug resistance level [62, 63]. In NSCLC cells, activation of Nrf2 inhibits the
expression of miR-1 and miR-206 and promotes the pentose phosphate pathway,
which leads to a reduced survival rate [64].

30.6 Smoking and Nrf2 Activation in Lung Cancer

Lung cancer is one of the three major cigarette smoking (CS)-related diseases with
the highest rates of mortality and morbidity [65]. CS is responsible for the direct
exposure of more than 5000 different chemicals which includes reactive oxygen/
nitrogen species and >60 International Agency of Cancer Research (IARC)-listed
carcinogens to the tissues in the respiratory tract [66]. The formation of many
additional reactive toxicants, with the interaction of host-derived molecules,
together, causes major tissue damage in the lungs that leads to chronic inflammation
and disease development [67–69] particularly in non-small-cell lung cancer [70] and
squamous cell lung cancer [71]. Also, CS contains numerous components from
different classes that are accountable for the thiol oxidation of host protein and
non-protein molecules which induce oxidative stress and act as Nrf2 activators
[66, 72, 73]. CS-induced Nrf2 activation is majorly carried out by the thiol modifi-
cation of the cysteine residues present in the Keap1 protein [66, 72–74]. Although all
the cysteine residues may act as redox sensors, residues in the position 151, 273, and
288 are the major targets for this covalent modification [75–79]. These covalent
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modifications in keap1 perturb the physical interaction between keap1 and Nrf2 that
lifts the cytoplasmic repression of Nrf2 resulting in the release of Nrf2 from the
Keap1-Nrf2 complex [74]. Alternative to the thiol modification in keap1,
CS-induced Nrf2 activation also carried out by the complementary mechanism
involving the phosphorylation of the residues at serine-40 and threonine-80 located
in the Neh2 domain of the Nrf2, which directly affects the binding of Nrf2 to Keap1
[80–84]. Many investigations carried out in different experimental models
concluded that the various chemical components present in CS act as Nrf2 activators,
either thiol modification in Keap1 or Nrf2 phosphorylation, particularly nitric oxide
[85–87], CS condensate [88], heavy metals [89, 90], α,β-unsaturated aldehydes
[91, 92], diphenols [93, 94], peroxides [95], polyenes, and phase I inducers
[96]. In both Nrf2-activation mechanisms, the CS components responsible for the
direct activation of Nrf2 are termed as monofunctional, whereas CS contains many
bifunctional components that indirectly activate Nrf2 [97, 98]. One of the bifunc-
tional components, xenobiotics, present in the CS activates another transcription
factor, the aryl hydrocarbon (Ah) receptor. Ah receptor activates the production of
Nrf2 by binding to the xenobiotic response element (XRE) present in the promoter
region of Nrf2 [97, 99, 100]. Yet other investigations sequenced Nrf2 sequences
from lung cancer patients and showed the Nrf2 mutation is common in smokers and
the mutation rate is higher in smokers than nonsmokers [44, 101].

30.7 Nrf2-Keap1 Signaling Pathway as a Therapeutic Target
in Lung Cancer

Hyperactivation of Nrf2 augments chemoresistance and radioresistance in lung
cancer [102]. Multidrug resistance-associated protein 1 (MRP1) is an efflux trans-
porter that expels chemotherapeutic agents from cancer cells [103]. In lung cancer,
Nrf2 upregulated MRP1 thereby mediates chemoresistance [104]. Nrf2 silencing
inhibited colony formation in NSCLC, and Nrf2 depletion in NSCLC repressed the
formation of tumor in athymic mice [15, 105]. The interaction of cyclin-dependent
kinase 20 with Keap1 conferred chemo- and radioresistance in lung cancer cells
through Nrf2 activation [106]. Nrf2 inhibitors inhibited the tumor activity in the
Keap1-lacking NSCLC [107]. Hence, Nrf2 mitigation can be a therapeutic target in
lung cancer. Evidence supports that Nrf2 inhibition offers merit in the treatment of
lung cancer patients. Though considerable evidence displayed the efficacy of Nrf2
inhibitors augmenting the chemotherapeutic agents against lung cancer, there is an
immense search for an improved Nrf2 inhibitor.

30.8 Inhibitors of Nrf2 in Lung Cancer

In many cancers, including lung cancer, the elevated level of Nrf2 facilitates cancer
progression and increased resistance to cancer therapy. Given the oncogenic role of
Nrf2 overexpression, the strategy of inhibiting Nrf2 is becoming a promising
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approach in lung cancer therapy. Several natural chemical components derived from
small molecules and repurposed drugs have been studied for the inhibitory properties
of Nrf2 for lung cancer therapy (Table 30.1). Cinnamomi cortex extract (CCE)
procyanidin inhibited the Nrf2 expression and reduced Nrf2 mRNA levels that
suppress cancer cell proliferation in A549 NSCLC cells [128–130]. Quinoid brusatol
enhanced the Nrf2 degradation via increased ubiquitination, suppressed the colony
formation, reduced tumor growth, and improved survival in murine A549 xenograft
models [131–133]. In both in vitro and in vivo experiments using murine A549
xenograft models, luteolin flavonoid suppressed the growth of A549 cells via
inhibiting Nrf2 and improved antitumor efficacy by sensitizing A549 cells for
several chemotherapeutics such as bleomycin, doxorubicin, cisplatin, and oxaliplatin
[120, 134]. Other Nrf2 inhibitors such as convallatoxin, quinazoline alkaloid
halofuginone, camptothecin, and 4-methoxy-chalcone (4-MC) sensitized A549
cells and increased the efficacy of drugs like cisplatin [135–138]. High-throughput
screening of small-molecule libraries by several groups revealed the potent, high
A549 NSCLC-specific Nrf2 inhibitors such as ARE expression modulator 1 (AEM1)
[139] and ML385 [107]. With the list of novel Nrf2 inhibitors, several repurposed
drugs including auranofin [140], glucocorticoid clobetasol propionate [141],
metformin [142], and camptothecin [143] exhibited promising NRF2 inhibiting
ability by reducing Nrf2 nuclear accumulation and enhanced its degradation. Even
though the promising Nrf2 inhibiting ability of the abovementioned molecules
was tested in lung cancer cell lines, no clinical study results were available
except for the recent clinical trial in which the combination of luteolin and ascorbic
acid potentially modulated Nrf2 dysregulation in a patient with Nrf2 GOF
mutations [144].

30.9 Conclusion

Research in the last decade revealed the Keap1-Nrf2 pathway as an oncogenic
signaling pathway in lung cancer. Nrf2 inhibitors and agonists tested in preclinical
studies displayed both tumor suppression and initiation activities. In NSCLC
patients, Nrf2 inhibitors offer promise as a therapeutic agent. A comprehensive
understanding of this dynamic complexity of the Keap1-Nrf2-ARE signaling path-
way in lung cancer is warranted as Nrf2 cross-talks with other signaling networks.
Such networks will control unique metabolic reprogramming in lung cancers and
identification of Nrf2-regulated genes and offer diagnostic and prognostic markers in
lung cancers.
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and Cellular Mechanisms of Respiratory
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Abstract

The family of toll-like receptors (TLRs) is receiving considerable attention as
potential regulators and controllers of the immune response through their ability
to recognize and defend against invading pathogens. TLRs are key components of
the innate immune system. Inappropriate or unregulated activation of TLR
signaling can lead to chronic inflammation and autoimmune disorders. TLRs
have been implicated in a number of lung-associated immune responses and
pathogenesis of some respiratory diseases including asthma, chronic obstructive
pulmonary disease, lung cancer, and infections. This chapter details the different
TLRs, signaling transduction of TLR, defines their possible role in the pathogen-
esis of the main respiratory diseases, and finally, speculates over the therapeutic
possibilities by targeting TLR signaling.
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31.1 Introduction

The immune system comprises a complex system of cells and proteins, which defend
the body from infections. Principally, immunity can be of two types: innate (natural)
and acquired (adaptive) immunity. Innate immunity is the vanguard of defense and is
characterized by unspecificity and a lack of memory. In contrast, adaptive immunity
is characterized by specificity, adaptability to the antigens, and memory to previous
infections [1]. Activated innate immunity is an essential factor that is required in
developing specific acquired immunity against antigens. With innate immunity, the
primary response to a pathogen mediated by pattern recognition receptors (PRRs),
which recognize the pathogen-associated molecular patterns (PAMP), present in a
wide range of microbes [1, 2]. Some examples of PRRs are RNA helicase retinoic
acid-inducible gene I (RIG-I)-like receptors, C-type lectin receptors, DNA sensors,
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and Toll-
like receptors (TLRs). TLRs are associated with the immune systems microbial
recognition as an innate and adaptive immune response in higher vertebrates. The
TLR protein is type-I transmembrane receptors with -COOH terminal intracellular
tails containing a conserved region (Toll/interleukin (IL)-1) and -NH2 terminal with
leucine-rich extracellular repeat domains. The extracellular domain with many
leucine-rich extracellular repeat domains is involved in ligands binding and neces-
sary for the TLR dimerization. The intracellular domain (82 amino acids region) is
highly variable and involved in the protein-protein interaction between TLR proteins
and downstream signal transduction components [3–5]. TLRs recognize a large
number of varied and complex PAMP, which represent conserved molecular
features of many microbial classes such as Gram-negative lipopolysaccharides
(LPS) (TLR4 ligands), dsRNA (TLR3 ligands), viral ssRNA (TLR7 and TLR8
ligands), bacterial flagellin (TLR5 ligands), and cytosine-phosphate-guanosine
(CpG) DNA (TLR9 ligands) [3, 6, 7]. When these microbes rupture the physical
barriers like skin, they are then recognized by the TLR, which activates the immune
cell response. The TLR protein engagement leads to the inflammatory reaction
caused by the activation of transcription factor nuclear factor kappa-light-chain-
enhancer of activated B (NF-κB) regulating the expression of cytokines (ILs,
interferons (INFs), tumor necrosis factor (TNF)-α), and chemokines along with
reactive oxygen and nitrogen species [3, 8]. TLRs are involved in the activation of
the immune response against the pathogens as well as in tumor progression [9, 10],
hematopoietic malignancies [11], myocardial inflammation [12], the pathogenesis of
the autoimmune disease, rheumatoid arthritis, myocarditis [13], atherosclerosis [14],
noninfectious pulmonary diseases [15], etc.

The TLR is also involved in several lung-associated pathologies and immune
responses in lung injury and chronic inflammatory lung diseases, e.g., cystic fibrosis,
chronic obstructive pulmonary disease (COPD), airway hyperreactivity, and asthma
[3, 16]. TLR stimulation in human lung macrophages provides first-line defense
against inhaled pathogens. Human lung macrophages induce an intense production
of cytokines and chemokines that are characteristic of the pro-inflammatory M1
macrophage phenotype [17]. TLR2 and TLR4 play a critical role in COPD and
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contribute to the development of T helper-17 immune response and finally help in
COPD [18]. TLR also modulates the functions of nonimmune cells like endothelial
cells and pulmonary hypertension. Pulmonary hypertension is recognized as abnor-
mal vasoconstriction and remodeling of the pulmonary arteries followed by right
heart failure and then death [19]. The involvement of the different TLRs in various
other pulmonary diseases and their molecular and cellular aspect is essential. The
activation and signaling of TLRs and their contribution to lung diseases may better
understand the treatment aspects. Targeting at the specific site, i.e., at the molecular
level and/or cellular level, may help develop therapeutics in treating different TLR
associated lung diseases. In this chapter, we will discuss the types of TLR, function,
the activation of the signaling of TLR, the role of TLR in pulmonary diseases, and
targeting of TLR signaling for the therapeutic of lung diseases.

31.2 Types and Functions of TLR

There are some well-known TLRs present in humans and animals. TLRs are
extensively articulated in both resident cells and lymphoid and myeloid cells of
lung tissue. Some examples of TLRs such as TLR1 to TLR10 present in humans,
whereas TLR1 to TLR9, TLR11, TLR12, and TLR13 present in mice and TLR21 in
apes [6, 20, 21]. Some of the human TLRs such as TLR1, TLR2, TLR4 to TLR6, and
TLR10 are present on the cell surface, whereas TLR3 and TLR7 to TLR9 are
expressed on the intracellular vesicles mainly in the endosome and on cell sub
organelle, i.e., endoplasmic reticulum (ER) (Table 31.1) [1, 20]. Each TLR has a
specific recognition ability for specific molecule groups. For example, TLR2 is
associated with TLR1/TLR6 for Gram-positive bacteria; TLR3 for dsRNA; TLR4
for LPS of Gram-negative bacteria; TLR5 for bacterial flagella; TLR7, TLR8, and
TLR9 for viral ssRNA, dsRNA, and nucleic acids of viruses, etc. [1, 3].

TLRs are commonly available in both resident cells and lymphoid and myeloid
cells of lung tissues [23] where the expression of TLR1, TLR2, TLR4, TLR7, and
TLR8 at high and TLR3, TLR5, and TLR9 at low level was observed on the surface
of human alveolar macrophages [24]. The expression of TLR3 has been found in
lung tissue and endothelial cells of pulmonary arterial hypertension and also in
human lung epithelial during the respiratory syncytial virus infection
[25, 26]. Increased expression of the surface protein TLR4 has been observed in
LPS lung injury and acute lung injury [27, 28]. TLR4 is also expressed on the lung’s
endothelial cells and is necessary for the occlusion of capillaries and the accumula-
tion of neutrophils after systemic administration of LPS [29]. These TLRs are also
overexpressed in different cancers and played a role in cancer prognosis. Lung
cancers have significant expression of TLRs. The expression of TLR2, TLR3,
TLR7, and TLR9 has been found in non-small-cell lung cancer (NSCLC) patients,
whereas TLR3 and TLR9 significantly elevated in idiopathic pulmonary fibrosis
[30]. Numerous studies suggested that TLR expression was observed in pro-tumor
activities as well as in antitumor activities. The high expression of TLR5 has been
significantly associated with the better prognosis of NSCLC [31].
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The expression of TLR1, TLR2, TLR4, TLR5, and TLR9 also are found on the
recruited neutrophils [20, 32]. The significant elevation of TLR7 and TLR9 has
expressed on plasmacytoid dendritic cells in the lungs and has been involved in
suppression in allergic responses by the T-cell regulation [33]. The recognition of
TLR ligands present in dendritic cells and macrophages leads to the rapid production
of cytokines and chemokines that indicate the pathogen’s presence. The production
of cytokines and chemokines initiates the rapid recruitment of cells because of the
immunity system to the site of infection. It activates them by immediately initiating
antigen-presenting cells, as they induce expression of CD40, CD80, and CD86 as
costimulatory molecules for the activation of T lymphocytes [34]. The TLRs induce
the differentiation of T helper lymphocytes (CD4 +) or cytotoxic lymphocytes (CD8
+) from the T cells. T helper-1 stimulated by IL-12 produces IL-2, IFN-γ, and TNF,
whereas T helper-2 lymphocytes stimulated by IL-12 produce IL-4 to IL-6
[1, 35]. Other lymphocytes, i.e., T-regulator and T helper-17, are essential for
developing and regulating the immune response [18]. Thus, different types of
TLRs are available on surfaces of lung diseases, macrophages, lung tissue, endothe-
lial cells, etc. and activate the immune system.

31.3 Activation and Signaling of TLR

Activation of TLRs causes acute inflammation and regulates the adapted immunity
at various levels. The activation-specific transcription factors, for the immunity and
inflammatory responses, are activated by the partially overlapping of the intracellular
pathways of every TLR. The TLR signaling cascades initiate from the toll-interleu-
kin-1 receptor (TIR) domain. The TIR is a cytoplasmic domain of TLR signaling,
which includes the four types of adaptor molecules such as TIR-domain-containing
adapter-inducing interferon-β (TRIF), TRIF-related adaptor molecule (TRAM),
myeloid differentiation primary response protein (MyD88), and MyD88 adaptor-
like (Mal) or TIR domain-containing adaptor protein (TIRAP). After the ligand
binding of cytoplasmic TIR domains of TLR, the dimerization of TIR adaptor
molecules such as MyD88, TIRAP, TRIF, and TRAM takes place. The dimerization
of adaptor molecules is recruited by TIR, which initiates the series of events and
finally activates and translocates the transcriptor factors. The TLR signaling
(Fig. 31.1) is categorized into two categories, such as MyD88 (critical adaptor
molecules in single transduction)-dependent or MyD88-independent [16]. MyD88-
dependent pathways occur in TLR 2, TLR5, TLR7, TLR8, TLR9, and TLR 11 sig-
naling [16, 22]. After the pathogenesis, PAMPs bind the TLRs, which lead to the
changes of cytoplasmic domains, which later recruits MyD88 to TLRs by the TIR
domain interactions. After recruiting serine/threonine IL-1 receptor-associated
kinase-4 (IRAK-4) to MyD88 downstream signal transduction and after binding
with MyD88, IRAK-4 recruits the IRAK-1 and phosphorylases the IRAK-1. After
the phosphorylation of IRAK-1, it autophosphorylates and generates the new
docking sites. These new docking sites enable the tumor necrosis factor receptor-
associated factor 6 (TRAF 6) to bind to the MyD88/IRAK-4/IRAK-1 complex. The
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dissociation of TRAF 6 and IRAK-1 from the complex leads to activate the c-Jun N
terminal kinase (JNK) and inhibitor of NF-κB kinase (INK) by the interaction with
complex transforming growth factor (TGF)-β-activated kinase 1/TGF-β-activated
kinase 1/2/3. These active JNK and INK lead to the activation of the activator protein
1 (AP1) and NF-κB. NF-κB moves to the nucleus and acts as a transcription factor
for gene-coded pro-inflammatory chemokines and cytokines such as TNF-α, IL-6,
IL-8, and IL-1β [22, 36].

Another TLR signaling pathway is the MyD88-independent or TRIF pathway.
There are several reports that suggested that the TLR3 and TLR4 are stimulated by
the MyD88-independent signal transduction or TRIF pathway. The TIRF pathways
activate by the pathogens, resulting in interferon regulatory factor 3 (IRF3) activa-
tion, an important transcription factor needed to transcription antiviral genes like
IFN-β [20, 37]. In the TRIF pathways, TRIF binds with the TIR domain via TRAM
(a bridge domain molecule). TRIF binds with the TRAF 3 and TRAF 6. The MyD88
pathways activated by the binding of TRIF to TRAF 6. Nevertheless, if TRIF binds
to TRAF 3, it activates the TGF-β-activated kinase 1 and then phosphorylates and
activates the IRF3 and IRF7. Their homodimers enter into the nucleus and attach to
their binding segment on DNA and transcribe IFN-α and IFN-β [20].

Fig. 31.1 TLR signaling pathways [38]
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31.4 Implications of TLR in Respiratory Diseases

31.4.1 TLR in Asthma

Asthma is a fatal disease that can cause chronic airway inflammation, which
manifests as bronchoconstriction, goblet cell hyperplasia, excessive mucus secre-
tion, and tissue remodeling that occurs in childhood. Potential immune response to
asthma targeting environmental antigens, including pollen or dust particles,
constitutes the habitat of antigen-specific Th2 cells that secrete antigen-specific
IgE in the lungs [39]. Innate immunity plays a vital role in disease pathogenesis
because infections, either viral or bacterial, are related to induction or resisting
asthma. Various human, animal, and epidemiological studies have reported that
the time and extent of exposure to LPS and probably TLR4 activation seem to
determine either a defensive Th1 response or tolerance Th2 response develops in the
lungs [40]. In research, it was reported that intranasal administration of low-dose
LPS could cause a Th2 reaction in the lung, while LPS in other parts of the body can
produce a robust Th1 response [41]. However, experimental treatment of mice with
TLR agonists or microbes represses airway hyperresponsiveness, allergic sensitiza-
tion, and eosinophilic inflammation. Recent research also shows that Acinetobacter
lwoffii F78 can prevent ovalbumin-induced asthma of the offspring when
administered intranasally to pregnant mice. The protective effect depends on the
expression pattern of maternal TLRs, and the recognition of microbes by maternal
TLRs during pregnancy triggers the fetal lung environment, which produces a
subsequent Th1 response to these antigens. Lung resident cells expressing TLR4
recognize house dust mite (a ubiquitous indoor allergen) and induce Th2 cell
response to which produce IL-25, IL-33, granulocyte-macrophage colony-
stimulating factor, and stromal lymphopoietin thymus [42]. These cytokines cause
the activation and polarization of innate lymphocytes. Besides, eosinophil-derived
neurotoxins stimulate the activation of TLR2, which ultimately leads to the large
secretion of IL-6, IL-10, and Th2 polarization. Similarly, basophils also cause Th2
cell activation. As many genetic association studies have shown, TLR is also
associated with increased allergic asthma [43]. For example, TLR7 and TLR8 are
associated with asthma progression, and their ligands can protect airway remodeling
in experimentally induced asthma. TLR10 single-nucleotide polymorphism is also
associated with asthma in two separate samples, although the ligands for TLR10 are
not yet defined. TLR4 and TLR9 are connected with breathlessness, and TLR4 is
associated with allergen-specific IgE secretion. Based on this observation, TLR9
ligand is currently being used in clinical trials to treat or prevent asthma [44].

Besides, bacterial infections such as Mycoplasma pneumoniae, Chlamydia
pneumoniae, and Streptococcal pneumoniae may worsen the disease condition. It
was shown that MyD88-deficient mice infected with C. pneumoniae showed
reduced expression of cytokines and chemokines, delayed the recruitment of CD4
+ and CD8+ cells, and failed to clear lung bacteria, resulting in severe chronic
inflammation and increase mortality. However, the secretion of IL-1β, IFN-γ, and
other inflammatory mediators may be enhanced through MyD88-independent
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pathways later, but the mortality associated with C. pneumoniae cannot be ruled out.
In such infections, the TLR2 and TLR4 work synergistically, or in some cases, other
PRRs also involved [16].

Excessive secretion of airway mucin and upregulation of TLR2 resulted from the
M. pneumoniae infection, whereas during allergic inflammation caused by
M. pneumoniae infection, the TLR2 is inhibited due to the production of IL-6 and
other mediators. As a result, bacterial clearance is reduced. Antibiotic therapy is
highly effective in asthma patients with M. pneumoniae infection because they
improve lung function and suggest the role of bacteria and host immune system
interaction in asthma exacerbation and death. One study showed that other PRRs
also play a part in the infection of S. pneumoniae, in which high and low infectious
doses of S. pneumoniae are cleared, and the production of inflammatory mediators is
moderately reduced in TLR2-deficient mice [45]. With the lack of MyD88, the
severity of response to S. pneumoniae is significantly increased, instead of deleting
TLR2 and TLR4 individually or in combination. Lower respiratory tract viral
infections may also lead to the development and worsening of asthma. Respiratory
syncytial virus (RSV) is an incredibly vital cause of acute bronchiolitis and wheez-
ing in children and may lead to the subsequent development of asthma. After getting
severe RSV in early life, wheezing is related to elevated blood lipids Th2 response,
eosinophilia, and IL-10 production [46]. During RSV infection, the virus attaches to
lung epithelial cells through the G protein, and then, the virus envelope fuses with
the plasma membrane of the host cell-mediated by F protein. TLR4 recognizes the
viral F protein and stimulates NK cells. Therefore, TLR4-deficient mice have higher
viral loads and defective NK cells. According to a study, insufficient TLR4 signal is
also associated with the worsening of preterm infants. The dsRNA formed during
RSV replication stimulates TLR3-mediated signal transduction in fibroblasts and the
human lung epithelial cells, resulting in excessive secretion of RANTES and IP-10
chemokines. The lack of TLR3 signaling leads to increased mucus secretion,
increased airway eosinophilia, and also increased levels of IL-5 and IL-13. It is
observed that the retinoic acid-inducible gene I (RIG-I) induces the expression of
IFN-β during RSV, which triggers TLR3 activation, and that TLR3 mediates the
secondary immune signaling pathway [26]. In contrast, RSV virus clearance is
completely mediated by the TLR2/TLR6 heterodimer. Therefore, allergic asthma
can be mediated by infection, and genetic susceptibility can make it worse. These
infections can cause protective inflammatory reactions in some cases, acute allergic
reactions in other cases, or can allow long-term Th2 reactions.

31.4.2 TLR in Lung Cancer

Lung cancer is widespread cancer, accounting for more than a quarter of cancer-
related deaths. Its development and progress are related to the immune system’s
inability to establish an effective antitumor immune response. As previously
reported, TLR also drives innate immunity. Therefore, the exogenous modulation
of immunity through TLRs may be a strategy to fight cancer, but the underlying
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chronic inflammation will aggravate the disease and further promote lung
cancer [20].

Airway epithelial cells express elevated TLR1, TLR2, TLR3, TLR4, TLR5,
TLR6, and TLR9 in lung carcinoma compared with the normal lung. Similarly,
TLR is expressed by infiltrating myeloid and lymphoid origin’s immune cells, and
its activation can determine adaptive immune polarization. Activation of TLRs in
stromal cells and hematopoietic cell types can promote the immune stimulation or
tolerance mechanism of cells to the lung, where they can participate in carcinogenic
processes. The activation of TLRs in epithelial cells stimulates the production of
chemokines, such as CXCL-8 (IL-8), a potent neutrophil chemoattractant, and the
release of growth factors, such as vascular endothelial-derived growth factor
(VEGF), which recruits blood vessels to the inflamed and damaged airway epithe-
lium [30]. Similarly, activating TLR on antigen-presenting cells (innate immune
cells) activates adaptive immunity through various mechanisms, including antigen
processing and presentation, upregulation of costimulatory molecules, and modula-
tion of T regulatory cells. The synthesis/release of pro-inflammatory cytokines
induced by TLR can determine the adaptive immune polarization. For example,
TLR binding can lead to the synthesis of IL-2 and IL-12p35 or IL-12p19, which
promote Th1 or Th17 immunity, respectively. Th1-type bias may affect immune
surveillance for lung cancer with effective antitumor immune responses [47].

TLR is essential to the humoral immune system carefully arranged by B cells. B
cells undergo maturation, proliferation, and immunoglobulin conversion after TLR
activation. Under physiological conditions, the number of B cells in the lung is
minimal (0.1%), but lung cancer, especially when there are no tolerogenic cells,
increases three times. B cells refer to both as antitumor and tumor cells in controver-
sial research. B cells express high levels of TLR7 and TLR9. Some authors believe
that B cells can resist T cell-mediated immunity, thereby enhancing tumor cell
growth. However, the regulation of B cell-derived immunity by other TLRs in
lung cancer needs advanced research [48]. Similarly, compared with TLR7 and
TLR9, lung macrophages express high TLR2, TLR3, TLR4, and TLR6. The M2
phenotype is characterized by the production of large amounts of IL-10 and TGF-β,
immunosuppressive cytokines, anti-inflammatory activity, and tissue repair func-
tion. Cancer tissue is rich in M2, which can promote angiogenesis and tissue
remodeling. MyD88 deficiency reduces tumor growth due to less macrophage
incursion into the tumor microenvironment. MyD88-mediated signaling activates
the M2 phenotype, while TLR3 activation strongly induces TRIF-dependent signal-
ing to stimulate macrophages M1 phenotype [49]. TLR activation on macrophages
and myeloid-derived suppressor cells (MDSC) inhibits immune surveillance of
tumor cells. A recent study confirmed that the activation of TLR2 on MDSC
promotes tumor growth in lung adenocarcinoma, lymphoma, and colon cancer via
immune evasion.

NK cells are also involved as primary effector cells for antitumor, and the
MyD88-dependent pathway hardly activates them, but the TRIF-dependent pathway
attracts their cytotoxicity. It has been found that after the administration of poly I:C
(ligand for TLR3), the absence of TRIF mediates tumor progression. However, in
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prostate cancer, poly I:C administration can degenerate tumor growth because the
activation of TLR3 may also lead to the apoptotic cascade. Signal transduction of
TLR7 and TLR9 is reduced after a viral infection, which reduces the innate immune
response during tumorigenesis. Activation of TLR2-MyD88 in MDSC also leads to
the activation of NK cells. However, due to NK cell activation after the administra-
tion of TLR3, TLR7/8 ligand, a decrease in lung metastasis has been observed
[47]. Also, mast cells are found in several tumor types. The activation of mast cell
receptors and TLRs can stimulate various growth-stimulating mediators and
pro-angiogenic factors, promoting tumor spread. In contrast, in the mouse model,
TLR2 activation on mast cells reduced lung cancer growth after LLC1 cells were
implanted subcutaneously [50]. Oldford et al. have shown that TLR2 activation on
mast cells promotes the release of IL-6 and chemokine ligand 1 (CCL1), which leads
to increased antitumor activity and recruitment of NK and CD8+ cytotoxic T cells
[51]. Although lung cancer has Th2-based pathological features, mast cells’ role in
tumor progression is still elusive.

31.4.3 TLR in COPD

TLR in COPD can be associated with abnormal inflammation and limited expiratory
airflow that cannot be completely reversed. The prevalence of the disease is related
to smoking and age. Although COPD’s pathogenesis is unclear, all aspects of innate
lung immunity, including mucociliary clearance, alveolar macrophage function, and
airway antimicrobial polypeptide expression, are weakened. That is why these
microbial pathogens settle in the lower region of the respiratory tract and cause
severe inflammation and infection, leading to a gradual loss of lung function [20].

There is increasing evidence that impaired innate immunity may be the cause of
COPD. Recently, the vital role of TLR was described in maintaining lung structural
homeostasis under environmental conditions. Studies in the rat model indicated that
the overexpression of TLR4 in the lung’s structural cells is necessary to maintain its
normal structure and prevent oxidative stress. The absence of TLR4 leads to high
concentrations of Nox3 (an intracellular oxidant derived from the reduced nicotin-
amide adenine dinucleotide phosphate oxidase system) endothelial cells, which can
produce inflammation during/in COPD. Furthermore, TLR4 is believed to act as an
inhibitor of the endogenous activity of Nox3 in the lungs, and its presence allows the
protection of lung integrity by regulating the oxidative system [52]. Based on this
finding, it has been hypothesized that tobacco smoke’s free radicals and oxidative
properties can destroy innate immunity; thus, cell necrosis and tissue damage of the
lungs happened. Besides, acute exposure to cigarette smoke (two cigarettes, twice a
day for 3 days) induces acute lung inflammation in rats, dependent on the signal of
TLR4/MyD88 and IL-1R1/MyD88 [53].

It has been observed that C3H/HeJ mice with naturally impaired TLR4 signaling
had less chronic inflammation after being exposed to cigarette smoke for 5 weeks.
Long-term exposure to cigarette smoke can cause strain-dependent emphysema in
mice, and the link with TLR has not been established. Several studies have discussed
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the relationship between the function and expression of TLR in smokers,
nonsmokers, and patients with COPD. A study showed that after ex vivo ligand
stimulation, the expression of TLR2 decreased in alveolar macrophages in smokers
and COPD patients. Other studies have reported that the expression levels of TLR2,
TLR4, CD14, or MD2 are comparable, but stimulation of alveolar macrophages with
ligands of TLR2 or TLR4 can reduce the mRNA and levels of inflammatory
cytokines (such as IL-6, TNF-α, (IL) protein expression-1β) and chemokines (such
as RANTES and IL-8) can exhibit defective NF-κB activation, IRAK-1, and p38
phosphorylation in smokers [20]. Therefore, the authors suggest that the inflamma-
tory response mediated by TLR2 and TLR4 depends on the exposure time of LPS
that selectively reprograms alveolar macrophages through smoking. Additionally,
cigarette smoke and particle phases contain 4500 or more components, including
harmful particles, reactive chemicals, free radicals, and overly researched risk factors
for COPD. The components of cigarette smoke stimulate and strengthen immune
cells, such as macrophages. Lung tissue damage is caused by excessive mucus
secretion, mucociliary insufficiency, and inflammation. The cigarette irritation
response accumulates neutrophils, monocytes, dendritic cells, pro-inflammatory
mediators, ROS, and factors that attract T lymphocytes and proteolytic enzymes
[16]. These response functions play vital roles in COPD.

Toll-like receptors associated with cigarette smoke-induced inflammation are
TLR2, TLR4, and TLR9. Karimi et al. conducted extensive studies on the function
of TLR4 and found that TLR4 is involved in the production of cytokines induced by
cigarette smoke [54]. Sarir et al. revealed that brief exposure to cigarette smoke
reduces TLR4 surface performance [49]. Pace et al. used epithelial cells to confirm
that TLR4 is involved in inducing cigarette smoke-induced CXCL8 lung inflamma-
tion (Pace, Ferraro et al. 2008). Maes et al. studied that in subacute cigarette
exposure neutrophils, compared with the wild-type mice in the control group, the
level of lymphocytes in the BALF of TLR4 knockout mice was reduced [55]. To find
out the relationship between TLR4 and COPD, a study was conducted on 240 heavy
smokers. It was observed that the development of COPD is related to the TLR4
polymorphisms (TLRD299G, TLR2R753Q, TLR4T3991). TLR4T3991 polymor-
phism worsening contributes to the development of COPD in smokers, which is
exposure to increased susceptibility to infection, and the D299G TLR4 polymor-
phism has been attributed to the lower severity of COPD due to low reactivity to
LPS. To fully clarify the role of TLR polymorphism in COPD, more research is
needed. TLR4 deficiency in mice causes pulmonary emphysema [20]. It indicates
that TLR4 is involved in healthy tissue homeostasis. In summary, the above knowl-
edge summarizes the inflammation mediated by TLR4 caused by environmental
components and the uncontrolled TLR4 in diseases.

31.4.4 TLR in Pulmonary Infection

TLR is composed of a group of proteins associated with recognizing and triggering
the various pathogens and particular responses against these pathogenic attacks. The

31 Role of Toll-Like Receptors in Molecular and Cellular Mechanisms of. . . 693



myeloid and stromal cells in the lung express TLRs, which recognize the PAMP and
damage-associated molecular patterns (DAMPs) and are associated with signaling in
host defense against the infectious agents [20]. On getting repeated exposure to
various infectious agents in the alveolus and respiratory tract, the role of TLR
becomes important, and other receptors expressed on lung cells like PRRs, NLRs,
and RIG-I also play a key role in managing and protecting against pathogens
[15]. The majority of TLR are present both intracellularly within endosomes
(TLR3, TLR7/8, TLR9) and at the cell surface (TLR1-6, 10). TLRs have a unique
role in inflammatory lung diseases, ranging from acute respiratory distress syndrome
(ARDS) to asthma and COPD. Thus, the molecules are under trials, which can target
these receptors [56].

TLR signaling is the critical factor playing an important role in host defense
against acute infections caused by bacteria, viruses, and fungi. Humans experiencing
genetic mutations in TLR2 and TLR4 are probably more susceptible to these
infections. Nevertheless, an increase in mortality in pneumonia models has not
been observed on the deletion of an individual TLR, as recorded in a study about
the TLR2 role in pneumococcal pneumonia [57]. Both TLR2 and TLR4 are involved
in immune response in tuberculosis, while human polymorphism in TLR2 is
associated with enhanced susceptibility to tuberculosis and leprosy. TLR2- and
TLR4-knockout mice probably lead and result in enhanced mortality in tuberculosis,
whereas the deficiency in TLR and IL-1R signaling adapter (MyD88) could show
defective innate immune response against tuberculosis [58].

The maximum threat is observed in lower respiratory tract infections, predomi-
nantly in pneumonia and pneumonia-associated complications, and is a significant
threat and global burden to human health, particularly in children. The bacterial
infection is a common cause of severe pneumonia, which could be superimposed in
inflammatory conditions like COPD or influenza. Bacteria often violate the host
defense mechanism even in the presence of the pulmonary immune system and its
sophisticated mechanisms, helping in the development of innate and acquired
immune responses against various infections. It causes rapid bacterial duplication
in the lungs and spreading to remote organs. Consequently, a significant lung’s
immune response is significantly required to eliminate bacteria and other infectious
agents successfully [59].

31.5 Targeting of TLR Signaling

The role of adaptive immunity is a subject of important consideration as dominated
research in lung diseases is producing a new area of research, thus focused on
developing novel therapeutics approaches for the treatment of inflammatory
diseases. The explosion of a family of proteins called TLRs in the research is
being processed for its treatment. These TLRs have vital roles in adaptive and innate
immunity. Thus targeting TLRs signaling offers significant new opportunities to
interfere in lung diseases [58]. TLRs are expressed on nearly all innate immune cells
(circulating leukocytes like neutrophils and monocytes, macrophages, dendritic

694 I. L. Kanwar et al.



cells, NK cells), adaptive immune cells (B and T lymphocytes), and nonimmune
cells like endothelial and epithelial cells and fibroblasts [60].

The ligands of TLR have been classified as exogenous and endogenous ligands of
TLRs. The exogenous ligands include PAMPs, like flagellin protein from bacterial
flagella, LPS from Gram-negative bacteria, peptidoglycan (PGN) and lipoteichoic
acid (LTA) from Gram-positive bacteria, lipopeptides, lipoarabinomannan (LAM),
lipomannans and lipoglycans from mycobacteria, zymosan from yeast, dsRNA of
viruses, and DNA from viruses and bacteria [38, 61]. The endogenous ligands or
host-derived DAMPs are generally formed on account of injury and
nonphysiological cell death. They include fibrinogen and hyaluronan as an extracel-
lular matrix component, constituents of the plasma membrane, nuclear and cytosolic
proteins such as high-mobility group box protein 1 (HMGB1) and heat shock
proteins (HSPs), and damaged and/or fragmented organelle elements like mitochon-
drial DNA (mtDNA) [38, 62].

Apart from these ligands, there are five types of adaptor proteins for the TIR
domain in mammals, which include [63] TIRAP or Mal, TRIF, MyD88, sterile α-
and armadillo-motif-containing protein (SARM), TRAM [63].

The precise intracellular downstream signaling cascade is initiated by binding
various ligands to TLR, which stimulates and initiates host defense reactions; for
example, PAMP-PRR interactions cause the production of pro-inflammatory
cytokines and type-1 INF initiating the immune responses against particular
microbes. The nature of the stimulus controls the TLR signaling that is of following
two distinct pathways (Fig. 31.1). One is the MyD88-dependent pathway, which
leads to inflammatory cytokine production by using TLRs, except TLR3. Second is
the TRIF-dependent pathway associated with the stimulation of INF type-1 and
utilized by TLR3 and 4 [64, 65].

TLRs are indispensable fundamentals of the innate immune system and play a
significant function in the host-defensive mechanism against microbes. However,
TLR overactivation disrupts the immune system’s homeostasis and leads to higher
production of pro-inflammatory cytokines involved in the pathogenesis of various
inflammatory and autoimmune diseases. Thus, the inhibition of signaling pathways
of TLR could be forecasted as an efficient therapeutic approach to suppress
unwanted surplus disease-associated inflammatory reactions [66].

The inhibition of TLRs can be achieved in two major ways; firstly, by blocking
the binding of TLR ligands to the receptors and secondly by preventing the signal
transduction through the interference of intracellular signaling pathways. It can be
achieved by using various therapeutic agents that inhibit the TLR signaling from
controlling excessive inflammation. These agents can be grouped as small-molecule
inhibitors, oligonucleotides, antibodies, microRNAs, lipid-A analogs, and other new
emerging nano-inhibitors [38, 66] (Table 31.2).

TLRs help in developing the self-defense ability through the identification of
endogenous molecules and invading pathogens in damaged tissues. However, too
much activation of TLR may disturb the immune homeostasis by producing
pro-inflammatory cytokines and chemokines. These contribute to the development
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of many inflammatory diseases in the lung, like asthma. Thus, inhibitors/antagonists
that target the TLR signals could be useful for managing inflammatory diseases.

For the treatment of COPD, a combination of inhaled corticosteroids and
bronchodilators has been used. These corticosteroids enhance β-adrenergic
responses and repress inflammatory responses in the airway. But in severe COPD
and asthma cases, corticosteroids do not produce desired effects, which could be
attributed to devastating oxidative stress and subsequent DNA damage. Thus, the

Table 31.2 Various TLR inhibitors

TLR inhibitors Mechanism Examples
Targeted
TLR References

Small-molecule
inhibitors
(SMIs)

• Suppress
autoantigen
presentation by getting
accumulate in the acidic
intracellular space
endosomes and
lysosomes
• Blockade of
endosomal TLR7,
8, and 9 signaling
• Decrease in
cytokine production

CpG-52364,
SM934,
hydroxychloroquine
sulfate, chloroquine

TLR7,
TLR8,
TLR9

[38, 67]

Antibodies Block the binding of
ligands to the specific
TLRs

OPN-305
T2.5
NI-0101
1A6

TLR7,
TLR8,
TLR9

[38, 68]

Oligonucleotides Interfere the binding of
ligands to endosomal
TLRs and hence block
the TLR signal
transduction

IRS954
INH-ODN-24888

TLR7
TLR9

[38, 69]

Lipid A analogs Prevents LPS to TLR4
binding
Reduce activation of
LPS-induced NF-κB
and pro-inflammatory
cytokine production

Eritoran TLR4 [38, 70]

MicroRNA
inhibitors
(miRNAs)

Reduction in the
production of IL-6
Protein translation
repression or mRNA
degradation

miR-146a, miR-155,
and miR-21

TLR2,
TLR4

[38, 71]

Nano-inhibitors Suppress LPS-induced
MyD88-dependent
NF-κB activation
Inhibit subsequent
cytokines production in
mouse macrophages

High-density
lipoprotein (HDL)-
like nanoparticle

TLR4,
TLR2,
TLR3,
TLR5

[38, 72]
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antioxidant use may decrease DAMP production by scavenging ROS and inhibiting
the activation of TLRs.

Drugs that target TLRs have been classified as agonists or antagonists. TLR
agonists, as the name suggests, augment receptors’ and antagonists’ response usually
lessens the responses through attenuating inflammation. Chronic inflammation in
allergic asthma is caused due to allergen exposure. Antagonists in asthma treatment
target the muscarinic receptors to promote bronchodilation through the airway’s
smooth muscle relaxation. The Protollin (which contains both TLR2 and TLR4
ligands) is useful in lowering allergic responses to intranasal administration
[73]. Similarly, the Resiquimod (R-848) is a TLR7 agonist and was advantageous
in suppressing allergic airway diseases [74]. TLR7 possesses anti-inflammatory
properties. The activation of TLR7 controls the inflammation by preventing the
entry of leukocytes into the airways. R-848 reduces leukocyte recruitment and IL-5
and IL-13 production [75]. The mechanisms behind TLRs’ protective action are
thought to be the reorientation of the immune system reducing the Th2 function,
including Th2 cytokine production, eosinophils, and bronchial hypersensitivity,
which all leading to reduced airway inflammation [76].

In asthma, COPD, and inflammatory airway diseases, TLR signaling pathways
have been closely associated with the pathophysiology of the disease. In allergic
asthma, the house dust mites are one of the main risk factors that trigger the airway
monocytes and neutrophils through a TLR4-dependent mechanism. Besides, LPS
(TLR4 agonist) induces Th1 or Th2 immune response in a dose-dependent manner
in asthmatic conditions. In COPD, TLR2, TLR4, and TLR9 participate in inflamma-
tory responses induced by cigarette smoking. The excessive lung tissue demolition
and inflammatory responses during the airway diseases’ exacerbation are caused
through the overactive TLR signaling [66].

31.6 Conclusion

Innate immunity is the primary mechanism for maintaining the dynamic balance of
lung tissue despite continuous exposure to pathogenic microorganisms and environ-
mental irritants. TLRs are mainly involved in the activation of the innate immune
system, and many studies have been conducted in past years to find out the role of
TLRs in host defense and tissue homeostasis. The insights generated by this work
allow people to come up with some general principles about lung innate immunity.
These principles relate to the development of acute lung diseases, often leading to
chronic inflammatory diseases such as fibroproliferative ARDS or severe RSV
infection that precedes the development of asthma. Secondly, innate immune defi-
ciency leads to the development of the chronic obstructive pulmonary disease. These
diseases may be due to the host’s direct or indirect tendency to infection, for
example, in chronic S. pneumoniae infection, leading to mild aggravation of
COPD. Similarly, TLR is also involved in the occurrence and development of
lung cancer. Contemporary research has proved that TLR signal transduction can
promote and inhibit tumors. On the new side, these receptors participate in the
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immune system activation to produce an antitumor effect. TLRs also help in tumor
treatment by activating tumor microenvironment immune cells, but more research is
needed to elucidate the complete role of TLRs in tumorigenicity. Although TLR
activation plays an essential role in developing lung in pulmonary infection, many
questions need to be answered. Also, the use of TLR as a therapeutic target involves
the use of TLR agonists or antagonists. Few TLR antagonists and agonists are used
as treatments for airway diseases, but they have not been successful due to various
reasons involving dose toxicity and inappropriate administration time and route.
Therefore, more experimental research is required to explore its potential as a
treatment strategy. Understanding TLR biology will provide more opportunities to
clarify the link between innate immunity and acute and chronic lung infections and
diseases. This knowledge will help us identify TLRs as new therapeutic targets that
can reduce the burden of lung diseases.
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Biomarkers of Oxidative Stress 32
Jia-fu Feng

Abstract

Free radicals (FRs) and/or reactive oxygen species (ROS) are bioactive
substances generated inevitably during the metabolic process of organisms. To
combat excessive free radical and/or reactive oxygen production, living
organisms have evolved many sophisticated peroxide-antioxidant defense
systems. These systems are located in a dynamic equilibrium state under normal
physiological conditions, while the body antioxidant system could be unbalanced
and lead to oxidative stress in pathological states. Oxidative stress is closely
related to the occurrence and development of various diseases, including cancer.
Therefore, FRs and/or ROS involved in pathological reactions can be used as
markers of oxidative stress. Although most oxidation-antioxidant markers are not
difficult to be measured by modern medical detection technology separately, the
detection of each oxidation-antioxidant substance is not only time- and energy-
consuming, but also inaccurate. One of the reasons for inaccuracy is the incom-
plete understanding and detection of oxidation-antioxidant substances in the
organism. The other is the superposition effect produced by various oxidation-
antioxidant substances which have a synergistic effect in the same system. In
view of this, only combined total oxidant status (TOS) with total antioxidant
status (TAS) and oxidant stress index (OSI) can accurately assess the oxidant
stress status of subjects. In this chapter, the species of single oxidation or
antioxidant, TOS, TAs and OSI, and the determination method of end products
of lipid hydroxides (malondialdehyde and 4-hydroxynonene) are introduced.
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Free radicals (FR) and reactive oxygen species (ROS) are naturally produced in all
aerobic organisms [1]. On the one hand, FR and ROS perform many normal
physiological functions in the body. On the other hand, excessive generation of
FR and ROS may attack biological macromolecules, resulting in oxidative damage
to the body. It has been confirmed that intracellular oxidative damage is mainly
caused by FR and ROS [2]. FR can inhibit the function of many components in
normal cells, react with unsaturated bonds in membrane lipids, denature proteins,
and damage nucleic acids, etc. The metabolic form of ROS and the scavenging rate
of the body’s antioxidants constitute the peroxidation-antioxidant system of the
body. Under physiological conditions, the system is in a state of dynamic equilib-
rium. But in the case of diseases (such as inflammation, trauma, infection, and
cancer), the former’s generation is faster than the latter’s clearance, disordering the
dynamic balance [3]. The subsequent body response leads to oxidative stress (OxS)
state, resulting in oxidative damage of biological macromolecules such as proteins,
lipids, and nucleic acids, interfering with normal life activities. Therefore, OxS refers
to when the body encounters various harmful stimuli, highly active molecules in the
body, such as ROS and reactive nitrogen species (RNS) excessively produced, and at
the same time, the degree of oxidation exceeds the removal of oxides, causing an
imbalance of oxidation-antioxidant system, which leads to oxidative damage of
biological macromolecules such as proteins, lipids, and/or nucleic acids, and
interferes with normal life activities, resulting in a serious state of antioxidant stress.

32.1 Single Oxidation or Antioxidant

Aerobic organisms have evolved an antioxidant defense system that removes FR and
ROS. The system can be divided into three levels [4]: ① primary antioxidants, such
as superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT),
glutathione S-transferase (GSH), paraoxonase 1 (PON1) enzyme, whose function is
to prevent the production of new FR and/or ROS;② secondary antioxidants, such as
vitamins (Vit) A, Vit C, Vit E, uric acid, glutathione, α-lipoic acid, carotene, trace
elements copper, zinc, manganese, and selenium, whose function is to clear FR
and/or ROS before FR and/or ROS trigger lipid peroxidation chain reaction; ③
tertiary antioxidants, such as DNA repair enzymes and methionine oxysulfide
reductase, whose function is to repair nucleic acid chains damaged by FR and/or
ROS oxidation and maintain the normal physiological function of cells. However, in
some pathological conditions, the body cannot defense against the increase of
oxidations or decrease of antioxidants, and the balance between oxidation and
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antioxidation is transformed to the oxidative state, which will inevitably lead to OxS
reaction.

All biochemical antioxidants involved in the body’s antioxidant defense system
are biomarkers of OxS. In order to evaluate the antioxidant status in vivo, it is
necessary to detect the antioxidants in the body. These antioxidants such as SOD,
GSH-Px, CAT, GSH, PON1, Vit A, Vit C, Vit E, and uric acid in the oxidation
defense system all can be detected separately. In the past, many researchers have
often used these indicators to reflect the body’s antioxidant status. However, due to
the tremendous number of different antioxidants in plasma, serum, urine, or other
biological samples, it is difficult to implement a single determination of various
antioxidants.

In the body’s oxidation-antioxidation system, the opposite of antioxidants is
oxidations, which are mainly FR and oxidants. The FR that can be generated in
organisms by enzymatic and/or nonenzymatic reactions include ① ROS, such as
�O2-, �OH2; ② RNS, such as �NO, �NO2, and �ONOO-. Commonly mentioned
oxidants are 1O2, H2O2, etc. The FR and oxidants often mentioned in the study are
shown in Table 32.1. Strictly speaking, 1O2 and H2O2 are not oxygen free radicals,
but active oxygen.

The following oxidizing substances are all OxS biomarkers (Table 32.2), but
oxidizing substances are not easier to detect than anti-oxidizing substances, and are
more difficult to detect individually.

Tables 32.3 and 32.4 list the biomarkers of oxidative stress commonly used in
clinical or scientific research or reported in the literature (except for the nitro-
oxidative stress class). Among them, many markers have been commonly
recognized as OxS biomarkers.

32.2 Total Oxidant Status and Total Antioxidant Status

There are two types of antioxidant systems in the human body. One is the enzyme
antioxidant system, including superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GSH-Px), and the other is the nonenzyme antioxidant

Table 32.1 Oxyradical
abbreviation and
terminology

Abbreviation Terminology

O2 � Superoxide anion radical

HO�
2 Hydrogen peroxide radical

H2O2 Hydrogen peroxide

HO� Hydroxyl radical

RO� Oxygen organic free radical

ROO� Organic peroxide radical
1O2 Singlet oxygen

ROS Reactive oxygen species

L� Lipid free radical

LOO� Lipid peroxide radical
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system, including Vit C, Vit E, glutathione, melatonin, alpha-lipoic acid,
carotenoids, trace elements copper, zinc, selenium, etc. With existing biochemical
and/or molecular biology technologies, most of the antioxidants in the antioxidant
system can be independently detected. However, detection of each antioxidant
separately is time-consuming, labor-intensive, expensive, complicated, and inaccu-
rate. The reason for this inaccuracy is that the antioxidants have a synergistic effect
in the same system and will produce a superimposed effect. Moreover, both the
oxidizing substance and the anti-oxidizing substance have what we know and we
have not yet known. Therefore, the determination of one and/or several oxidative or
antioxidant substances or their metabolites alone cannot correctly evaluate the
oxidative or antioxidant status of the body. In addition, oxidative/antioxidant
substances can be divided into known and unknown. Using existing inspection
methods, the known oxidation/antioxidants can be detected, but it is time-consuming
and laborious, and the unknown ones still cannot be detected. Otherwise, the effects
of different oxidation/antioxidants can be superimposed, and the detection of only a
few oxidative/anti-oxidant substances does not represent a change in overall levels,
because the changes of other oxidative/anti-oxidant substances are not clear.

In view of this, the concepts of total antioxidant status (TAS) and total oxidant
status (TOS) came into being. TAS represents the overall level of enzymes and
nonenzyme antioxidants in the organism. It is also called total antioxidant capacity
(TAC), total antioxidant activity (TAA), total antioxidant power (TAOP), total
antioxidant response (TAR), total reactive antioxidant potential (TRAP), etc. TAS

Table 32.2 Reactive oxygen species with the significance of oxidative stress

Species Terminology Characteristics

O2 � Superoxide anion The single electron reduction state; formed by many
oxygen reactions (such as flavin protein, redox cycle)

HO�
2 Hydrogen peroxy Formed by the protonation of O2 �; enhanced fat

solubility

H2O2 Hydrogen peroxide Two-electron reduced state; formed by
disproportionation of O2 � HO�

2

�
), or directly formed by

O2

HO� Hydroxyl radical Three-electron reduction state; formed by Fenton
reaction and metal-catalyzed Haber–Weiss reaction; is
highly active

RO� R-oxygen radical,
alkoxy radical

Oxygen organic free radicals (such as lipids)

ROO� R-Peroxy radical,
alkyl peroxy radical

Formed from organic hydroperoxide (ROOH), such as
lipid, by hydrogen extraction (or homolysis)

ROOH R-hydroperoxide Organic hydroperoxides (such as fatty acids and
thymine hydroperoxides)

O�
2 or

1O2 Singlet oxygen First excitation; higher than ground state oxygen (O);
red (bimolecular) or infrared (monomolecular) light
emission

3R’R”CO
(R’R”CO*)

Triplet carbonyl Excited carbonyl compounds, blue-green light emission
(i.e. via dioxane intermediates)
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is synonymous with the body’s total antioxidant level. It not only represents the sum
of enzymes and nonenzyme antioxidants in the body but also reflects the relationship
of mutual connection and synergism between the antioxidants. There is a close
relationship between the strength of the body’s antioxidant defense system and its
health and disease status. When it decreases, it will inevitably cause inflammation,
tumors, and immune system diseases. Therefore, the TAS level reflects the compre-
hensive information of the body’s antioxidant capacity in different states.

Compared to TAS, total oxidant status (TOS) represents the overall level of all
oxidants in the oxidation-antioxidant system that maintains the body’s antioxidant
defense capabilities. It is also named total peroxide (TP), serum oxidation activity
(SOA), reactive oxygen metabolites (ROM), oxygen radical absorbance capacity
(ORAC), or some other synonyms. TOS is synonymous with the total oxidation
level of the body. Like the TAS, it not only represents the sum of oxidations in the
body but also reflects the relationship of mutual connection and synergism between
oxidations. Oxidation is an essential component of the human body’s antioxidant

Table 32.3 OxS biomarkers commonly used in clinical practice or research (antioxidants)

Abbreviation Full name Abbreviation Full name

AOPP Advanced oxidation protein
products

Mel Melatonin

ALA α-Lipoic acid Myase Myeloperoxidase

apoA-I Apolipoprotein A-I OMP Oxidatively modified protein

ADMA Asymmetric dimethyl-L-
arginine

DHN 1,4-dihydroxynonene

CbP Carbonylproteine Anti-oxLDL Ox-LDL antibody

ACR Carotene PHPA Para-hydroxyphenylacetic
acid

CAT Catalase PON1 Paraoxonase 1

CoQ10 Coenzyme Q10 PMN-Elae Polymorphonuclear leukocyte
elastase

Cu Copper GSH Reduced glutathione

CRP C-reactive protein Se Selenium

COX Cyclooxygenase SOD Superoxide dismutase

8-OHdG 8-hydroxy-20-
deoxyguanosine

SDMA Symmetrisches
Dimethylarginin

F2-IsoP F2-isoprostane Try Tryptophan

FB Free biotin DNP 2,4-Dinitrophenylhydrazine

GSSG Glutathione disulfide Ubi Ubiquinone

GSHPx Glutathione peroxidase UA Uric acid

GSH Glutathione S-transferase VitA Vitamin A

Hp Haptoglobin VitB Vitamin B6

IDO Indolamin-2,3-Dioxygenase VitB12 Vitamin B12

Kyn Kynurenin VitAC Vitamin C

Lyso Lysozym Vit/E Vitamin E

Mn Manganese Zn Zinc
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defense system. There is a close relationship between the strength of the body’s
antioxidant defense system and health or disease states. When oxidation is elevated,
it will inevitably cause inflammation, tumor, and immune system diseases. There-
fore, the TOS level reflects comprehensive information about oxidizing ability in
different states.

It can be seen that TAS and TOS are necessary detection indicators to fully reflect
the body’s antioxidant effect. At present, both TAS and TOS can realize automatic
detection, with high precision and good reproducibility, and can be used for the
detection of any biological sample, which is easy to popularize.

Taking Hitachi automatic biochemical analyzer as an example, the instrument
setting parameters for automatic detection of TAS (Table 32.3) and TOS
(Table 32.4) are given here. Other brands and models of automatic biochemical
analyzers can refer to this parameter and instrument performance, which can be
easily modified settings.

32.2.1 Measurement of Total Antioxidant Status

The following is a brief introduction of the TAS full-automatic detection method.

Table 32.4 OxS biomarkers commonly used in clinical practice or research (oxidants)

Classification Abbreviation Full name

Oxidant ALE Advanced lipoxidation end product

8-iso-PGF2α 8-iso-prostaglandin F2α
Fe2+ Ferrous ion

4-HNE 4-hydroxy-2-nonenal

HNA 4-hydroxynonenoic acid

HydrP Hydroperoxide

DDG 7,8-dihydro-8-oxo-20-Deoxyguanosine

LO Lipid alkoxyl radical

LOOH Lipid hydroperoxide

LOO Lipid peroxyl radical

MDA Malondialdehyd

Nrf2 Nuclear factor-like 2

OMP Oxidatively modified proteins

oxLDL Oxidierte LDL

di-Tyr O,o’-dityrosine

ProC Protein carbonyl

SNST S-nitrosothiols

NHPA 3-nitro-4-hydroxyphenylacetic acid

Cl-Tyr 3-chlorotyrosine

Integral OSI oxidant stress index

TAS Total antioxidant status

TOS Total oxidant status
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32.2.1.1 Detection Principle
The TAS assay relies on the ability of antioxidants in the sample to inhibit the
oxidation of the peroxidase methemoglobin from ABTS (2,2’-azino-di-3-ethylbenz-
thiazoline sulfonate) to ABTS+. The amount of ABTS+ produced can be monitored
at 600 nm using an automatic biochemical analyzer. Under the reaction conditions
used, the antioxidants in the sample suppress the absorbance at 600 nm to an extent
proportional to their concentration.

32.2.1.2 Reagent Composition
Reagent 1 (R1): 0.1 mol/L citric acid/trisodium citrate dihydrate buffer (pH ¼ 5.8).
Reagent 2 (R2): 0.1 mol/L citric acid/trisodium citrate dihydrate buffer (pH ¼ 3.6),

8.0 mmol/L ABTS [2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] and
2.0 mmol/L H2O2. After the reagent is prepared, it will be kept away from light
and at room temperature for at least 1 h, and it can be used only after ABTS is
fully oxidized.

pH Correction: Use 0.5 mol/L citric acid or 0.1 mol/L NaOH to accurately adjust
the pH ¼ 3.6 of R2.

The reagent can be stored for 2 weeks at room temperature (20–25 �C) and at least
6 months at 4 �C.

Standard solution: According to different biological samples, a kind of water-
soluble vitamin E analogue 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox) (AR) was used to prepare different concentrations as standard.

32.2.1.3 Instrument Setting
Take Hitachi LAbOSPECT 008AS automatic biochemical analyzer as an example,
the instrument parameters of TAS automatic detection are listed in Table 32.5. It is
easy to adjust the test parameters according to the principle of the experiment,
reagent composition, and instrument performance. The overall antioxidant levels
in the samples are calculated using a known concentration of antioxidant. TAS
values are expressed as mmol Trolox equivalent/L (mmol Trolox equiv./L).

Table 32.5 TAS test
parameter setting of Hitachi
LAbOSPECT 008AS auto-
matic biochemical analyzer

Test parameters Instrument setting

Method 2-Point End

Sample volume 4 μL
R1 160 μL
R2 16 μL
Reaction time 10 min

Temperature 37 �C
Read points 21, 38

Primary wavelength 405 nm

Secondary wavelength 546 nm

Calibration type Linear

Unit mmol/L
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32.2.2 Measurement of Total Oxidant Status

The following is a brief introduction of TOS full-automatic detection method.

32.2.2.1 Detection Principle
The TAS assay relies on the oxidation of ferrous ions to ferric ions in an acidic
medium in the presence of various oxidative species. Ferric ion concentration was
measured by xylenol orange. The assay was calibrated with a hydrogen peroxide
standard (unit: μmol/L). Results were expressed in μmol H2O2 equivalent/L (μmol
H2O2 equiv./L).

32.2.2.2 Reagent Composition
Reagent 1 (R1): 150.0 μmol/L xylenol orange, 140.0 mmol/L NaCl, 1.35 mol/L

glycerol, and 16.0 mmol/L HCl.
Reagent 2 (R2): 5.0 mmol/L ferrous ammonium sulfate, 10.0 mmol/L o-dianisidine

dihydrochloride, and 17.8 mmol/L HCl.
pH Correction: Use 0.1 mol/L HCl or 0.1 mol/L NaOH to accurately adjust the R1

and R2 reagents to pH ¼ 1.75.

The reagent can be stored for 2 weeks at room temperature (20–25 �C) and at least
6 months at 4 �C.

Standard solution: 30% hydrogen peroxide (GR), according to the different
biological samples, different standard concentrations will be prepared.

32.2.2.3 Instrument Setting
Take Hitachi LAbOSPECT 008AS automatic biochemical analyzer as an
example; the instrument parameters of TAS automatic detection are listed in
Table 32.6. It is easy to adjust the test parameters according to the principle of
the experiment, reagent composition, and instrument performance. Likewise, the
overall oxidant levels in the samples are calculated using a known concentration

Table 32.6 TOS test
parameter setting of Hitachi
LAbOSPECT 008AS auto-
matic biochemical analyzer

Test parameters Instrument setting

Method 2-Point end

Sample volume 21 μL
R1 162 μL
R2 12 μL
Reaction time 10 min

Temperature 37 �C
Read points 19, 38

Primary wavelength 570 nm

Secondary wavelength 800 nm

Calibration type Linear

Unit μmol/L
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of hydrogen peroxide. TOS values are expressed as μmol H2O2 equivalent/L
(μmol H2O2 equiv./L).

32.3 Calculation of Oxidant Stress Index

The oxidant stress index (OSI) is an index that reflects the state of redox balance in
the human body. It can be calculated by the following formula:

OSI ¼ TOS=TAS:

When the TOS unit is μmoL H2O2equiv/L and the TAS unit is μmoL
Troloxequiv/L, the above formula can be converted into:

OSI arbitraryunitð Þ¼ TOS,μmoLH2O2equiv=Lð Þ= TAS,μmoLTroloxequiv=Lð ��100½
Whether in a physiological state or pathological conditions, the results of the

individual detection of one or several oxidized and/or antioxidant substances alone
may rise or decrease compared to the levels of healthy individuals. The most
puzzling thing is that TAS or TOS may also change (rise or fall) to varying degrees.
However, when TAS and TOS simultaneously increase or decrease proportionally,
the body will not produce OxS at this time if the ratio OSI does not change
significantly (that is, there is a small fluctuation within the allowable range). At
this moment, if only one or several oxidants and/or antioxidants, even TAS or TOS
levels, changed significantly compared with those in healthy individuals, the
observer is likely to judge that OxS occurred. However, OxS does not occur-if
OSI remains relatively stable.

It can be seen that OSI is the key indicator for judging whether the oxidation-
antioxidation balance of the body is disordered, which leads to the occurrence
of OxS.

32.4 End Products of Lipid Hydroperoxide

The main target of reactive oxygen species is polyunsaturated fatty acids on the cell
membrane, which triggers lipid peroxidation and leads to cell structure and function
damage. In addition, the decomposition of lipid hydroperoxide produces many end
products, such as compounds containing aldehyde groups (malondialdehyde,
MDA), keto groups and hydroxyl (4-hydroxynonene, 4-HNE), organic
hydrocarbons alkane, alkene and new oxygen free radicals, etc., which can acceler-
ate biological oxidation in cells.

Lipid peroxidation is a free radical chain reaction. The formation of lipid
peroxides has the following two types:
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1. Enzymatic reactions: Some lipoxygenases can promote the reaction of oxygen
with polyunsaturated fatty acids to form lipid peroxides. For example,
5-lipoxygenase and 12-lipoxygenase can promote the carbon atoms in the fifth
and twelfth sites of arachidonic acid to be oxygenated to form 5-hydrogen
peroxy-arachidonic acid and 12-hydrogen peroxy-arachidonic acid.

2. Nonenzymatic reaction: Polyunsaturated fatty acids have multiple double bonds,
and more active hydrogen atoms are located on the methylene group between the
two double bonds. For example, the C-H bond located in the methylene but not
affected by the double bond has a dissociation energy of 393.56 kJ/mol, while the
C-H bond located in the methylene and affected by two double bonds has a
dissociation energy of only 355.85 kJ/mol. Therefore, when subjected to the
action of light, radiation, and free radicals, etc., polyunsaturated fatty acids can
easily remove hydrogen atoms from the methylene group located between two
double bonds to form lipid radicals, and then double bonds and unpaired electron
sites transfer to form relatively stable conjugated double bonds and then react
with oxygen to form products such as lipid peroxy radicals and lipid peroxides.

Under the action of light, radiation, or free radicals, lipid molecules (LH) remove
1 hydrogen atom to form lipid free radicals (L�). Lipid free radicals react with oxygen
to form lipid peroxyl radicals (LOO�); then LOO� radicals attack other lipid
molecules and seize their hydrogen atoms to generate lipid radicals (L�) and lipid
hydrogen peroxide (LOOH). This reaction is repeated in this manner, resulting in
continuous consumption of lipids and large production of lipid peroxides.

RO, RO2�, and ROOH are lipid peroxidation products; however, the content of
these lipid peroxidation products in the human body is extremely low in normal
physiological conditions, and their products will be converted to harmless
substances, even if there is a chance of lipid peroxidation. Lipid peroxide can be
decomposed into aldehydes, ketones, alcohols, ethers, carboxylic acids, and alkanes,
among which malondialdehyde is the most representative lipid peroxidation product.
Consequently, many researchers have tested malondialdehyde to determine whether
a lipid peroxidation reaction has occurred in a system. But in terms of the human
body, it is extremely one-sided to determine whether OxS occurs in the human body
with this method [5].

The products of lipid peroxidation are commonly used as biomarkers of OxS or
oxidative stress/damage. Lipid peroxidation generates a variety of relatively stable
end products for decomposition, which can then be measured as an indirect bio-
marker of OxS in biological samples.

It is possible to estimate antioxidant activity in vivo by detecting the changes of
lipid, protein, and/or DNA oxidative damage markers in biological samples. How-
ever, most of these markers are nonspecific, and their detection may also be
interfered with by compounds of non-peroxidative origin [6]. There are many
methods available for detecting oxidative damage to human lipid, protein, and
DNA. A series of peroxidative products involved in the methods have been applied,
including thiobarbital acid reactive substances (TBARS), converged dienes,
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hydrocarbons, lipid peroxides, F2-isostandards, protein carbonyls, 8-hydro-
deoxyguanosine, etc.

Among them, the method of detecting MDA based on the TBARS reaction
principle has been widely used with its simpleness in technology. However, it is
interfered with by compounds of non-peroxidative origin in human biological
samples. It is also affected by Fe content in buffers and reagents. There are signifi-
cant differences in the values of healthy subjects between different laboratories.
High-performance liquid chromatography has improved specificity, but it is not easy
to be popularized because of the limitation of instrument price and technical
difficulty. In view of these factors, only the spectrophotometry of MDA is
introduced here.

32.5 Measurement of Malondialdehyde

In this book, a modified spectrophotometric method of the thiobarbituric acid (TBA)
test is introduced for the determination of MDA.

32.5.1 Detection Principle

MDA in LPO degradation products can combine with thiobarbituric acid to form a
red complex TBARS, which has a maximum peak at 532 nm. The concentration of
MDA in the sample can be calculated by comparing it with the standard of equiva-
lent tests.

32.5.2 Reagent Composition

Reagent 1 (R1): 10% trichloroacetic acid.
Reagent 2 (R2): 0.67% thiobarbituric acid.

Standard solution: 6.0 μmol/L 1,1,3,3-tetramethoxypropane. It can be prepared into
a standard storage concentrated solution of 1.0 mmol/L and can be stored in a
refrigerator at 4 �C for at least 3 months.

32.5.3 Manipulation Steps

Step 1: Deproteination.
Take a clean 5 mL test tube, first add 200 μL of the sample, then add 400 μL of
reagent R1, and shake vigorously or use a micro shaker to make it thoroughly
mixed. Then centrifuge at 5000 rpm for 10 min.

Step 2: Color reaction.
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Take 300 μL of supernatant and add 300 μL of reagent R2. Then boil the sample
in an open water bath for 10 min, remove, and cool to room temperature.

Step 3: Colorimetric determination.
Read the absorbance using a spectrophotometer at the wavelength of 532 nm. The
concentration of MDA in the sample can be obtained by calculating the standard
tube operated at the same time.

Although the method is simple and easy to be popularized. it cannot be automati-
cally detected because of the need for centrifugation and boiling, which can be seen
from the Manipulation steps.

32.6 Conclusions

Oxidative stress refers to the imbalance between the oxidation and antioxidant
system in the body, which causes a pathological process of oxidative damage of
cells and/or tissues. When OxS occurs, the oxidation-antioxidant system tends to be
unbalanced in the direction of oxidation, resulting in inflammatory infiltration of
neutrophils, increased secretion of proteases, and the production of a large amount of
oxidation intermediates [7]. Therefore, OxS is a negative effect from the free radicals
in the body. In physiological conditions, it can not only promote the aging of the
body but also promote the occurrence and development of diseases in pathological
conditions. More than 95% of the free radicals in the body are oxygen free radicals,
with the characteristics as follows: (1) the human body can not only produce free
radicals but also scavenge them to keep the dynamic balance, so that the body can
protect cells, tissues, and organs from oxidative damage; (2) oxygen free radicals can
not only cause damage to the body but also promote certain physiological functions
of the body; (3) the production and removal of oxygen free radicals are in a dynamic
balance. If this dynamic balance is broken, it will cause damages to cells, tissues,
and/or organs leading to the occurrence and development of disease.

Antioxidants are the substances that the body fights against oxygen free radicals
(oxidants). At present, there are many kinds of related biomarkers (i.e., OxS
biomarkers) used to reflect the oxidation/oxidation status of the body. But so far,
no matter what kind of disease, there is still no widely accepted and highly specific
biomarkers of OxS as an evaluation indicator of diagnosis, risk prediction, and
prognosis for clinical application. Many oxidative damages may be a cascade
reaction, which not only has complicated disease course but also involves a special
tissue structure. Thus, the use of a single biomarker of oxidative stress is very
limited, because it can only reflect a certain stage or aspect of damage to cells or
tissues. TAS, TOS, and OSI could reflect the state of OxS in a system (cell, tissue,
organ, or whole body), and the combined detection of them is the best choice to
evaluate the OxS system. However, these three indexes have no tissue specificity,
and they can only reflect the overall level of the body. With the continuous
development of science and technology, a more understanding of proteomics,
metabonomics, and bioinformatics will promote the development of OxS
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biomarkers with tissue organ specificity, high accuracy, and sensitivity to provide
reliable clinical evidence for disease prevention and treatment.
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Targeting Chronic Lung Diseases Using
Advanced Drug Delivery Systems 33
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Abstract

Targeting chronic lung diseases using advanced drug delivery systems explores
the development of novel therapeutics and diagnostics to improve pulmonary
disease management. Chronic lung diseases comprise a variety of serious
diseases, including asthma, chronic obstructive pulmonary disease (COPD),
idiopathic pulmonary fibrosis (IPF), pulmonary cystic fibrosis, and lung cancers.
Here, the chapter will discuss advanced drug delivery systems developed for the
management of various lung diseases.
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33.1 Introduction

Pulmonary diseases are among the leading cause of death worldwide. According to
the WHO, millions of people are affected by pulmonary diseases and the population
continues to increase [1]. These range from cough, common cold, asthma, and
bronchiolitis to more severe conditions such as chronic obstructive pulmonary
disease (COPD), lung cancer, idiopathic pulmonary fibrosis (IPF), and pulmonary
hypertension [2]. Some of these diseases are irreversible and often fatal, and no
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effective treatment has been reported to restore full lung function. Currently, there
are more than 300 million people worldwide living with asthma, of which approxi-
mately 30 million are in China [3]. The prevalence of asthma and COPD is still
increasing, unlike some other major diseases [4]. COPD is already the third leading
cause of death from chronic disease worldwide, a major threat to public health
[5]. Pulmonary tuberculosis spreads from one person to another through air. WHO
estimates that 10.0 million (range: 9.0–11.1) people were diagnosed with tuberculo-
sis and it caused 1.5 million (range: 1.4–1.6) deaths in 2018 [6]. IPF is one of the
most common fatal interstitial lung diseases and is reported to affect more than 2.1
million patients [7]. This disease produces a strong inflammatory component of the
lung, as well as the production of inflammatory cytokines, cellular infiltration, and
airway hyperreactivity [8]. Traditional pharmacotherapy for chronic lung disease
can be divided into several categories, depending on the type of therapeutic agent.
Various chemical drugs, peptides, antibodies, and genetic molecules (eg, siRNA,
shRNA, andmiRNA) have been used to treat chronic lung disease [7]. Unfortunately,
most chronic lung diseases cannot be completely cured by pharmacotherapy alone.
In asthma, symptom control is the only option currently available. Likewise,
steroids, bronchodilators, pirfenidone, and nintedanib are currently used to treat
COPD or IPF, but no effective treatment is available to cure this disease completely.
However, pharmacotherapy remains important for chronic lung disease, and patients
should receive appropriate treatment throughout their life or until lung
transplantation [9].

In recent decades, advances in drug delivery systems have made it possible to
develop new pharmaceutical systems such as liposomes, niosomes, microemulsions,
lipid micelles, solid lipid nanoparticles, polymer micelles, dendrimers, polymeric
nanoparticles, nanogels, and nano-capsules. The goal of these advanced drug deliv-
ery systems is to modify pharmacokinetics, pharmacodynamics, nonspecific toxic-
ity, immunogenicity, and biologic system recognition to achieve increased efficacy
[10]. These systems are used for therapeutic purposes to transport the drug from the
application site to the therapeutic target site in a controlled manner [11].

Traditional pharmacotherapy often provides several limitations, for example,
poor pharmacokinetic profile and low drug diffusion, which results in poor response
to the treatment [7]. For gene therapy, an effective vector is a prerequisite for
successful gene delivery into the cell because genetic molecules are not easily
delivered into cells without carriers and frequently degrade in the biological fluids
[10]. This chapter discusses the treatment of various chronic lung diseases using
advanced drug delivery systems.

33.2 Targeting of Various Chronic Lung Diseases Using
Advanced Drug Delivery Systems

Chronic lung diseases comprise a variety of diseases including asthma, chronic
obstructive pulmonary disease (COPD), idiopathic pulmonary fibrosis (IPF), pulmo-
nary cystic fibrosis, and lung cancers [2]. The drug delivery system is designed to
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keep the drug in a pharmacologically active state until it is effectively delivered to
the lungs where it is needed and shows the desired effect. Retention of the drug in the
lungs for the desired time and avoidance of its clearance from the site of action is an
important property desired by the advanced pulmonary drug delivery system
[9]. Various advanced drug delivery systems used for drug targeting in the lungs
are shown in Fig. 33.1.

33.2.1 Asthma

Asthma is a chronic lung disease that causes the airways to become inflamed and
narrowed. The main features of asthma are bronchial hyperreactivity, reversible
airflow obstruction, and tissue remodeling [12]. Asthmatic patients often experience
symptoms such as shortness of breath, chest tightness, coughing, and periods of
wheezing. Asthma affects a person of any age but is most frequent in childhood
[13]. Various advanced drug delivery systems used for the treatment of asthma are
listed in Table 33.1.

Ahmad et al. developed chitosan-coated nanoparticles (NPs) loaded with
budesonide (BUD-NPs) to improve bioavailability, lung deposition, and pharmaco-
kinetic profile of the BUD-NPs [14]. The prepared BUD-NPs increase bioavailabil-
ity and in vivo deposition in the lungs of animal models in comparison to i.v. or oral
route. Liquid crystal nanoparticles loaded with Celastrol were formulated by Chan

Fig. 33.1 Advanced drug delivery systems used for lung targeting
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et al. using the ultrasonication method [15]. These nanoparticles reduced the pro-
duction of IL-1b (pro-inflammatory marker) in immortalized human bronchial
epithelial cell lines (BCi-NS1.1), which improves asthma symptoms and causes no
toxicity. Chattopadhyay et al. synthesized atropine-loaded nanoparticles (ANP)
coated with polymers poly (lactic-co-glycolic acid) and polyethylene glycol
[16]. ANP shows an excellent pharmacokinetic profile compared to dry powder.
Further, 18 days of ANP treatment reduced collagen deposition and increased
progressive airway obstruction. Thus, ANP nanoparticles delivered to the lungs

Table 33.1 Advanced drug delivery systems for asthma

Delivery
systems

Therapeutic
drugs

Particle
size

Animal
model Cell lines References

Liquid
crystalline
nanoparticles

Quercetin 268.7 nm – BCi NS1.1 [19]

Nanoparticles Andrographolide 205 nm Murine
asthma mice
model

– [18]

Nanoparticles Atropine 88.30 nm Rat model – [16]

Liquid
crystalline
nanoparticles

Celastrol 194.1 nm – BCi-NS1.1 [15]

Nanoparticles Budesonide 196.4 nm Rat model – [14]

Nanoparticles Betamethasone
phosphate

116 nm Murine mice
asthma
model

– [24]

Nanoparticles Bilirubin 100 nm Asthma mice
model

– [22]

PLGA
nanoparticles

Caryota mitis
profilin

180 nm Murine
asthma mice
model

– [25]

Liposomes CpG oligodeoxy
nucleotide

– Murine
model of
asthma using
mice

– [17]

PLGA-PEG
nanoparticles

Bavachinin 196 nm Mice model Caco-2 cells,
HeLa cells
and
NIH-3 T3

[21]

Chitosan–
hyaluronic
acid
nanoparticles

Heparin 152 nm – – [26]

Microspheres – – Rat asthma
model

– [20]

Solid lipid
nanoparticles

Curcumin 190 nm Rat astma
model

– [23]

Microparticle Salbutamol 8.24 μm Rabbit
model

A549 cells [27]
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increased the surfaces of pulmonary airways and increased the lung
hyperresponsiveness, obstruction, and inflammation.

The major disadvantages of allergen-specific immunotherapy are the inability to
modulate immune responses, long-term treatment, nonadherence, and the ability to
develop life-threatening anaphylaxis. Custodio et al. investigated the allergen-
specific immunotherapy with a liposomal formulation containing a low dose of
allergens (OVA) combine with CpG-ODN (synthetic TLR9 agonist) in a murine
model of asthma that depends on MyD88 signaling in dendritic cells [17]. The
liposome composition containing the co-encapsulated allergen plus CpGODN was
found to show short-term treatment, but not allergen and CpG-ODN alone. This
prepared liposomal formulation was also effective and safe against allergens derived
from Blomia tropicalis mite extract. In 2019, Chakraborty et al. prepared
andrographolide (AG)-loaded nanoparticles to evaluate the anti-asthmatic efficacy
on murine asthma model by oral/pulprolonged in vitro release and improved AG
bioavailability upon oral/pulmonary administration [18]. The number of cells, levels
of IL-4, IL-5, and IL-13 in bronchoalveolar lavage fluid, and serum IgE levels were
significantly reduced after administration of AG nanoparticles compared to treat-
ment with free AG. It was observed that the pulmonary route was more efficient than
the oral administration. Cherkyong et al. formulated quercetin-loaded liquid crystal-
line nanoparticles (LCN) and surface-modified liquid crystalline nanoparticles
(sm-LCN) to study their anti-inflammatory activity using lipolysis-induced primary
human bronchial epithelial cell lines (BCi-NS1.1) [19]. Quercetin containing LCN
and sm-LCN significantly ( p < 0.05) reduced the production of pro-inflammatory
markers namely IL-1β, IL-6, and IL-8 compared to the LPS-only group. In another
study, She et al. investigated the effects of nebulized inhalation of anti-NGF
microspheres (NANM) on ovalbumin (OVA)-induced airway remodeling [20]. It
was observed that NANM significantly enhanced OVA-induced remodeling through
regulation of the TGF-b1/Smad3 pathway.

Feng and colleagues prepared PEG5000-PLGA nanoparticles containing
bavachinin for the treatment of asthma in a murine model by selectively inhibiting
Th2 cytokine production by oral administration [21]. Through oral administration,
these prepared nanoparticles exhibited excellent anti-asthma therapeutic effects in a
murine allergic asthma model as assessed by histological section analysis, local and
systemic cytokine expression, and T cell differentiation. Bilirubin-based
nanoparticles (BRNPs) were prepared by Kim et al. for allergic lung inflammatory
diseases [22]. The antihistaminic effect of prepared nanoparticles was assessed in a
mouse model. Compared with unconjugated bilirubin (UCB), BRNP treatment
suppressed the symptoms of experimental allergic asthma and Th2-related allergic
lung inflammation. In another study, Wang et al. formulated curcumin-loaded solid
lipid nanoparticles (curcumin-SLNs) to increase their therapeutic effectiveness in a
model of ovalbumin-induced allergic asthma (OVA) in mice [23]. The prepared
formulation showed entrapment efficiency of up to 75%. The curcumin plasma
concentration was significantly higher than those obtained with curcumin alone. In
the animal study, curcumin-loaded SLNs effectively suppressed airway
hyperresponsiveness and inflammatory cell infiltration and as well as inhibit Th2
cytokine expression.
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33.2.2 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is the most common poorly revers-
ible obstructive disease of lungs with a high global incidence, which is characterized
by decreased lung function. It is associated with chronic inflammation, mucus
hypersecretion, oxidative stress, airway obstruction, cellular senescence, and
increased autophagy. Cigarette smoke is one of the most important risk factors for
the development of the pathogenesis of COPD. Other factors are chronic exposure to
ambient air pollutants and commercial gases. Exposure to biomass smoking in many
developing countries also contributes to the development and progression of COPD
[28]. Several advanced delivery systems used in targeted therapeutic deliveries for
COPD are shown in Table 33.2.

Ainali and co-workers fabricated fluticasone propionate (FLU) and salmeterol
xinafoate (SX) dual drug-loaded microparticles by using the ionotropic gelation
technique [29]. In vitro release studies revealed that FLU and SX showed a great
amelioration in drug dissolution profiles from all modified chitosan microparticles
compared to pure drugs. Xu et al. investigated the mechanism of lentivirus-mediated
overexpression of transmembrane regulators of cystic fibrosis conduction under
oxidative stress and inflammatory reactions in lung tissue of a COPD-induced
mouse model [30]. Overexpression of CFTR can inhibit apoptosis of pulmonary
endothelial cells, which inhibits reactive oxygen species (ROS), low glutathione
(GSH), and malondialdehyde (MDA) levels and increases superoxide dismutase
(SOD) as well as the total antioxidant capacity (T-AOC), and GSH peroxidase
(GSH-Px Excess CFTR) can protect lung tissue from injury due to oxidative stress
and the inflammatory reactions in mouse models of COPD. The mechanism involves

Table 33.2 Advanced drug delivery systems for chronic obstructive pulmonary disease (COPD)

Dosage form Therapeutic drugs
Particle
size

Animal
model Cell line References

Solid lipid
microparticles

Salmeterol xinafoate 3.5–4 μm – 16HBE
cell line

[33]

Magnetic
nanoparticles

– – Mice
model

– [36]

Lipid-
polymer
nanoparticles

– 124 nm – A549 cells [34]

Solid lipid
microparticles

Fluticasone propionate 4.0 μm – 16-HBE,
cell

[35]

Chitosan
microparticles

fluticasone propionate
and Salmeterol
Xinafoate

2.2 μm – – [29]

Nanosphere Amikacin 200 nm Mice
model

A549,
L929,
BEAS-2B

[31]

Nanoparticle – 244 nm – A549 cells [32]

722 H. Gandhi et al.



in this can be attributed to the repression of MAPK/NF-κB p65 signaling pathway.
Li et al. prepared amikacin-loaded black quantum dots (BPQDs) conjugated with
PEGylated chitosan nanospheres (PEG@CS/BPQDs-AM NPs) for the efficient
treatment of COPD [31]. Rapid release of therapeutic amikacin after BPQD erosion
and more than 70% release of amikacin within 7 days increased the therapeutic effect
of amikacin. In animal models, the airflow barrier was significantly reduced after
injection of PEG @ CS/BPQDs-AM NPs, and a marked antibacterial effect against
Pseudomonas aeruginosa was observed. Therapy based on RNA interference
(RNAi) is seen as an endogenous mechanism for gene suppression to modulate
gene expression, which includes the degradation of the mRNA sequence mediated
by certain RNAs. In addition, microRNAs (miRNAs) are diagnostic and therapeutic
targets for treatment of COPD. Mohammed et al. prepared nanoparticles by
incorporating cationic lipid dioleoyltrimethylammoniumpropane (DOTAP) and sur-
face modified with the adsorption of miR-146a for delivery to lung epithelial cells
[32]. The results revealed that miR146a, supplied as miR-146a nanoparticles, had a
dose-dependent effect on the highest nanoparticle concentrations (0.321 and
0.625 mg/mL) and reduced expression of the IRAK1 target gene by up to 40%.
The MiR-146a nanoparticles decreased the production of the IL-8 promoter-reporter
(GFP). Mucoadhesive solid lipid nanoparticles (SLM) encapsulated with salmeterol
xinafoate have been developed by Amore et al. for therapy of COPD [33]. The
technique has been shown to allow the preparation of microparticles loaded with SX
with suitable dimensions (3.5–4 μm) to release the drug into the secondary bronchi,
avoid systemic side effects, and increase the retention time and therapeutic effect of
SX in the pulmonary epithelium. Reactive oxygen species (ROS) and epigenetic
abnormalities are strongly associated with the pathology of COPD, and excess
production of ROS leads to glucocorticoid resistance and deficiency of histone
deacetylase 2 (HDAC2) for the reduction of ROS level and glucocorticoid resis-
tance. Chikuma et al. developed core-shell-type lipid-polymer nanoparticles (LPNs),
in which potent antioxidant Mn-porphyrin dimer (MnPD) and HDAC2-encoding
plasmid DNA (pHDAC2) were successfully encapsulated [34]. The MnPD antioxi-
dant activity and transfection of HDAC2 expression levels work synergistically to
reduced the excess production of IL-8, a chemokine related to COPD, and to
improve mitochondrial dysfunction. In another study, Amore et al. prepared solid
lipid nanoparticles loaded with drug fluticasone propionate (FP) for COPD treatment
[35]. The result demonstrated that the FP-loaded solid lipid nanoparticles were more
effective in controlling lung inflammation than FP alone.

33.2.3 Lung Cancer

Lung cancer is considered to be the most chronic form of cancer worldwide.
Conventional treatments for lung cancer include a variety of medical interventions
such as surgical removal, chemotherapy, and radiation therapy. However, this type
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of approach lacks specificity and also destroys neighboring healthy cells
[37, 38]. Recently, the targeted drug delivery approach received more attention to
addressing this problem [39]. Drug carriers can transport drugs to the lungs, prolong
their time duration, adjust their therapeutic doses, and reduce the complications and
risk of toxic drug side effects in patients. This targeted approach transports the
therapeutic agent to the site of action and reduces their proliferation to adjacent
nontarget or healthy tissues and organs [39, 40]. Advanced drug delivery systems for
the treatment of lung cancer are listed in Table 33.3.

Almuqbil et al. developed a doxorubicin-loaded nanocarrier-based drug delivery
system (nanoDDS) to increase the penetration of the therapeutic drug doxorubicin in
lung tumors and to compare these results with its efficacy [41]. This work
demonstrated the conjugation of DOX to G4SA, which promotes DOX penetration
into the extracellular matrix and produces a co-culture spheroids lung cancer model.
The G4SA-GFLG-DOX penetration into the spheroid core was 3.1-fold higher than
that of free DOX, which was associated with an increased efficiency measured by the
caspase 3/7 test. Growth inhibition studies exhibited that the released DOX
maintains its activity and reduced tumors to similar levels of free DOX. In another
study, Bai et al. prepared docetaxel (DTX) loaded with pH-sensitized nanoparticles
made up of alendronate (ALN) and polyamidoamine (PAMAM) for the treatment of
bone metastasis in lung cancer [42]. The results revealed that resulting nanoparticles
considerably enhanced the anticancer activity of DTX and inhibited osteoclast
formation.

Chen and co-workers synthesized nanoparticles containing dual drugs, cisplatin
and epigallocatechin gallate (EGCG), to chemically eliminate cisplatin and destroy
cancerous cells of lungs [43]. It was observed that low concentration of prepared
nanoparticles (EGCG 5 μg/mL: cisplatin 2 μg/mL) exhibited significant cytotoxicity
as compared to cisplatin alone. The prepared cisplatin nanoparticles were freely
absorbed by the cells through endocytosis and increase the intracellular cisplatin
concentration to therapeutic levels. Curcumin-loaded poly (ester-thioether)
microspheres co-loaded with α-tocopherol succinate and erlotinib have been
described by Cheng et al. for non-small-cell lung cancer combination therapy
[44]. The poly (ester-thioether) microspheres extensively increased the bioavailabil-
ity of both erlotinib and α-tocopheryl succinate, in contrast to the free drug combi-
nation and obtained synergistic effect on inhibition of A549 cell proliferation in both
in vitro and in vivo studies. The porous microspheres exhibit faster erosion and drug
release compared to nonporous analogues and thus show increased effectiveness
against cancer. Coban et al. synthesized liposomes coated with bovine serum
albumin containing erlotinib or Zn (II) phthalocyanine-containing ferrocene groups
(Pc-Zn) to treat lung cancer by using photodynamic therapy [45]. Liposomes loaded
with Pc-Zn had a significant cytotoxic effect under light irradiation compared to
liposomes loaded with erlotinib. Liposomes coated with BSA did not show any
significant effect on cytotoxicity. Guo et al. reported the preparation of liposome
formulation with GIE11 for the targeted delivery of doxorubicin [46]. The results
exhibited a significant reduction in tumor size with prepared liposome formulation
(312 mm3) as compared to the free drug (540 mm3).
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Another study reported the development of irinotecan loaded liposome formula-
tion, surface modified with NF-κB inhibitor (CB5005) for non-small-cell lung
cancer treatment [47]. The prepared system showed a significant anti-tumor effect
in mice carrying the A549 xenografts model. Iyer et al. prepared cisplatin-loaded
glutathione (GSH)-coated polyurethane nanoparticles (GPUs) for treatment of lung
cancer [48]. The resulting nanoparticle formulation showed significant tumor reduc-
tion in the in vitro survival fraction (A549 lung cancer cells) as compared to free
cisplatin. It was observed that the cisplatin-loaded nanoparticles demonstrated
inhibition of tumor growth in mouse xenograft A549 lung tumor compared to the
free cisplatin. Jin et al. designed a system for the treatment of lung cancer by
combining four natural products, i.e., betulinic acid, parthenolide, honokiol, and
ginsenoside Rh2 in the liposomal formulation [49]. The findings of in vitro and
in vivo studies revealed that combination of four natural products exhibited a
synergistic effect and more efficient and safer treatment for lung cancer as compared
to cisplatin alone. The folate-targeted, co-drug paclitaxel- and vinorelbine-loaded
radiolabel theranostic liposomal formulations were prepared by Karpuz et al. for the
diagnosis and therapy of lung cancer [50]. It was observed that in vitro anticancer
activity of liposome formulations containing the drug is significantly higher than the
activity of single-drug liposomal formulations. Superparamagnetic iron oxide
nanoparticles (SPIONs) are found to be a promising drug delivery system and
hyperthermia agent in both cancer therapy and diagnosis due to their magnetic
nature. SPIONs coated with silica layers of different types, namely, mesoporous
(@mSiO2), nonporous (@SiO2), or with a combination of d mesoporous layers and
nonporous (@mSiO2@SiO2), were prepared by Recznka et al. using the sol-gel
method [51]. The outcomes of the study revealed that all types of silica coating
significantly decreased iron release (tenfolds) as compared to uncoated SPIONs. In
vitro findings of the study showed that a delay in proliferation was observed in
BEAS-2B cells compared to AAS49 cells. Tie et al. prepared a folate-modified
liposome complex for targeting folate receptor β positive tumor-associated
macrophages in lung cancer treatment [52]. It was observed that prepared liposomal
formulation (F-PLP/pBIM) significantly reduced lung cancer growth. Inhalable
quinacrine (QA)-loaded bovine serum albumin (BSA)-modified cationic
nanoparticles were prepared by Vaidya et al. for lung cancer treatment [53]. The
resulting nanoparticles showed increased therapeutic potential for NSCLC cells, cell
cycle arrest in the G2/M phase, and increased apoptosis. The resulting particles also
showed increased therapeutic efficacy in cell culture 3D models. In 2019, Zhang
et al. designed paclitaxel (PTX) and siRNA-loaded liposomes for lung cancer
treatment [54]. The results of in vitro studies on NCI-H460 lung cancer cells showed
the highest cellular uptake, lowest cell viability, and strong apoptosis A system for
targeted drug delivery of silk fibroin nanoparticle (SFNP)-loaded with gemcitabine
(Gem) was developed byMotaghitlab et al. for the treatment of lung cancer [55]. The
targeted Gem-loaded SFNPs showed higher cellular uptake, cytotoxicity, and accu-
mulation in the targeted lung tissue as compared to nontargeted SFNPs. The in vivo
study found lower mortality, higher survival rate, and no sign of metastasis. Li et al.
investigated the synergistic effect of cold atmospheric plasma (CAP) and iron
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oxide-based magnetic nanoparticles (IOMNPs) on epidermal growth factor receptor
(EGFR), cellular bioactivity, and the downstream EGFR signaling pathway
[56]. The results revealed that the synergistic effect of CAP and IOMNPs signifi-
cantly inhibited cell proliferation and decrease EGFR regulation, whereas CAP
suppressed lung cancer cells by suppressing pAKT and pERK.

33.2.4 Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic non-neoplastic lung disease
characterized by the damage of alveolar epithilium cells and scarring without any
known stimulation. Shortness of breath due to exercise and chronic dry cough are
major symptoms [65, 66]. Various advanced drug delivery systems for the treatment
of pulmonary fibrosis are shown in Table 33.4. In 2020, Ghodake et al. fabricated a
cefoperazone sodium-loaded liposome formulation to alleviate P. aeruginosa bio-
film in cystic fibrosis infection [67]. There was 17% reduction in P. aeruginosa
biofilm after treatment with 0.42 μg/mL of the prepared formulation. Amikacin-
loaded liposomal suspension for inhalation was prepared by Bilton et al. for
P. aeruginosa infection in cystic fibrosis [68]. The results showed that the cyclic
dosing of once-daily amikacin liposomal inhaled suspension was non-inferior to the
twice-daily doses of tobramycin-loaded liposomal inhaled suspension to reduce
infection in cystic fibrosis and improve lung functions.

Table 33.4 Advanced drug delivery systems for pulmonary fibrosis

Therapeutic
drugs Dosage form

Particle
size

Animal
model Cell line References

Amikacin Liposomes – – – [68]

Cefoperazone
sodium

Liposomes 362 nm – – [67]

Pirfenidone Nanoparticles 80 nm – HDF cells [71]

– Nanoparticles 59.3 nm Mouse
model

THP-1(ATCC)
cells

[75]

Ciprofloxacin Nanoparticles 190.4 nm – Calu-3 and
CFBE41o cells

[70]

Gadolinium Nanoparticles – Mice
model

– [76]

Tacrolimus Nanoparticles 182 nm Mouse
model

– [72]

Pirfenidone Nanoparticles 278.5-
241 nm

Mice
model

C57Bl/6 cells [77]

Fluorofenidone Nanoparticles 172.5 nm Rat
model

A549 cells [69]

Bleomycin Chitosan-based
nanoparticles

189 nm Rat
model

(MRC-5) cells [78]

Thymoquinone PLGA-PVA
Nanoparticles

20 nm Rat
model

– [73]
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In another study, fluorofenidone-loaded poly(lactic-co-glycolic acid) (PLGA)
nanoparticles modified with spermidine (Spd) were fabricated by Tang et al. for
the treatment of idiopathic pulmonary fibrosis [69]. It was observed that the A549
cellular uptake of prepared nanoparticles was reduced significantly with an increase
in spermidine concentration. Biodistribution of prepared formulation increased
3.62–4.66 times compared to plain fluorofenidone-loaded nanoparticles. The appli-
cation of nanoparticles with a high antibiotic content can easily penetrate the biofilm
and become an adventure in overcoming treatment obstacles. Tureli et al. developed
ciprofloxacin-loaded PLGA nanoparticles for the treatment of cystic fibrosis
[70]. The findings of the study demonstrated enhanced antibacterial activity with
the prepared nanoparticles and decreased mucus turbidity when incubated with
nanoparticles.

Abnoos and co-workers prepared pirfenidone-loaded chitosan-coated sodium
alginate nanoparticles by using the pre-gelation method [71]. The findings of the
in vitro drug release study represented sustained release at 24 h with 50 and 94% of
drug loading efficiency. The penetration of the prepared nanoparticles through the
skin was significantly increased in comparison to the pirfenidone solution. Seo et al.
prepared inhaled tacrolimus-bound albumin-coated nanoparticle formulation for the
treatment of bleomycin-induced cystic fibrosis [72]. The authors found that the
prepared inhaled nanoparticle demonstrated significant anti-fibrotic efficacy in a
bleomycin-induced cystic fibrosis mice model as compared to intraperitoneal admin-
istration of tacrolimus (60 μg/mouse). The benefits of thymoquinone (TQ) are still
partially problematic due to poor water solubility. Therefore, TQ-loaded PLGA-
PVA nanoparticles were fabricated by Saghir et al. for evaluating the potential effect
on bleomycin-induced pulmonary fibrosis in the albino rat model [73]. The designed
nanoparticles showed an encapsulation efficiency of about 80%. The findings of the
study have concluded that the formulated nanoparticles significantly reduce
bleomycin-induced pulmonary fibrosis through the regulation of GF-β1 and IL10
and downregulation of iNOS regulation in lung tissue. The inhaled tacrolimus
(TAC)-loaded chitosan-coated PLGA nanoparticles were fabricated by Lee et al.
by using the W/O emulsion diffusion method for the treatment of bleomycin-
induced pulmonary fibrosis [74]. The nanoparticles exhibited a significantly high
TAC entrapment efficiency of 37.7%. It was observed that the direct inhalation of
prepared nanoparticles (TAC 180 mg/mouse) twice weekly in mice leads to remark-
able anti-fibrotic efficacy as compared to daily oral administration (TAC 300 mg/
mouse). Imaging of the lung deposits showed that the chitosan-coated TAC-loaded
PLGA nanoparticles were well localized in the lungs and gradually faded within
96 h.

33.2.5 Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a chronic and progressive disease with
increased pulmonary arterial blood pressure on average from 25 mm Hg due to an
increase in pulmonary vascular resistance. The main consequence of the PAH is, if
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untreated, it may lead to right ventricular failure, fluid retention that causes periph-
eral edema, and eventually death [79]. There is no known treatment yet available for
the PAH, but recent studies on molecular mechanisms responsible for disease
development and progression resulted in new therapeutic options improving quality
of life and chances of extended survival [80]. Several advanced drug delivery
systems for pulmonary arterial hypertension are shown in Table 33.5.

In 2020, Zerong and co-workers formulated resveratrol-loaded
dipalmitoylphosphatidylcholine-coated lipid nanoparticles (DPPC-LNs) by using
the film hydration-ultrasonic dispersion technique for the treatment of PAH
[81]. The prepared nanoparticle formulation showed high drug encapsulation effi-
ciency of 94.40% and 80% of cumulative drug release over 48 h. Results suggested
that the prepared formulation could enhance time-dependent cellular uptake by
pulmonary arterial smooth muscle cells (PASMCs). Analysis of plasma and lung
tissue data showed greater accumulation of nanoparticles after intratracheal admin-
istration compared with intravenous administration of resveratrol solution. Nafee
et al. prepared sildenafil-loaded nanostructured lipid carriers (NLCs) and solid lipid
nanoparticles (SLNs) containing precirol and PVA for the treatment of pulmonary
hypertension via nebulization [82]. The prepared NLCs demonstrated a high drug
release profile and cell viability of A549 cells (increases threefold IC50 over SLNs).
In vivo administration of a nano-encapsulated drug, formulation confirmed the
normal lung tissue with minimal evidence of bleeding.

Metal-organic framework (MOF) nano-medicine containing sildenafil was
designed by Nura et al. for the future treatment of PAH [83]. Outcomes of the
study revealed that the prepared nano-system was nontoxic when incubated with a
human endothelial cell for 24 h. The nano-formulation of sildenafil retained its
crystallinity, delayed sildenafil release, and induced vasodilation activity after a
lag phase of more than 4 h. Gupta et al. investigated the effectiveness of fasudil-
loaded CARSKNKDC (CAR) peptide-DSPE-PEG micelle hybrid nanoparticles for
the targeted delivery to the pulmonary artery to treat pulmonary arterial hypertension
[84]. The encapsulation efficiency of CAR micelles containing fasudil was found to
be �58%. The CAR peptide exhibited a �1.7-fold higher cellular uptake in pulmo-
nary artery smooth muscle (PASM) cells in comparison to plain micelles. The
formulation was more likely to accumulate in the pulmonary vessel than in periph-
eral blood, which is evident by the ratio of decreased pulmonary and systemic
arterial pressures.

Cerivastatin containing nano-liposomes was prepared by Young et al. to explore
potential treatment for pulmonary arterial hypertension [85]. The developed
nanoliposomal formulation demonstrated significantly lower cellular cytotoxicity
than free cerivastatin by inhibiting the proliferation of PASM cells. The formulation
showed a significant decrease in pulmonary artery pressure (55.13 � 9.82 to
35.56 � 6.59 mm Hg) in monocrotalin-induced PAH in a rat model. Another
study reported the development of spray-dried hydrogel microparticles containing
sildenafil citrate for the treatment of PAH [86]. The results demonstrated the highest
entrapment efficiency of more than 80%. The in vitro release profile of the drug
sildenafil citrate showed a sustained release of over 24 h. In vivo pharmacokinetic
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studies have shown that hydrogel microparticles increase drug deposition in the
lungs and have a longer elimination half-life than commercial sildenafil citrate
tablets. Teymourirad et al. prepared an inhalable dry powder nanocomposite formu-
lation containing tadalafil using spray drying techniques for increased treatment
efficacy of PAH [87]. The prepared nanocomposites demonstrated a 13.7-fold
increased solubility compared to the pure drug tadalafil. In addition, the in vivo
evaluation showed that intratracheal administration of prepared tadalafil
nanocomposites achieves 2.3 and 3.7 times the highest mean residence time, respec-
tively, compared to conventional oral administration.

33.2.6 Pulmonary Tuberculosis

Tuberculosis (TB) is an ancient multisystemic infectious disease commonly caused
by Mycobacterium tuberculosis which causes significant health challenges in mod-
ern days. One-third of the worldwide human population is infected with the deadly
bacteria M. tuberculosis and more than nine million new cases of TB are reported
annually [88, 89]. Early diagnosis and prompt initiation of delayed diagnosis may
increase disease severity, increase the risk of death, and increase community trans-
mission of tuberculosis [90]. Advanced drug delivery systems for the treatment of
pulmonary tuberculosis are shown in Table 33.6. Rifabutin-loaded nanostructured
lipid carriers (NLCs) were synthesized by Pinheiro et al. by using high-shear

Table 33.6 Advanced drug delivery system for pulmonary tuberculosis

Therapeutic
drugs Dosage form Particle size

Animal
model Cell line References

Rifabutin Nanostructured
lipid carrier

175–213 nm – Calu-3,
A549, and
RAW 264.7
cells,

[91]

Ethambutol Solid lipid
nanoparticles

56.79 nm – A549 cells [94]

Curcumin Nanoparticles 400 nm – RAW 264.7
cells

[96]

Moxifloxacin Moxifloxacin
PLGA nanoparticles

430–920 nm – H37Ra cells [97]

Isoniazid Boron nitride
nanoclusters,
nanoparticles, and
nanotubes

– – – [98]

Isoniazid Magnetic
nanoparticles

12.93 nm – – [95]

Rifampicin Solid lipid
nanoparticles

315 nm Mice
model

– [93]

Rifampicin Solid lipid
nanoparticles

520 nm Mice
model

– [92]

732 H. Gandhi et al.



homogenization and ultrasonic technique for the treatment of TB [91]. The
drug-loaded NLCs exhibited significant cytotoxicity toward Raw 264.7, A549, and
Calu-3, cells with an IC50 of 238.9, 185.7, and 108.7 μg/mL, respectively. The
prepared NLCs exhibited the highest entrapment efficiency of 80%. In addition,
rifabutin-loaded NLCs follow a pH-sensitive drug release profile, whereas rapid
drug release was at acidic pH than neutral pH.

The active targeting of alveolar macrophages (AM) in the lungs is a promising
approach to improve the therapeutic efficiency of “old” drugs currently available in
clinical practice for the treatment of TB. Truzzi et al. developed a rifampicin (RIF)-
loaded solid lipid nanoparticles (SLNs) conjugated with mannose-based surfactant
for the treatment of TB [92]. The results revealed that the prepared drug-loaded
nanocarrier system effectively targets the AM through the mannose-receptor
mediated pathway with a poor systemic biodistribution. Vieira et al. synthesized a
rifampicin-loaded mannosylated nanostructured lipid carrier (NLC) for the active
treatment of tuberculosis [93]. The developed nanoparticles exhibited higher effi-
ciency of 90% and higher cellular uptake by bone marrow-derived macrophages.

Another study reports the development of solid lipid nanoparticles (SLNs) loaded
with ethambutol by spray drying method as a dry powder inhaler for tuberculosis
therapy [94]. The entrapment efficiency was found to be more than 98%. MTT assay
confirms the biocompatibility and lack of toxicity of drug-loaded SLNs.
Zargarnezhad et al. developed isoniazid conjugated magnetic nanoparticles coated
with lipoamino acid, which evaluate the antimicrobial activity against M. tuberculo-
sis and Gram-positive and Gram-negative non-mycobacterial strain [95]. The
outcomes of the study revealed that 44.8% and 16.7% of isoniazid amount decreased
against M. tuberculosis when conjugated to naked and surface-modified magnetic
nanoparticles, respectively.

Jahangirdhar and the group developed rifampicin- and curcumin-loaded poly-
meric nanoparticles for active intra-macrophage delivery and clearance of
M. tuberculosis [96]. The prepared nanoparticles exhibited 1.5 folds higher drug
internalization than free drugs and were nontoxic to RAW 264.7 macrophages. The
formulation shows high efficacy against M. tuberculosis-infected macrophages at
25 MIC (98.03) 2.5%) with complete clearance over 50 MIC. Abdelghany et al.
synthesized dual drug (amikacin and moxifloxacin)-loaded PLGA nanoparticles
modified with alginate for treatment of tuberculosis [97]. The in vitro anti-
mycobacterial activity of the prepared dual drug-loaded nanoparticles was evaluated
by using macrophages infected with M. tuberculosis, which showed significant
inhibition in viable bacterial count compared to single drug-loaded formulations.
The bacterial viability of 0.6% was confirmed by dually encapsulated drug formula-
tion relative to 6.49% for only amikacin and 3.27% for only moxifloxacin
nanoparticles.
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33.3 Future Perspectives

Pharmaceutical technology has been playing an essential role in medicine as it
allows us to study various materials and their combinations to develop drug carriers,
support them with superior properties, achieve desired goals, and end with therapeu-
tic success. In lung drug delivery, the primary goal is to keep the drug in the lungs as
is the case with local delivery approaches, thereby reducing systemic absorption. In
other cases, a systemic effect is the desired result, and the carrier is designed to avoid
retention. Most of the current research in advanced drug delivery systems is focused
on developing new materials and manufacturing polymer responsive systems with
their macro- and microstructure and chemical profile. Special attention is drawn to
the design of the hydrophilic/hydrophobic copolymer segment and the production of
star-shaped polymer and dendrimers as nanocarriers for bioactive compounds. Not
only should future researches focus on discovering new potential targets for lung
recovery and regeneration, but also more research should be needed for better-
understood disease models, which could further accelerate research to develop
new therapeutic approaches for chronic lung diseases. In the near future, the
emergence of new, effective, and specially developed ADDS can be traced back to
interdisciplinary research knowledge leading to personalized medical health
solutions.

33.4 Conclusion

It is becoming increasingly difficult to develop effective controlled release delivery
systems for the diagnosis and treatment of chronic lung disease due to the complex
physiological and pathological mechanisms. Extensive development in the area of
drug delivery systems has helped to overcome the problems of traditional medical
interventions such as low therapeutic efficacy, drug resistance, nonspecific targeting,
and unexpected side effects. These advanced drug delivery systems have become
ideal carriers for targeted therapies for various lethal diseases. Various advanced
drug delivery systems like polymeric nanoparticles, liposomes, polymeric micelles,
carbon nanotubes, dendrimers, quantum dots, nanostructured lipid carriers, solid
lipid nanoparticles, and magnetic nanoparticles have been developed and used with a
variety of medical intervention to track and target the therapeutic agents at the
infected area of the body.
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Plant-Based Chemical Moieties
for Targeting Chronic Respiratory Diseases 34
Yinghan Chan, Sin Wi Ng, Kamal Dua, and
Dinesh Kumar Chellappan

Abstract

The World Health Organization (WHO) has reported that chronic respiratory
diseases such as asthma, chronic obstructive pulmonary disease, interstitial lung
disease, and lung cancer are among the major chronic human diseases that posed
a huge challenge to public health and socioeconomic growth. Pharmacotherapy is
crucial in the management of these diseases; however, the utilization of conven-
tional treatments is found to be futile, as most patients remained poorly controlled
with low quality of life. This has prompted the discovery and development of
novel therapeutic agents to improve treatment outcomes. Over the years,
researchers have studied a vast range of natural products for their potential in
managing chronic respiratory diseases. It has been demonstrated that chemical
moieties obtained from plant sources improved pharmacokinetic and toxicologi-
cal profiles, with a robust multi-prolonged action. Hence, they are held in high
regard as possible replacements to address the limitations faced by current
therapies. In this chapter, such a phytochemical approach with respect to their
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molecular mechanisms targeting signalling pathways involved in various chronic
respiratory diseases will be discussed. We have also summarized some of the
experimental evidence that supports the use of plant-based chemical moieties in
chronic respiratory diseases.

Keywords

Plants · Herbs · Natural products · Molecular mechanisms · Chronic respiratory
disease

34.1 Introduction

Chronic respiratory diseases (CRDs) such as asthma, chronic obstructive pulmonary
disease (COPD), cystic fibrosis, and lung cancer are the most common inflammatory
diseases and notable causes of death worldwide, posing significant and enormous
economic and social burden in terms of the cost incurred with treatment, hospitali-
zation, as well as reduced productivity. The burden induced by such diseases has
also severely affected the livelihood of suffering individuals [1, 2]. According to a
report by the World Health Organization (WHO), COPD alone has exhibited three
million annual mortalities, whereas approximately 334 million people, which
includes 14% children, are suffering from asthma. Besides, pulmonary tuberculosis
has also claimed the lives of 1.4 million people annually. In addition, lung cancer too
represents a fatal neoplasm that claimed more than 2 million lives each year [1, 3,
4]. To make things worse, the prevalence of these CRDs is still growing rapidly, and
it is predicted that a huge number of global populations will be shredded in the near
future due to CRDs. Inflammatory CRDs are further exacerbated by several prime
mediators, such as worsening air pollution, increased exposure to occupational
allergens, and a growing population of smokers [5–7].

Typically, conventional management strategies rely on the use of therapeutic
drugs, whereby research and medical advancements have led to the development of a
wide range of chemical compounds and biomolecules for treating CRDs. Neverthe-
less, these efforts have been futile as most of the therapeutic drugs are unable to fully
cure CRDs [8–10]. For instance, controlling symptoms is the only management
option in asthma. In certain cases where patients are not adequately controlled, they
may require therapeutic intervention using more than one type of drug, thereby
exposing them to a greater risk of adverse reactions. These include the undesirable
development of dyspepsia, tremors, dizziness, and sour throat as observed in the
prolonged use of corticosteroids and bronchodilators [11, 12]. Likewise, in COPD,
although current treatment options such as leukotriene antagonists and phosphodi-
esterase 4 (PDE4) inhibitors demonstrated a certain extent of efficacies, they are
unable to reverse the pathophysiological process of the disease and have no signifi-
cant positive effects on mortality rate and disease progression [13, 14]. Thus, there is
a pressing need for the development of novel safe and effective therapeutics that
could be utilized as alternative treatment options to combat CRDs, as well as to
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complement existing conventional therapeutics for enhancing treatment outcomes in
patients with CRDs.

Plants and herbal-based remedies have been widely employed as therapeutic tools
for a variety of diseases due to their extended spectrum of pharmacological effects
and improved toxicological profiles [15, 16]. As reported by the WHO, 80% of the
world population utilizes phyto-therapeutic agents for their primary health-related
needs, whereas 11% of marketed drugs are formulated using natural plant-based
moieties [17]. In terms of CRDs, several plant extracts such as Tripterygium
wilfordii, Echinacea purpurea, and Curcurma longa contain active constituents,
namely, flavonoids, iridoids, and triterpenoids, whereby several studies have proven
that these active constituents exert complex mechanisms of action that targets the
cellular pathways of CRDs [1]. In this chapter, we provide an insight into the
potential and challenges of various plant-based chemical moieties in the manage-
ment of CRDs, with particular focus on asthma, COPD, and lung cancer.

34.2 Plant-Based Chemical Moieties in the Management
of Chronic Respiratory Diseases: From Bench to Bedside

The prevalence of CRDs has been rapidly increasing and has affected more than
millions of people around the globe. Such a growing threat of CRDs to public health
has urged medical researchers to design and develop efficient and safe novel
therapeutic agents with regard to the present scenario. Even though current conven-
tional agents demonstrated a certain extent of potent efficacy, the therapeutic
outcomes remained unsatisfactory, as most of them are linked with certain clinical
consequences, such as high treatment costs, limited effectiveness, as well as side
effects [3, 8, 18–20]. Therefore, researchers have shifted their attention to the usage
of natural sources for the development of novel therapeutics in the management
of CRDs.

Bioactive compounds derived from plants and herbal origins have been an
integral part of culture and history, whereby plant products have been used as the
backbone of traditional healing systems since the inception of human beings
[21]. Although many plants were documented in the early years of having remark-
able medicinal properties and were used for treating various pathological conditions,
the use of traditional medicine has been overshadowed by modern therapeutics as the
means for managing human diseases [21, 22]. Nonetheless, over recent years, there
has been a substantial increase in the use of medicinal plants for the promotion of
health and management of diseases in many countries. In contrary to the traditional
use of plant-based therapies which utilizes unmodified whole plant for preserving the
original composition as well as the integrity of the source plant, modern therapeutics
are focused on identifying biologically active compounds from plant extracts and
extracting them for specific therapeutic applications [23, 24]. For this instance,
numerous studies have proven that plant-based chemical moieties are effective in
targeting various cell signalling pathways for combating human diseases. As they
are naturally occurring, they also exhibited lower systemic toxicities as compared to
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chemically synthesized compounds. In addition, the cost of conventional drugs is
usually more expensive in comparison to plant-based products. Therefore, the use of
conventional therapies for patients residing in rural areas may be unaffordable
[25, 26]. Subsequently, a paradigm shift from the use of chemical drugs towards
the application of phytochemicals in the management of CRDs was observed.

Throughout these years, a diversity of natural and herbal products has been
discovered and explored for their potential in managing CRDs (Table 34.1). They
have attracted considerable interest as novel therapeutic agents in CRDs due to the
structural diversity of compounds present in plants, as well as their ability to target
multiple biological pathways that modulate the complex pathogenesis of these
diseases. Typically, the pharmacological activities of these plants are attributed to
the presence of bioactive constituents from various classes, such as alkaloids,
flavonoids, iridoids, and triterpenoids [27, 28]. The following section offers a brief
overview of the pathogenesis of various CRDs and how plant-based chemical
moieties can help manage CRDs by targeting the underlying molecular mechanisms
of these diseases, evidenced by some of the latest studies conducted in this field of
research. The findings are compiled in Table 34.1, along with several other examples
of plant-based chemical moieties that presented potential anti-CRD effects but are
not discussed in the following text.

34.2.1 Asthma

34.2.1.1 Overview of Asthma
Asthma is a disorder of the airways characterized by chronic airway inflammation,
tissue remodeling, as well as declining airway function. It is one of the most common
CRDs and affects more than 339 million people worldwide, yet its pathophysiology
remained poorly understood. Indoor pollutants and outdoor allergens, tobacco
smoke, and air pollution are among the major risk factors for asthma [29, 30]. Asthma
can manifest at any age, and the common symptoms are coughing, wheezing, and
dyspnoea. It is a complex disease that could manifest as ‘episodic’, referring to the
periods where symptoms appear and resolve upon therapy, or as ‘persistent’, which
can be identified by the presence of characteristic asthma clinical symptoms [31].

An in-depth understanding of asthma pathogenesis is essential for the effective
management of the disease. Typically, most cases of asthma are linked with the
sensitization of airways to allergens. Upon exposure to these allergens, it produces a
cascade of events which eventually lead to chronic airway inflammation. T helper
cell (Th) type-2 (Th2) immune responses induce the release of pro-inflammatory
cytokines, such as interleukin (IL)-4, IL-5, IL-9, as well as IL-13 [32, 33]. Among
these, IL-4 is responsible for the hyperproduction of immunoglobulin E (IgE) via
IgE switch in B cells. IgE-mediated activation of airway mast cells then leads to
rapid airway narrowing, followed by the release of rapidly acting granule-associated
preformed mediators tryptase and histamine [19, 34]. On the other hand, IL-5 is
involved in the recruitment of eosinophils that results in the development of allergic
rhinitis in the upper respiratory airways. Along with prostaglandin D2, cysteinyl
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leukotrienes, adenosine, and other inflammatory mediators, they act synergistically
to promote airway smooth muscle contraction and vascular leakage, resulting in
mucus hypersecretion, bronchospasm, and elevated immune cells influx, which are
the characteristic symptoms of asthma. Studies have shown that the airway epithe-
lium has a crucial role in modulating Th2 responses via the production of master
regulators, such as thymic stromal lymphopoietin, IL-33, and IL-25 [3, 19, 34,
35]. Furthermore, these cytokines and mediators that are produced during the early
phase of an immune response can further propagate, leading to the late-phase
asthmatic response that is characterized by progressive airway inflammation and
hypersensitivity of the bronchus. As a result, patients may experience frequent
asthma exacerbations that greatly damages lung function due to severe obstruction
of airways [11].

Despite inhaled corticosteroids and long-acting β2-adrenoceptor agonists being
the mainstay of asthma therapeutics, these therapies failed to prevent severe
exacerbations or to prevent the progression of the disease. This is because the
response to these therapeutics is likely to vary by the characteristics of patients,
namely, adherence and techniques of using medications [36, 37]. Besides, most of
the drugs currently used for asthma management are also linked with unwanted
adverse events. For example, prolonged steroid treatment may lead to systemic side
effects, including candidiasis, dysphonia, osteoporosis, and adrenal suppression
[8, 35]. In addition, with the increasing severity and chronicity of the disease, fibrosis
of the airway wall leads to permanent narrowing of the airway, thereby reducing the
effectiveness of bronchodilators. As a result, the aim to achieve good asthma control
has become increasingly important with the prominent increase in the global preva-
lence of the disease, particularly in those with difficult-to-treat asthma where the
disease cannot be controlled even with a high-dose combination of multiple thera-
peutic drugs [37].

34.2.1.2 Evidence of Plant-Based Chemical Moieties in the Management
of Asthma

Th1/Th2 imbalance is widely known to induce the development of allergic asthma.
Interferon (IFN)-γ, IL-12, and tumour necrosis factor (TNF)-β are secreted by Th1
cells, whereas IL-4, IL-5, and IL-13 are mostly secreted by Th2 cells. Therefore,
bioactive compounds that can modulate the expression of T-bet and GATA-3
transcription factors may be beneficial in the management of asthma as these
transcription factors influence the balance of Th1/Th2 cells [10, 38]. T-bet and
GATA-3 can also be modulated by IFN-γ, IL-4, and IL-12 via the signal transducers
and activators of transcription (STAT) pathways, namely, STAT1, STAT6, and
STAT4, respectively [38, 39]. Jin et al. in a study evaluated the effects of psoralen,
a major constituent found in the dried and ripe fruit of Psoralea corylifolia L., on
Th2 responses in an asthmatic in vivo rat model. Results demonstrated significant
suppression of inflammatory cell infiltration as well as decreased mucus secretion in
lung tissues. This is attributed to the inhibition of GATA-3 protein expression that
reduced Th2 response, resulting in alleviation of airway hyperresponsiveness and
airway inflammation in asthma [40]. In another study, wogonin obtained from
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Scutellariae radix was investigated for its anti-inflammatory effects in an asthmatic
mouse model. The researchers reported that wogonin remarkably inhibited allergen-
induced eosinophilic inflammation in lung tissues. It was also found that such an
effect is attributed to downregulation of IL-4-induced STAT6 translocation and
activation, thereby suppressing Th2-mediated inflammation [41].

Mitogen-activated protein kinases (MAPK) comprising of extracellular signal-
regulated kinase (ERK) 1/2, p38, and c-Jun-N-terminal kinase (JNK) 1/2 are critical
modulating factors for the activation of inflammatory cells in asthma pathogenesis.
Besides, nuclear factor kappa-B (NF-κB) is another transcription factor involved in
the upregulation of multiple pro-inflammatory genes, whereby increased activation
of NF-κB can be observed upon allergen challenge and can be found in the airway
epithelium cells of asthmatic patients [42, 43]. Therefore, plant-based chemical
moieties that are capable of regulating both MAPK and NF-κB signalling pathways
can be exploited for their potential in treating asthma. Chauhan et al. evaluated the
therapeutic potential of curcumin, a polyphenol found in Curcuma longa, on
ovalbumin-induced asthmatic mice models. Significant reduction of JNK, ERK,
and p38 phosphorylation was documented, along with inhibited NF-κB expression
in lung tissues, suggesting that curcumin can protect against asthma via MAPK/NF-
κB signalling pathways [44]. Similarly, Lee et al. also reported downregulation of
MAPK and NF-κB signalling pathways by Pistacia weinmannifolia root extract. In
vivo model demonstrated reduction in the levels of eosinophils and Th2 cytokines,
which eventually led to the inhibition of inflammatory cells influx and mucus
hypersecretion, indicating that it can possibly be used as an adjuvant to existing
therapies for the effective management of asthma [45].

T-regulatory cell (Tregs) and Th17 cell targeting is another strategy that can be
exploited in the management of asthma. Driven by forkhead box P3 (FOXP3)
transcription factor, Tregs are responsible for regulating the homeostasis of pulmo-
nary immunity through the suppression of excessive immune responses deleterious
to the host or by establishing immune tolerance to non-harmful antigens [46–48]. On
the other hand, RORγT is the transcription factor for Th17 and it plays a crucial role
in the activation of IL-17 production in Th17 cells. In asthmatic patients, IL-17
affects airway smooth muscle via the upregulation of airway hyperresponsiveness
triggered by allergens [10, 49]. Thus, plants presenting FOXP3 and RORγT targeted
activity may be further investigated for their potential in alleviating asthma. One
study was conducted by Ji et al. to evaluate the feasibility of ligustrazine in asthma
treatment, which is a bioactive compound extracted from the Chinese herb
Ligusticum chuanxiong. In the mouse asthmatic model, it was found that ligustrazine
reduced influx of neutrophils and eosinophils via the regulation of Tregs/Th17, by
achieving a balance between FOXP3 and RORγT transcription factors. In addition,
ligustrazine also regulates the expressions of T-bet and GATA-3 in asthma. Syner-
gistically, ligustrazine can potentially be developed as a novel therapeutic agent for
asthma [50].

Several other disease-targeting mechanisms by plant-based chemical moieties
were also reported by researchers. Choi et al. reported that petatewalide B, a
compound isolated from the leaves of Petasites japonicus, inhibited antigen-induced
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degranulation of β-hexosaminidase in mast cells. Strong inhibitions of eosinophils,
macrophages, and lymphocytes accumulation were also observed in an ovalbumin-
induced asthmatic model [51]. As mast cell degranulation leads to the release of
mediators that attract leukocytes to inflammatory sites which further amplifies
inflammatory response, inhibition of mast cell degranulation may be a helpful
strategy in the management of asthma [52]. As contraction of the airway is the
distinctive feature of asthma, strategies that help to relax airway smooth muscle,
such as anticholinergic, antihistamine, β2-adrenoceptors stimulation, and blockade
of Ca2+ signalling may also be beneficial to treat asthma. For this instance, Mokhtari-
Zaer et al. in a study demonstrated the relaxant effect of Crocus sativus L. on smooth
muscles via the activation of β2-adrenoceptors, as well as the suppression of
histamine H1, muscarinic receptors, and calcium channels. This suggests that the
plant may help in the alleviation of asthma [10, 53]. Platelet-derived growth factor
(PDGF) and transforming growth factor (TGF)-β are involved in asthma airway
remodelling, whereby TGF-β1/Smad is the major signalling pathway that induces
airway remodelling. Xu et al. has proven the effectiveness of Astragali radix in
improving the symptoms of allergic airway remodelling in a chronic asthmatic
mouse model. It was found that eosinophilic airway inflammation was greatly
suppressed, attributed to the inhibition of Th2 cytokines and TGF-β1 [10, 54]. Simi-
larly, another study by Jang et al. demonstrated that skullcapflavone II derived from
Scutellaria baicalensis reduced several primary pathophysiological features of
asthma such as Th2 cytokines production, airway eosinophilic inflammation and
airway hyperresponsiveness by modulating the TGF-β1/Smad signalling pathway.
Subepithelial collagen deposition and goblet cell hyperplasia were remarkably
inhibited, accompanied by decreased TGF-β1 levels, upregulated Smad7 expression,
and downregulated pSmad2/3 expressions [55].

34.2.2 Chronic Obstructive Pulmonary Disease

34.2.2.1 Overview of Chronic Obstructive Pulmonary Disease
COPD is a common type of CRD which is characterized by functional and structural
alterations resulted from long-term inhalation of harmful particles. Continuous
exposure to infectious agents, pollutants, as well as cigarette smoke are the major
risk factors of COPD. As it is currently the fourth leading cause of death worldwide
with more than 250 million people affected by this disease, exacerbations of COPD
pose a substantial burden on global healthcare systems [19, 56, 57]. The clinical
presentations of COPD include chronic bronchitis and emphysema. In chronic
bronchitis, the bronchial tubes are inflamed, narrow, and cilia-free, thereby leading
to mucus hypersecretion in the lungs. On the other hand, in emphysema, small sacs
which are present in the alveoli wall become larger, thereby decreasing its oxygen
absorption capacity and damaging the alveoli. These manifestations ultimately deem
COPD an incurable progressive disease [58]. Patients with COPD usually exhibit
symptoms such as breathlessness, tightness of the chest, frequent coughing, as well

34 Plant-Based Chemical Moieties for Targeting Chronic Respiratory Diseases 765



as wheezing. All these symptoms are such that the disease can progress for years
without the patient noticing them [19, 58, 59].

A rise in the number of macrophages, neutrophils, and CD8+ lymphocytes in
alveolar and peripheral spaces are among the major characteristics of chronic
inflammation in COPD. Inflammation in COPD involves components from both
the adaptive and innate immune systems, which majorly affects the bronchoalveolar
walls of both small and large airways [19, 60]. Alveolar macrophages release matrix
metallopeptidase (MMP)-9 which results in inflammation and associated pathology
of the disease. They also generate and induce the local burden of reactive oxygen
species (ROS) in the lungs [61]. Airway fibrosis that is presented in COPD is mainly
associated with the elevated expression of transforming growth factor (TGF)-β via
the release of connective tissue growth factor (CTGF), resulting in the deposition of
collagen [62]. Progressive lung damage is linked with the release of leukotriene B4,
IL-8, interferon (IFN)-γ, MMP-2, MMP-9, MMP-12, tumour necrosis factor (TNF)-
α, and TGF-β. NF-κB inflammatory pathway can be stimulated by ROS and reactive
nitrogen species, which are induced by stimulated macrophages and neutrophils
from cigarette smoke or other noxious gases [19, 62]. Oxidative stress that is present
in COPD leads to increased production of hydrogen peroxide and carbon monoxide
in the airways [62]. Nevertheless, these responses of the immune system were found
to differ across different subtypes of COPD. Generally, immune responses in chronic
bronchitis are associated with secreted serine proteases and elevated ROS levels
from inhaled smoke and activated macrophages, whereas emphysema is directly
caused by cigarette smoke [19].

Along with smoking cessation, current therapies are focused on the improvement
of symptoms and prevention of exacerbations; however, disease-modifying treat-
ment is yet to be available. Complete recovery is currently only possible via
transplantation of the lung, which is not a practical approach in most patients.
Existing drugs such as anticholinergics, phosphodiesterase inhibitors, long-acting
β2 agonists, and corticosteroids are also linked with severe adverse reactions and
cause susceptibility to other diseases [9, 59]. Thus, there is a compelling demand for
the development of safe, novel, and potent alternatives for managing COPD.

34.2.2.2 Evidence of Plant-Based Chemical Moieties in the Management
of Chronic Obstructive Pulmonary Disease

It has been widely established that cigarette smoke is the primary cause for the
development of COPD, whereby it is the primary source of ROS in the lungs of
COPD patients. The presence of ROS in the lungs further leads to the development
of oxidative stress and inflammatory responses which contributes to the progression
of COPD [63, 64]. This is due to the upregulation of NF-κB and p38 MAPK
pathways by ROS, which results in the activation of pro-inflammatory cytokines
in COPD pathogenesis. Besides, TGF-β is also induced by ROS which causes
fibrosis in the lung [65, 66]. Thus, modulation of oxidative stress via boosting
endogenous levels of antioxidants is a promising strategy to treat and manage
COPD. As oxidative stress can be regulated by the NRF2 transcription factor, the
NRF2 pathway can be targeted to mitigate inflammation and antioxidant defence
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mechanism in the lungs [64, 67]. Zhou et al. investigated the antioxidative effect of
Cinnamomum chartophyllum extract on human bronchial epithelial cells. It was
documented that Nrf2 downstream genes NQO-1 and γ-GCS were activated, leading
to significant enhancement of nuclear translocation and stabilization of Nrf2. No
observed adverse events were observed at Nrf2-inducing doses. These findings
suggest that C. chartophyllum can potentially be utilized in the management of
COPD attributed to its ability to prevent oxidative insults in human lungs [68]. Like-
wise, Cheng et al. in a study demonstrated the anti-inflammatory and antioxidant
effects of forsythiaside isolated from Forsythia suspensa in a cigarette smoke-
induced COPD mice model. The study showed that forsythiaside attenuated inflam-
matory cells infiltration and suppressed the production of TNF-α, IL-1β, and IL-6.
Further investigation demonstrated that such effects are associated with the inhibi-
tion of the NF-κB signalling pathway and upregulation of Nrf2 expression [69].

In the pathogenesis of COPD, oxidative stress in the lung may further cause
oxidative damage to various lung macromolecules. One such example is lung
proteins, whereby oxidatively damaged proteins are generally non-functional and
may be cytotoxic. These damaged proteins are accumulated in the endoplasmic
reticulum (ER), resulting in a condition known as ER stress. Unfolded protein
response (UPR) is a compensatory cellular response that refers to the transcriptional,
translational, and post-translational cascades that facilitate the reversal of ER stress
via reducing the flow of new proteins into the ER, thereby enhancing the capacity of
ER for folding and processing proteins. This eventually degrades misfolded proteins
in the ER. However, when the reversal of ER stress fails, UPR induces programmed
cell death. Thus, UPR signalling pathways are the determinants of whether cells
undergo apoptosis or successfully restore proteostasis [70–73]. PRK-like ER kinase
(PERK), inositol requiring protein (IRE)-1, and activated transcription factor (ATF)-
6 are the three signalling pathways that form the UPR and are involved in COPD-
associated emphysema [74]. Specifically, the upregulation of the PERK pathway
reduces protein synthesis by phosphorylating eukaryotic translation initiator factor
(eIF)-2α and eventual translation of ATF4. Prolonged expression of ATF4
upregulates pro-apoptotic proteins, such as Bax, and downregulates anti-apoptotic
proteins, such as Bcl-2 proteins [75]. Lin et al. explored the effects and mechanisms
of ursolic acid, a pentacyclic triterpenoid commonly found in Crataegus pinnatifida
and other edible plants, on a cigarette smoke-induced rat emphysema model. It was
reported that ursolic acid alleviated emphysema-related pathology and improved
cigarette smoke-induced oxidative stress in rat lungs. The researchers determined
that ursolic acid downregulated the expression of PERK pathway proteins, along
with the induced expression of Bcl-2 and inhibited the expression of Bax, which led
to reduced apoptotic cells in rat lungs. Besides, protein expression of the NRF2
pathway was upregulated, thus reducing oxidative stress [76].

Considerable evidence has also been presented that matrix metalloproteinases
(MMP) can have modulatory effects in COPD-induced emphysema, due to their
involvement in the proteolytic attacks on the alveolar wall matrix. In addition,
MMPs can modify the secretion of fibrogenic growth factors that leads to various
lesions associated with COPD [77]. Sirtuin 1 (SIRT1) is a type 3 histone deacetylase
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(HDAC) that regulates various cellular responses such as ageing and apoptosis. The
loss of SIRT1 has been reported in COPD, and it is correlated with the acetylation of
tissue inhibitor of metalloproteinase (TIMP)-1 lysine, leading to subsequent degra-
dation of the anti-MMP protease and increased levels of MMP-9 in lung tissue
[64, 78]. Ganesan et al. demonstrated the potential of quercetin, a plant flavonoid, in
preventing the progression of COPD-induced emphysema in an in vivo model. It
was shown that quercetin treatment reduced the expressions and activities of MMP-9
and MMP-12 by increasing the expression of SIRT1. This resulted in the alleviation
of lung inflammation, goblet cell metaplasia, and inhibition of pro-inflammatory
cytokines mRNA expressions. The results correspond to another finding where
co-treatment with sirtinol, a SIRT1 inhibitor, blocked the effects of quercetin in
LPS-exposed mice [79].

Another prominent feature of COPD is neutrophilic inflammation. Excessive
neutrophilic inflammation will lead to the production of ROS and the release of
serine proteases, MMPs, and myeloperoxidase, thereby causing collateral damage as
neutrophils infiltrate into lung tissues. Neutrophil influx can be inhibited by targeting
chemokine receptors CXCR1, CXCR2, as well as PI3Kγ, whereas neutrophil func-
tion can be modified by using selective PI3Kδ inhibitors [64, 80]. Furthermore, the
PI3K signalling pathway has been associated with corticosteroid insensitivity in
COPD patients, mediated by reduced HDAC2 expression. Total PI3K activity can
also be determined by the expression of its downstream target protein, Akt
[64, 81]. Lee et al. isolated lignans from the flower buds of Magnolia fargesii and
elucidated their mechanisms of action underlying their COPD-protective effects.
The researchers highlighted that lignans remarkably inhibited both Erk and Akt
phosphorylation levels, along with a dose-dependent suppression of EGFR. Infiltra-
tion of neutrophils and macrophages was attenuated, and the secretion of TNF-α and
IL-6 was suppressed both in vivo and in vitro [82]. Similarly, a study by Liou et al.
presented promising anti-inflammatory effects of casticin, a compound isolated from
Vitex rotundifolia. Results showed that casticin reduced the levels of TNF-α, IL-6,
IL-8 and PGE2. Furthermore, casticin suppressed the phosphorylation of Akt, PI3K,
and MAPK. The translocation of p65, the protein subunit of NF-κB, was also
attenuated. These findings proved that casticin suppressed inflammation in pulmo-
nary epithelial cells via inhibitory effects on PI3K/Akt, NF-κB, and MAPK signal-
ling pathways [83].

34.2.3 Lung Cancer

34.2.3.1 Overview of Lung Cancer
Lung cancer has been the leading cause of cancer-related mortalities worldwide,
posing extensive healthcare and economic burden in many countries. This is most
likely due to the disease being undetected until there has been substantial progres-
sion of the disease, resulting in remarkable reduction in the quality of life of patients
[84]. Various risk factors for lung cancer have been identified, including active
cigarette smoking and exposure to second-hand smoke, prolonged exposure to
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pollutants and radiation, as well as occupational exposure to agents including
asbestos, nickel, and chromium [85]. Smoking cessation is widely regarded as
effective prevention of lung cancer as the tobacco-induced susceptibility of the
disease is said to be influenced by competitive gene-enzyme interactions at the
procarcinogen level and the resulting extent of DNA damage [19].

Lung cancer can generally be classified into two different subtypes, namely, non-
small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC), whereby
approximately 85–90% of lung cancers are determined to be NSCLC and are mostly
diagnosed only at the advanced stage of metastasis. At this stage, the curative effects
of surgical intervention are reduced drastically. Along with the emergence of drug
resistance, these lead to therapeutic failure in NSCLC and eventual tumour recur-
rence and disease progression [86, 87]. NSCLC can be further categorized into
adenocarcinoma, large-cell carcinoma, and squamous cell carcinoma [88]. The
development of malignant cancer cells is associated with genetic alterations in
DNA and mutations that affect the regulation of normal cells. For example, epider-
mal growth factor receptor (EGFR), B-Raf proto-oncogene (BRAF), echinoderm
microtubule-associated protein-like (EMAPL)-4 anaplastic lymphoma kinase (ALK)
fusion oncogene, c-ROS oncogene 1 (ROS1) fusions, and p53 gene mutations are
some of the driver mutation genes that are found to be associated with the develop-
ment of NSCLC [89, 90]. CD44 gene mutations have also been observed in both
NSCLC and SCLC [91–93]. Besides, programmed death ligand 1 (PD-L1) is found
overexpressed in NSCLC patients without driver mutations [93].

Typically, treatment of cancer aims to eradicate cancerous cells without any
harmful effects on normal cells. Traditional management strategies of lung cancer
include surgery, radiotherapy, and chemotherapy, which can be used either individ-
ually or in combination with each other. Although chemotherapy is mostly utilized
in lung cancer, there are several issues associated with its use, such as severe adverse
reactions and limited efficacy due to multidrug resistance [84, 88]. As poor progno-
sis remains a challenge for the effective management of lung cancer, further research
and development of novel therapies are urgently warranted.

34.2.3.2 Evidence of Plant-Based Chemical Moieties in the Management
of Lung Cancer

Angiogenic pathways are frequently regarded as the primary target in the treatment
of NSCLC as tumour cells presented the development and generation of new blood
vessels in the desmoplastic stroma for its growth and progression [19, 94]. Therefore,
targeting pro-angiogenic factors is a pivotal strategy to inhibit angiogenic required
for tumour growth. Vascular endothelial growth factor (VEGF) is the major factor
that initiates angiogenesis, whereby the VEGF family of growth factors exert their
effects via vascular endothelial growth factor receptor (VEGFR) interaction
[95, 96]. When this signalling pathway is upregulated, it results in the proliferation
of endothelial cells, degradation of the extracellular matrix, and migration of endo-
thelial cells, followed by the formation of new blood vessels [95]. A study conducted
by Xu et al. evaluated the therapeutic potential of sanguinarine, an alkaloid isolated
from Sanguinaria canadensis, in lung cancer. It was observed that sanguinarine
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remarkably suppressed tube formation of human microvascular endothelial cells
(HMVEC), as well as the migration of human A549 lung cancer cells. The findings
were attributed to decreased secretion of VEGF in both HMVECs and human A549
lung cancer cells in a dose-dependent manner. Besides, VEGF-mediated Akt and
p38 activation was also inhibited. These results suggest that sanguinarine may be
beneficial in lung cancer treatment due to its antiangiogenic and anti-invasive
properties [97]. In another study, Chakraborty et al. studied the anticancer effects
of capsaicin, an active constituent found in chilli pepper, on NSCLC in a hypoxic
environment. It was reported that capsaicin-induced p53-mediated degradation of
HIF-1α as well as SMAR1-induced downregulation of COX-2 restrained HIF-1α
nuclear localization, which eventually led to the downregulation of VEGF expres-
sion. The findings indicate that capsaicin can achieve efficient NSCLC therapy via
its antiangiogenic effect in tumour cells [98].

Typically, all types of cancer cells evade normal apoptotic pathways through the
dysregulation of apoptotic factors [99]. Therefore, a great understanding of these
apoptotic pathways may allow the development of novel strategies that enhance lung
cancer cell death. Caspases are ubiquitously expressed cysteine proteases that play a
crucial role in the regulation of apoptosis, whereby aspartic residue cleavage of
caspases and removal of their N-terminal inhibitory domain induced by death-
inducing stimuli usually result in the demolition phase of apoptosis [100]. Apoptosis
involves two major pathways, namely, the extrinsic death receptor pathway and the
intrinsic mitochondria pathway. The extrinsic pathway can be induced by the
activation of several death receptors including Fas, TNFs, as well as TNF-related
apoptosis-inducing ligand receptors (TRAILR). On the other hand, the intrinsic
apoptotic pathway is tightly regulated by Bcl-2 family of proteins, which include
pro-apoptotic members such as Bax, and anti-apoptotic members such as Bcl-2 and
MCL-1 [99, 100]. For example, NSCLC is often associated with irregularities in
Bcl-2 family proteins, whereas clinical drug resistance is usually associated with the
amplification of anti-apoptotic Bcl-2 and MCL-1 proteins [99]. A recent study by
Han et al. evaluated the anticancer effect of Viburnum grandiflorum extract (VGE)
against lung cancer cells. It was found that the rate of apoptosis was significantly
enhanced, most likely due to cleavage of pro-caspase-8, -9, and -3. Besides, the
protein expression of MCL-1 was also diminished. These findings suggest that VGE
inhibited cell viability of lung carcinoma via the caspase-dependent pathway of
apoptosis [101]. Xie et al. also reported a similar pro-apoptotic effect in a study
utilizing bruceine D, a component extracted from Brucea javanica, against NSCLC
cells. The researchers found that bruceine D suppressed the proliferation of wild-
type NSCLC cells in a dose- and time-dependent manner, thereby decreasing the
colony-forming ability and migration of human lung cancer A549 cells. In addition,
bruceine D also effectively induced apoptosis in A549 cells that is associated with
G0-G1 cell cycle arrest, accumulation of intracellular ROS, as well as disruption of
mitochondrial membrane potential. These correspond with the findings that bruceine
D suppressed the expressions of anti-apoptotic proteins, namely, Bcl-xL and Bcl-2,
and enhanced the expressions of pro-apoptotic proteins, namely Bax and Bak. The
expressions of pro-caspase-3 and pro-caspase-8 were also inhibited. Hence, these
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results suggest that bruceine D may be effective in the treatment of NSCLC due to its
role in modulating the signalling of ROS-mitochondrial-mediated cell death [102].

Another strategy in targeting lung cancer is via the inhibition of histone
deacetylases (HDAC), as they are known to regulate the activities and expressions
of various proteins involved in the initiation and progression of cancer [103]. Studies
have shown that HDAC inhibitors impact cell proliferation, survival, and angiogen-
esis by modulating molecular chaperones and signal transduction proteins, as well as
inhibiting hypoxia-inducible factors and VEGF [104, 105]. Furthermore, HDAC
inhibitors enhance immune responses and upregulate major histocompatibility com-
plex (MHC) class I and II protein, as well as other co-stimulatory molecules such as
CD80 and CD86 [104]. Studies have also indicated that HDAC inhibitors facilitate
tumour cell apoptosis via expression induction of surface TRAIL receptors 1 (DR4)
and TRAIL receptors 2 (DR5), which eventually leads to the initiation of the caspase
cascade. As such, HDAC inhibitors are potential anticancer agents due to their
ability to induce autophagy and apoptosis in tumour cells via the activation of
intrinsic mitochondrial pathways [106, 107]. Liu et al. in their study has investigated
the anticancer activity of magnolol and polyphenol mixture obtained fromMagnolia
officinalis in lung cancer. Results demonstrated significant suppression of class I
HDACs, leading to cell apoptosis via cell cycle arrest and activation of pro-apoptotic
factors such as DR5, Bax, and cleaved caspase 3. Tumour growth reduction was also
observed in the lung cancer A549 xenograft model. These indicate that the magnolol
and polyphenol extract induced tumour cell apoptosis by activating DR5 through the
inhibition of class I HDACs [106]. In another study, Singh et al. evaluated the
anticancer effect of silymarin obtained from Silybum marianum in a metastatic
human NSCLC cell line. They reported a concentration-dependent suppression of
cell migration that is associated with inhibition of HDAC activity, along with
decreased levels of class I HDACs. Such HDAC inhibitory effects were comparable
to those of approved synthetic HDAC inhibitors including trichostatin A and sodium
butyrate. siRNA knockdown of ZEB1 was also observed, leading to downregulated
expression of HDACs in NSCLC cells. These findings suggest that silymarin is
effective in inhibiting the migration of lung cancer cells and can be developed as a
potential agent to prevent lung cancer metastasis [108].

34.3 Conclusion and Future Directions

Chronic respiratory diseases have brought enormous social, economic, and
healthcare burden, and they are increasingly prevalent globally due to the lack of
effective measures that can be utilized to combat these chronic respiratory diseases.
Therefore, the use of plant-based chemical moieties may be a promising approach in
the development of novel therapeutic agents for treating these diseases. Over the
years, many multifaceted approaches that involve the combination of biological,
chemical, and pharmacological aspects in discovering the potential benefits of plant-
based chemical moieties are performed both in vivo and in vitro. It is undoubtedly
that a diversity of plants has demonstrated remarkable potential in managing chronic
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respiratory diseases, attributed to their ability in targeting various signalling
pathways underlying the pathogenesis of these diseases. Nonetheless, the findings
obtained in those studies are still insufficient for an in-depth understanding of their
therapeutic potential in a scientific discipline. Further studies are needed to elucidate
their precise disease-targeting mechanisms at the molecular level, along with accu-
rate identification of the phytochemical constituent(s) responsible for the
documented pharmacological effects in chronic respiratory diseases.
Ethnopharmacological studies are also crucial to establish the parameters for safety,
toxicity, quality, and effectiveness of these plant-based chemical moieties. It is
anticipated that the field of phytotherapeutics will be of particular interest in the
future, as there is still a diversity of plants that are yet to be discovered and remain
unstudied across the world. Hence, scientific research and interdisciplinary
collaborations should be continued to explore further opportunities where plant-
based products can be directly extrapolated on human and to establish sufficient
evidence in which plant-based products can be used as effective therapeutic agents in
chronic respiratory diseases.
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Role of Phytoconstituents in Targeting
Cytokines for Managing Pathophysiology
of Lung Diseases

35
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Abstract

Normal lungs can be distressed by internal as well as external factors which can
be reason for producing diseases. The lungs respond against these factors via a
protective mechanism known as inflammation. Cytokines, small secreted
proteins, play a crucial role to control these inflammations, but overproductions
of cytokines create many respiratory diseases (responsible for high mortality
rates). These types of respiratory diseases are treated with the help of anti-
inflammatory agents to minimize the pulmonary inflammation. Medicinal plants
and drugs derived from plants have numerous therapeutic effects when utilized by
patients. Occurrence of several active phytoconstituents in plants is useful to treat
many types of inflammatory diseases. The use of medicinal plants and
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phytoconstituents (alkaloids, flavonoids, terpenes, and others) as curative tool in
pulmonary inflammation is increasing significantly. In the current book chapter,
the role of medicinal plants and phytoconstituents for the managing pathophysi-
ology of lung diseases is appraised.

Keywords

Phytoconstituents · Cytokines · Lung diseases · Interleukins · COPD

Abbreviations

CCL17 Thymus and activation-regulated chemokine (also known
as TARC)

COPD Chronic obstructive pulmonary disease
CTGF Connective tissue growth factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
IL Interleukin
MCP-1 Monocyte chemotactic protein (also known as CCL2)
PARC Pulmonary and activation-regulated chemokine (also known as

CCL18)
PDGF Platelet-derived growth factor
RANTES Regulated and normal T-cell expressed and secreted
SDF-1/CXCL12 Stromal cell-derived factor-1
TGF-β Transforming growth factor beta
TNF-α Tumor necrosis factor alpha
TSLP Thymic stromal lymphopoietin
VEGF Vascular endothelial growth factor

35.1 Introduction

Lung disease frequency has been expanding, and it is identified with reasons for
death for quite a long time. Among the lung maladies, asthma, chronic obstructive
pulmonary disease (COPD), and acute respiratory distress syndrome (ARDS) are the
well-known and responsible for high mortality and morbidity rates [1–3]. Most of
the lung diseases commonly consist of lung inflammation which may be chronic or
acute [4]. Entry of foreign materials in the lung caused inflammation that is part of
cellular response. These responses are significant for the living cell, but chronic
inflammation might be injurious to the lung. Lung inflammation includes the
actuation of various inflammatory cells, such as lymphocytes, eosinophils,
macrophages, and neutrophils. These cells are a wellspring of various inflammatory
agents, for example, tumor necrosis factor (TNF-α), histamine, interleukins (IL-1β,
IL-4, IL-5, and IL-6), leukotrienes, prostaglandins, and nitric oxide. Secretion of
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inflammatory agents associated with the signals and symptoms detected in lung
ailments, for example, lung function loss, obstruction and hyperresponsiveness in
airway, edema in airway, hypersecretion of mucus, and lung restoration
[3, 4]. Chronic diseases of the lungs like chronic obstructive pulmonary disease,
asthma, pulmonary fibrosis, airflow limitation, chronic inflammation, loss of elastic-
ity, emphysema, mucus hypersecretion, and bronchoconstriction have different
etiologies but also share usual characters in that they often involve repeated cycles
of injury to the respiratory epithelium (due to inhaled pollutants such as pathogens or
tobacco smoke), shared with dysregulated epithelial repair pathways and chronic
activation of inflammatory processes, collectively leading to incongruous production
of airway mucus, increased myofibroblast differentiation, fibroblast activation,
smooth muscle proliferation, etc., thereby subsequently resulting in airway
remodeling and decline in lung function. While differing in etiology, COPD and
asthma share clinical symptoms including coughing, wheezing, shortness of breath,
and sputum production [5]. Asthma, COPD, acute lower respiratory tract infections,
TB, and lung cancer are among the major five public causes of severe illness and
death globally [6].

Chronic obstructive pulmonary disease (COPD) is a disease of the airways and
other structures of the lung and causes a foremost health-care problem. Although
COPD usually exhibits at an older age as part of multi-disease, there is growing
indication that events early in life add to diminished lung function in adults, which
proposes that risk factors other than those already known (gases from cigarette
smoking and inhaled particles and biomass fuel) are essential in the disease’s
etiology [7]. COPD is not one single disease but an umbrella term used to describe
chronic lung diseases that cause restrictions in lung airflow. The most common
symptoms of COPD are breathlessness, or a “need for air,” excessive sputum
production, and a chronic cough. The WHO Global Alliance against Chronic
Respiratory Diseases was established with the goal of reducing the load of chronic
respiratory diseases, toward a world in which all individuals breathe freely, and
focuses on the needs of people with chronic respiratory diseases in low-income and
middle-income countries [8]. Worldwide, greater than 500 million people are
travailing from different lung diseases [9]. About 333 million people are affected
by asthma, the most common chronic disease of childhood affecting 14% of all
children globally. Millions of people are killed by pneumonia annually which is a
foremost cause of mortality among children below 5 years old. Each year over ten
million people develop tuberculosis (TB), and 1.4 million die from it, making it the
most common lethal infectious disease. Further each year lung cancer kills 1.6
million people and is one of the most deadly cancers [10]. Pulmonary inflammation
is a trademark of many respiratory diseases such as asthma, chronic obstructive
pulmonary disease (COPD), and acute respiratory syndrome distress (ARDS). Most
of these diseases are cured with anti-inflammatory therapy in order to avoid or to
reduce the pulmonary inflammation.

In the modern world, approximately 81% of the present worldwide population
depends on the use of herbal medicines for their principal health care and other
necessities which signifies the possibility of herbal medicines. Besides, herbal
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medicines have a specific range of therapeutic actions and are less toxic with rarer
adverse effects. According to the World Health Organization (WHO), all over the
globe, the use of herbal medicines surpasses conventional drugs by a factor two to
three times [11]. Currently, herbal medicines have regained their status for treatment
of lung diseases with their effectiveness and safety feature being strongly sustained
by controlled clinical trials [12]. In recent years herbal medicine-derived natural
products have been used in traditional medicine, and scientific studies to evaluate the
value of these compounds have developed. Various constituents obtained from plant
origin have biological effects in vitro and in vivo, comparatively flavonoids,
alkaloids, and terpenoids. The respiratory tract is a vital site of immune regulation,
required to allow protective immunity counter to pathogens, while avoiding irregular
inflammatory responses to inhaled allergens and reducing tissue damage. Numerous
cell types work in a group to control pulmonary immune responses and preserve
tolerance in the respiratory tract, together with regulatory and effector T cells, airway
and interstitial macrophages, dendritic cells, and the airway epithelium. The
cytokines transforming growth factor β, interleukin (IL-) 10, IL-27, and IL-35 are
main coordinators of immune regulation in tissues, for example, the lung. Numerous
cell types are associated in the regulation of immune responses in the lung, including
FoxP3+ and FoxP3- regulatory T-cell (Treg) subsets [13], resident airway
macrophages (AMs) [14], interstitial macrophages (IMs) [15], dendritic cells
(DCs) [16], and the alveolar epithelia and conducting airway [17], emphasizing
the significance of cell-cell communication in directing pulmonary immunity. This
kind of cellular interactions in the immune system is subject to signaling mediated by
cytokines. Various natural constituents from different plants can target the cell-
signaling pathway showing valuable activity in contrast to respiratory disease
(Figs. 35.1 and 35.2). The natural products which serve as a storehouse of essential
chemotherapeutics contain alkaloids, flavonoids, and terpenes that produce desired
effects against chronic respiratory diseases. These also hasten the development of
novel drug systems by providing appropriate pharmacophores for generating opti-
mum effect against the target pathways connected with the manifestation of respira-
tory ailments. This book chapter presents a brief discussion on the effects of various
phytoconstituents like alkaloids, flavones, and terpenes for stopping the conven-
tional and emerging respiratory disorders and their role in chronic lung disease and
cytokines. The pathophysiology of COPD reveals chronic inflammation in the lung
parenchyma intervened by macrophages, neutrophils, and cytotoxic (CD8+) T
lymphocytes [18]. Plant-derived products have been utilized traditionally in various
periods of civilization from ancient time, and the consumption of medicinal plant-
based products has been expanding significantly [19]. Notwithstanding, various
plant-based moieties considerably affect cellularly, and proof of the beneficial
effects of plant-based moiety in inflammatory lung diseases has been growing [19].
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35.2 Cytokines and Type of Cytokines

Cytokines are lesser, secreted monitoring proteins that act a significant role in
immune habitat. Cytokines are involved in cell-cell communication and control
several activities with cell existence, cell growth, and orientation of gene appear-
ance. Elevated levels of cytokines are produced during an adaptive immune reaction
by CD4+ “helper T cells” (TH) for different purposes. These helper T cells can
develop TH1 cells creating high levels of interferon (IFN); TH2 cells producing high
levels of interleukin (IL)-13, IL-5, and IL-4; or TH17 cells making high levels of
IL-17 [20]. Cytokines are involved variously in COPD, asthma, and pulmonary
fibrosis in different ways, so give significant targets for therapeutic action
(Table 35.1).

35.2.1 Etiology and Therapeutics of COPD

The obsessive components influencing COPD are different and unpredictably
connected. In the falling apart advancement of COPD, different incendiary middle
components are delivered from epithelial cells and also invaded incendiary cells in
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Fig. 35.1 Disease progression inhibition by targeting different cell-signaling pathways by natural
products
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the lungs, comprising neutrophils, macrophages, and T lymphocytes. Tumor necro-
sis factor-α (TNF-α), interleukin-1 (IL-1) and IL-6 (proinflammatory cytokines), and
chemokines containing IL-8 initiate and pull in the surrounding cells during obses-
sive measure. Transforming growth factor-β (TGF-β) has been accounted for to
cause route fibrosis, prompting airway obliteration. Many hypotheses have been
established for inhibition of cytokines or their receptors. The IL-1β and IL-18 (major
component of the inflammasome) are considered as active targets toward different
inflammasome constituents [21, 22]. Reactive oxygen species (ROS) are also
involved in provoking COPD. High ratio of oxidants is obtained in tobacco-smoking
person which facilitates a range of free radicals with ROS. Oxidative hassle with an
additional production of ROS increases the inflammatory responses and progresses

Fig. 35.2 The possible mechanism behind the effects of natural products is to reduce pulmonary
inflammation in respiratory diseases. Natural products reduce the pulmonary inflammation by the
inhibition of the transcription of NF-κB to the nucleus, hence stopping the progress of all the
inflammatory processes triggered by an allergen, cigarette smoke, virus, or bacteria. Thus, these
natural products can reduce inflammatory cytokine release and oxidative stress

Table 35.1 List of cytokines implied in COPD, pulmonary fibrosis, and asthma pathogeneses

COPD Pulmonary fibrosis Asthma

IL-6, IL-8, IL-32, IL-18,
IL-17, TNF-α, TGF-β, IL-1,
TSLP

IL-1, IL-17,IL-10, CTGF,
IL-4, IL-13, MCP-1,
GM-CSF
CCL17, PARC/CCl18
SDF-1/CXCL12, oncostatin
M
PDGF

IL-17, IL-4, IL-5, IL-13, IL-25,
IL-33, TSLP
eotaxin, VEGF, IL-1, IL-8,
IL-18, TNF-α, RANTES,
GH-CSF
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the pathological steps involved in COPD. However, many molecules attached like
NADPH oxidase, nuclear erythroid-2-related factor 2 (Nrf2), myeloperoxidase, and
superoxide dismutase can be viewed as targets for COPD remedy. Moreover the
disproportion between proteases as well as anti-proteases leads to alveolar wall
annihilation. Mainly, matrix metalloproteinase (MMP) and neutrophil elastase are
involvedly controlled in COPD remedy. Various studies denote that the initiation
and/or raised expression of matrix metalloproteinases such as MMP-2, MMP-9, and
MMP-12 are closely linked to the development of COPD [23]. In other studies,
sirtuins were indicated to be deeply attached in COPD. The behavior of
sirtuin 1 expression is reduced in the lungs of COPD patients. The stimulation of
sirtuin 1 and 6 has been shown to have defensive effects against COPD [24], and
sirtuin activators maybe will be used for COPD treatment.

35.3 Effect of Various Phytoconstituents in Chronic Lung
Disease and Cytokines

3.1 Alkaloid
3.2 Flavonoid
3.3 Terpenes
3.4 Miscellaneous.

35.3.1 Alkaloids

The alkaloids have played a historical role in the management of various lung
diseases (e.g., burnt Atropa belladonna fumes) in different cultures. Some alkaloids
which show bronchodilatory effects like l-vasicinone, vasicinolone, vasicine,
deoxyvasicine, vasicinal, moringine, maiontone, and trigonelline reduced blocking
in airways; piperine and dergamine act as a respiratory stimulant and several with a
potential role in the effective management of numerous lung diseases [25]. For the
treatment of respiratory disorder, some structure-based alkaloid medicinal
compounds are classified as follows.

35.3.1.1 Iso-steroid Alkaloids
Liu et al., 2020, reported the beneficial potential of six iso-steroid alkaloids (1–6,
Fig. 35.3) found from Fritillaria cirrhosa bulbus contrary to the CS-induced oxida-
tive stress in RAW264.7 macrophages. Reportedly, the recognized six test alkaloids
pointedly mitigated the production of reactive oxygen species (ROS), increased the
level of antioxidant molecule glutathione (GSH), and stimulated the Nrf2-induced
expression of HO-1 protein. Primarily, glucoside moiety at carbon-3 position in
alkaloid 2 and the lack of β-OH at carbon-17 position in alkaloid 5 caused a higher
GSH/GSSG ratio. Also, the occurrence of β-CH3 substituent at carbon-20 position in
alkaloid 3 favored its efficacy and acceptable cytotoxicity. The presence of �OH
substitution at carbon-3 position in all the test alkaloids confirmed the importance for
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inducing HO-1 expression, which debilitated in the presence of C¼O group at the
same position [26].

35.3.1.2 Indole and Quinolone Alkaloids
Zhao et al., 2017, reported the pharmacokinetics and therapeutic effects of alkaloids
(7–10, Fig. 35.4), found from Alstonia scholaris, on ovalbumin-induced airway
allergic inflammatory model [27]. These compounds downregulated the stages of
eosinophils and leukocytes, which was established by histopathological analysis of
lungs. Significantly, the test alkaloids reduced the secretion of proinflammatory
cytokine IL-4, a significant mediator of allergic responses, ultimately resulting in a
significant reduction of pulmonary eosinophils and balancing the increase of immu-
noglobulin E (IgE) in serum. Besides, these alkaloids exhibited usefulness for the
treatment of postinfectious symptoms in animal models by alleviating the levels of
inflammatory cytokines followed by downregulation of the expression of IL-6 [28].

Fig. 35.3 Compilation of iso-steroid alkaloids
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35.3.1.3 Quinazoline Alkaloids
Liu et al., 2015, isolated quinazoline from the aerial parts of Peganum harmala L
alkaloids (11–13, Fig. 35.5) and confirmed their expectorant, antitussive, and
bronchodilating properties in animal models. The alkaloids excellently depressed
the symptoms accompanying capsaicin-induced acute pulmonary inflammation at
doses 5, 15, and 45 mg/kg, associated with codeine phosphate administered at
30 mg/kg. Additionally, the bronchodilating test confirmed that the test alkaloids
extensively prolonged the preconvulsive times in animal models, greater to the
standard drug aminophylline, thus confirming the potency of these alkaloids for
treating bronchial asthma [29].

35.3.1.4 Bisbenzylisoquinoline
Alkaloids isolated from Cissampelos sympodialis “warifteine” (14, Fig. 35.6) show
distinguished efficacy in airway hyperreactivity in the animal model of asthma
[30]. Oral pretreatment with the test alkaloid warifteine in animal models expres-
sively reduced the allergen-induced airway hyperreactivity (AHR) to inhaled
methacholine. Furthermore, it also reduced the IL-13 levels in bronchoalveolar
lavage, which supports as the key regulator of AHR [31]. Kim et al., 2019,
recognized natural bisbenzylisoquinoline alkaloids 15, 16, and 17 (Fig. 35.5)
from Stephania tetrandra, which inhibited human coronavirus OC43 infection of
MRC-5 human lung cells at its early stages [32]. Coronaviruses infect the respiratory
system, thus exhibiting severe conditions such as bronchiolitis and pneumonia
[33]. The test alkaloids reportedly controlled the replication of human coronavirus
OC43 and controlled the expression of viral protein and the virus-induced response
of the host MRC-5 cells. Notably, alkaloid 15 (Fig. 35.5) activated the p38 mitogen-
activated protein kinase (MAPK) pathway in the virus-infected cells, which ulti-
mately improved their feasibility with the least signs of cytotoxicity. The MRC-5
cells exposed to the test alkaloids exhibited negligible expression of
proinflammatory cytokines, which are then upregulated by the virus infection [34].

35.3.1.5 Benzophenanthridine
Kim et al., 2015, reported the alkaloid “chelidonine” isolated from Chelidonium
majus decreased the IL-4- and eotaxin-2-mediated eosinophilic airway inflammation

Fig. 35.5 Structure quinazoline alkaloids
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in asthmatic animal models (18 Fig. 35.7) [35]. The test alkaloid considerably
suppressed the level of eosinophils in the airways, additionally downregulating
eotaxin-2, interleukins, and cytokines in the bronchoalveolar lavage fluid (BALF).
Markedly, chelidonine-treated animal models revealed a significant decrease of CD4
+ and CD8+ T cells, Gr-1+/CD11b+, and 351 CD3/CCR3+ positive cells, which
otherwise exaggerate inflammation process by secreting Th2 cytokines and degran-
ulation of eosinophils [36].

35.3.1.6 Acridone Quinolone Alkaloids
Acridone quinolone alkaloids (19 and 20, Fig. 35.8) found from Pericarpium Citri
Reticulatae reportedly show significant anti-asthmatic activity. The administration

Fig. 35.6 Bisbenzylisoquinoline derivatives

Fig. 35.7 derivatives of benzophenanthridine
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of acridone quinolone alkaloids in animal models with histamine-induced asthma
downregulated eosinophil expression in bronchoalveolar lavage fluid and serum
accompanied by prominent attenuation of IgE, IL-4, and IL-5. The alkaloid con-
firmed spasmolytic effects on acetylcholine chloride-induced contractions in the
animal trachea [37].

35.3.2 Flavonoids

List is depicted in Fig. 35.9.

Fig. 35.8 List of acridone quinolone alkaloids

Fig. 35.9 List of flavonoids
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35.3.2.1 Quercetin
Quercetin is isolated from a variety of berry plants. It is polyphenolic flavonoid (3,
30, 40, 5, 7-pentahydroxyflvanone), brilliant citron yellow in color, isolated from
fruits and leafy vegetables, and vital part of the individual diet (approximately daily
intake; 50–800 mg/day). Despite attaining significance for its exceptional variety of
health benefits, which ensures it is an essential flavonoid for the enhancement of
novel and effective functional remedies and foods. Numerous investigational trials
have indicated that quercetin exerts many therapeutic effects against a wide range of
diseases [38]. A recent investigation suggested quercetin as having promising anti-
inflammatory properties in the management of airway allergic inflammation [39]. Its
prominent therapeutic potential is hindered by its high lipophilicity, low aqueous
solubility (0.48 μg/mL), and low oral bioavailability (  2%) [40, 41]. Quercetin
effectively reduces different serum cytokines TNF-α, IL1-β, IL-6, and nitric oxide
(NO), and the mechanism involves an increase in IL-10 secretion, an anti-
inflammatory cytokine. It also reduced lung permeability, the number of
macrophages and neutrophils, and the myeloperoxidase activity. Additionally quer-
cetin is effective in reducing COX-2, iNOS expression, HMGB1, and p65-nuclear
factor kappa B (NF-κB) [42].

35.3.2.2 Eriodictyol
Eriodictyol is a Chinese herb flavonoid isolated from Dracocephalum rupestre.
Eriodictyol has long been used as an antioxidant and anti-inflammatory agent.
Eriodictyol effectively improves lipopolysaccharide (LPS)-induced acute lung
injury (ALI) in mice which is shown by stopping the expression of inflammatory
cytokines in macrophages and regulating the transcription factor nuclear erythroid-2-
related factor 2 (Nrf2) pathway [43].

35.3.2.3 Kaempferol
Kaempferol is a naturally occurring flavonoid [44]. Kaempferol is the main glyco-
side found in family Zingiberaceae Kaempferia rhizomes, present in several plants
and plant-derived foods while evaluated in ALI models induced by LPS, appearing
effective in decreasing pulmonary edema as well as the bleeding and width of the
alveolar wall. Kaempferol also inhibited the inflammatory cells and complete protein
in the BALF and cytokines, IL-1β and IL-6, and TNF-α. Despite the increase in
superoxide dismutase action, the mechanism of action is controlled by signaling
pathways MAPK and NF-κB [45].

35.3.2.4 Luteolin
Luteolin is a naturally occurring flavonoid biphenol (3 ,4  ,5,7-tetrahydroxyflavone)
and is found in a variety of dietary fruits, spices, medicinal herbs, and vegetable
sources, including celery, peppers, carrots, oregano, olive oil, thyme, rosemary, and
peppermint; it possesses a range of pharmacological activities. Luteolin has
properties characteristically to prompt accumulation of O2; however, it reduces the
H2O2 concentration in lung cancer cells. Many scientific pieces of evidence reported
that luteolin has anti-inflammatory, antioxidant, neuroprotective, and anticancer
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effects. Luteolin has its anti-inflammatory activity by suppressing IL-17, IL-6,
IL-1β, and TNF-α [46–48]. Many studies suggested that pretreatment with flavonoid
luteolin reduced neutrophilic inflammation, pulmonary hemorrhage, and interstitial
edema. The mechanism to regulate pulmonary inflammation was because of the
reduction of cytokines such as KC, ICAM-1, and TNF-α content in the
bronchoalveolar lavage fluid (BALF). Management of oxidative damage and lipid
peroxidation was recognized by reduced activity of catalase and superoxide
dismutase. The mechanism behind the effects of luteolin is the inhibition of
NF-κB and the MAPK activity [49].

35.3.2.5 Sakuranetin
Sakuranetin (40,5-dihydroxy-7-methoxyflavanone) a flavonoid is mainly isolated
from the species Baccharis retusa (family: Asteraceae) [50]. Sakuranin is the chief
glycoside isolated from the bark of Prunus pseudo-cerasus for the first time by
Asahina et al. The reported asthma model suggested that sakuranetin flavonoid
prompts a reduction of the Th2 cytokines such as IL-5, eotaxin, and RANTES in
sensitized mice. Additionally, this flavonoid reduced the number of inflammatory
cells in the lung, mainly IgE and eosinophils in the ovalbumin-sensitized animal
model. Sakuranetin effects appear to be associated with the inhibition of NF-κB in
the lung [51].

35.3.2.6 Naringin
Naringin is a constituent of the dried unripe or ripe fruit peel of the Citrus grandis
“Tomentosa” (Exocarpium Citri Grandis); the BALF in a model of asthma using
guinea pigs has confirmed its effects by airway hyperresponsiveness and reduced
enhanced cough formation in the lungs and inhibited the increases in the leukocytes,
IL-4, IL-5, and IL-13 [52]. It was confirmed that after naringin administration,
inhibition of IL-4 and INF-δ levels, ovalbumin-induced increased airway resistance
(Raw), and eosinophil infiltration occurs [53].

35.3.3 Terpenes

List is depicted in Fig. 35.10.

35.3.3.1 Limonene
Limonene is present naturally in bushes (e.g., citrus and other fruits), vegetables,
spices, certain trees, and meats [54]. Limonene is a potential monoterpene in treating
lung inflammation. Reportedly, Dermatophagoides farinae animal model treatment
with limonene reduces the allergic airway inflammation, mainly by alleviating the
reactive oxygen species. The limonene exposure significantly decreases the levels of
TGF-β, interleukins-3/5, eotaxin, and MCP-1 in the bronchoalveolar lavages.
Besides, the limonene administration revoked airway fibrosis, goblet cell metaplasia,
and thickness of the lung’s smooth muscles. These outcomes confirmed the candi-
dature of limonene as a preventive agent in the asthmatic treatment [55].
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35.3.3.2 Carvacrol
Carvacrol (5-isopropyl-2-methylphenol) is a monoterpenoid phenol, mainly isolated
from some plant species like thyme, oregano, wild bergamot, as well as pepperwort
[56, 57]. Reports suggested that bronchoalveolar lavage fluid of the sensitized
animal models of carvacrol exerts a relaxant effect on the trachea’s smooth muscles
by decreasing the total number of WBC, monocyte, neutrophil, and eosinophil count
in the human blood [58].

35.3.3.3 Thymol
Thymol (2-isopropyl-5-methylphenol, IPMP) is a naturally occurring phenol
extracted from various plant sources, such as Thymus, Satureja, Euphrasia
rostkoviana, Lippia, and Coridothymus. Additionally, it is also present in different
amounts in the essential oil of some plant sources belonging to the genera Thymus
(thyme), Carum (ajowan), and Origanum (Origanum) [59]. Thymol has reported
several pharmacological activities and biological properties such as antioxidant,
anti-infectious, antifungal, anesthetic, analgesic, antibacterial, and antiparasitic
properties; it has potential as an immunomodulator and growth promoter. Thymol
is the chief constituent of thyme oil and other natural plant sources with a low water
solubility and phenolic structure [60]. Some thymols are terpene alcohols, terpenes,
aldehydes, ketones, esters, ethers, and phenolic derivatives [61, 81]. The therapeutic
effects in lung tissues of thymol in animal models with LPS-induced acute lung
injury showed improved pathological changes. Reportedly, thymol administration
caused the LPS-induced influx of the inflammatory cells, and metabolites, TNF-α,
and interleukins decreased in bronchoalveolar lavage fluid [55].

In addition, thymol also controlled the LPS-mediated upsurge of MDO and MPS
levels and significantly depressed the activity of SOD by this means, pausing the
activation of NF-κB in the lungs. These localized enzymes mainly affect the

Fig. 35.10 Derivatives of terpenes
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adhesion and margination of neutrophils in the lung, thereby causing severe lung
injury [62].

35.3.3.4 Thymoquinone
Thymoquinone (2-methyl-5-isopropyl-1,4-benzoquinone), a monoterpene molecule,
is found in seeds of Nigella sativa L. and belongs to the Ranunculaceae family. The
ameliorative protective effects of thymoquinone on the LPS-induced pulmonary
vascular damage appear because of the presence of thymoquinone, which causes
the downregulation of proinflammatory cytokines and interleukins. Furthermore,
thymoquinone administration reduced the expression of NF-κB, TNF-α, and IL-1β
in the respiratory airways produced due to the LPS sensitization [63]. Thymoquinone
also guards against respiratory damage caused by cigarette smoke by alleviating the
expression of proinflammatory leukotrienes, thromboxanes, prostaglandins, and
prominently IL-1β, the prime biomarker cytokine in cigarette smoker’s lung [64].

The protective effects of thymoquinone reportedly attenuated the expression of
IL-4/5 and enhanced the expression of platelet endothelial cell adhesion molecule1
(CD31) and α-smooth muscle actin (α-SMA) in ovalbumin-sensitized asthma animal
models. Moreover, thymoquinone for asthma amelioration deactivated VEGFR2-
PI3K-Akt pathway and upregulated the expression of Slit glycoprotein-2 (Slit-2),
which validates its anti-neoangiogenesis effect [65].

35.3.3.5 Farnesol
Farnesol (sesquiterpenols) contains 15 carbon atoms that exist extensively in fruits
like peaches, vegetables like tomatoes and corn, herbs like lemongrass and chamo-
mile, and in the volatile oils of ambrette seeds and citronella [66, 67]. It has been
reported that farnesol is active against oxidative stress, inflammation, and lung injury
brought by intratracheal instillation of cigarette smoke extract in rats [68]. Farnesol
inhibits inflammation in the lungs and airways in asthmatic mice by restoring the
discharge capability of peritoneal macrophages and decreased TNF-α/IL-10 cyto-
kine secretion ratios, which indicates that farnesol might enhance general immunity
[69]. The isoprenoid farnesol holds outstanding antinociceptive and
chemopreventive strength and proves protection against chronic lung inflammation,
oxidative stress, and lung injury produced by cigarette smoke. Farnesol showed
protective action of the lung by dropping LDH levels and lowered activity of
reduced glutathione reductase (GR), glutathione (GSH), glutathione peroxidase
(GPx), and catalase enzymes. The lowered H2O2 content in lung cells further
confirmed the lung cells’ cytoprotective effects against cigarette smoke. Farnesol
was found effective in the alleviation of benzopyrene-induced respiratory stress in
animal models. In many animal models (lung tissue), farnesol was able to sustain
optimal levels of phospholipids and transformed the catalytic activity of benzopy-
rene enzymes NADPH-cytochrome P450 reductase, glutathione S-transferase
(GST), and microsomal epoxide hydrolase (mEH). All results proved farnesol’s
defensive action against benzopyrene-induced lung inflammation, edema, and epi-
thelial damage [70].
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35.3.4 Miscellaneous

List is depicted in Fig. 35.11.

35.3.4.1 Sulforaphane
Sulforaphane (SFN) is a natural dietary phytonutrient; isothiocyanate group of
organosulfur compounds presents in many cruciferous family and is the maximum
in broccoli sprouts, cabbage, broccoli, and kale. Numerous studies have shown that
sulforaphane retains strong antioxidant properties. The inflammatory properties of
particulate, such as smoke and tobacco, were blocked by SFN; airborne pollutants
produce inflammatory properties which are controlled by SFN by upregulation of the
phase II enzymes in the respiratory epithelial cells. Sulforaphane binds to the
cysteine residues of NF-κB and thus prevents NF-κB activation; SFN is the effective
inducer of PII enzymes and is supposed to perform through stimulation of the Nrf2
transcription factor and the antioxidant response element (ARE) [71]. Inflammatory
effects of oxidative stress in respiratory airway passages in human subjects are
reduced by SFN. Additionally, it provokes the symptoms of mucosal phase II
enzymes in the upper airway passage [72].

35.3.4.2 Curcumin
Curcumin a polyphenol is an active secondary metabolite obtained from in Curcuma
longa. Curcumin I plays an immunomodulatory role as it regulates the inflammatory
expression of cytokines (IL-1, IL-6, TNF-α, TGF-β) in alveolar cells. In COPD
conditions, it prevents the harmful cardiovascular events by decreasing the athero-
sclerotic AT-LDL levels [73].

35.3.4.3 Caffeic Acid
Caffeic acid (CA) (group of hydroxycinnamic acid) [74, 75] is made up of two
functional groups phenolic and acrylic and is present in the bark of Eucalyptus
globulus [76, 77]. CA is used in various food supplements to improve exercise-
related fatigue, increase athletic performance, encourage weight loss, and avoid
cancer due to its antioxidant properties [78, 79]. Khayyal et al. 2003 reported CA
considerable inhibition in the improvement of ventilatory functions in human asthma
subjects by lessening in proinflammatory factors TNF-α, IL-6, IL-8, ICAM-1,
prostaglandins E2 and F2α, leukotriene D4, and the upsurge in IL-10 [80].
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35.4 Conclusion

Lung disease is a usual and serious reason of sickness and death worldwide.
Medicinal plant-based drugs may be considered as important remedies for manage-
ment of lung diseases. Various compounds present in plants including alkaloid (e.g.,
imperialine, vasicine, picrinine), flavonoids (e.g., quercetin, eriodictyol,
kaempferol), terpenes (e.g., limonene, thymol, carvacrol), etc. show potent activity
in lungs diseases by different pathways.

Conflict of Interest The authors confirm that this article has no conflict of interest.
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Abstract

In present times cancer is among one of the deadliest diseases of the world.
Mutations in DNA lead to uncontrolled cell growth and cell proliferation
resulting in cancer. Lung cancer not only contributes to an estimated 1.2 million
deaths per year but is also known to have the lowest 5-year survival rate. Genomic
mutations severely affect the signaling pathways which lead to the formation of
tumors and progression of disease. A deep study of these pathways would help in
the development of specific drugs which would help in targeting dysregulated
pathways. However, current ongoing chemotherapy and other treatments are
accompanied by a lot of side effects. A number of phytochemicals have antitumor
potential and also are nontoxic toward other body cells. Utilization of these
beneficial properties could play a role in providing a cost-effective and environ-
ment friendly way of cancer treatment. However, many previous supplementation
trials have also shown inconsistent results. This chapter evaluates the limitation of
current anticancer drugs available and the potential of phytochemicals as novel
therapeutic against lung cancer.
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36.1 Introduction

In present times cancer is among one of the deadliest diseases of the world.
Mutations in DNA lead to uncontrolled cell growth and cell proliferation resulting
in cancer. Lung cancer not only contributes to an estimated 1.2 million deaths per
year but is also known to have the lowest 5-year survival rate [1]. Genomic
mutations severely affect the signaling pathways which lead to formation of tumors
and progression of disease. A deep study of these pathways would help in develop-
ment of specific drugs which would help in targeting dysregulated pathways.
However current ongoing chemotherapy and other treatments are accompanied by
a lot of side effects. A number of phytochemicals have antitumor potential and also
are nontoxic toward other body cells. Utilization of these beneficial properties could
play a role in providing a cost-effective and environment friendly way of cancer
treatment. However, many previous supplementation trials have also shown incon-
sistent results. This chapter will evaluate the limitation of current anticancer drugs
available and the potential of phytochemicals as novel therapeutic against lung
cancer.

36.2 Causes of Lung Cancer

Lung cancer is of two types, small cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC). Among the two, NSCLC is more common and also develops
slowly, while SCLC is rarer with frequent growth and is usually well developed with
metastasis even at the time of diagnosis. Smoking is the most common cause of lung
cancer responsible for about 85% of NSCLC and SCLC. More than 70 carcinogens
are known to be present in tobacco smoke, most common being them nitrosamine
ketones and polycyclic aromatic hydrocarbons. These carcinogens lead to genomic
mutation by DNA adduct formation [2]. This formation occurs as a result of the
metabolism of the carcinogens by cytochrome P450, CYP family enzymes, and
glutathione-S-transferases (GSTs). The function of these enzymes is changed in
most of the signaling pathways involved in lung cancer. Oncogenes lead these
changes in the enzymes resulting in uncontrolled proliferation, malignant
phenotypes, and evasion of apoptosis [3]. Persistent presence of these DNA adduct
formations causes severe transversion mutation in p53 and Ras gene. In nonsmokers
these mutations are more of transition type. Genes susceptible to lung cancer are
generally those involved in metabolism of carcinogens and repair of DNA. How-
ever, less than 20% of smokers develop lung cancer indicating that susceptibility of
these genes is determined by genetic changes. In the past incidences of increased
lung cancer risk have also been associated with homozygous deletion of GSTM1 and
number of polymorphisms that occurs at cytochrome P450 1A1 gene [4, 5].

Most of the molecular changes that occur during lung cancer are related with
changes in oncogenes and tumor suppressor genes. Point mutations, loss or gain of
complete chromosome, loss of heterozygosity, and changes in microsatellite DNA

806 A. Dubey et al.



are some of the events which contributes to previously mentioned molecular changes
[6, 7].

Among the SCLC, NSCLC, and other cases of tumors recognized by different
clinical outcomes, molecular differences have been observed [8]. In case of SCLC,
overexpression of tyrosine kinase receptors, multiple chromosome aberrations, and
deletion of site-specific chromosome-containing tumor suppressor p53 gene have
been observed. Amplification of 1p, 2p, and 3q and deletion of 18q have also been
observed in SCLC cell line contributing to more aggressive phenotype of disease
[9]. Loss of 3p allele is considered to be an early event in LC pathogenesis and is
recorded in almost 90% of SCLC cases [10].

Although tobacco consumption is still considered the major lung cancer-related
risk, family history has been known to contribute 2.5-fold increased risk [11]
indicating a major susceptibility risk at 6q23–25 locus [12].

36.3 Signaling Pathways in Lung Cancer

Most of the genetic abnormalities of lung cancer can be linked to the alterations
occurring in various signaling pathways. These alterations are now targeted for
therapy. Oncogenes stimulate the pathways leading the cells toward a malignant
phenotype. Oncogene addiction is a unique property exhibited by tumor cells in
which tumor cells get addicted to the abnormal functions due to mutated oncogenic
protein. Once the targeted drugs inhibit this function, cells die, providing a chance
for better pharmacogenetic progress. Normal cells being resistant to targeted drugs
are not harmed. This resistance is due to the lack of mutant proteins [13].

36.3.1 Epidermal Growth Factor Receptor Pathway

Receptor of tyrosine kinases (RTKs) forms a group of 58 surface growth factor
receptor with ligand-mediated tyrosine kinase activity [14]. EGFR (ERBB1, HER1),
ERBB2 (HER2, Neu), ERBB3 (HER3), and ERBB4 (HER4) constitute the family of
four RTKs known as HER/ErbB family. TK domain of the four genes shows the
greatest sequence homology. Different ligands cause activation of different family
member. For EGFR, epidermal growth factor transforms growth factor-α and
amphiregulin. Once the ligand binding is complete, formation of homodimer or
heterodimer occurs resulting in activation of tyrosine kinases and receptor
transphosphorylation. This causes activation of a number of other pathways includ-
ing Ras, PI3K. Major cause of this activation is the formation of docking sites for
various cytoplasmic signaling molecules. In NSCLC EGFR deregulation has been
observed. Overexpression of EGFR protein was observed in NSCLC of squamous
cells and ADC subtypes by Hirsch et al. [15]. Overexpression of EGFR is also
related with adverse prognosis of the disease [16].

EGFR activation is often linked with cell proliferation and survival through
various pathways including RAS/MAPK and PI3K/AKT pathway [17]. In
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approximately 10–30% of NSCLC cases, KRAS and EGFR mutations have been
observed [18]. Both EGFR and KRAS mutations are associated with ADC histology
but differ in their association with East Asian ethnicity, male-female sex, and
smoking status. EGFR mutations are more frequently seen in East Asians, female
sex, and nonsmokers, while that of KRAS is very rare in East Asians and targets
smokers and male [19]. Critical regions of TK domain associated with downstream
signaling are major target of mutations including insertion, deletion, and point
mutations. However, deletion in exon 19 and point mutation L858R in exon
21 constitute 85% of mutation.

EGFR was among the first selected pathway for target therapy. Initially mono-
clonal antibody was used for blocking the ligand receptor interaction. Recently small
molecule reversible TK inhibitors are used. A number of inhibitors have already
been used in preclinical trials. Afatinib is one such inhibitor which blocks ErbB
family irreversibly and has shown preclinical activity in NSCLC with EGFR muta-
tion. In phase 2 trial, in patients of advanced lung carcinoma with EGFR mutations,
afatinib showed antitumor activity [20]. In another phase 2 trial, dacomitinib
(another irreversible EGFR inhibitor) was compared with erlotinib (reversible
EGFR inhibitor) in advanced NSCLC patients. Dacomitinib shows improvement
in progression-free survival with acceptable toxicity in comparison with erlotinib
[21]. The illustrated mechanism of EGFR signaling pathway is explained in
Fig. 36.1.

36.3.2 Estrogen Receptor Pathway

NSCLC has been recognized as an estrogen receptor-positive cancer; particularly
estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ) have been identified
in NSCLC cell lines and tissues [22, 23]. Among the two receptors, estrogen receptor
beta is more prominent in NSCLC with an overexpression of about 60–80% in lung
cancer tissue. Its levels were also found to be upregulated in lung tumor when
compared with normal lung tissues of same patient [24, 25]. ERβ expression has
been also linked with prognosis in patients. Interestingly studies have shown that
ERβ expression in men correlates to good prognosis while in women it indicates
poor prognosis [26–28]. ERα expression is less frequent than ERβ and is mostly
restricted to cases of lung tumor related with EGFR mutation [29]. In patients of
advanced lung disease, expression of ERα is associated with good prognosis [30].

Recently signaling pathways are being targeted to develop a better understanding
of underlying pathways and the role of estrogen in promoting lung carcinogenesis.
Once estrogen receptors (ERs) are activated, it can lead to lung carcinogenesis
through genomic or non-genomic pathway. In genomic pathway ER translocates
to the nucleus leading to transcription of genes, and in non-genomic pathway,
translocation of ER occurs to the cell membrane leading to activation of second
messengers and ion channels. The role of estrogen in NSCLC was studied, and it was
found that estrogen causes cell proliferation in NSCLC and also causes increased
growth of tumor, while antiestrogen drugs are found to reduce cell proliferation and
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tumor size [31, 32]. Estrogen through non-genomic pathways causes activation of
cAMP, MAPK, and AKT signaling pathways inducing cell proliferation. Estradiol
also causes cell cycle progression and proliferation through genomic pathway
promoting expression of c-myc, cyclin D, and Id proteins [33, 34].

Since estrogen plays a significant role in alteration of significant pathways,
estrogen receptor inhibitors are used in a number of clinical trials in preventing
malignancies. Fulvestrant is one such example which was used in NSCLC preclini-
cal study. It is a selective estrogen receptor degrader causing the destabilization and
degradation of estrogen receptors. In a mice model, the use of fulvestrant not only
inhibited tumor growth by 32% but also ERβ expression [35].

Co-treatment of fulvestrant and vandetanib (which is a multi-target inhibitor of
both EGFR and VEGFR) in NSCLC cell and xenograft model showed increase in
apoptosis, inhibition of tumor growth, and decrease in cell growth. This indicates
that fulvestrant enhances vandetanib effect by causing deactivation of EGFR path-
way by blocking estrogen-driven activation [36].

Fig. 36.1 A schematic representation of mechanism of EGFR signaling pathway in cancer
progression
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36.3.3 Insulin-Like Growth Factor Pathway

The insulin-like growth factor receptor (IGF) pathway consists of two ligands IGF-1
and IGF-2, six specific binding proteins (IGFBP-1–IGFBP-6) and proteases, and two
cell surface receptors IGF-1R and IGF-2R. Various evidences have suggested that
IGF pathway is involved in a number of malignancies including NSCLC and SCLC
[37, 38]. Tumor lung tissues have been known to show high expression of IGF, and
tumor cells show autocrine production of IGF [39–41]. Overexpression of IGF-2 has
been recorded in both SCLC and NSCLC cell lines [42]. In a mouse model,
increased metastatic activity was reported after intrasplenic injection of lung cancer
cell lines transfected with IGF-1R receptor [43]. In another study one of the four
SCLC cell line and all four NSCLC cell line showed low IGFBP-3 expression level.
High levels of IGFBP-3 are associated with reduced lung cancer risk [44]. In
NSCLC patients, hypermethylation of IGFBP-3 promoter is associated with poor
survival rate, with 38% 5-year survival rate in patients with IGFBP-3
hypermethylation as compared to 64% survival rate in patients without
hypermethylation [45].

IGF pathway disruption also presents target for therapeutics. In NSCLC cell,
A549 IGF-1R signaling pathway disruption not only shows tumor inhibition but also
shows increase in sensitivity to apoptotic inducing agent [46, 47]. Monoclonal
antibodies have also been used to disrupt IGF signaling pathway and seem to act
by downregulation of IGF-1R [48]. In an in vitro study of 6 NSCLC cell line, the
effect of anti-IGF-1R monoclonal antibody was studied in blockage of IGF-1R
function. It was found that in one cell line it showed synergistic effect and increases
the cytotoxic effect of radiation; in another cell line, an additive effect was observed;
and in another cell line, subadditive effect was observed [49]. In an animal model,
complete inhibition of tumor growth was recorded when anti-IGF-1R monoclonal
antibody was combined with vinorelbine or an anti-epidermal growth factor receptor
antibody [47].

36.3.4 Hedgehog Signaling Pathway

HH pathway during embryogenesis regulates morphogenesis of various organs, and
in even adults, HH pathway regulates renewal of stem cells and maintenance of
organ homeostasis [50, 51]. Sonic hedgehog (SHH), Indian hedgehog (IHH), and
desert hedgehog (DHH) are three ligands recognized in canonical HH signaling
pathway. Each HH ligand has their own specific spatial and temporal expression
patterns and binds to a 12-pass spanning membrane receptor, PTCH, activating HH
signaling. However, in the absence of ligands, PTCH does not activate HH signaling
and continues to suppress activity of SMO which is a member of G-protein-coupled
receptor family, a 7-pass membrane spanning protein [52]. HH signaling pathway is
found to have critical roles during embryonic lung development as well as postnatal
lung development [53].
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In many types of cancer including lung, colon, and stomach, constitutive action of
HH signaling has been observed and is supposed to promote cancer cell proliferation
and metastasis [54]. In SCLC cases cells involved in HH pathway are not found to be
mutated; however, in many SCLC cases, HH pathway was found to be activated
[55]. In a xenograft SCLC model of nude mice, it was observed that in
SHH-producing SCLC cells activation of HH pathway was observed and in
surrounding non-SHH-producing cancer cells activation of HH was not observed
indicating autocrine or juxtacrine activation of HH pathway in SCLC. Also, in a
mouse model, HH pathway activation causes progression in SCLC; SMO suppres-
sion reduced SCLC initiation and progression [56]. In NSCLC too HH activation is
found. In NSCLC cells epithelial to mesenchymal transition is associated with
aggressive nature of cells [57]. In A549 cells with mesenchymal phenotype,
upregulation of SHH ligand and GLI1 expression were observed as compared with
A549 cells. In A549 mesenchymal cells, HH pathway is supposed to be activated by
autocrine signaling. Also, suppression of HH pathway leads to suppressed cancer
cell migration and metastasis induced by TGF-β signaling [58]. In 5 of 10 human
NSCLC, reduced expression of HIP has been observed; HIP is a natural antagonist of
HH signaling [59].

In an experiment conducted by Park et al. in mouse xenograft model, a combined
treatment of etoposide and LDE225 (a SMO inhibitor) reduced tumor recurrence in
SCLC. Even in TKI-resistant NSCLC cell line, LDE225 reduces tumor growth
[56, 60].

36.3.5 Vesicular Endothelial Growth Factor Pathway (VEGF)

In the 1930s, an idea of tumor angiogenesis was proposed which explained the idea
of tumor having its own blood supply [61]. VEGF stimulates tumor angiogenesis.
VEGF constitutes family of growth factors which include VEGF-A, VEGF-B,
VEGF-C, VEGF-D, VEGF-E, and placenta growth factor (PIG). All these growth
factors promote cell proliferation and survival, cause inhibition of apoptosis, and
regulate endothelial cell permeability [62]. In both SCLC and NSCLC cases, high
levels of VEGF are related with poor prognosis [63, 64]. Different VEGF isoforms
show different results in clinical trials. In a study involving NSCLC, VEGF-A189

levels correlate with intra-tumor mean vascular density, disease recurrence, and
overall survival, while most abundant VEGF-A165 form did not show these clinical
correlation [65]). A recombinant VEGF-neutralizing antibody bevacizumab which
binds with all forms of VEGF-A isoform combinations has been tested along with
chemotherapy in a number of clinical trials of NSCLC patients. In colorectal cancer
use of bevacizumab along with chemotherapy resulted in both progression-free and
overall survival improvement [66, 67]. In 2004, in a phase II clinical trial of patients
having recurring NSCLC, the effect of bevacizumab was observed. It was found that
patients who received bevacizumab along with chemotherapy showed better recov-
ery rate than patients with only chemotherapy. While overall survival was also
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improved, some side effects were also observed. Most severe was that the bleeding
frequency was increased [68].

36.4 Limitations of Ongoing Cancer Therapy

The most common methods for cancer therapy include surgical removal of tumor,
chemotherapy, radiation therapy, immunotherapy, or combination of these
treatments. However, all of these treatments include side effects like restricted
metastasis, limited bioavailability, toxicity, nonspecific behavior, and fast clearance
[69–71].

Chemotherapeutic agents include cytotoxic and cytostatic drugs involving topo-
isomerase inhibitors like irinotecan and doxorubicin, alkylating agents like cisplatin
and cyclophosphamide, and microtubule-acting agent like vincristine, vinblastine,
etc. Although these chemotherapeutic agents are highly successful in treating cancer,
they have also been accompanied by severe side effects like neutropenia, sensory
neuropathy and diarrhea (irinotecan), cardiotoxicity (doxorubicin), nephrotoxicity,
cardiotoxicity, gastrointestinal toxicity, and pulmonary toxicity (cisplatin,
carboplatin) [71, 72]. These drugs are also not cost-effective and non-ecofriendly.

The main target of anticancer drugs are abnormally dividing cancer cells; how-
ever, in the body, a number of highly dividing normal cells are also present like hair
follicles, digestive tract cells, bone marrow cells, etc. These cells also get targeted by
these drugs and leads to GIT inflammation, hair loss, immunosuppression, decrease
in blood loss, and nervous disorders.

Sometimes after undergoing mutation, cancer cells start getting resistant to these
drugs. Like in human breast cancer cell MCF7, docetaxel application showed
overexpression of drug-resistant genes (ABCA 4 and ABCA 12). However, appli-
cation of curcumin along with docetaxel caused downregulation of drug resistance
[73]. This shows that monotherapy of cancer is not that successful. The use of
phytochemicals or their derived analogues along with these therapies can not only be
more effective but will also be less toxic as has been proven in extensive research
findings [74].

36.5 Phytochemicals as Novel Therapeutic Approach

Since ancient times, plants have been used as medicines. It has been estimated that of
all the plant species present, only 10% of them have been studied for medicinal
purposes. In different parts of the plants like flower, leaf, embryo, fruits, seeds, etc.,
various phytochemicals and their derived analogues are present having a number of
pharmacological functions. It has been found in various studies that phytochemicals
have the property to inhibit the progression of cancer [73]. Plant products shows
anticancer property by either inhibiting cancer cell-activating proteins, enzymes, and
signaling pathways or by activating DNA repair mechanism or by inducing
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antioxidant action [75, 76]. Some most potent phytochemicals and their derivative’s
structures are given in Fig. 36.2.

36.5.1 Vinca Alkaloids

Isolated from Catharanthus roseus of family Apocynaceae, vinca alkaloids are the
versatile phytochemicals which are used in therapeutic treatment of various types of
cancers including lung cancer. These phytochemicals (vincristine and vinblastine)
arrest the cell cycle at metaphase by binding with specific sites named tubulin
heterodimers and disrupt function of microtubules [77]. Vinorelbine, vindesine,
and vinfosiltine are semisynthetic derivatives of vinca alkaloids and are being used
currently alone or with some phytochemical combination against a large number of
cancers [78].

Fig. 36.2 Structure of some anticancer phytochemicals used in lung cancer treatment
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36.5.2 Cephalotaxus

Cephalotaxus alkaloids have been known to possess antitumor activity. This phyto-
chemical is also used against A549 lung cancer cell line by targeting molecular
events involved in protein synthesis as well as inhibiting protein synthesis, however,
not effecting protein elongation [79]. Harringtonine and isoharringtonine are isolated
from Cephalotaxus harringtonia. The FDA has approved the use of
homoharringtonine against chronic myelogenous leukemia in China, Japan,
Pakistan, the USA, and Germany [80].

36.5.3 Derivatives of Camptothecin

Camptothecin was first isolated from Camptotheca acuminata. A water-soluble
derivative of camptothecin is topotecan (TPT) and is known to have antitumor
activity against lung cancer. TPT is actually topoisomerase 1 inhibitor which
prevents DNA replication ultimately causing cell death [81]. The US Food and
Drug Administration has approved the use of intravenous formulation of this drug
for the treatment of SCLC patient at a recommended dose of 1.5 mg/m2 for
5 continuous days with treatment repeated after 3 weeks [82].

36.5.4 Celastrol

Celastrol isolated from the bark of Tripterygium wilfordii is another anticancer
compound. In 95-D lung cancer cells, celastrol inhibits heat-shock protein blocking
its interaction with Cdc37 and inducing apoptosis via caspase-3 enzyme [83]. In
another study, the effect of celastrol was observed in H1650 and H1975 two
gefitinib-resistant NSCLC cell lines. It was found that celastrol exerted an apoptotic
effect on cell lines in a time- and dose-dependent manner. Bax/Bcl 2 ratio was also
increased. Caspases were also activated. The level of EGFR and AKT was
downregulated; both are Hsp90 client proteins. These results proved the efficiency
of celastrol in treating NSCLC cells by causing degradation of Hsp90 client protein
and inducing caspase-dependent apoptotic pathway [84].

36.5.5 Resveratrol

Found in peanut, grapes, and mulberry, resveratrol is a naturally occurring polyphe-
nol. It has shown anticancer property against various types of cancers including lung
cancer. It mainly functions by upregulating P53- and Bcl-2-associated X proteins;
downregulation of MMPs, NF-kB, AP-1, Bcl-2, cyclins, cyclin-dependent kinases,
cytokines, and COX-2 proteins was also observed [85, 86]. The mechanism of action
of resveratrol also includes suppression of VEGF protein by reduction of MAP
kinase phosphorylation and inhibition of angiogenesis [87].
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36.5.6 Fisetin

A bioactive flavone molecule found in various fruits and vegetables such as grapes,
onion, apple, cucumber, etc. Fisetin inhibits both PI3K/Akt signaling pathway and is
used in the treatment of lung cancer [88]. Fisetin inhibits more than one type of
cancer. Fisetin induces apoptosis in both lung cancer and oral cancer. In lung cancer,
apoptosis occurs by inhibition of MAPK signaling pathway and in oral cancer by
inhibition of production of reactive oxygen species. In human renal carcinoma caki
cells, p53-mediated upregulation of DR5 expression induces apoptosis [89].

36.6 Conclusion

Cancer being a global menace requires immediate attention for better therapy, as
ongoing therapies are not only accompanied by severe effects but are also expensive
and not very reliable. An approach toward greener therapy would be very beneficial.
Phytochemicals would be the best alternative for this. Already a number of
phytochemicals are in use for the same. More research is required for the full
utilization of phytochemicals in revolutionizing cancer therapeutics. Not only as
alternate, phytochemicals can also be used along with ongoing therapeutics as it can
lead to a more effective treatment and risk of toxicity could also be reduced.

Acknowledgments AD and AK are grateful to the University Grants Commission-New Delhi for
providing financial support in the form of research fellowships. The authors acknowledge
DST-FIST, New Delhi, and UGC-SAP, New Delhi, for providing grants to generate research
facilities at the Department of Biochemistry of the University of Allahabad, India.

References

1. Kasala ER, Bodduluru LN, Barua CC, Sriram CS, Gogoi R (2015) Benzo(a)pyrene induced
lung cancer: role of dietary phytochemicals in chemoprevention. Pharmacol Rep 67
(5):996–1009

2. Hecht SS (1999) Tobacco smoke carcinogens and lung cancer. J Natl Cancer Inst 91
(14):1194–1210

3. Brambilla E, Gazdar A (2009) Pathogenesis of lung cancer signalling pathways: roadmap for
therapies. Eur Respir J 33(6):1485–1497

4. Schwartz AG, Prysak GM, Bock CH, Cote ML (2007) The molecular epidemiology of lung
cancer. Carcinogenesis 28(3):507–518

5. Paz-Elizur T, Sevilya Z, Leitner-Dagan Y, Elinger D, Roisman LC, Livneh Z (2008) DNA
repair of oxidative DNA damage in human carcinogenesis: potential application for cancer risk
assessment and prevention. Cancer Lett 266(1):60–72

6. Massion PP, Carbone DP (2003) The molecular basis of lung cancer: molecular abnormalities
and therapeutic implications. Respir Res 4(1):12

7. Park IW, Wistuba II, Maitra A, Milchgrub S, Virmani AK, Minna JD, Gazdar AF (1999)
Multiple clonal abnormalities in the bronchial epithelium of patients with lung cancer. J Natl
Cancer Inst 91(21):1863–1868. https://doi.org/10.1093/jnci/91.21.1863

36 Targeting Cellular Signaling Pathways in Lung Cancer and Role of. . . 815

https://doi.org/10.1093/jnci/91.21.1863


8. Zöchbauer-Müller S, Gazdar AF, Minna JD (2002) Molecular pathogenesis of lung cancer.
Annu Rev Physiol 64:681–708

9. Sattler M, Salgia R (2003) Molecular and cellular biology of small cell lung cancer. Semin
Oncol 30(1):57–71

10. Balsara BR, Testa JR (2002) Chromosomal imbalances in human lung cancer. Oncogene 21
(45):6877–6883

11. Amos CI, Xu W, Spitz MR (1999) Is there a genetic basis for lung cancer susceptibility? Recent
Results Cancer Res 151:3–12

12. Bailey-Wilson JE, Amos CI, Pinney SM, Petersen GM, De Andrade M, Wiest JS, Fain P,
Schwartz AG, You M, Franklin W, Klein C, Gazdar A, Rothschild H, Mandal D, Coons T,
Slusser J, Lee J, Gaba C, Kupert E, Perez A, Zhou X, Zeng D, Liu Q, Zhang Q, Seminara D,
Minna J, Anderson MW (2004) A major lung cancer susceptibility locus maps to chromosome
6q23-25. Am J Hum Genet 75(3):460–474. https://doi.org/10.1086/423857

13. Weinstein IB, Joe A (2008) Oncogene addiction. Cancer Res 68(9):3077–3080; discussion
3080

14. Robinson DR, Wu YM, Lin SF (2000) The protein tyrosine kinase family of the human
genome. Oncogene 19(49):5548–5557

15. Hirsch FR, Varella-Garcia M, Bunn PA, Di Maria MV, Veve R, Bremnes RM, Barón AE,
Zeng C, Franklin WA (2003) Epidermal growth factor receptor in non-small-cell lung
carcinomas: correlation between gene copy number and protein expression and impact on
prognosis. J Clin Oncol 21(20):3798–3807. https://doi.org/10.1200/JCO.2003.11.069

16. Nicholson RI, Gee JMW, Harper ME (2001) EGFR and cancer prognosis. Eur J Cancer 37
(Suppl 4):S9–S15. https://doi.org/10.1016/s0959-8049(01)00231-3

17. Sharma SV, Bell DW, Settleman J, Haber DA (2007) Epidermal growth factor receptor
mutations in lung cancer. Nat Rev Cancer 7(3):169–181

18. Eberhard DA, Johnson BE, Amler LC, Goddard AD, Heldens SL, Herbst RS, Ince WL, Jänne
PA, Januario T, Johnson DH, Klein P, Miller VA, Ostland MA, Ramies DA, Sebisanovic D,
Stinson JA, Zhang YR, Seshagiri S, Hillan KJ (2005) Mutations in the epidermal growth factor
receptor and in KRAS are predictive and prognostic indicators in patients with non-small-cell
lung cancer treated with chemotherapy alone and in combination with erlotinib. J Clin Oncol 23
(25):5900–5909. https://doi.org/10.1200/JCO.2005.02.857

19. Gazdar AF, Shigematsu H, Herz J, Minna JD (2004) Mutations and addiction to EGFR: the
Achilles “heal” of lung cancers? Trends Mol Med 10(10):481–486. https://doi.org/10.1016/j.
molmed.2004.08.008

20. Yang JCH, Shih JY, Su WC, Hsia TC, Tsai CM, Ou SHI, Yu CJ, Chang GC, Ho CL, Sequist
LV, Dudek AZ, Shahidi M, Cong XJ, Lorence RM, Yang PC, Miller VA (2012) Afatinib for
patients with lung adenocarcinoma and epidermal growth factor receptor mutations (LUX-lung
2): a phase 2 trial. Lancet Oncol 13(5):539–548. https://doi.org/10.1016/S1470-2045(12)
70086-4

21. Ramalingam SS, Blackhall F, Krzakowski M, Barrios CH, Park K, Bover I, Heo DS, Rosell R,
Talbot DC, Frank R, Letrent SP, Ruiz-Garcia A, Taylor I, Liang JQ, Campbell AK,
O’Connell J, Boyer M (2012) Randomized phase II study of dacomitinib (PF-00299804), an
irreversible pan-human epidermal growth factor receptor inhibitor, versus erlotinib in patients
with advanced non-small-cell lung cancer. J Clin Oncol 30(27):3337–3344. https://doi.org/10.
1200/JCO.2011.40.9433

22. Niikawa H, Suzuki T, Miki Y, Suzuki S, Nagasaki S, Akahira J, Honma S, Evans DB, Hayashi
SI, Kondo T, Sasano H (2008) Intratumoral estrogens and estrogen receptors in human
non-small cell lung carcinoma. Clin Cancer Res 14(14):4417–4426. https://doi.org/10.1158/
1078-0432.CCR-07-1950

23. Siegfried JM, Hershberger PA, Stabile LP (2009) Estrogen receptor signaling in lung cancer.
Semin Oncol 36(6):524–531. https://doi.org/10.1053/j.seminoncol.2009.10.004

24. Chakraborty S, Ganti AK, Marr A, Batra SK (2010) Lung cancer in women: role of estrogens.
Expert Rev Respir Med 4(4):509–518

816 A. Dubey et al.

https://doi.org/10.1086/423857
https://doi.org/10.1200/JCO.2003.11.069
https://doi.org/10.1016/s0959-8049(01)00231-3
https://doi.org/10.1200/JCO.2005.02.857
https://doi.org/10.1016/j.molmed.2004.08.008
https://doi.org/10.1016/j.molmed.2004.08.008
https://doi.org/10.1016/S1470-2045(12)70086-4
https://doi.org/10.1016/S1470-2045(12)70086-4
https://doi.org/10.1200/JCO.2011.40.9433
https://doi.org/10.1200/JCO.2011.40.9433
https://doi.org/10.1158/1078-0432.CCR-07-1950
https://doi.org/10.1158/1078-0432.CCR-07-1950
https://doi.org/10.1053/j.seminoncol.2009.10.004


25. Siegfried JM (2014) Smoking out reproductive hormone actions in lung cancer. Mol Cancer
Res 12(1):24–31

26. Skjefstad K, Grindstad T, Khanehkenari MR, Richardsen E, Donnem T, Kilvaer T, Andersen S,
Bremnes RM, Busund LT, Al-Saad S (2016) Prognostic relevance of estrogen receptor α, β and
aromatase expression in non-small cell lung cancer. Steroids 113:5–13. https://doi.org/10.1016/
j.steroids.2016.05.008

27. Baik CS, Eaton KD (2012) Estrogen signaling in lung cancer: an opportunity for novel therapy.
Cancers (Basel) 4(4):969–988

28. Schwartz AG, Prysak GM, Murphy V, Lonardo F, Pass H, Schwartz J, Brooks S (2005) Nuclear
estrogen receptor β in lung/cancer: expression and survival differences by sex. Clin Cancer Res
11(20):7280–7287. https://doi.org/10.1158/1078-0432.CCR-05-0498

29. Mazières J, Rouquette I, Lepage B, Milia J, Brouchet L, Guibert N, Beau-Faller M, Validire P,
Hofman P, Fouret P (2013) Specificities of lung adenocarcinoma in women who have never
smoked. J Thorac Oncol 8(7):923–929. https://doi.org/10.1097/JTO.0b013e3182904dfb

30. Li W, Tse LA, Wang F (2015) Prognostic value of estrogen receptors mRNA expression in
non-small cell lung cancer: a systematic review and meta-analysis. Steroids 104:129–136.
https://doi.org/10.1016/j.steroids.2015.09.005

31. Márquez-Garbán DC, Chen HW, Goodglick L, Fishbein MC, Pietras RJ (2009) Targeting
aromatase and estrogen signaling in human non-small cell lung cancer. Ann N Y Acad Sci
1155:194–205

32. Stabile LP, Gaither Davis AL, Gubish CT, Hopkins TM, Luketich JD, Christie N, Finkelstein S,
Siegfried JM (2002) Human non-small cell lung tumors and cells derived from normal lung
express both estrogen receptor α and β and show biological responses to estrogen. Cancer Res
62(7):2141–2150

33. Siegfried JM, Stabile LP (2014) Estrogenic steroid hormones in lung cancer. Semin Oncol 41
(1):5–16. https://doi.org/10.1053/j.seminoncol.2013.12.009

34. Tang H, Liao Y, Zhang C, Chen G, Xu L, Liu Z, Fu S, Yu L, Zhou S (2014) Fulvestrant-
mediated inhibition of estrogen receptor signaling slows lung cancer progression. Oncol Res 22
(1):13–20. https://doi.org/10.3727/096504014X14077751730315

35. Hershberger PA, Vasquez AC, Kanterewicz B, Land S, Siegfried JM, Nichols M (2005)
Regulation of endogenous gene expression in human non-small cell lung cancer cells by
estrogen receptor ligands. Cancer Res 65(4):1598–1605. https://doi.org/10.1158/0008-5472.
CAN-04-2694

36. Siegfried JM, Gubish CT, Rothstein ME, Henry C, Stabile LP (2012) Combining the
multitargeted tyrosine kinase inhibitor vandetanib with the antiestrogen fulvestrant enhances
its antitumor effect in non-small cell lung cancer. J Thorac Oncol 7(3):485–495. https://doi.org/
10.1097/JTO.0b013e31824177ea

37. Hofmann F, García-Echeverría C (2005) Blocking the insulin-like growth factor-I receptor as a
strategy for targeting cancer. Drug Discov Today 10(15):1041–1047

38. Tao Y, Pinzi V, Bourhis J, Deutsch E (2007) Mechanisms of disease: signaling of the insulin-
like growth factor 1 receptor pathway—therapeutic perspectives in cancer. Nat Clin Pract Oncol
4(10):591–602

39. Yu H, Spitz MR, Mistry J, Gu J, Hong WK, Wu X (1999) Plasma levels of insulin-like growth
factor-I and lung cancer risk: a case-control analysis. J Natl Cancer Inst 91(2):151–156. https://
doi.org/10.1093/jnci/91.2.151

40. Minuto F, Del Monte P, Barreca A, Alama A, Cariola G, Giordano G (1988) Evidence for
autocrine mitogenic stimulation by somatomedin-C/insulin-like growth factor I on an
established human lung cancer cell line. Cancer Res 48(13):3716–3719

41. Catrambone G, Del Monte P, Barreca A, Fortini P, Cariola G, Giordano G (1986) Evidence for
an increased somatomedin-c/lnsulin-like growth factor I content in primary human lung tumors.
Cancer Res 46(2):985–988. https://doi.org/10.1016/s0169-5002(87)80440-3

36 Targeting Cellular Signaling Pathways in Lung Cancer and Role of. . . 817

https://doi.org/10.1016/j.steroids.2016.05.008
https://doi.org/10.1016/j.steroids.2016.05.008
https://doi.org/10.1158/1078-0432.CCR-05-0498
https://doi.org/10.1097/JTO.0b013e3182904dfb
https://doi.org/10.1016/j.steroids.2015.09.005
https://doi.org/10.1053/j.seminoncol.2013.12.009
https://doi.org/10.3727/096504014X14077751730315
https://doi.org/10.1158/0008-5472.CAN-04-2694
https://doi.org/10.1158/0008-5472.CAN-04-2694
https://doi.org/10.1097/JTO.0b013e31824177ea
https://doi.org/10.1097/JTO.0b013e31824177ea
https://doi.org/10.1093/jnci/91.2.151
https://doi.org/10.1093/jnci/91.2.151
https://doi.org/10.1016/s0169-5002(87)80440-3


42. Reeve JG, Morgan J, Schwander J, Bleehen NM (1993) Role for membrane and secreted
insulin-like growth factor-binding protein-2 in the regulation of insulin-like growth factor action
in lung tumors. Cancer Res 53:4680–4685. https://doi.org/10.1016/0169-5002(94)90316-6

43. Long L, Rubin R, Brodt P (1998) Enhanced invasion and liver colonization by lung carcinoma
cells overexpressing the type 1 insulin-like growth factor receptor. Exp Cell Res 238
(1):116–121. https://doi.org/10.1006/excr.1997.3814

44. Renehan AG, Zwahlen M, Minder C, O’Dwyer ST, Shalet SM, Egger M (2004) Insulin-like
growth factor (IGF)-I, IGF binding protein-3, and cancer risk: systematic review and meta-
regression analysis. Lancet 363(9418):1346–1353. https://doi.org/10.1016/S0140-6736(04)
16044-3

45. Chang YS, Gong K, Sun S, Liu D, El-Naggar AK, Khuri FR, Hong WK, Lee HY (2002)
Clinical significance of insulin-like growth factor-binding protein-3 expression in stage I
non-small cell lung cancer. Clin Cancer Res 8(12):3796–3802

46. Jiang Y, Rom WN, Yie TA, Chi CX, Tchou-Wong KM (1999) Induction of tumor suppression
and glandular differentiation of A549 lung carcinoma cells by dominant-negative IGF-I recep-
tor. Oncogene 18(44):6071–6077. https://doi.org/10.1038/sj.onc.1202984

47. Goetsch L, Gonzalez A, Leger O, Beck A, Pauwels PJ, Haeuw JF, Corvaia N (2005) A
recombinant humanized anti-insulin-like growth factor-receptor type I antibody (h7C10)
enhances the antitumor activity of vinorelbine and anti-epidermal growth factor receptor
therapy against human cancer xenografts. Int J Cancer 113(2):316–328. https://doi.org/10.
1002/ijc.20543

48. Cohen BD, Baker DA, Soderstrom C, Tkalcevic G, Rossi AM, Miller PE, Tengowski MW,
Wang F, Gualberto A, Beebe JS, Moyer JD (2005) Combination therapy enhances the inhibition
of tumor growth with the fully human anti-type 1 insulin-like growth factor receptor monoclo-
nal antibody CP-751,871. Clin Cancer Res 11(5):2063–2073. https://doi.org/10.1158/1078-
0432.CCR-04-1070

49. Cosaceanu D, Carapancea M, Castro J, Ekedahl J, Kanter L, Lewensohn R, Dricu A (2005)
Modulation of response to radiation of human lung cancer cells following insulin-like growth
factor 1 receptor inactivation. Cancer Lett 222(2):173–181. https://doi.org/10.1016/j.canlet.
2004.10.002

50. Ingham PW, McMahon AP (2001) Hedgehog signaling in animal development: paradigms and
principles. Genes Dev 15(23):3059–3087

51. Beachy PA, Karhadkar SS, Berman DM (2004) Tissue repair and stem cell renewal in
carcinogenesis. Nature 432(7015):324–331

52. Rohatgi R, Milenkovic L, Scott MP (2007) Patched1 regulates hedgehog signaling at the
primary cilium. Science 317(5836):372–376. https://doi.org/10.1126/science.1139740

53. Kugler MC, Joyner AL, Loomis CA, Munger JS (2015) Sonic hedgehog signaling in the lung:
from development to disease. Am J Respir Cell Mol Biol 52(1):1–13. https://doi.org/10.1165/
rcmb.2014-0132TR

54. Rubin LL, de Sauvage FJ (2006) Targeting the hedgehog pathway in cancer. Nat Rev Drug
Discov 5(12):1026–1033

55. Voortman J, Lee JH, Killian JK, Suuriniemi M, Wang Y, Lucchi M, Smith WI, Meltzer P,
Wang Y, Giaccone G (2010) Array comparative genomic hybridization-based characterization
of genetic alterations in pulmonary neuroendocrine tumors. Proc Natl Acad Sci U S A 7
(29):13040–13045. https://doi.org/10.1073/pnas.1008132107

56. Park KS, Martelotto LG, Peifer M, Sos ML, Karnezis AN, Mahjoub MR, Bernard K, Conklin
JF, Szczepny A, Yuan J, Guo R, Ospina B, Falzon J, Bennett S, Brown TJ, Markovic A,
Devereux WL, Ocasio CA, Chen JK, Stearns T, Thomas RK, Dorsch M, Buonamici S, Watkins
DN, Peacock CD, Sage J (2011) A crucial requirement for hedgehog signaling in small cell lung
cancer. Nat Med 17(11):1504–1508. https://doi.org/10.1038/nm.2473

57. Thomson S, Buck E, Petti F, Griffin G, Brown E, Ramnarine N, Iwata KK, Gibson N, Haley JD
(2005) Epithelial to mesenchymal transition is a determinant of sensitivity of non-small-cell

818 A. Dubey et al.

https://doi.org/10.1016/0169-5002(94)90316-6
https://doi.org/10.1006/excr.1997.3814
https://doi.org/10.1016/S0140-6736(04)16044-3
https://doi.org/10.1016/S0140-6736(04)16044-3
https://doi.org/10.1038/sj.onc.1202984
https://doi.org/10.1002/ijc.20543
https://doi.org/10.1002/ijc.20543
https://doi.org/10.1158/1078-0432.CCR-04-1070
https://doi.org/10.1158/1078-0432.CCR-04-1070
https://doi.org/10.1016/j.canlet.2004.10.002
https://doi.org/10.1016/j.canlet.2004.10.002
https://doi.org/10.1126/science.1139740
https://doi.org/10.1165/rcmb.2014-0132TR
https://doi.org/10.1165/rcmb.2014-0132TR
https://doi.org/10.1073/pnas.1008132107
https://doi.org/10.1038/nm.2473


lung carcinoma cell lines and xenografts to epidermal growth factor receptor inhibition. Cancer
Res 65(20):9455–9462. https://doi.org/10.1158/0008-5472.CAN-05-1058

58. Maitah MY, Ali S, Ahmad A, Gadgeel S, Sarkar FH (2011) Up-regulation of sonic hedgehog
contributes to TGF-β1-induced epithelial to mesenchymal transition in NSCLC cells. PLoS One
6(1):e16068. https://doi.org/10.1371/journal.pone.0016068

59. Olsen CL, Hsu PP, Glienke J, Rubanyi GM, Brooks AR (2004) Hedgehog-interacting protein is
highly expressed in endothelial cells but down-regulated during angiogenesis and in several
human tumors. BMC Cancer 4:43. https://doi.org/10.1186/1471-2407-4-43

60. Della Corte CM, Bellevicine C, Vicidomini G, Vitagliano D, Malapelle U, Accardo M,
Fabozzi A, Fiorelli A, Fasano M, Papaccio F, Martinelli E, Troiani T, Troncone G,
Santini M, Bianco R, Ciardiello F, Morgillo F (2015) SMO gene amplification and activation
of the hedgehog pathway as novel mechanisms of resistance to anti-epidermal growth factor
receptor drugs in human lung cancer. Clin Cancer Res 21(20):4686–4697. https://doi.org/10.
1158/1078-0432.CCR-14-3319

61. Ferrara N (2002) VEGF and the quest for tumour angiogenesis factors. Nat Rev Cancer 2
(10):795–803

62. Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and its receptors. Nat Med 9
(6):669–676

63. Stefanou D, Batistatou A, Arkoumani E, Ntzani E, Agnantis NJ (2004) Expression of vascular
endothelial growth factor (VEGF) and association with microvessel density in small-cell and
non-small-cell lung carcinomas. Histol Histopathol 19(1):37–42. https://doi.org/10.14670/HH-
19.37

64. Herbst RS, Sandler AB (2004) Non-small cell lung cancer and antiangiogenic therapy: what can
be expected of bevacizumab? Oncologist 9(Suppl 1):19–26. https://doi.org/10.1634/
theoncologist.9-suppl_1-19

65. Yuan A, Yu CJ, Kuo SH, Chen WJ, Lin FY, Kwen-Tay L, Yang PC, Lee YC (2001) Vascular
endothelial growth factor 189 mRNA isoform expression specifically correlates with tumor
angiogenesis, patient survival, and postoperative relapse in non-small-cell lung cancer. J Clin
Oncol 19(2):432–441. https://doi.org/10.1200/JCO.2001.19.2.432

66. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W, Berlin J,
Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe G, Rogers B, Ross R, Kabbinavar F
(2004) Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal
cancer. N Engl J Med 350(23):2335–2342. https://doi.org/10.1056/NEJMoa032691

67. Giantonio BJ, Catalano PJ, Meropol NJ, O’Dwyer PJ, Mitchell EP, Alberts SR, Schwartz MA,
Benson AB (2007) Bevacizumab in combination with oxaliplatin, fluorouracil, and leucovorin
(FOLFOX4) for previously treated metastatic colorectal cancer: results from the eastern coop-
erative oncology group study E3200. J Clin Oncol 25(12):1539–1544. https://doi.org/10.1200/
JCO.2006.09.6305

68. Johnson DH, Fehrenbacher L, Novotny WF, Herbst RS, Nemunaitis JJ, Jablons DM, Langer
CJ, DeVore RF, Gaudreault J, Damico LA, Holmgren E, Kabbinavar F (2004) Randomized
phase II trial comparing bevacizumab plus carboplatin and paclitaxel with carboplatin and
paclitaxel alone in previously untreated locally advanced or metastatic non-small-cell lung
cancer. J Clin Oncol 2(11):2184–2191. https://doi.org/10.1200/JCO.2004.11.022

69. Patra CR, Mukherjee S, Kotcherlakota R (2014) Biosynthesized silver nanoparticles: a step
forward for cancer theranostics? Nanomedicine 9(10):1445–1448

70. Mukherjee S, Patra CR (2016) Therapeutic application of anti-angiogenic nanomaterials in
cancers. Nanoscale 8(25):12444–12470

71. Weaver BA (2014) How Taxol/paclitaxel kills cancer cells. Mol Biol Cell 25(18):2677–2681
72. Caruso M, Colombo AL, Fedeli L, Pavesi A, Quaroni S, Saracchi M, Ventrella G (2000)

Isolation of endophytic fungi and actinomycetes taxane producers. Ann Microbiol 50:3–13.
https://doi.org/10.1023/A:1013374417961

73. Aung TN, Qu Z, Kortschak RD, Adelson DL (2017) Understanding the effectiveness of natural
compound mixtures in cancer through their molecular mode of action. Int J Mol Sci 18(3):656

36 Targeting Cellular Signaling Pathways in Lung Cancer and Role of. . . 819

https://doi.org/10.1158/0008-5472.CAN-05-1058
https://doi.org/10.1371/journal.pone.0016068
https://doi.org/10.1186/1471-2407-4-43
https://doi.org/10.1158/1078-0432.CCR-14-3319
https://doi.org/10.1158/1078-0432.CCR-14-3319
https://doi.org/10.14670/HH-19.37
https://doi.org/10.14670/HH-19.37
https://doi.org/10.1634/theoncologist.9-suppl_1-19
https://doi.org/10.1634/theoncologist.9-suppl_1-19
https://doi.org/10.1200/JCO.2001.19.2.432
https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1200/JCO.2006.09.6305
https://doi.org/10.1200/JCO.2006.09.6305
https://doi.org/10.1200/JCO.2004.11.022
https://doi.org/10.1023/A:1013374417961


74. Singh S, Sharma B, Kanwar SS, Kumar A (2016) Lead phytochemicals for anticancer drug
development. Front Plant Sci 7:1667

75. Thakore P, Mani RK, Kavitha DJS (2011) A brief review of plants having anticancer property.
Ijprd 3(11):129–136

76. Tariq A, Sadia S, Pan K, Ullah I, Mussarat S, Sun F, Abiodun OO, Batbaatar A, Li Z, Song D,
Xiong Q, Ullah R, Khan S, Basnet BB, Kumar B, Islam R, Adnan M (2017) A systematic
review on ethnomedicines of anti-cancer plants. Phytother Res 31(2):202–264

77. Moudi M, Go R, Yien CYS, Nazre M (2013) Vinca alkaloids. Int J Prev Med 4(11):1231–1235
78. Almagro L, Fernández-Pérez F, Pedreño MA (2015) Indole alkaloids from Catharanthus roseus:

bioproduction and their effect on human health. Molecules 20(2):2973–3000
79. Heiblig M, Sobh M, Nicolini FE (2014) Subcutaneous omacetaxine mepesuccinate in patients

with chronic myeloid leukemia in tyrosine kinase inhibitor-resistant patients: review and
perspectives. Leuk Res 38(10):1145–1153

80. Li FS, Weng JK (2017) Demystifying traditional herbal medicine with modern approaches. Nat
Plants 3:17109

81. Kim SH, Kaplan JA, Sun Y, Shieh A, Sun HL, Croce CM, Grinstaff MW, Parquette JR (2015)
The self-assembly of anticancer camptothecin-dipeptide nanotubes: a minimalistic and high
drug loading approach to increased efficacy. Chem Eur J 21(1):101–105. https://doi.org/10.
1002/chem.201404520

82. Vennepureddy A, Atallah J-P, Terjanian T (2015) Role of topotecan in non-small cell lung
cancer: a review of literature. World J Oncol 6(5):429–436. https://doi.org/10.14740/wjon950e

83. Zhu H, Ding WJ, Wu R, Weng QJ, Lou JS, Jin RJ, Lu W, Yang B, He QJ (2010) Synergistic
anti-cancer activity by the combination of TRAIL/APO-2L and celastrol. Cancer Investig 28
(1):23–32. https://doi.org/10.3109/07357900903095664

84. Fan XX, Li N, Wu JL, Zhou YL, He JX, Liu L, Leung ELH (2014) Celastrol induces apoptosis
in gefitinib-resistant non-small cell lung cancer cells via caspases-dependent pathways and
hsp90 client protein degradation. Molecules 19(3):3508–3522. https://doi.org/10.3390/
molecules19033508

85. Patel KR, Brown VA, Jones DJL, Britton RG, Hemingway D, Miller AS, West KP, Booth TD,
Perloff M, Crowell JA, Brenner DE, Steward WP, Gescher AJ, Brown K (2010) Clinical
pharmacology of resveratrol and its metabolites in colorectal cancer patients. Cancer Res 70
(19):7392–7399. https://doi.org/10.1158/0008-5472.CAN-10-2027

86. Varoni EM, Lo Faro AF, Sharifi-Rad J, Iriti M (2016) Anticancer molecular mechanisms of
resveratrol. Front Nutr 3:8

87. Brâkenhielm E, Cao R, Cao Y (2001) Suppression of angiogenesis, tumor growth, and wound
healing by resveratrol, a natural compound in red wine and grapes. FASEB J 15
(10):1798–1800. https://doi.org/10.1096/fj.01-0028fje

88. Khan N, Afaq F, Khusro FH, Mustafa Adhami V, Suh Y, Mukhtar H (2012) Dual inhibition of
phosphatidylinositol 3-kinase/Akt and mammalian target of rapamycin signaling in human
nonsmall cell lung cancer cells by a dietary flavonoid fisetin. Int J Cancer 130(7):1695–1705.
https://doi.org/10.1002/ijc.26178

89. Jin MK, Nam JO, Kwon TK (2017) Fisetin induces apoptosis through p53-mediated
up-regulation of dr5 expression in human renal carcinoma caki cells. Molecules 22(8):1285.
https://doi.org/10.3390/molecules22081285

820 A. Dubey et al.

https://doi.org/10.1002/chem.201404520
https://doi.org/10.1002/chem.201404520
https://doi.org/10.14740/wjon950e
https://doi.org/10.3109/07357900903095664
https://doi.org/10.3390/molecules19033508
https://doi.org/10.3390/molecules19033508
https://doi.org/10.1158/0008-5472.CAN-10-2027
https://doi.org/10.1096/fj.01-0028fje
https://doi.org/10.1002/ijc.26178
https://doi.org/10.3390/molecules22081285


Natural Compounds Targeting Major
Signaling Pathways in Lung Cancer 37
Sunil Kumar, Abhishek Kumar Sharma, H. Lalhlenmawia, and
Deepak Kumar

Abstract

Among all types of human cancer, lung cancer is one of the most common and
leading causes of cancer mortality worldwide. In the past few years, the growing
understanding of molecular and tumor biology has dramatically changed the
paradigms of cancer treatment. This involves designing more efficient and less
toxic treatments, such as immunotherapy, targeted therapy, and cancer vaccines,
as well as improving decades-old therapies, viz., radiation therapy, chemother-
apy, and surgery. Various signaling pathways have been identified to be respon-
sible in the pathophysiology of lung cancer. Advancements in technology and
cancer biology and different oncogenic targets for cell signaling pathways are
now understood, and these targeted therapies are being considered and
established. Specific therapy or molecular-based therapy for each type of lung
cancer provides improved outcomes as genomic changes, origin, and growth
patterns vary in each subtype of lung cancer. Several natural compounds
extracted from plants have been investigated for effective cancer treatment.
This chapter reviews the recent developments and current potential of natural
compounds derived from plant sources to target various signaling pathways and
treatment of lung cancer.
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37.1 Introduction

Lung cancer is a severe and potentially life-threatening ailment and is still the
leading cause of death worldwide [1]. Non-small cell lung cancers (NSCLCs)
account nearly 80–85% of lung cancers, and small cell lung cancers (SCLCs) are
about 10–15%. NSCLCs are subclassified into large cell carcinoma (LCC), adeno-
carcinoma (AD), and squamous cell carcinoma (SCC) [2]. Globally, a very large
number of new NSCLC cases are diagnosed every year, around 17.8% 5-year
survival [3]. As a result, the NSCLC is regarded to be very harmful with both high
incidence and a significantly low survival rate. NSCLC is commonly found in older
people, and smoking persons are considered the most significant risk factor. Further
risk issues include exposure to organic chemicals and environmental toxicants.
SCLC is almost entirely linked to cigarette smoking and contributes for around
15% of all lung cancer cases [4]. SCLC patients have a poor prognosis, with a low
5-year survival rate of less than 5%, although the primary response to chemotherapy
might be positive [5]. The detection of various molecular abnormalities has
contributed to the progress of targeted therapies that use compounds to target
particular genes and proteins linked with cancer growth and progression [6]. Despite
the immense variety of genes involved in tumorigenesis, the p53 inactivation
suppress tumor and is common in tumorigenesis [7]. ADs often include loss of
function mutations and deletions in tumor suppressor genes like p53, STK11,
SMARCA4, CDKN2A, RB1, NF1, and KEAP1 [8]. The mutation within the p53
gene is the most prevalent alteration in lung SCC, followed by PIK3CA amplifica-
tion. In addition to the PIK3CA and P53 alterations, MLL-2, CDKN2A, CDH8,
PTEN, ADCY8, CALCR, PTPRT, FBXW 7, GRM8, RB1, NFE2L2, and KEAP1
mutations are among the most frequent genetic changes in lung SCC [9]. The p53
inactivation and retinoblastoma (Rb) proteins have been revealed to account for up
to 90% of SCLC cases, and inactivation of both proteins can be triggered by
mutation. Numerous studies have reported the potential of natural compounds to
provide anticancer effects in lung cancer with different underlying mechanisms. This
chapter presents a discussion on the major signaling pathways in lung cancer and the
potential of natural compounds derived from plant sources for the therapy of lung
cancer.

37.2 Signaling Pathways in Lung Cancer

The key signaling pathways that could provide roadmaps for lung cancer therapy are
discussed below.
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37.2.1 Receptor Tyrosine Kinase (RTK) Pathway

Mutations influencing RTK signaling also contribute to malignant transformation of
cells, which is seen in various malignancies [10]. Such mutations affect RTKs or their
downstream pathway elements (MAPK and PI3K/AKT), leading to increase in cell
growth, invasion, survival, and metastasis. For researchers and clinicians working in
the field of cancer, targeting RTK signaling pathways remains a formidable challenge.
In order to target the RTK, PI3K/AKT, and theMAPK pathways, numerous antibodies
and small compound inhibitors are being clinically developed [11].

37.2.2 Epidermal Growth Factor Receptor (EGFR)

EGFR is an RTK that gets activated by binding to specific ligands such as epidermal
growth factor [12]. When activation, EGFR tyrosine kinase triggers downstream
pathways (MAPK and PI3K), leading to DNA synthesis and cell proliferation [13]. It
has been reported to be involved in tumor development and cancer progression.
EGFR overexpression accounts for up to 60% of NSCLC cases and is often linked
with poor prognosis [14].

37.2.3 ALK Fusion Proteins

Oncogenic translocations including anaplastic lymphoma kinase (ALK), a tyrosine
kinase, are often associated with the pathogenesis of various types of cancers [15].
Echinodermmicrotubule-linked protein-like 4 (EML4)-ALK is implicated about 3–7%
of NSCLC patients [16]. EML4-ALK activates a variety of intracellular downstream
pathways, such as PI3K/Akt and JAK/STAT pathways, leading to reduced apoptosis
and increased proliferation of transformed cells [17]. The NSCLCs have also been
found associated with several additional oncogenic ALK fusion proteins including
KIF5B-ALK [18] and TFG-ALK [19] that bear oncogenic functions.

37.3 RAS Pathway

Twenty to Forty percent of lung ADs are KRAS mutations [20]. It interacts with a
PI3 kinase subunit (p110), and the disruption of this interaction induces regression of
tumor growth and development, particularly in combination with MEK inhibition
[21]. Preliminary investigations indicate that MEK inhibition might be an effective
approach in the treatment of KRAS tumors, and several clinical trials are presently
studying this strategy. Inhibition of Hsp90 is another approach to clinically target
KRAS-mutated tumors [22]. GTPase HRAS belongs to the RAS family which
activates the RAS-RAF-MEK-ERK pathway. HRAS mutations are observed very
rarely in lung cancers. Processes like cell differentiation, cell proliferation, apopto-
sis, cell adhesion, cell migration, and actin cytoskeletal integrity are controlled by
Ras-regulated signal pathways through the MAPK and PI3K pathways.
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37.4 BRAF/MAPK Pathway

An oncogenic driver gene is BRAF mutation in NSCLC that activates the down-
stream effectors MEK and ERK, ultimately promoting cell progression and survival
[23]. The rate of BRAF mutations in NSCLC is around 3.5–4%. V600 mutations
account for ~50% of melanomas, and the rest of the cases harbor non-V600
mutations [24–26]. Both inhibitors have shown remarkable efficiency in
progressive-stage NSCLC patients with BRAF V600E mutation [27].

37.5 PI3K Pathway

In several cancer types, including NSCLC, the phosphoinositide-3-kinase (PI3K)
signaling pathway is activated and has a vital part in cell proliferation and survival.
PI3K/AKT/mTOR pathway alterations can result in PI3K activation and malignant
transformation [28]. PI3K pathway is often deregulated owing to genetic changes
that affect one of its components, leading to the rise in PI3K signaling in lung cancer.
PI3K activation mostly occurs as a result of mutations or amplification in RTK’s,
PI3K amplification, overexpression of downstream kinase AKT, inactivating
mutations or deletions of PTEN, mutational initiation of PIK3CA gene encoding
the p110a catalytic subunit, and activation by oncogenic RAS [29].

37.6 LKB1/AMPK Pathway

The LKB1 (also called STK11) is a tumor suppressor gene often inactivated and
mutated in NSCLC. STK11 acts directly upon AMPK and regulates the action of
mTORC by phosphorylating TSC1 in AMPK-governed pathways [30]. Loss of
LKB1 activity can lead to abnormal differentiation and facilitates metastasis
[31, 32]. AMPK has a crucial part in cell progress regulation, proliferation, and
autophagy by regulating mTOR activity, which is frequently deregulated by cancer-
ous cells. AMPK/mTOR targeting is a promising strategy for developing therapeutic
agents against NSCLC [33].

37.7 TP53 Pathway

Mutations in tumor suppressor gene TP53 are the most common somatogenic
variations in NSCLC. TP53 has been reported to be mutated in around 50% of
NSCLC and more than 70% of SCLC case [34]. Abnormalities in the TP53 tumor
suppressor gene are among the most significant events in lung cancer and found an
important role in lung epithelial cell oncogenesis [35]. TP53 mutations endow “gain-
of-function” (GOF) activity, and this mutant TP53 protein can hasten tumor pro-
gression or enhance resistance to anticancer treatment. Most clinical trials indicate
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that NSCLC with TP53 abnormalities has a poor prognosis and could be compara-
tively more resistant to radiation and chemotherapy [36].

37.8 RB1 Pathway

It is a tumor suppressor that finds a significant part in regulating the cell cycle and is
often inactivated in many cancer types. Tumor-suppressive action of RB1 is
attributed to its efficiency to disrupt the G1/S transition by repressing the target
genes of E2F which are involved in DNA synthesis and progression of the cell cycle
[37]. RB1 mutations are rare in AD, common in SCC (7%), and prevalent for SCLC
in more than 90% of tumors.

37.9 MYC Pathway

Myc is an oncogene known to be downregulated in several cancer types, especially
lung cancer, where it contributes to tumorigenic progression and development.
Elevated amounts of Myc have already been linked with drug resistance [38]. Onco-
gene alterations are also prevalent in SCLC, with approximately 20% of patients
exhibiting amplification or transcriptional upregulation of a member of the Myc
family, MYC (6%), MYCN (4%), or MYCL (9%) [39, 40]. MYC is elevated in
approximately 33% of NSCLC patients and is a prognostic marker of early-stage
tumors [41, 42].

37.10 Developmental Pathways

Several developmental pathways, like hedgehog, Notch, and Wnt, play a vital role in
controlling the proliferation, cell death, motility, migration, and stemness of cancer
cells. Notch is among the most important cell signaling pathways and regulates
many genes including Hes1, cyclinD1, c-Myc, and Akt via association with Delta
and/or Jagged/Serrate families. Notch demonstrates both cancer-promoting effects
and suppressive functions in lung cancer. Overexpression of Wnt signaling is
prevalent in many hematological malignancies and also in solid tumors. Experimen-
tal and clinical evidence suggests that activation of Wnt/β-catenin is essential for
cancer development, angiogenesis, migration, and invasion. Wnt signaling activates
multiple transduction cascades in a cell, such as Wnt/β-catenin-dependent pathways
and β-catenin-independent pathways. Alterations and deregulation of the Wnt path-
way can lead to different types of cancers.

Similar to Wnt and Notch pathways, hedgehog is a developmental pathway that
can regulate tumorigenic and physiological aspects of postnatal developmental
events such as proliferation, differentiation, cell death, motility, migration, and
invasion. The hedgehog signaling pathway is linked to three ligands: sonic hedgehog
(SHh), Indian hedgehog (IHh), and desert hedgehog (DHh), and additional
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components of the pathway include two receptors (PTCH1 and PTCH2), three
transcription factors (GLI1, GLI2, GLI3), and a smoothened receptor (SMO) that
mediates signal transduction (Fig. 37.1) [43].

37.11 Natural Compounds as Anticancer Agent in Lung Cancer

Natural products derived from a variety of plant sources have long been used as
anticancer agents. For several decades, orthodox Chinese medicines have been
utilized in China for cancer therapy. In clinical practice, herbal medicines are widely
used owing to their low cost, ease of availability, and very few complications or
allergic events. As each expression of lung cancer varies in terms of genetic changes,
cell origin, and growth patterns, the emphasis on new therapies or molecular-
targeted therapy for each form of lung cancer promises improved outcomes. Numer-
ous research studies have been conducted with a particular focus on possible natural
products to determine the best chemotherapeutic agents that can reduce the risk of
lung cancer. Alkaloids, terpenes, and flavonoids are natural botanical extracts that
serve as potential chemotherapeutic agents and have beneficial effects against
respiratory infections [44]. Some of the natural compounds that have shown remark-
able potential for the treatment of lung cancer are discussed below.

Fig. 37.1 Major drug targets for lung cancer
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37.11.1 Curcumin

Curcumin, the primary compound extracted from the turmeric rhizome (Curcuma
longa) in the ginger family (Zingiberaceae), is a yellow polyphenol. Previous studies
have shown that curcumin activity has been promising against different cancer types.
Curcumin can suppress the signaling pathways of cancer, suppress metastases and
angiogenesis, cause apoptosis, and induce tumor cell cancer sensitization
[45]. Numerous research studies have shown that in a wide range of cancer therapy
forms, such as lung cancer, curcumin can affect cancer stem cells (CSCs). By
causing DNA damage or blocking DNA repair mechanisms, curcumin may reduce
the ability of lung CSCs to self-regenerate [46]. The impact of curcumin on
circulating cancer stem cells shown by a sphere formation assay has been
documented, and important inhibitory effects of sphere formation have been
observed. Curcumin has been identified as interfering with the signaling pathway
of JAK2/STAT3 leading to a reduction in in vitro and in vivo viability of H460 lung
cancer cells. Curcumin has also been shown to decrease the expression of CSC
markers (Oct4, Nanog, ALDHA1, CD44, and CD133), suppress spread, and pro-
voke apoptosis in H1299 and A549 cells via the downregulation of Wnt/β-catenin
and sonic hedgehog pathway [47].

Curcumin

37.11.2 Wortmannin and Roscovitine

Roscovitine is a purine derivative which, through specific interaction at the
ATP-binding site, suppresses the function of cyclin-dependent kinases (CDKs).
Roscovitine is especially active toward Cdk5, Cdk1 (Cdc2), and Cdk2, which
provoke cell cycle arrests of G1 and G2-M. Various studies have demonstrated the
efficacy of roscovitine as an antitumor agent in various cancer cell lines. Likewise, in
A549 cells, roscovitine induces dose-dependent apoptosis [48]. Similarly,
wortmannin, a fungal metabolite, is a prominent antagonist specific to PI3K that
attaches to the PI3K catalytic subunit p110 and irreversibly suppresses the enzyme
that can chemosensitize various lung cancer cell lines (HeLa cells, HCT116, and
A549). Wortmannin increases dose-dependent roscovitine-induced apoptosis
associated with PKB/Act phosphorylate suppression in A549 cells [49].
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Wortmannin                  Roscovitine

37.11.3 Gigantol

Bhummaphan et al. demonstrated that gigantol, isolated from Dendrobium draconis,
displayed CSC-inhibiting action on human lung carcinoma. The results of the study
showed that the treatment of cancer cells with gigantol leads to decrease in lung CSC
markers (ALDH1A1 and CD133) suggesting a decrease in cancer cell growth and
reduced spheroid formation [50].

Gigantol

37.11.4 Chrysotoxine

Chrysotoxine, obtained from Dendrobium pulchellum, is documented to anchorage
independently, sensitize anoikis, and suppress lung cancer cell metastases [51]. It
has been reported that nontoxic doses (�20 μM) of chrysotoxine suppressed
CSC-like phenotypes and reduced markers of ABCG2, CD133, ALDH1A1, and
CD44 mediated by the Src-AKT-Sox2-dependent pathways [52].

Chrysotoxine
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37.11.5 Vanillin

Vanillin derived from Vanilla planifolia seed is commonly utilized as a flavor
enhancer in cosmetics and food. Vanillin has been reported to suppress cell prolifer-
ation and promote apoptosis in several forms of cancer, such as lung carcinomas.
Nontoxic doses (less than 100 μM) of vanillin can inhibit the formation of the
spheroid and reduce ALDH1A1 and CD133 CSC markers and associated transcrip-
tion factors, Nanog and Oct4, in H460 cells by reducing AKT and downstream CSC
transcription factors [53].

Vanillin

37.11.6 Silibinin

Silibinin is isolated from the seed of milk thistle (Silybum marianum) a polyphenolic
flavonoid that can reduce different forms of cancer, particularly lung cancer. To
evaluate inhibitory effect of silibinin on lung cancer stem cells, erlotinib cells (PC-9/
Erl-R cells) have been reported in a routine culture medium containing a high dose of
erlotinib (1 μM) by developing NSCLC PC9 cells expressing EGFR exon 19 deletion
mutations. Flow cytometry and ALDEFLUOR reagent findings demonstrated that
silibinin decreased CSC-like aldehyde dehydrogenase in erlotinib refractory cells
and prevented dose-dependent lung cancer cell development [54].

Silibinin

37.11.7 Parthenolide

Parthenolide, derived from Tanacetum parthenium, a sesquiterpene lactone has an
anticancer effect on CSCs. Parthenolide was reported to selectively suppress CSCs
in A549/shCDH1 cells in which shRNA was suppressed by CDH1/E-cadherin
through the ER stress and apoptosis signaling pathway. Its basic function is to
regulate the expression of stimulating transcription factor 4 (ATF4) and DNA
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damage-inducible transcript 3 (DDIT3), leading to the upregulation of the expres-
sion of polymerase-1 (PMAIP1) polymerase (ADP-ribose) [55].

Parthenolide

37.11.8 Renieramycin M

Renieramycin M (RM) obtained from the Xestospongia sp. induces apoptosis in lung
cancer cells. Its treatment at nontoxic concentrations substantially suppressed the
colony and spheroids in H460 cells. In contrast, RM can also monitor CD133,
ALDH1A1, and CD44 markers for CSC-enriched H460 cells [56].

Renieramycin M

37.11.9 Salinomycin

It is derived from Streptomyces albus a polyether ionophoric antibiotic. Salinomycin
demonstrated time-and dose-dependent antitumor activity assessed by
sulforhodamine B and colony-forming assays in lung cancer cells (A549 and
LNM35). Treatment with salinomycin has been shown to significantly inhibit the
development of tumor spheroids and decrease the expression of OCT-4, NANOG,
and SOX2 stem cells in ALDH A549 lung cell lines. Salinomycin nanoparticles and
gefitinib nanoparticles have been developed using an emulsion/solvent evaporation
method to kill both lung CSCs and lung cancer cells (A549 and A431). Moreover,
the combination of salinomycin nanoparticles and gefitinib nanoparticles has a
greater suppression effect on tumor growth than the combination of gefitinib and
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salinomycin or single salinomycin nanoparticles or gefitinib nanoparticles
alone [57].

Salinomycin

37.11.10 Cordyceps militaris

Cordyceps militaris is a well-known ancient medicinal mushroom and a primary
target for carcinoma therapy. The water extract from the C. militaris (WECM)
promotes apoptosis of A549 cells via a signaling cascade of death-receptor-mediated
extrinsic and mitochondrial-mediated intestinal caspase pathways. Apoptotic events
due to WECM have also been identified to induce reduced telomerase activity by
inhibition of hTERT transcriptional activity [58].

Cordyceps militaris

37.11.11 Resveratrol

It has been reported that resveratrol inhibits platelet aggregation and has antioxidant
properties. Lung cancer has been shown to have inhibitory effects; it modifies a large
number of genes and proteins and prevents the proliferation of A549 cells by
inducing cell arrest, triggering apoptosis, and altering the TGF-β intracellular sig-
naling pathway. It has already been shown in human A549 lung cancer cells as an
antiproliferative agent and suppresses the Rb protein’s phosphorylation and tran-
scription factors like activator protein-1 and nuclear factor-kB (NF-kB) [59].
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Resveratrol

37.11.12 Myricetin

It is a flavonoid compound widely present in wines, tea, berries, fruits, and medicinal
plants and has antioxidant, antiproliferative, and anti-inflammatory properties. Ear-
lier results have shown that myricetin has an antiproliferative impact on lung,
esophageal, leukemia, and carcinoma cells of the prostate. Myricetin could serve
as a strong antioxidant to scavenge or quench oxygen-free radicals and as an indirect
antioxidant to shield cells from H2O2-induced cell damage by inducing antioxidant
enzymes [60].

Myricetin

37.11.13 Berberine

Berberine is an isoquinoline alkaloid contained in medicinal plants that include
Hydrastis canadensis, Rhizoma coptidis, and Cortex phellodendri. It has been
described as having different pharmacological activities, viz., inhibition of DNA
and protein synthesis, suppression of cell cycle progression, inhibition of tumor cell
proliferation, and anticancer activity. Berberine has been reported to reduce motility
and invasion of NSLC cells by improving the activation of c-Fos, c-Jun, and NF-£B,
thus inhibiting uPA and MMP2 proteins [61].
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Berberine

37.11.14 Antroquinonol

Antroquinonol, a derivative of ubiquinone, is derived from mycelia. Antroquinonol
is documented to reduce the viability of lung cancer and liver cancer cells by
controlling AMP-activated protein kinase (AMPK) or phosphatidylinositol-3-kinase
(PI3K)/rapamycin target mammalian (mTOR) pathways [62].

Antroquinonol

37.11.15 Honokiol

Honokiol is a naturally occurring biologically active agent derived from Magnolia
spp. Compared to radiation alone, Lewis lung carcinoma cells (LL/2) treated with
liposomal honokiol for 24 h demonstrated a higher radiation enhancement ratio
(~twofold), showing increased immunity to radiation-induced cytotoxicity when
co-treated with honokiol [63]. Combined treatment with radiation therapy resulted
in a larger decrease in tumor volume compared to radiotherapy alone in the animal
model (Lewis lung carcinoma-bearing C57BL/6 mice) [64]. In the lung cancer cell
line xenograft lung cancer model, honokiol alone has been found to have antitumor
effects, and the combined effect of honokiol and standard drug (cisplatin) decreased
tumor volume (3.59-fold) as compared to standard drug alone [65].

Honokiol
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37.11.16 Emodin

Emodin, an important anticancer agent found in roots and rhizomes of various plant
species, is used to treat tuberculosis, gallstones, hepatitis, arthritis, and osteomyelitis.
MAPK was prevented by emodin’s antiproliferative activity before emodin was
identified, and a study showed that emodin can antagonize the signal. Both
SK-MES-1 and A549 emodin-treated cells have been shown to have vacuolar
cytoplasm degeneration [66]. There may be some other signaling pathways for
emodin to prevent the spread of lung cancer cells. Deregulation is one of the
molecular mechanisms for the proliferation of emodin suppression cells in human
ERCC1 and Rad51 pulmonary carcinoma cells, and the ERK1/2 signaling pathway
in human pulmonary carcinoma cells is inactivated. As a result, emodin can be used
for the therapy of lung cancer as an alternative target [67].

Emodin

37.11.17 Dioscin

Dioscin, a steroid of natural saponin, has an anticancer activity and is unclear in
human lung cancer cells. Dioscin’s inhibitory properties were tested, and the
findings proved that dioscin inhibited human cancer cells A549, NCI-H446, and
NCI-H460.0 from spreading. Single-cell gel electrophoresis and in situ terminal
deoxynucleotidyl transferase nick-end mark assays have observed DNA disruption
and cell apoptosis in dioscin-treated cells. By comparison, on the basis of the
electron transmission microscope and the flow cytometry examination, dioscin has
induced changes in the mitochondrial structure and disrupted the S-phase cell cycle.
In fact, dioscin therapy has resulted in cytochrome c being moved from mitochondria
to cytosol [68].

Diosein
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37.11.18 Piperine

Piperine produces cytotoxic and apoptotic effects on human A549 lung cancer cells
and the discovery of novel pathways. Piperine was shown to have the largest dose-
dependent cytotoxic effect on A549 cells, while it did not have an effect on human
lung fibroblasts in WI38. Cell DNA damage and cytotoxic activity may be due to this
cell growth-inhibiting effect. In particular, in the G2/M process, piperine was able to
induce cell cycle arrest and in the A549 cells to activate caspase-3 and caspase-9
cascades. In fact, piperine-mediated apoptosis may have been blocked by the broad
caspase inhibitor z-VAD-fmk [69]. Compared to control piperine therapy lowered
the expression of Bcl-2 protein and boosted the expression of Bax protein in A549
cells with increased p53 expression [70].

Piperine

37.11.19 Plumbagin

Anticancer activity has been demonstrated by plumbagin (PLB), but the mechanism
is not clear. PLB has a potent proapoptotic and pro-autophagic effect on A549 and
H23 cells; this study recorded. In the G2/M step, PLB arrests cells and raises the
intracellular level of the reactive oxygen species across all cells [71]. As
demonstrated by decreased phosphorylation of Akt and mTOR, dose-dependent
PLB induces autophagy by suppression of the PI3 K/Akt/mTOR pathway.
Autophagia suppression or implantation increases PLB-induced apoptosis. A cross
talk between apoptosis caused by PLB and autophagia occurs. The results in NSCLC
cells showed that PLB has organized pathways of both apoptosis and
autophagy [72].

Plumbagin
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37.11.20 Epigallocatechin-3-gallate (EGCG)

In various cancer types, the most prevalent polyphenol obtained from the green tea
extract, epigallocatechin-3-gallate, was found possessing anticancer effects. In biol-
ogy, the mechanics are not fully obvious. The impact of EGCG on migration,
invasion, angiogenesis, and nicotine-induced epithelial mesenchymal transformation
(EMT) was examined in A549 NSCLC cells, and molecular mechanisms were
preliminarily examined [73]. The findings reported that various amounts of EGCG
significantly suppressed nicotine-induced migration and invasion [74].

Epigallocatechin-3-gallate

37.11.21 Picropodophyllin

Picropodophyllin (PPP) acts as a IGF-1R antagonist in many tumors. However, the
chemopreventive role of PPP has not been studied in lung tumorigenesis. In a mouse
lung tumor model, the chemopreventive function of PPP has been studied. To cause
lung tumors, benzo(a)pyrene was used, and PPP was given to female A/J mice
through nasal inhalation. Tumor multiplicity and tumor load are measured for lung
tumorigenesis. PPP reduced tumor multiplicity and tumor load substantially. The
tumor multiplicity and load of 4 mg/mL of aerosolized PPP were lowered. Analysis
of pharmacokinetics demonstrated strong bioavailability of lung and plasma PPP.
This therapy improved staining of cleaved caspase-3 and decreased Ki-67 in lung
tumors, indicating that PPP’s lung tumor inhibitory effects were partly due to
proliferation inhibition and apoptosis induction. PPP impaired cell proliferation in
human lung cancer cell lines and also impaired phosphorylation of IGF-1R down-
stream markers, AKT and MAPK, eventually resulting in enhanced apoptosis. In
lung cancer cell lines, PPP also decreased cell invasion [75].
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Picropodophyllin

37.11.22 Alantolactone

There are a number of pharmacological properties of alantolactone, a sesquiterpene
lactone drug, including anti-inflammatory and anticancer effect. It blocked the
cancer cell proliferation, apoptotic cells, and cell cycle distribution [76]. Apoptosis
and induced cell cycle G1/G0 step arrest were caused by alantolactone. In addition,
caspase-8, caspase-9, caspase-3, PARP, and Bax expressions were substantially
upregulated, whereas expression of the antiapoptotic factor Bcl-2 was inhibited. In
addition, alantolactone downregulated the expressions of cyclin-dependent kinase
4 (CDK4), CDK6, cyclin D3, and cyclin D1. Therefore, results have shown that
alantolactone plays an antiproliferative function in the treatment of lung cancer cells
and may be promising chemotherapy drugs for SK-MES-1 squamous lung cancer
cells [77].

Alantolactone

37.11.23 Costunolide

Costunolide, a lactone of sesquiterpene, is considered to have anticancer effects.
Costunolide’s anticancer activity toward the NSCLC cell line of H1299 was
investigated in this study. Costunolide suppression of viability of cell was identified
by performing MTT assay. Furthermore, using annexin V/propidium iodide mark-
ing, the apoptotic rate was observed. To examine the antiproliferative effects of
costunolide, forming a colony of cell-based assay was conducted. To evaluate the
inhibitory action of the costunolide on migration and invasion, respectively,
transwell and wound healing assays were conducted. In order to identify protein
expression, Western blot analysis was undertaken and reverse transcription semi-
quantitative PCR conducted to evaluate expression levels of mRNA. The findings
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reported costunolide, with IC50 value of 23.93 � 1.67μM, inhibited the viability of
H1299 cells and promoted cellular apoptosis. These results demonstrate the potential
for the treatment of NSCLC with costunolide [78].

Custonolide

37.11.24 Catechins

The antagonist activity of catechins toward lung cancer has been reported through
numerous experiments using chemically treated and transgenic mouse system. The
introduction of EGCG or EGC through injection reduced lung tumorigenesis in mice
and rats [79]. The formation of lung adenomas of adenocarcinomas in tumor-bearing
A/J mice for 32 weeks was avoided by an oral route of 0.5% PPE or 0.044% caffeine
in drinking water [80]. Study of the IHC found that PSA and caffeine therapy
prevent enhanced apoptosis and cell proliferation and decreased c-Jun and
phospho-ERK1/2 adenocarcinoma levels. In the lung tissues, neither agent has had
a substantial effect on cell proliferation or apoptosis, indicating that the function is
unique toward tumor cells [81]. Various studies reported the inhibitory activity of
catechins toward lung tumorigenesis as well as the cancer prevention actions of
caffeine. However, the mechanisms of action of these agents are yet to be further
investigated [82].

Catechins

37.11.25 Wentilactone A

The recently isolated marine fungus Aspergillus dimorphicus has developed the
possible antitumor agent wentilactone. The deep-sea sediment was extracted from
this fungus and characterized through a polyphasic method, incorporating extrolite,
molecular, and phenotypic profiles. However, the production of wentilactone in
static cultures reported with very low concentrations [83]. In attempt to increase
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the development of wentilactone, using the reaction surface technique, culture
conditions were optimized. The experimental values were closely in line with the
prediction model according to the optimum static fermentation circumstances.
Wentilactone B and A yields were raised by nearly 13.4-fold to 11 and 6.5 mg/L,
respectively. The fermentation scale-up for the manufacture of wentilactone further
confirmed the result. In addition, specific small-molecule elicitors were identified to
have the ability to promote the development of wentilactone [84].

Wentilactone A

37.11.26 Evodiamine

Evodiamine is an antitumor alkaloid present in E. rutaecarpa and can turn into a
therapeutic antitumor agent [88]. This study investigated the function of evodiamine
in the proliferation of human A549 pulmonary cancer cells and the mechanism
behind these effects [89]. The findings showed that the proliferation of A549 lung
cancer cells with evodiamine was significantly blocked, apoptosis was induced and
reactive oxygen species expressed, the cell cycle was halted, and evodiamines were
due to its capacity to trigger oxidative cell destruction, induce apoptosis and cell
cycle intervention, and regulate AKT-/NF- βB and SHH/GLI1 routes (Tables 37.1
and 37.2) [85].

Evodiamine

37.12 Conclusion

The aim of this chapter was to summarize the present understanding and knowledge
of molecular mechanisms in pancreatic cancer, especially in relation to their thera-
peutic targeting potential. Cancer of the lung is basically a set of multiple diseases,
but in case of large cell carcinoma, different histologies do not generally suggest
different molecular blueprints of tumors. The latter, dependent on the molecular
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changes occurring in these tumors, has recently been identified to contribute to either
the SCLC or AC community. Tumor molecular templates are emerging as conclu-
sive indicators of the path of therapy to be selected, but not all driver variations in
lung cancer have presumably been detected, and many of the driver mutations
detected are actually not targetable. Lung cancer requires many oncogenic
mechanisms, but most genetic mutations (with the omission ofTP53) are not strongly
recurring within each histological form in most cases. Translocations and mutations
and of receptor tyrosine kinases, for instance, do not contribute for the majority of
adenocarcinoma cases. However, the advancement of selective receptor tyrosine
kinase inhibition therapies has changed the diagnosis and management of adenocar-
cinoma, although comparable progress has not yet been made in exploring different
oncogenic pathways for other forms of lung cancer. In the cancer of the lung, tumor
inhibitors play a superficially universal function, but most of them remain indefin-
able therapeutic intervention targets. Today, in various clinical trials, many of the
mechanisms implicated in the progression and development in the cancers of lung
are currently targeted. In particular, immune therapies and immune checkpoint
blockade have provided highly promising clinical trial results and will remain the

Table 37.1 Natural molecules targeting and their major signaling pathways in lung cancer

Major
signaling
pathways Compounds Target Responses References

Notch Diallyl
trisulfide
Curcumin

Targets Notch-1
intracellular
domain
Downregulates
transcription and
translation Notch-
1 and downstream
genes Hes-1,
Hey-1, and Hey-2
mRNA levels

Decreases the expression
of Notch downstream
genes
Increases the tumor
suppressor microRNA
(miR143 and miR-145)
expression and decreases
tumor-promoting
microRNA miR-21
Encourages apoptosis by
elevating ROS

[43]

Wnt/β-catenin Apigenin
Resveratrol

β-catenin
β-catenin; histone
H2AX

Apoptosis of OS cells by
decreasing mRNA and
protein expression of
β-catenin and c-Myc
Histone H2AX
phosphorylation causes
telomere instability and
DNA damage

[43]

Hedgehog Cyclopamine Binds to SMO Inhibits the signal
transduction to GLIS

[43]

PI3/AKT Sulforaphane ERK and AKT Suppresses ERK and
AKT phosphorylation,
produces apoptosis
through G2/M phase
arrest

[62]
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focus of intensive clinical investigations. Investigational treatments and reasonable
combinations of these are expected to lead to significant strides in improving
outcomes for lung cancer patients. Treatment and diagnosis of lung cancer have
now changed the development of targeted and immune therapies. Molecular exami-
nation has become a standard diagnostic technique in AC for KRAS, EML4-ALK,
and EGFR. In terms of the advancement of targeted treatments, other types of lung
cancer lag behind, but this is bound to change with several clinical trials underway in
SCC and SCLC.
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Abstract

Respiratory diseases are a major cause of concern throughout the world. Lung
cancer, chronic obstructive pulmonary disease (COPD), and asthma deserve
special mention among them. According to the WHO, 235 million people suffer
from asthma, and above three million people die annually from COPD, which is
about 6% of all deaths across the globe. These diseases do not have a full-proof
cure, and the treatment strategies are only symptomatic medications for tempo-
rary relief. Moreover, the respiratory system has a number of potential barriers to
drug delivery. Secretion of mucus, ciliary action, and presence of macrophages
are few among them. This chapter focusses on chronic diseases like COPD,
tuberculosis, emphysema, asthma, and lung cancer and acute disease like pneu-
monia. Tuberculosis and lung cancer are the deadliest form of respiratory diseases
that cause high annual death rates in the world. Pulmonary oedema, a commonly
observed clinical manifestation, and cystic fibrosis, an autosomal recessive disor-
der, have also been discussed. The pathophysiology of diseases at the molecular
level, currently available therapies, and the recent research on improvement of
clinical efficiency have been elaborated. Different novel drug delivery systems

Dipanjan Ghosh and Swarnasree Ghosh contributed equally with all other contributors.

D. G. Dastidar
Department of Biotechnology, Dr. B.C. Guha Centre for Genetic Engineering and Biotechnology,
University of Calcutta, Kolkata, WB, India

Guru Nanak Institute of Pharmaceutical Science & Technology, Kolkata, West Bengal, India
e-mail: debabrata.ghoshdastidar@gnipst.ac.in

D. Ghosh · S. Ghosh · G. Chakrabarti (*)
Department of Biotechnology, Dr. B.C. Guha Centre for Genetic Engineering and Biotechnology,
University of Calcutta, Kolkata, WB, India
e-mail: gcbcg@caluniv.ac.in

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
K. Dua et al. (eds.), Targeting Cellular Signalling Pathways in Lung Diseases,
https://doi.org/10.1007/978-981-33-6827-9_38

847

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6827-9_38&domain=pdf
mailto:debabrata.ghoshdastidar@gnipst.ac.in
mailto:gcbcg@caluniv.ac.in
https://doi.org/10.1007/978-981-33-6827-9_38#DOI


for pulmonary route and delivery device for pulmonary administration are
discussed in detail. The mechanism of nanoparticle internalization by the epithe-
lial cells and macrophages has been detailed together with the mechanism behind
penetrating the mucus barrier. Finally, the future challenges in treating respiratory
diseases are outlined.

Keywords

Respiratory disease · Pulmonary administration · Lung cancer · COPD ·
Tuberculosis · Porous microparticle · Inhalation · Dry powder inhaler ·
Nanoparticle

Abbreviations

ACP Acyl carrier protein
AIDS Acquired immunodeficiency syndrome
ALI Acute lung injury
BCL2 B cell lymphoma 2
BMP Bone morphogenetic protein
cAMP Cyclic adenosine monophosphate
CCL Chemokine (C-C motif) ligand
CCR Chemokine receptor
CD Cluster of differentiation
CF Cystic fibrosis
CNS Central nervous system
CXCL Chemokine (C-X-C motif) ligand
GLUT1 Glucose transporter 1
GSH Glutathione
hCAP-18 Human cationic antimicrobial protein- 18
HFC Hydrofluorocarbon
HIV Human immunodeficiency virus
ICAM- 1 Intercellular adhesion molecule 1
Ig Immunoglobulin
IL Interleukin
InhA Inhibin α
MAPK Mitogen-activated protein kinase
MMP Matrix metalloproteinase
NAD+ Nicotinamide adenine dinucleotide (oxidized form)
NADH Nicotinamide adenine dinucleotide (reduced form)
NF-κB Nuclear factor kappa B
NOX2 NADPH oxidase 2
NSAIDS Non-steroidal anti-inflammatory drugs
PavA Pneumococcal adherence and virulence factor A
PD- L1 Programmed death-ligand 1
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PDE- 4 Phosphodiesterase-4
PI3K Phosphoinositide 3-kinase
PKA Protein kinase A
PlGF Placental growth factor
PsaA Pneumococcal surface adhesin A
ROS Reactive oxygen species
ROS1 c-ros oncogene 1
SNX9 Sorting nexin 9
TGF-β Transforming growth factor- beta
TME Tumour microenvironment
TNF-α Tumour necrosis factor-α
USPtNs Ultra-small platinum nanoparticles
WHO World Health Organization

38.1 Introduction

38.1.1 Anatomy

The human respiratory system consists primarily of the nose, oropharynx, larynx,
trachea, bronchi, bronchioles, and the lungs. Lungs are internal sac-shaped elastic
respiratory organs lying ventral to the digestive tract. They are present in thoracic
cavity beside the mediastinum and connected to the outside environment through the
trachea. Trachea branches into two bronchi, one to each lung. Each bronchus
branches into successively smaller bronchioles which supply air to the respiratory
surfaces within the lung. The respiratory epithelium of the lungs is thin and well
vascularized. It is divided into a number of small units to provide the vast surface
area sufficient for exchange of gases between the lung and the blood. The lungs are
further divided into five separate lobes, two on the left and three on the right by
pleural membranes. These lobes are further divided into smaller pyramidal-shaped
sections known as the bronchopulmonary segments that ultimately consist of over
300 million alveoli [1]. Alveoli being the structural and functional unit of the
respiratory system are wrapped by a network of superfine capillaries which perform
the exchange of oxygen into the arterial system for tissue perfusion in return of
carbon dioxide [2]. This complex branching network looks like a tree, known as the
tracheobronchial tree. The lymphoid tissue of the tracheobronchial system contains
diffused, aggregated, and solitary lymphatic nodules. This is known as bronchus-
associated lymphoid tissue (BALT), responsible for the hypersensitive reactions
during respiration.It provides defence against microbes present in inhaled air
[3]. Diaphragm is the primary respiratory muscle. The external intercostal muscles
are inspiratory muscles used mainly during exercise and respiratory distress.
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38.1.2 Functioning of the Lung in the Human Body

38.1.2.1 Respiratory Functions
Lungs are the primary organs for the process of respiration. The alveolar-capillary
bed is responsible for the exchange of oxygen and carbon dioxide by diffusion. The
conducting airway tract is responsible for maintaining the temperature, humidity,
and sterility of inhaled air. It is known as air conditioning [4].

38.1.2.2 Non-respiratory Functions of the Lungs
The vascular endothelial cells of the lungs perform various metabolic activities. It
converts angiotensin-I into angiotensin-II [5] and degrades vasoactive mediators like
serotonin, bradykinin, and norepinephrine. Small cluster of neuroendocrine cells are
present in bronchial mucosa. They are called Kulchitsky cells. They are responsible
for the secretion of different important chemical mediators, including catecholamine,
hormones (calcitonin, serotonin), and gastrin-releasing factors (bombesin) [6]. Pul-
monary epithelium acts as the first line immunological barrier to the foreign
materials present in inspired air. The bronchial surfaces are covered with a layer of
mucus generated by the submucous glands and “goblet cells” that are present
abundantly on the bronchial surface. Ciliated columnar cells are also present on
the airway tract. The foreign material, including microorganisms that land on the
bronchial surface, is entrapped into the mucus layer and transported towards the
mouth due to the coordinated ciliary movement [7].

The lungs also play important roles both in innate and adaptive immune system.
Alveolar macrophage, neutrophils, innate lymphoid cells (ILC) type I and II, and
mucosal-associated invariant T cells (MAIT) take part in innate immune system.
However, strict regulation of macrophage activation is required as airway cells are
constantly exposed to airway endotoxins and their hypo-activity is essential for
normal macrophage functioning. IL-10, TGF-β, CD200, and different surfactant
proteins like SPA and SPD help in reducing those pro-inflammatory signalling
[8]. The leukocytes together with the soluble proteins (IgG, complement factors,
surfactants, and surfactant-associated proteins) present in alveolar fluids detect the
microbes with pathogen-associated-molecular patterns (PAMPs) present on their
cell surface. The airway aqueous fluid also contains lysozyme, lactoferrin, IgA,
and antimicrobial peptides, e.g. defensins [9]. All these components help in encoun-
tering the pathogens. In pneumonia and sarcoidosis, antimicrobial peptides like
cathelicidins LL-37 and hCAP-18 are expressed by the epithelial cells and
neutrophils [10]. Alveolar fluid contains high proportions of lipopolysaccharide
(LPS)-binding proteins (LBP) and soluble CD14 (sCD14). Alveolar macrophages
recognize LPS with these LBP and sCD14 [11, 12]. TNF-α produced during
bacterial and viral infection upregulates mucin gene expression [13]. This stimulates
B lymphocytes to start producing antibodies. Antibodies have prime role in the
process of opsonization and thus help in destroying the microbes by leukocytes
present in tissue and lymph nodes.
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38.2 Effect of Particle Size on Pulmonary Administration
of Drug

Delivery of drugs locally into lungs has less chances of dose-dependent systemic
toxicity. Sometimes the drugs undergoing extensive hepatic first-pass metabolism
are intentionally administered through pulmonary route for direct systemic absorp-
tion [14]. Modern therapy of respiratory diseases involves different biomolecules
like proteins (monoclonal antibodies) and peptides. These biopharmaceuticals are
not suitable for oral delivery system as they are susceptible to degradation in the
acidic environment of stomach and hepatic first-pass metabolism [15]. So, delivery
through pulmonary route is a good alternative of choice. Moreover, in the treatment
of disease like tuberculosis, drugs are to be specifically delivered to the alveolar
macrophages [16]. The pulmonary system can be functionally divided into the
conducting zone (consisting of trachea, bronchi, and bronchioles) and the respiratory
zone (constituting the airways and alveoli). The total volume of alveolar septal tissue
is 230 � 38 cm3. Five hundred million alveoli actively participate in the gaseous
exchange process [17]. The adult human lungs have approximately 75–140 m2sur-
face area [18]. Macrophages (with cell diameter of 15–22 μm) uptake particles,
preferentially of 1–3 μm in diameter [19]. Particles, smaller than 0.26 μm diameter,
might escape phagocytosis by macrophages [20] and get in contact with the epithe-
lial cells followed by clathrin/caveolae-mediated endocytosis [21].

The distribution of drug molecules after pulmonary administration primarily
depends on the size of carrier particles (Fig. 38.1). The mechanisms behind distribu-
tion of particles are (i) inertial impaction, (ii) gravitational sedimentation, and (iii)
Brownian diffusion. The larger particles having aerodynamic diameter > 5 μm pass
through the oropharynx, trachea, and other large-sized airways [22]. The particles
having aerodynamic diameter 1–5 μm are more prone to sedimentation in the smaller
airways and the respiratory bronchioles. The small-sized nanoscaled drug carrier
particles are mainly distributed by the Brownian motion of diffusion [23–25]. But,
administered particles with sizes of <1 μm are exhaled out because of their low
inertia [26] whereas mucociliary action is the mechanism behind clearance of larger
particles. The rate of clearance depends on the particle diameter [27].

38.3 Barriers to Drug Delivery at the Respiratory Tract

The mucus, lining the inner surface of pulmonary tract, is the innate immunological
barrier that contributes most to the drug delivery through pulmonary route [28]. The
specialized goblet cells are responsible for the secretion of mucus consisting primar-
ily of heavily glycosylated mucins and 95–99.5% water [29]. Due to viscoelasticity,
mucus lining entraps the foreign pathogen and protects the epithelium from infection
[30]. Due to impairment of mucociliary clearance and hypersecretion of mucus, the
average thickness of airway mucus lining is found to be increased significantly in
different respiratory diseases like asthma [31]. Drug-loaded carrier particles when
delivered through pulmonary route are trapped and eliminated by this non-selective
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protective mucus layer. In general, particles larger than the mucus mesh spacing get
trapped [32]. Thus, the entry of particles to the target site gets hindered. Presence of
glycans makes mucin negatively charged. As a result, particles of cationic polymers,
e.g. chitosan, polymethacrylate, and polyethylenimine, get captured in the mucus
lining. Moreover, hydrophobic interactions are also responsible behind entrapment
of nanoparticle by respiratory mucus layer [33].

A cluster of nanoparticles forming micron size particles are suitable for pulmo-
nary administration. In the pulmonary fluid, the nanoparticles are reconstituted. The
nanoparticles, if not stealth, are rapidly recognized and subsequently cleared by the
alveolar macrophages [34]. This largely affects the half-life and therapeutic efficacy
of the loaded drug [35].

38.4 Respiratory Barriers to Drug Administration

Polymeric nanoparticles can be administered as intravenous injection [36], aerosol
formulation, and dry powder inhaler (DPI) through pulmonary route [37, 38]. Poly-
meric nanoparticles are usually hydrophilic in nature. The surface charge of the
particle is a very important factor for lung cell targeting. Amine-modified polysty-
rene nanoparticles having neutral surface charge at physiological pH penetrate better
than carboxylated polystyrene nanoparticles in the human sputum [39]. Similarly,

Fig. 38.1 Schematic representation of human respiratory system. Particles are distributed and
deposited into the various regions of respiratory system based on their aerodynamic diameter.
Various types of mechanisms are also involved for deposition depending on the size of particles
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De Smedt et al. reported that positively and negatively charged particles are less
mobile than PEGylated neutral particles in sputum [40]. Actually, positively charged
nanoparticles get cross-linked with the mucin network and form the viscous mucous
[41]. Negatively charged carboxylated particles create more hydrogen bonds due to
chelation. Thus, viscosity of mucus is further increased. Electrically neutral
PEGylated polymeric nanoparticles are hydrophilic in nature and able to mobilize
the mucosal layer due to favourable hydrophilic–hydrophobic interactions with the
mucin network [42, 43].

Foreign particles that get deposited in the central and intermediate airway zones
undergo mucociliary clearance. Thus, the pulmonary absorption remains incom-
plete. The particles may be coated with mucoadhesive polymers to prolong the
airway retention time resulting in enhanced pulmonary bioavailability [44]. Paradox-
ically Schneider et al. found that mucoadhesive particles are very much susceptible
to entrapment in the mucus lining. As a result, they cannot reach the underlying
airway epithelium [45]. Particles smaller than 300 nm diameter and without
mucoadhesive coating were found to be uniformly distributed and retained for
prolonged period of time. Nanoparticles that are smaller than mucus mesh spacing
and have surface properties similar to viruses have good mucus-penetrating
efficiency [46].

Alveolar macrophages are big barrier to the targeting of epithelial cells with
nanoparticles. Macrophages can easily recognize and scavenge the foreign
nanoparticles. PEGylation of nanoparticle surface makes them stealth to this scav-
enging process [47]. These “stealth” nanoparticles are reported to have considerably
improved residence time and delayed clearance in vivo [48, 49].

38.5 Pathophysiology of Respiratory Diseases

Respiratory diseases in adults are a serious cause of concern. It is the primary cause
of morbidity and mortality round the globe. Respiratory diseases can be classified
into acute diseases (e.g. pneumonia and influenza), chronic diseases (e.g. chronic
obstructive pulmonary disease and asthma), occupational lung diseases
(e.g. byssinosis, asbestosis, and coal worker’s pneumoconiosis), and other paren-
chymal lung diseases (hypersensitivity pneumonia). Lung cancer, tuberculosis, and
AIDS-related pulmonary distress deserve special mention as these are some of the
deadliest diseases responsible for annual high death rates globally [50]. Respiratory
diseases can further be classified into obstructive and restrictive disease. Obstructive
diseases are associated with impaired expiration leading to significant volume of air
entrapment in the lungs after expiration. Thus, the value of functional residual
capacity (FRC) increases. COPD is a typical example. Restrictive lung disease, on
the other hand, exhibits restricted lung expansion causing decreased lung volumes.
Idiopathic pulmonary fibrosis, pneumoconiosis, sarcoidosis, and lung parenchymal
diseases are the typical examples [2]. Apart from these, some bacterial infections
which occur in the upper respiratory tract include epiglottitis and laryngotracheitis
caused likely by Haemophilus influenzae type b and bacterial pharyngitis caused by

38 Drug Delivery in Respiratory Diseases: Current Opportunities, Molecular. . . 853



Streptococcus pyogenes. Common cold is the most common viral infection mostly
caused by rhinoviruses. Bronchitis, bronchiolitis, and pneumonia are manifestations
of lower respiratory tract infection, caused by H. influenzae, respiratory syncytial
virus, and S. pneumoniae, respectively [51].

38.5.1 Pneumonia

Pneumonia is associated with inflammation of the lung parenchymatous tissue.
Lobar pneumonia is the alveolar infection of entire lobe of lung. Bronchopneumonia
involves an alveolar process with a patchy distribution. Cough, fever, chest pain,
tachycardia, and sputum production are the common symptoms of pneumonia.
Depending on the age and the aetiological agents, some patients may suffer from
headache, abdominal pain, nausea, vomiting, and diarrhoea [51]. Some common
sources of pneumonia are bacterial pneumonia, aspiration pneumonia, and atypical
pneumonia. Streptococcus pneumoniae is the major aetiologic agent that causes
community-acquired acute bacterial pneumonia [50]. Streptococcus pyogenes
causes haemorrhagic pneumonitis and empyema. Elderly patients over 50 years
old and suffering from COPD or alcoholism are susceptible to Haemophilus
influenzae and Klebsiella pneumoniae infection. Mycobacterium tuberculosis can
also cause pneumonia. Patients with periodontal disease or decreased consciousness
are susceptible to aspiration pneumonia caused by Actinomyces, Bacteroides,
Peptostreptococcus, Veillonella, Propionibacterium, Eubacterium, and
Fusobacterium species. Atypical pneumonias do not show typical bacterial lobar
pneumonia symptoms. It can be caused by Mycoplasma pneumoniae in young
people. Legionella including L. pneumophila causes atypical pneumonia. The
mode of transmission is inhalation from tap water aerosols, respiratory devices,
and air conditioners. Chlamydia causes pneumonia in bird handlers, especially in
neonates and young infants with occupational pneumonitis. There are other viruses,
Actinomyces, Nocardia, and fungus which can cause pneumonia or pneumonitis in
various cohorts of healthy or immunocompromised patients [51].

38.5.1.1 Pathophysiology and Cellular Mechanism
S. pneumonia infects upper mucosal cells by means of binding of adhesion proteins
like RrgA to TLR 2, lipoprotein PsaA to the E-cadherin receptor, and PavA protein
to fibronectin and integrin. Following adhesion, the bacterial phosphorylcholine or
choline-binding protein A (CbpA) binds either to the platelet-activating factor
receptor (PAF-R) or to the polymeric immunoglobulin receptor (pIgR). This ulti-
mately transports bacteria to the basement membrane of the host, helping in further
invasion and disease progression [52].

Aqp5 and Mak6 genes play pivotal role in pathogenesis of pneumonia. In a recent
study byWeiping Zhou et al. (2020) [53], differential expression of these genes were
found to be significant in alveolar epithelial cells of mice infected with Streptococcus
pneumoniae. microRNA-181a-5p, Stat3, and Sp3 were also identified as potential
molecules that significantly regulate dysfunction modules in the development of
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pneumonia. In another study [54], ND1, ND3, ND4L, and ND6 genes that encode
subunits of NADH dehydrogenase have been found to be downregulated in patients
with severe pneumonia alone and severe pneumonia combined with COPD. Further,
MIR449A genes, encoding miRNA-449aA, and TAS2R43 genes, encoding bitter
taste 2 receptor member 43, were found to be upregulated [54]. miRNA-449a targets
the NOTCH signalling pathway and alters the expression of the inflammatory
marker YKL40 [55]. The genes of bitter taste receptors are involved in pneumonia
pathogenesis by modulating inflammation and immunity. Amarogentin, an agonist
for bitter taste receptor, causes IL-8 and MMP-1 expression in human mast cells and
keratinocytes [56]. Various types of responsible genes are given in Table 38.1.

38.5.1.2 Treatment Strategies
Standard monotherapy/combinatorial treatment regimen with conventional
antibiotics like amoxicillin, doxycycline, macrolides, clavulanate or cephalosporin,
and fluoroquinolone [58] have become ineffective.Different adverse drug reactions,
inefficient delivery of drugs into lungs, and development of multidrug resistance are
the major reasons behind it. Moreover, development of gastrointestinal intolerance
with macrolides are some pertinent drawbacks in pneumonia treatment [59]. Newer
and novel treatment strategies of pneumonia are listed in Table 38.2.

38.5.1.3 Novel Drug Delivery Strategies
Pneumonia is an inflammatory disorder of respiratory system due to viral and
bacterial infections. Zhang et al. developed stimuli-responsive nanoparticle to target
inflammatory lung cells. The nanoparticle had a core-shell structure. The core
containing acid-sensitive poly(β-amino esters) was covered with a layer of polyeth-
ylene glycol (PEG). TPCA-1, as model drug, was loaded within the core. The PEG
molecules on the surface were biotinylated (conjugated with the biotin molecules)
and coated with anti-ICAM-1 antibody for facilitating bioconjugation, lung
targeting, and extended circulation [80].

N-Fumaroylated diketopiperazine (FDKP) is an FDA-approved excipient for
pulmonary administration. Wang et al. developed azithromycin-loaded FDKP
microparticle as dry powder for pulmonary administration (intratracheal

Table 38.1 Different genes responsible for pneumonia

Sl.
no. Expression Candidate genes Functions References

1. Differentially
expressed

Aqp5, Mak6 Assist in the development of
pneumonia

[53]

2. microRNA-181a-5p,
Stat3, and Sp3

Responsible for pathogenesis
of pneumonia

[53]

3. Downregulated ND1, ND3, ND4L,
and ND6

Responsible for immune
response in pneumonia

[54, 57]

4. Upregulated MIR449A Modulates inflammatory
response

[54, 55]

5. TAS2R43 Involved in immune response [54, 56]
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insufflations) [81]. The aerosolization performance, moisture resistance, and excep-
tional deep lung deposition capability of this product were exceptionally good. As
per preclinical study in mice model, this novel formulation led to higher local
concentration and prolonged retention time of drug in comparison to intravenous
injection and oral administration.

Table 38.2 Different strategies for the treatment of pneumonia

Sl.
no. Class Drugs

General mechanism of
action References

1. Beta-lactam +
beta-lactamase
inhibitors

Ceftolozane–
tazobactam,
Ceftazidime–avibactam,
Meropenem–

vaborbactam,
Imipenem–relebactam,
Aztreonam–avibactam

Increases efficiency of
beta lactam antibiotics by
blocking beta lactamase
enzymes

[59–64]

2. Cephalosporins
(a type of beta-
lactam
antibiotics)

Cefiderocol (S-649266),
Ceftobiprole

Inhibits the in bacterial
cell wall synthesis

[59, 65]

3. Macrolide Solithromycin (fourth
generation)

Binds to the 50S
ribosomal subunit and
inhibit protein synthesis

[59, 66,
67]

4. Newer
aminoglycoside

Plazomicin Protein synthesis inhibitor [59, 68]

5. Currently
developed
fluoroquinolones

Levonadifloxacin (WCK
771 and WCK 2349)

Inhibits DNA
topoisomerases involved
in bacterial DNA
replication

[59, 69,
70]

6. Newer
tetracycline

Eravacycline Binds to the 30S
ribosomal subunit and
inhibit protein synthesis

[59, 71,
72]

7. Novel
pleuromutilin

Lefamulin Binds to 50S ribosome
and inhibits bacterial
protein synthesis

[59, 73]

8. Newer
oxazolidinone

Tedizolid Binds to the P site at the
ribosomal 50S subunit
and inhibit protein
synthesis

[59, 74,
75]

9. Novel
lipoglycopeptide

Telavancin Inhibit bacterial cell wall
synthesis by inhibiting
polymerization of
N-acetyl muramic acid
and N-acetyl glucosamine

[59, 76,
77]

10. Newer outer
membrane
protein targeting
antibiotics

Murepavadin Hinders
lipopolysaccharide (LPS)
transport in gram-negative
bacteria, causing cell
death

[59, 78,
79]
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In another study, Hsu et al. developed nanovesicles (phosphatiosomes) for lung-
targeted delivery of ciprofloxacin through intravenous (femoral vein) route in rat
[82]. The soya-ethyl-morpholinium-ethosulphate (SME) intercalated on the surface
of these PEGylated phosphatidylcholine (PC)-rich nanovesicles was responsible for
lung targeting. It had superior anti-methicillin-resistant Staphylococcus aureus
(MRSA) activity in comparison to plain phosphatiosomes and free ciprofloxacin.
They evaluated the efficacy of this nanoformulation to eradicate extracellular and
intracellular MRSA. These nanovesicles were readily taken up by alveolar
macrophages, and the intracellular MRSA were killed. In a rat model of lung
infection, the MRSA burden in the lungs was decreased by eightfold after adminis-
tration of SME phosphatiosomes [82].

Cevher et al. developed doripenem-loaded chitosan microparticle using
ionotropic gelation and spray-drying technique for the treatment of pneumonia
caused by Pseudomonas aeruginosa. Spray-drying technique had production yield
as high as ~98% with mean diameter of particles ranging from 3.8 to 6.9 μm.
Particles of diameter 1–5 μm were suitable for controlled release of doripenem
after pulmonary administration [83].

38.5.2 Tuberculosis

Mycobacterial infection is mainly responsible for tuberculosis in human. Mycobac-
terium tuberculosis is the most common. The types of tuberculosis and associated
pathological manifestations are shown in Table 38.3. The persons infected with
pulmonary or laryngeal TB generate infectious airborne droplet nuclei while
coughing, sneezing, singing, or talking [84]. These 1–5 μm droplets containing the
bacteria is the medium for transmission to a healthy person via inhalation. The

Table 38.3 Classification of tuberculosis

Sl.
no.

Types of
tuberculosis Pathological manifestations

1. Pulmonary TB Affects the (alveolar) region

2. Extrapulmonary
TB

Found among non-HIV patients, particularly lymphatic
tuberculosis; more common in women and young children [100]

3. Pleural
tuberculosis

Infects the pleural fluid, results from primary progression or
reactivation of latent infection

4. TB in the CNS Causes meningitis resulting from infection and host immune
response. Neurological symptoms include cranial nerve palsies and
motor, sensory, and cerebellar defects and even seizures [101]

5. Bone/joint
tuberculosis

The thoracic section of the spine affected mostly

6. Genitourinary
tuberculosis

It is uncommon; the kidney and genitals are affected. In women, it
may cause infertility [102]

7. Disseminated
tuberculosis

Involves many organs simultaneously and can occur due to primary
progression of the disease or reactivation of suppressed infection
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alveolar macrophages engulf the pathogen and trigger a series of events resulting in
either the containment of infection or the manifestation of disease. M. tuberculosis
replicates slowly and steadily within the alveolar macrophages and spreads to hilar
lymph nodes via lymphatic system. Initially the infected macrophages produce
interleukins 12 and 18 that stimulate T lymphocytes (predominantly CD4 � + T
cells) for interferon γ (IFN-γ) secretion. This accelerates the phagocytosis of
M. tuberculosis in the macrophage [85]. IFN-γ also stimulates the macrophage to
release tumour necrosis factor α. It has important role in granuloma formation and
controlling the extent of infection [86].

Helper T cells get matured into two functionally different populations TH1 and
TH2. The TH1 response causes granuloma formation and protection.The TH2
response is responsible for tissue-necrotizing hypersensitivity and disease progres-
sion. In general, after two to eight weeks of infection the patient develops enough
helper T cells for positive tuberculin skin test. Actually, formation of granulomas
limits the further replication and spreading of the bacilli.Without further defect in
cell-mediated immunity, the infection remains restricted to the granulomas with no
active manifestation. But failure of host immunity to inhibit the replication of
M. tuberculosis leads to progression of the infection most commonly to the paren-
chymatous tissue of the middle and lower lung, and in the hilar lymph nodes.
HIV-affected immunocompromised individuals show increased chances of disease
progression. Defects in the production of interferon γ or tumour necrosis factor α as
well as in the interferon γ receptor and interleukin-12 receptor have also been
reported for disease progression [84, 87].

Mycobacterial virulence factors such as components of the ESX-1 secretion
system [88], protein tyrosine phosphatase PtpA [89], and SecA2 transport ATPase
of the secretory system [90] interfere with lysosomes to kill M. tuberculosis
phagocytosed by macrophages (Fig. 38.2).The intracellular pathogen then blocks
NF-κB and MAPK signal transduction pathways, lowering the production of
cytokines [91]. The bacteria can then burst out from phagosomes and damage
mitochondrial DNA. This or the bacterial DNA itself can be detected by cytosolic
DNA sensor proteins, which induces type 1 IFN expression, responsible for disease
progression [92]. The bacterial cell wall components, via TLR-2 signalling, cause
lipid bodies to accumulate in the macrophages. The pathogen either stays within
these lipid bodies without further manifestation or hydrolyses these lipids by secret-
ing a membrane-associated hydrolytic Msh1 protein to derive nutrients [93]. The
bacterial virulence factor, early secreted antigenic target 6 (ESAT-6), increases the
uptake of glucose. ESAT-6 translocates GLUT1 transporters to the cell surface and
stimulates glycolytic enzymes to produce dihydroxyacetone phosphate (DHAP) and
acetyl-CoA in excess, which are utilized as raw materials for the synthesis of
triacylglycerol (TAG) [94]. M. tuberculosis induces miR-33 expression which also
prevents autophagic degradation of lipid bodies [95]. Mycobacterial protein
PE-PGRS47A obstructs autophagosomal breakdown of mycobacteria and
subsequent bacterial antigenic peptide presentation by MHC class II molecules
[96]. Other virulence factors also interfere with the antigen presentation process.
M. tuberculosis is also reported to inhibit macrophage apoptosis [97], which would
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otherwise result in bacterial lysis and initiate adaptive immunity. The bacteria exit
the host cell and spread to the neighbouring cells and tissues by inducing host cell
lysis [98], probably enhanced by the secretion of tuberculosis-necrotizing toxin,
which hydrolyses the coenzyme NAD+ and causes macrophage necrosis (TNT) [99].

38.5.2.1 Treatment Strategies
Treatment of TB with multiple antibiotics such as isoniazid, rifampicin,
pyrazinamide, and ethambutol is required for a prolonged time period to attain
bactericidal activity. However, development of antibiotic resistance is a concerning

Fig. 38.2 Interplay between various cellular and molecular events in an M. tuberculosis-infected
macrophage. Mycobacterial virulence factors ESX-1, PtpA, and SecA2 prevent lysosomal fusion
with phagosomes containing the pathogen. They also block the NF-κB and MAPK signalling to
lower protective cytokines. Bacteria, on bursting out from phagosome, damage mitochondria.
Damaged mtDNA or bacterial DNA can upregulate type I IFN production, which helps in disease
progression. In a TLR2- dependent manner, bacterial cell wall components cause lipid bodies to
accumulate, which provides nutrients/shelter to the bacteria. Virulence factors also increase glucose
uptake and metabolism, providing substrates like acetyl CoA for TAG synthesis. Expression of
microRNA 33 has been found to be upregulated, which prevents autophagy of lipid bodies.
Mycobacterial PE-PGRS47A protein prevents autophagosomal destruction of bacteria and its
processing and presentation by class II MHC molecules.M. tuberculosis also prevents macrophage
apoptosis. It secretes tuberculosis-necrotizing toxin (TNT), which helps in host cell lysis and
bacterial spread (see text for details)
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problem in multidrug-resistant tuberculosis (MDR-TB) infections. The World
Health Organization (WHO) has devised a novel strategy called DOT (directly
observed therapy), in which specific combination of anti-TB drugs is prescribed
over a short course [103]. Some first-line anti-tuberculosis drugs are isoniazid,
rifampicin, pyrazinamide, ethambutol, and streptomycin [104]. The next-generation
drugs include second-line anti-TB drugs for extensively drug-resistant tuberculosis
(XDR-TB) or multidrug-resistant tuberculosis (MDR-TB). These include amikacin,
kanamycin, para-aminosalicylic acid, cycloserine, ethionamide, capreomycin, and
ciprofloxacin [105]. The drugs with corresponding targets are listed in Table 38.4.

38.5.2.2 Novel Drug Delivery Strategies
Development of different microparticles and nanoformulations for the delivery of
anti-tuberculosis drugs has been reviewed [112, 113]. Liposome [114], niosomes
[115], solid lipid nanoparticle [116], polymeric particles [117–119], and metal
nanoparticles [120, 121] have been developed. These nanoformulations improved
the pharmacokinetic profile of the encapsulated drugs. Wheat germ agglutinin’s
receptors are present on the surface of alveolar epithelial cells.
WSA-functionalized different nanoparticles were developed for pulmonary admin-
istration. Khullar et al. developed WGA-coated poly (lactide-co-glycolide)
nanoparticles (PLG-NPs) as bioadhesive drug carriers for the delivery of rifampicin,
isoniazid, and pyrazinamide [122]. These 350–400 nm particles, having encapsula-
tion efficiency of 54–66%, get adhered to alveolar epithelial cell surface and
maintained plasma concentration for prolonged period of time [122]. Khuller et al.
tested inhalable multilamellar liposome-encapsulating rifampicin and isoniazid in
guinea pigs [114]. The liposome was aerosolized with a nebulizer. 94% droplets had
mass median aerodynamic diameter < 6um. It maintained the plasma level of drugs
up to 48 h. The mean residence time (MRT) of intravenously administered rifampi-
cin and isoniazid were ~2 h and ~2.5 h, respectively. Whereas the aerosolized
liposome enhanced the MRT rifampicin to ~20 h and isoniazid ~18 h, respectively.

The frequency of administration of dose and amount of total dose administered
are important regarding manifestation of dose-dependent side effects and patient
compliance. In a preclinical study using M. tuberculosis H37Rv-infected mice,
Khullar et al. compared the therapeutic efficacy of orally administered rifampicin,
isoniazid, and pyrazinamide with that of solid lipid nanoparticle (SLN) containing
equivalent doses of the same drugs [116]. Delivery of drugs as encapsulated in SLN
enhanced the bioavailability of rifampicin, isoniazid, and pyrazinamide by ~11, ~30,
and ~13 times. The MRT of rifampicin-, isoniazid-, and pyrazinamide-loaded SLN
was ~92 h, ~ 98 h, and ~100 h, respectively, whereas free drugs had MRT values of
~6 h, ~5.5 h, and ~6.6 h. As a result, the therapeutic effect of 5 oral doses of drug-
loaded SLNs was comparable to 46 daily doses of free drugs.

These three molecules rifampicin, isoniazid, and pyrazinamide were also
formulated as niosomes with biocompatible surfactant tyloxapol [115]. These
150 nm niosomes had drug loading efficiency of more than 95% and sustained the
release of drugs for prolonged period of time.
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Hussein et al. developed magnetic nanoparticle-loaded chitosan nanoparticle as
potential tool for both diagnosis and treatment of tuberculosis [117]. Streptomycin
was loaded on the surface of the nanoparticle.

Recently, the therapeutic potential of antimicrobial nanoparticles like silver
nanoparticle has nicely been reviewed by Mocan et al. [121]. Silver nanoparticles
synthesized from different sources and capped with peptides or polymers like
chitosan have good antimycobacterial effects. But macrophagic internalization of
mycobacteria limits the effect of nanoparticle. Combination of AgNPs with classical
anti-TB therapeutics has proven synergistic effect on antimycotic activity both extra-
and intracellularly.

38.5.3 Emphysema

Emphysema is a disease condition, normally found in the age group of 45–60 years
where the air space of adult lung is enlarged. Alveolar walls are ruptured; adjoining
air spaces are associated to form the vesicles. The primary cause of emphysema is
the chronic inhalation of obnoxious agents from cigarette smoke and polluted air.
Mechanical forces like hyperinflation; triggering of apoptosis and cellular senes-
cence; and failure in lung tissue repairment are responsible clinical manifestation for
emphysema [123].

38.5.3.1 Cellular Mechanism
Genes regulating inflammatory pathways, proteolysis, and ROS generation are
primarily involved in the pathogenesis of emphysema [124–126]. Proteolytic degra-
dation of alveolar capillary cells is one of the major causes behind the destructive
air-space enlargement. A balance between proteases and anti-proteases plays the
pivotal role. Infiltration of neutrophils, macrophages, and lymphocytes in alveolar
septae trigger immunological responses like inflammation. This inflammatory
response causes release of proteases against lungs matrix proteins. The neutrophil
elastase and MMP-12 released by activated macrophages enzymatically destroy the
elastin substrate of the alveolar spaces. The α1-antitrypsin (AAT) is a neutrophil
elastase inhibitor. Defect of gene regulating the expression of AAT is associated
with emphysema [127]. Collagenases have been described for collagen breakdown
in emphysema and emphysema models [128, 129]. Cathepsin S-dependent epithelial
cell apoptosis is a crucial event in the pathogenesis of IFN-γ-induced alveolar
remodelling and emphysema [130]. The fate of lung alveolar cells in emphysema
is shown in Fig. 38.3.

Lung innate immunity is exposed to a plethora of exogenous microorganisms.
Microbial LPS activate TLR4 and subsequent production of cytokines and ROS. In
mice model of emphysema, overexpression of lung-specific TNF-α was observed. It
was also associated with hypertension [131]. Moreover, IL-1β, IL-4, IL-13, and
IL-γ, generally associated with chronic inflammation, were also overexpressed
[123, 132]. Glutathione peroxidase-II is an isoform of glutathione peroxidase
(GPX). Cigarette smoke induces glutathione peroxidase-II in lungs. This process is
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regulated by the antioxidant transcription factor nuclear erythroid-related factor
2 (Nrf2) [133]. On knocking down Nrf2, mouse models have been reported to
develop airspace enlargement and enhanced inflammatory responses. The alveolar
septal epithelial and endothelial cells were killed by apoptosis [134]. Deficiency of
TLR4 causes pulmonary emphysema as evidenced from TLR4-knockout mice
(Tlr4�/� mice) [135]. TLR4 contributes to protection from ROS and has also
been reported to help in helper T cell (TH2) activation [136]. Other knockout models
of genes like VEGF conditional KO [137, 138] and surfactant-associated protein D

Fig. 38.3 The fate of lung alveolar cells in emphysema. Different factors like exposure to
parasites, toxins, oxidants, particulate matters in cigarette/biofuel smoke, enzymatic damage induce
the secretion of DAMPs by the epithelial cells undergoing necroptosis. A cascade of immunological
reactions is triggered following recognition of DAMPs by innate immune cells. Resident/infiltrating
neutrophils, macrophages, and dendritic cells release proteases like neutrophil elastase and
MMP-12 that cause degradation of elastin fibres releasing elastin peptides. Such peptides are
chemotactic in nature, recruiting further inflammatory cells and repeating the process. Other
proteases are also known to degrade collagen and fibronectin (not shown here).Emphysema has
been associated with familial α1AT deficiency (see text). Further inflammation eventually leads to
epithelial cell death. In alveolar capillary endothelial cells, HIF-1α regulates VEGF gene expres-
sion.Activation of VEGRF induce NO production. NO helps in survival of endothelial cells. Higher
level of ROS damage VEGF gene leading to downregulation of NO and subsequently endothelial
cell death

38 Drug Delivery in Respiratory Diseases: Current Opportunities, Molecular. . . 865



(SftpD) [123] have been reported to show symptoms of emphysema. Vascular
endothelial growth factor (VEGF), expressed in abundant amounts in the lung tissue
[138], is recognized by VEGF receptor (VEGFR). Alveolar septal endothelial cell
survival and homeostasis is dependent on paracrine and autocrine downstream
VEGF signalling [139]. Not only VEGF knockout but also VEGFR blockage can
cause emphysema [140], indicating a crucial role for VEGF signalling axis in
emphysema development and progression. In alveolar capillary endothelial cells,
HIF-1a regulates VEGF gene expression. Activation of VEGRF induces NO pro-
duction. NO helps in the survival of endothelial cells. The lung environment in
smokers is exposed to a lot of oxidative stress. Higher level of ROS damages VEGF
gene leading to downregulation of NO and subsequently endothelial cell
death [141].

38.5.3.2 Treatment Strategies
Though there is no specific treatment strategy against emphysema, supportive
medicines are used for symptomatic relief. Bronchodilators (e.g. β2-agonists,
anticholinergics) and corticosteroids are mainly recommended. Details are shown
in Table 38.5.

38.5.3.3 Novel Drug Delivery Systems for Emphysema
Generally, formulations of bronchodilators are delivered locally with inhalers or
nebulizers. This provides local and immediate effect. Alpha-1 antitrypsin (A1AT)
deficiency is an inherited disorder causing emphysema. Therapeutic level of A1AT
in the lungs can be achieved with pulmonary administration of A1AT-loaded
nanoparticle. Ghasemi et al. developed A1AT-loaded chitosan-genipin
nanohydrogel [153]. The nanoformulation (particle size ~30–100 nm) had more
than 80% entrapment efficiency. It provided sustained release of A1AT for 12 days
in simulated lung fluid [153].

38.5.4 Pulmonary Oedema

Pulmonary oedema can be defined as the accumulation of excess fluid in the alveolar
walls and alveolar spaces of the lungs. The basic forces that maintain fluid balance
between the microcirculation and interstitium are known as “Starling Forces”
[154]. An imbalance in “Starling Forces” causes cardiogenic (hydrostatic) pulmo-
nary oedema (non-inflammatory type). The damage of the lymphatic drainage
system or direct injury to lung parenchyma/vasculature increases the permeability.
As a result, fluid may accumulate causing non-cardiogenic pulmonary
oedema [154].

38.5.4.1 Pathophysiology
The pulmonary capillary pressure ranges from 6 to 13 mm Hg. The pressure is
10 mm Hg under normal conditions. Under different coronary artery disease
conditions (myocardial infarction), congestive heart failure, and cardiomyopathy,
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the pressure is increased to cause pulmonary oedema [155, 156]. The extra-alveolar
interstitial spaces have negative pressure to keep the alveoli dry. In patients with
cardiovascular diseases, increased pressure in pulmonary capillary causes fluid
accumulation in the interstitial spaces. Non-cardiogenic pulmonary oedema may
also results from injury to the endothelial and epithelial layers of lungs [156].

38.5.4.2 Treatment Strategies
Therapies mainly make the best use of symptomatic drugs and medications which
target underlying causes. They include diuretics [157], vasodilators [158, 159],
calcium channel blockers [160, 161], inotropes [162], and morphine [163]. Details
are shown in Table 38.6.

Table 38.6 Different categories of drugs and their mechanism of actions against pulmonary
oedema

Sl.
no. Class Drugs Mechanism of action References

1. Diuretics Furosemide Improves dyspnoea by
reducing pressure caused by
fluid overload

[157, 164]

2. Vasodilators Nitroglycerin, nesiritide
(administered
intravenously), serelaxin
(a recombinant human
form of relaxin, inducing
nitric oxide activation)

Causes dilatation of blood
vessels, reducing pressure
build-up

[158, 159]

3. Calcium
channel
blockers

Clevidipine, nifedipine
(prophylactically used to
treat hypoxia-mediated
pulmonary
vasoconstriction in high-
altitude pulmonary
oedema, HAPE)

Help in lowering pressure [160, 161]

4. Inotropes Dobutamine, dopamine,
milrinone (administered
intravenously, with
vasodilatory activity)

Used during pulmonary
congestion

[162]

5. Analgesics Morphine Reduces systemic
resistance of the blood
vessels and anxiety; lowers
dyspnoea and cause venous
dilatation; used previously
in acute pulmonary oedema,
stopped because of adverse
effects

[157, 163]

38 Drug Delivery in Respiratory Diseases: Current Opportunities, Molecular. . . 869



38.5.5 Lung Cancer

Lung cancer refers to tumours arising in the lung parenchymatous tissue or within
the bronchi. It is the most commonly diagnosed cancer (12.4%) around the globe
[165]. In the year 2018, as per the WHO, the death of 23.1% cancer patients was
because of lung cancer [166].Tobacco smoking, specially passive smoking, remains
predominantly the most common cause of lung cancer, with the risk being more
acute in males who were former smokers [167]. The chance of mortality is higher in
US population of males as surveyed by the American Cancer Society and the
National Cancer Institute [168]. The risk is further increased with exposure to
radiation therapy and carcinogens like asbestos, chromium, nickel, cadmium, chro-
mium, silica, arsenic, and polycyclic aromatic hydrocarbons [165].

Approximately 10% of lung cancer patients suffer from small cell lung cancers
(SCLCs). According to the WHO, SCLCs are of three cell subtypes: oat cell,
intermediate cell, and combined cell (SCLC with components of non-small cell
lung cancer, squamous cell carcinoma, or adenocarcinoma). Smoking is the most
common cause of SCLC. The thyroid transcription factor-1, CD56, synaptophysin,
and chromogranin are the popular markers of SCLC [165].

The non-small cell lung cancer (NSCLC) accounts for ~85% of lung cancers. It is
traditionally divided into 3 major cell types: adenocarcinoma (~50%), squamous cell
carcinoma (~35%), and large cell carcinoma (~15%) [169]. Adenocarcinoma is
mainly associated with non-smokers, whereas squamous cell carcinoma is associated
with smoking. Napsin A, Cytokeratin-7, and thyroid transcription factor-1 are the
well-proven markers.

Moreover, NSCLC may include adeno squamous carcinoma, carcinoid tumours,
and unconventional forms of non-small cell lung cancer. Giant cell carcinoma and
sarcomatoid carcinoma are such unconventional form of NSCLC [165].

38.5.5.1 Pathogenesis
Environmental carcinogens cause abnormal growth of cells in the originating tissue
of lung epithelium. It is known as dysplasia of lung. The carcinogens are mostly
mutagens. On persistent exposure, they cause aberrant genetic mutations leading to
defective protein synthesis. The cell-cycle homeostasis is lost resulting in carcino-
genesis. The most common mutations are MYC, BCL2, and p53 for SCLC. Whereas
mutations of EGFR, KRAS, ALK, ROS-1 [165, 170], BRAF [171], and p16 are
responsible for NSCLC[165, 169, 172]. Squamous cell carcinoma involves
mutations in components in PI3K pathway, fibroblast growth factor receptor, and
discoidin domain receptor [169]. Cancer stem cell regulation is largely dependent on
Hedgehog, Wnt, and Notch pathways and hence have crucial roles in lung cancer
development [173].

Lungs do have microbiotica. In healthy person, they provide pulmonary immu-
nity. But in person with respiratory disease, they interact with the pathogens and act
as co-factor to help in progression of the disease [174]. Again, the gut microflora has
important roles in the immune regulatory functions of human body. It modulates the
treatment of different respiratory diseases including lung cancer. Recently Bingula

870 D. G. Dastidar et al.



et al. (2018) studied the role of the gut, lung, and upper airway microbiota in the
treatment of NSCLC patients [175]. The findings suggest that the life style of
patients (nutrition, profession, smoking, drinking, etc.) have direct effect on the
microflora and subsequently on the progression of lung cancer [175].

38.5.5.2 Treatment Strategies

Treatment of NSCLC
The chemotherapeutic agents used in the treatment of lung cancer are summarized in
Table 38.7. Surgery is the most sought-after strategy for treating stage 1 NSCLC.
The patients of stage 2 NSCLC are treated with radiotherapy first. Thereafter,
surgical removal of tumour is followed by adjuvant/neo-adjuvant chemotherapy,
preferably with etoposide and cisplatin [165].

Stage 3 NSCLC tumours show a lot of heterogeneity with respect to tumour cell
microenvironment and invasion. The usual procedure is surgery followed by adju-
vant chemotherapy or chemoradiotherapy, depending on patient health status. In
some cases with unrespectable tumours, surgery post-chemotherapy can be

Table 38.7 Summary of different chemotherapeutic agents used in the treatment of lung cancer

Class Drugs Mechanism of action References

Podophyllotoxin
derivative

Etoposide Topoisomerase II inhibitor [182]

Platinum
compounds

Cisplatin Forms DNA adducts, induces
DNA damage and cell death

[183]

Immunotherapy Bevacizumab Vascular endothelial growth
factor (VEGF) inhibitor

[176]

Nivolumab Anti-PD1 antibody [165]

Pembrolizumab (often used
in combination with
pemetrexed and
carboplatin)

Anti-PD1 antibody

Atezolizumab Anti- PDL1 antibody

Tyrosine kinase
inhibitors (TKIs)

First-generation EGFR-
TKIs: Erlotinib, gefitinib

Inhibits EGFR (epidermal
growth factor receptor) wild-
type variant or activating
mutations

[172, 177]

Second generation: ErbB
family blockers like
afatinib, dacomitinib

Irreversibly blocks receptors
of ErbB family, including
EGFR

[178, 179]

ALK (anaplastic
lymphoma kinase)
inhibitors like crizotinib,
ceritinib, and alectinib

Targets and inhibits ALK
gene rearrangements,
responsible for NSCLC
progression

[165]

Crizotinib Targets ROS1 translocation
observed in lung
adenocarcinoma

[180]
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followed. The patients of stage 4 NSCLC have very less chance of survival. A
combination of chemotherapeutic agents is generally preferred.

Bevacizumab is a well-known inhibitor of vascular endothelial growth factor
(VEGF).This clinically approved anti-angiogenic agent has shown favourable
results in patients of non-squamous NSCLC who do not have brain metastasis or
haemoptysis [176]. The other emerging approaches for targeted therapies of
NSCLCs focus on inhibiting the pathways of “driver mutations” that lead to
advanced NSCLCs. The epidermal growth factor receptor (EGFR) is blocked with
first-generation tyrosine kinase inhibitors (TKIs) like erlotinib and gefitinib
[172, 177]. If the cancer is resistant to the first-generation TKIs, second-generation
EGFR-TKIs like afatinib [178] and dacomitinib [179] are preferred. Crizotinib,
ceritinib, and alectinib are used as inhibitors of ALK (anaplastic lymphoma kinase)
[165]. Crizotinib has also been approved for another type of translocation observed
in lung adenocarcinoma, ROS1 [180].

In malignant cells, programmed death receptor 1 (PD-1) is found important in
downregulating T cells and promoting self-tolerance. PD-L1 and PD-L2 are the
ligands that bind to PD-1 and inactivate T cells. Using antibodies against PD-1 or
PD-L1 is a good strategy to block this pathway. Nivolumab (antibody against PD-1),
pembrolizumab (antibody against PD-1, used often in combination with pemetrexed
and carboplatin), and atezolizumab (antibody against PD-L1) are widely used for
NSCLC treatment [165].

Treatment of Small Cell Lung Cancer (SCLC)
Treatment regimen includes surgery, chemotherapy, and radiation therapy
[165]. Potential drugs under investigation include the mTOR inhibitors everolimus
and temsirolimus [181].

38.5.5.3 Delivery Systems
Since anticancer drugs are cytotoxic, targeted drug delivery systems play a key role
in anticancer therapy. The targeting strategies are of two types: passive targeting
[184, 185] and active targeting [186, 187].

In the case of lung cancer, cancer cells are generally developed in the blood
vessel-enriched pulmonary alveolar region. The epithelial tissues are directly
connected with the blood vessels. Tumour vasculature is the key factor for passive
targeting [188]. Tumour vasculature is largely different from normal blood vessel
[189, 190]. Tumour tissue proliferates rapidly. As the size is increased, the demands
of oxygen and other key nutrients are also increased. At a critical size of 1–2 mm3,
tumour cells start suffering from starvation of oxygen and nutrients because of lack
of supplying blood vessels. Thus, the further growth of tumour is retarded
[191]. Tumour vasculature is highly heterogeneous in distribution; microvessels
are discontinuous and leaky. Depending on the location of tumour, the intra-cellular
gap of endothelial cells ranges from 100 to 780 nm [192]. So, drug molecules like
paclitaxel [193], gemcitabine [194], and cisplatin [195] can easily diffuse out and are
not accumulated in the tumour microenvironment at the required concentration. This
problem is solved when anticancer agents are delivered as encapsulated in
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nanoparticles [196, 197]. Solid tumours have poor lymphatic drainage system.
Moreover, the interstitial fluid pressure is also high. These two factors slow down
the clearance of drug encapsulated nanoparticles entered passively into the leaky
tumour microenvironment. This mechanism of targeting a solid tumour was first
explained by Matsumura and Maedain 1986 [198]. It is known as the enhanced
permeation and retention (EPR) effect.

In active targeting, the surface of nanocarriers is decorated with ligand
corresponding to receptors overexpressed on to the tumour cells. Thus, the drug is
selectively accumulated in cancer cells, and the normal tissues are escaped from
toxicity.

Different biocompatible and biodegradable polymers have been reported for the
development of polymeric nanoparticle, micelle, and polymer-lipid hybrid nanopar-
ticle to deliver anticancer drugs against lung cancer [199, 200]. Poly(D,L -lactic
acid) (PLA), poly(D,L-lactic-co-glycolic acid) (PLGA), poly(ε-caprolactone)
(PCL), poly-alkyl-cyanoacrylates, gelatin, albumin, chitosan, and their copolymers
di-blocked or multi-blocked with poly(ethylene glycol) (PEG) are most popular.
Different lipid-based nanoformulations like solid lipid nanoparticle liposomes,
microemulsion, and niosomes have been well studied in lung cancer [201].
DOXIL™ (PEGylated liposomal formulation of doxorubicin) was the first
FDA-approved clinically available nanoformulation for solid tumours
[202, 203]. It is associated with passive targeting strategy only. Though many
clinical trials had been conducted for the treatment of lung cancer patients with
intravenously administered DOXIL in combination with other drugs like cisplatin,
carboplatin, and cyclophosphamide, no promising results have been reported
[204]. Abraxane®, the human serum albumin nanoparticle, carrying paclitaxel has
been approved by FDA for first-line treatment of locally advanced or metastatic
NSCLC. It is recommended in combination with carboplatin for patients who are not
under curative surgery or radiation therapy [205].

Gelatin nanoparticles were grafted with biotinylated epithelial growth factor
(EGF) molecules for targeted delivery of anticancer drugs to lung tumour. This
enhanced the uptake of nanoparticles by A549 lung adenocarcinoma cells ex vivo
and lung cancer cells in a mouse model after administration as aerosol
[206]. Recently Dastidar et al. reported a simple strategy for targeting the lung
cancer cells through oral route [201]. They developed paclitaxel-encapsulated
core-shell nanoparticle of cetyl alcohol. These ~78 nm particles had ~98% drug
encapsulation efficiency and oral bioavailability of ~95% in rats. In comparison to
free paclitaxel, this nanoformulation was 6.6-folds more potent to A549 cells and
7.8-folds more potent to 10 nM paclitaxel-resistant A549 cells. This was due to the
rapid and complete cellular uptake of nanoparticles by the A549 cells and paclitaxel-
resistant A549 cells. Actually, cancer cells uptake more lipids as a fuel for their high
metabolic activities and have higher activity of ADH and ALDH enzymes. ALDH is
a marker protein of lung cancer stem cells. Since cetyl alcohol is metabolized by
ADH and ALDH enzymes, cancer cells find it as good source of their metabolic
needs and uptake rapidly from the surrounding medium. This was the simple
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strategy behind actively targeting the lung cancer cells by cetyl alcohol
nanoparticles [201].

Pulmonary administration of anticancer drugs has also been investigated due to
advantages like site-specific drug delivery, avoidance of first-pass metabolism,
possibility of fewer side effects, and needle-free delivery devices leading to better
patient compliance [207, 208]. Meenach et al. developed camptothecin-loaded
porous microsphere of acetylated dextran (Ac-DEX) for the treatment of lung cancer
[209]. The degradation kinetics of the polymeric matrix is a function of molecular
weight of Ac-DEX. Hence, the rate of drug release can be controlled by using
polymers of different molecular weight. Even duration of few hours to month can
be achieved. Tafaghodi et al. developed paclitaxel encapsulated large porous micro-
sphere of PLGA for the treatment of lung cancer [210]. In comparison to intravenous
route, pulmonary administration of this microsphere was 11.9-fold more efficient in
the delivery of drug to the target cells. Again, endotracheal administration in rats
maintained effective plasma concentration of paclitaxel for fourfold longer period
of time.

In a recent study, a group of scientists developed pH/redox dual stimuli-
responsive clustered nanoparticle for targeted delivery of ultra-small platinum
nanoparticles (USPtNs) and gemcitabine (GEM) simultaneous. It was tested in
NSCLC [211]. Details of treatment strategy are shown in Fig. 38.4. The size of the
nanocomposite particle was ~165 nm. The clustered nanoparticle is composed of
GEM-grafted copolymers (PEG-b-P(LL-g-GEM)), pH-sensitive polypeptides
(OAPI), and USPtNs. When present within cancer cells, this hybrid nano-system
performs a number of programmed tasks to kill the cell. When encapsulated in
lysosomal vesicle, USPtN is released due to acidic pH. When released in cytoplasm,
GEM is released due to higher intracellular concentration of GSH in cancer cells.

38.5.6 Asthma

Asthma is defined as the chronic inflammation of the respiratory airways leading to
bronchoconstriction and airway remodelling. Asthma is characterized by wheeze,
shortness of breath, chest tightness, and cough. Influenced by genetic and environ-
mental factors, asthma may have either early onset or late onset. Apart from allergic
or atopic IgE-associated asthma, non-allergic asthma can also be induced by intoler-
ance to NSAIDs, rhinosinusitis, and nasal polyps.

38.5.6.1 Pathogenesis
Schematic representation of allergen sensitization in pulmonary epithelium is shown
in Fig. 38.5. Bacteria, virus, and pollutants invade the airway mucosal epithelium
and get recognized due to the presence of pathogen-associated molecular patterns
(PAMPs) on their surface. The downstream signalling causes the mucosal epithelial
cells to secrete chemokines like CCL19, CCL20, and CCL27. They bind to chemo-
kine receptors present on immature dendritic cells (DCs).The chemokines CCL19,
CCL20, and CCL27 bind to the receptors CCR7, CCR6, and CCR10, respectively.
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Thus, the immatured DCs matured into antigen-presenting myeloid-type DCs. They
are called activated DCs. They detect and process the invading allergens into small
peptides [212]. The processed peptides are then presented with the major histocom-
patibility complex (MHC) class II molecules to the T cell receptors (TCRs) of naive
T cells, present in local lymph node [213]. Upon further interactions with
co-stimulatory molecules, the T cells are differentiated into T helper (TH2) cells
that promote IgE production. IgE are bound on mast cell surface. Upon further
exposure to allergens, the mast cells, IgE, and eosinophils cause inflammatory
responses. Mediators like histamine and bradykinin are released, resulting in con-
striction of the bronchial airways [214].

Fig. 38.4 Schematic representation of pH-responsive drug delivery system as cancer cell-targeting
strategy. USPtNs and pH-responsive polymer-conjugated gemcitabine-combined hybrid nano-
system complete multiple tasks inside cancer cells. This nanocomposite generates the cytotoxic
Pt ions in response to lysosomal acidic environments into the cytoplasm of cancer cells due to
increased reduced GSH and also subsequent release of gemcitabine in cytoplasmic environments.
Abbreviations: USPtNs ultra small platinum nanoparticles, GSH glutathione

38 Drug Delivery in Respiratory Diseases: Current Opportunities, Molecular. . . 875



38.5.6.2 Treatment Strategies

38.5.6.3 Novel Drug Delivery Systems
Asthma is a chronic inflammatory disorder. It causes changes in the ultra-fine
structure of airways and affects the remodelling process [218]. The common
therapies have been summarized in Table 38.8. Generally, inhalation of steroids is
prescribed. Though the damage is not completely reversed, systemic side effects are
inevitable. Adrenocortical suppression, Cushing’s syndrome, and osteoporosis are
the most common among them. Only targeted delivery of drug can reduce the side

Fig. 38.5 Schematic representation of allergen sensitization in pulmonary epithelium. Microbes
and pollutants initiate the activation of innate system. The airway epithelial cells (ECs) secrete
chemokines and lead to trafficking of immature dendritic cells (DCs) to the mucosal epithelium. The
DCs use their pattern recognition receptors (PRRs) to detect the pathogen/allergen and stimulate the
cell signalling pathways leading to their maturation into competent antigen-presenting myeloid-type
DCs. The pathogen/allergen-loaded DCs play as a leader for T cell differentiation. They migrate to
the local lymph nodes and interact with naive T cells (TN) via the T cell receptor (TCR), Major
Histocompatibility Complex (MHC) class II and co-stimulatory molecules. DCs activation and
T-helper-2 (TH2) cell maturation and migration into the mucosa are influenced by additional
epithelial-derived cytokines and chemokines, including IL-25, IL-33, CC-chemokines ligand
17 (CCL17), and CCL22. Abbreviations: CCR CC-chemokine receptor, GM-CSF granulocyte–
macrophage colony-stimulating factor, mDC mucosal DC, TNF tumour necrosis facto, TSLP
thymic stromal lymphopoietin
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effects. A recent study in athymic mice has shown that the systemic delivery of self-
assembled dexamethasone nanoparticles (Dex-NP) targeted lung and was more
effective than free dexamethasone (Dex) [219]. Intraperitoneal injection of ovalbu-
min on days 0 and 14 sensitizes the mice. After two weeks, daily 30 min exposure to
ovalbumin aerosol at a frequency of three times per week induces asthma. This
exposure to ovalbumin aerosol continues for the total duration of experiment.
Dex-NP injection significantly reduced the count of total cells and eosinophils in
the lung lavage. The level of the interleukin (IL)-4 and monocyte chemotactic
protein-1 (MCP-1) was significantly reduced in comparison to untreated mice [219].

Theophylline, an anti-inflammatory drug effective in allergic asthma, was deliv-
ered intranasally, as complex with thiolated chitosan nanoparticles [220]. Since
thiolated chitosan nanoparticles have enhanced mucoadhesiveness and epithelial
cell permeability, this strategy significantly enhanced the anti-inflammatory effects
of theophylline in ovalbumin-induced allergic mice model [220]. Thymulin is a
serum thymus factor. It is a biologically inactive nonapeptide. It becomes activated
upon coupling with zinc ions in vivo. It has an important role in modulation of intra-
and extra-thymic T cell differentiation. Thus, it mediates anti-inflammatory and anti-
fibrotic effects and is a good candidate drug for the treatment of allergic asthma.
Morales et al. developed DNA nanoparticle of ~90 nm for the delivery of thymulin
gene to lung cells. Single molecule of plasmid DNA was compacted with block
copolymers of poly-L-lysine and polyethylene glycol linked by a cysteine residue
(CK30PEG). The effect of intratracheal delivery (using a microsprayer) of this
nanoformulation was studied in OVA-sensitized mice. The gene transfection was
successful to inhibit the inflammatory and remodelling processes [221]. In the case
of virus-induced chronic inflammatory lung diseases like asthma, COPD, or cystic
fibrosis, stimulation of antiviral cytokine IFN-beta is a good strategy of choice.
Polyinosinic-polycytidylic acid is well known for IFN-β induction. But it also causes

Table 38.8 Summary of drugs that are used in the treatment of asthma

Sl.
no. Class Drugs Mechanism of action References

1. Inhaled
corticosteroids
(ICSs)

Budesonide,
fluticasone

Reduces inflammation [215]

2. Long-acting β2-
adrenergic receptor
agonists (LABAs)

Salmeterol,
formoterol

Relaxes airway smooth muscles [215]

3. Long-acting
muscarinic
antagonists
(LAMAs)

Tiotropium Anticholinergic in nature (inhibit
bronchoconstriction induced by
acetyl-choline)

[216]

4. Leukotriene
receptor antagonists
(LTRAs)

Montelukast,
zafirlukast

Inhibit leukotriene- receptor
activation and subsequent
bronchoconstriction and chronic
inflammation in chronic asthma

[215]

5. Immunotherapy Omalizumab IgE-specific monoclonal antibody [217]
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the production of chemokine IL-8 leading to inflammation. So, a cytoplasmic
delivery system is required that will efficiently stimulate the pathway for the
production of IFN-β only. Dauletbayev et al. developed polyinosinic-polycytidylic
acid encapsulated liposomal formulation that selectively stimulated the pathway for
the upregulation of IFN-β in airway epithelial cells [222].

38.5.7 Cystic Fibrosis

Cystic fibrosis is an autosomal recessive lethal genetic disorder, caused by mutations
in a gene on chromosome 7. The molecular mechanism of cystic fibrosis is shown in
Fig. 38.6. The gene codes for cystic fibrosis transmembrane conductance regulator
(CFTR) protein functioning as transmembrane cAMP-activated chloride channel
[223]. It belongs to the ATP-binding cassette (ABC) superfamily [224]. Clinical
manifestation takes place in a homozygous person. Different mutations in CFTR
gene can lead to defective protein synthesis, misregulation of protein channel,
defective chloride transport or enhanced degradation and subsequent unavailability
of CFTR protein channel [225]. The most common mutation is Δ F508, causing
abnormal CFTR protein folding and its early degradation [226]. In healthy
individuals, Cl¯ ions get actively transported via CFTR present in the apical mem-
brane of airway epithelial cells, causing passive movement of Na+ ions out of the
cell. The increased electrolyte concentration on the luminal surface creates an
osmotic force for water to be secreted via aquaporin channels [227]. This maintains
the fluidity of the mucus required to clear the pathogen/foreign particles encountered
through inhalation. However, in the case of defective CFTR protein, the Cl¯ ion
transport mechanism is impaired resulting in drying of mucus layer [228] and
subsequent loss of innate defence mechanism. Apart from respiratory obstruction,
the bowel, intestines, pancreas, and sweat glands, all of which are functionally
dependent on chloride transport, get affected [227, 228].

38.5.7.1 Treatment Strategies
The choice of therapy depends on the type of mutation. It is summarized in
Table 38.9.

38.5.7.2 Novel Drug Delivery Systems
Mucolytics [233] and few novel anti-inflammatory agents are good candidates for
the treatment of cystic fibrosis (CF) [234]. N-Acetyl cysteine, Dornase alfa, gelsolin,
and thymosin b4 therapy can be a good approach for CF [233]. Nanoparticles could
be the delivery system of choice to overcome the barrier of thick mucus layer and
bacterial biofilm [235]. The mucus of cystic fibrosis patients has very low water
content than that of a healthy person. The healthy person mucus has a mesh size of
500 nm. In CF, there is formation of tough cross-linked network consisting of
70–80% mucin fibres, DNA (as a shell around the mucin core), actin, and other
macromolecules. The mesh size is 100–300 nm [236, 237]. Depending on the
disease stage of the patients, the viscoelasticity is significantly increased
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[238]. This leads to the formation of strong hydrophobic and electrostatic barriers to
the penetration of nanoparticles. There are two common strategies to overcome these
barriers. The surface of nanoparticles is coated with a dense layer of low-molecular-

Fig. 38.6 Pathophysiology of cystic fibrosis. (a) Human Lung. (b) Detailed structure of
conducting airways. Three types of cells are present—basal cells, ciliated cells, and goblet cells.
The surface is covered with a mucus layer. (c) Molecular mechanism across basolateral membrane.
The paracellular transport of Na+ ions and water takes place following the electrochemical gradient.
The intracellular movement of different ions is regulated by different transporter proteins like
CFTR, NKCC, Na+/K+-ATPase, ENaC, and members of SLC26. NKCC1 is present on the
basolateral membrane. It functions in co-ordination with Na+/K+-ATPase to accumulate Cl� ions
within the cells. Recycling of K+ ion is associated with proper functioning of the Na+/K+-pump.
SLC26A4 and SCL26A9 are anion exchangers. They are functionally important for mucus homeo-
stasis. In CF, the mutated CFTR protein is not able to exchange of Cl� ions. The movement of Na+

ions stops. Secretion of water is reduced leading to dehydration of mucus. (d) Enlarged view of the
mutated CFTR, taken from crystalline structure (PDB ID- 5UAK). Abbreviations: ASL airway
surface liquid, CFTR cystic fibrosis transmembrane conductance regulator, NKCC Na-K-Cl
cotransporter, ENaC epithelial sodium channel, SLC 26 solute carrier family 26
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weight polyethylene glycol (PEG). Since PEG is “muco-inert” polymer, both the
electrostatic and hydrophobic interactions are eliminated. Mucolytic agent like
N-acetylcysteine (NAC) is co-administered with the nanoformulation to reduce
mucosal viscoelasticity [235, 239].

38.5.8 COPD (Chronic Obstructive Pulmonary Disease)

COPD is a chronic disorder, manifested by airway tract obstruction and parenchy-
matous tissue damage, caused by long-term inhalation of obnoxious chemicals/
cigarette smoke. Other causes may be passive smoking, chronic exposure to hazard-
ous environmental pollutants, or even familial alpha-1 antitrypsin deficiency
(AATD). These induce downstream inflammatory reactions and result in lung
damage and decreased lung elasticity. Symptoms include cough, dyspnoea, and
sputum formation [240].

38.5.8.1 Pathophysiology
In patients with COPD, exposure to chronic lung irritants causes oxidative stress and
disrupts equilibrium between proteases and anti-proteases. This causes enlargement
of air sacs and loss of tissue elasticity due to elastin degradation (Fig. 38.7). Also,
neutrophils and macrophages infiltrate at the site of irritation/damage. Persistent
macrophage activation leads to the release of multiple inflammatory mediators
causing an aggravated inflammatory response resulting in epithelial cell death
[241]. Such events are more commonly observed in emphysema (discussed previ-
ously in Sect. 38.5.3). In patients with AATD, misfolded mutated protein
accumulates in the liver, causing anti-protease insufficiency in the lung and
subsequent protease-mediated cell damage. A decrease in the forced expiratory
volume (FEV1) is observed along with excess inflation of the lungs. Gas exchange
gets impaired in the course of disease progression. Incomplete exhalation and
increase in physiologic dead space increase carbon dioxide (CO2) levels. Lack of
O2 causes vasoconstriction, leading to pulmonary hypertension [240].

38.5.8.2 Treatment of Strategies
See Sect. 38.5.3.2 (Treatment strategy of emphysema).

38.5.8.3 Delivery Systems
Bronchodilators (β2-agonists and antimuscarinics) are the primary treatment strategy
in patients with COPD. Dry powder inhalers, pressurized metered dose inhalers, and
nebulizers are the most commonly used drug delivery devices to deliver the drugs
locally in the respiratory tract for providing immediate relief. See Sect. 38.7 for
details.
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38.6 Mechanisms of Particle Internalization into Cell

Alveolar cells can be classified as macrophages and pneumocytes. Pneumocytes are
again of two types—I and II. Type I cells are the larger flat epithelial lining cells
involved in the exchange of oxygen and carbon dioxide in the alveoli. Type II cells
are smaller in size but play big roles in defence mechanism of the alveoli. They
synthesize and secret surfactants, keep the alveolar space relatively free from fluid,
serve as progenitor cells, and boost the innate immune system. It is the macrophages
and the type I epithelial cells that take part in the endocytosis process [242]. Different
internalization mechanisms of nanoparticles are shown in Fig. 38.8 and discussed in
detail below.

Fig. 38.7 Pathophysiology and treatment strategy of COPD. Invasion by pathogen, exposure to
cigarette smoking, and different air pollutants cause induction of excessive mucous secretion by
goblet cells. Thus, the airway is obstructed. So, antibiotic therapy, use of corticosteroids, and
bronchodilators are the strategy of treatment
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38.6.1 Phagocytosis

Phagocytosis is one of the major cellular internalization mechanisms. Different
phagocytes, like macrophages, monocytes, neutrophils, and dendritic cells, are
present in our body. They are responsible for engulfing foreign particles like bacteria
and virus and stimulating the host’s adaptive immune system. Fibroblasts and
epithelial and endothelial cells are also phagocytic [243]. These phagocytic cells
are the main barrier towards the delivery of nanoparticles, because they detect the
nanoparticles as foreign and internalize them. The size, shape, and surface charge
nanoparticles are the important factors that determine this phagocytosis process
[244]. The very initial step of phagocytosis is known as opsonization [245, 246]. Dif-
ferent proteins like antibodies [247, 248], components of complement system [249],
laminin, and fibronectin [250–252] coat the surface of the nanoparticles. This helps
the phagocytic cells to detect and engulf the nanoparticles. Larger particles are
generally internalized by this mechanism; particles of 460–2100 nm diameter
have been found to be taken up by mouse peritoneal macrophages [253, 254]. Charge
and hydrophobicity of nanoparticle’s surface play important roles in opsonization

Fig. 38.8 Different mechanisms behind cellular uptake of nanoparticles
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and subsequent engulfment by phagocytic cells present in the reticuloendothelial
system (RES). Hydrophobic particles are preferentially taken up by the phagocytic
cells of the liver, followed by the spleen and lungs. Smaller nanoparticles (diame-
ter < 35 nm) with hydrophilic surface are less prone to be taken up in the spleen and
liver. Many researchers have reported that PEGylated nanocarriers have better
barriers to surface adsorption of plasma proteins. The layer of polyethylene glycol,
surrounding the nanoparticles, provides a sterically stable repulsive barrier. The
polymer layer should have a minimum thickness for effective protection. The
molecular weight, conformation, and density of polymer chain play the key
role [255].

38.6.2 Clathrin-Mediated Endocytosis (CME)

Alveolar type I cells possess both the clathrin- and caveolae-mediated endocytic
pathways. CME takes place at the clathrin-rich domain (0.5–2% of the cell surface)
of the cell membrane. Clathrin is a triskelion-shaped scaffold protein. It together
with other proteins (e.g. epsin, amphiphysin, SNX9) co-assembles spontaneously
into a complex architecture that helps in invagination of plasma membrane
(as clathrin coated pits) and stabilizes the endocytic vesicle (diameter
100–150 nm) [256]. These vesicles form early endosomes that get converted into
late endosomes which finally fuse with lysosome. Different nanoparticles like
aptamer-decorated quantum dot [257] and 20 nm gold nanoparticles [258] were
reported to be taken up by human non-small cell lung cancer cell lines (A549). It has
been shown that 50 nm siRNA nanoparticles follow passive diffusion to enter the
alveolar cells and remain free in the cytoplasm. Whereas 100 nm nanoparticles enter
primarily via clathrin- and caveolin-mediated endocytosis and are found in
endosomes [242]. The same was observed for 50 nm and 100 nm amine-modified
poly-styrene particle [242].

38.6.3 Caveolae-Dependent Endocytosis (CDE)

Caveolae are 50–80 nm flask-shaped membrane invaginations that are lined with a
dimeric protein, caveolin-1 [256]. The other associated proteins are cavin, dynamin,
vesicle-associated membrane protein (VAMP2), and synaptosome-associated pro-
tein (SNAP) [259]. Caveolae are involved in trans-endothelial albumin uptake.
Again, in lung cancer cells caveolin-1 is overexpressed [259]. The commercially
available albumin-bound form of paclitaxel (Abraxane®) is clinically used in the
treatment of lung cancer. This nanoparticle is taken up by caveolae-mediated
endocytosis [259]. This overexpression of caveolin-1 is the strategy behind targeted
delivery of anticancer drug-loaded nanoparticles to lung cancer [260]. Sahay et al.
developed doxorubicin-loaded pH-responsive polymeric micelles with cross-linked
ionic cores of poly methacrylic acid and non-ionic shell of poly(ethylene oxide)
[260]. This nanoparticle cannot enter into normal epithelial cells because of the
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presence of tight junctions. But, lung cancer cells uptake the nanoparticles by
caveolae-mediated endocytosis. After internalization, drug-loaded micelles reach
the lysosomes. The acidic environment causes the release of drug, linked to the
polymer via pH-sensitive hydrazone bonds [260].

38.6.4 Clathrin/Caveolae-Independent Endocytosis

Non-small cell lung cancer (NSCLC), particularly lung adenocarcinomas, has
overexpression of folate receptor-α (FRA) on their surface than that of normal tissue.
Thus, conjugation of folic acid on the surface of anticancer drug-loaded
nanoformulation is a good strategy to target the NSCLC [261]. The folic acid acts
as ligands to the folate receptors on cancer cell surface. Due to this ligand-receptor
interactions, the nanoparticles get internalized independent of the functioning of
clathrin and caveolae [256]. Thus, the nanoparticles do bypass the trafficking into
lysosomes. They are either retained in endocytic vacuoles or get released into
cytoplasm [262].

38.7 Delivery Device

38.7.1 Dry Powder Inhaler (DPI)

Bell and colleagues are famous for their pioneer works on dry powder aerosols. They
reported the first dry powder inhalation device in the year 1971 [263]. Nowadays,
varieties of DPIs are available for clinical use. Some devices are breath actuated.
They get activated and deliver consistent dose only when a threshold inspiratory
flow rate is reached [264]. The more advanced delivery devices are electrically
controlled. Battery is used as the source of power. They consist of an impellers
and piezoelectric crystals. The impellers mix the content and the piezoelectric
crystals vibrate to deliver the micronized dry solids [43]. As these devices are battery
driven, the delivery of dose is reproducible and is independent of inspiratory flow
rate [43]. Some devices are breath actuated. They get activated and deliver consistent
dose only when a threshold inspiratory flow rate is reached [264]. These devices are
very sophisticated and relatively expensive [18].

DPIs are suitable only for the administration of microparticles having proper size
range. Therefore, the nanoparticles are formulated as nano-embedded microparticles
(NEMs). These micron-sized particles get transported across the respiratory system.
After dissolution of microparticle matrix in the respiratory fluid the nanoparticles are
released and penetrate through the mucus barrier. Spray drying is the most common
technique for converting nanoparticles suspension into stable, inhalable
microparticles [265]. NEM powders should have good re-dispersibility. It can be
assured with proper use of excipients and well-controlled manufacturing process
[266]. The most efficient materials for the preparation of NEM are biocompatible
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and biodegradable polymers like PLGA (Polylactic-co-glycolic acid) [267, 268],
chitosan [269], gelatine, and polyacrylate [270, 271].

38.7.2 Nebulizers

In nebulizers the solutions and suspensions are converted into droplets of appropriate
size for pulmonary administration. In comparison to DPIs and pMDIs, nebulizers are
suitable for aerosolization of lager doses of drugs [272]. Jet, vibrating, mesh, and
ultrasonic are different types of nebulizers that are available in clinic
[273]. Nebulizers are good alternative to inhalers. They are highly recommended
for COPD and asthmatic patients who are unable to use inhalers [66].

But with nebulization technique, it is difficult to maintain aggregation free nano-
suspension for prolonged period of time. Moreover, nebulizers have limited porta-
bility, and suffers from bacterial contamination. Therefore DPIs are preferred [274].

38.7.3 Soft Mist Inhaler (SMI)

“Soft mist” is inhalable aerosol cloud, generated from fine gets of drug solution. In
general, a predetermined dose is pumped out through especially designed nozzle to
generate the liquid jets converging at a pre-set angle. Respimat® is such a
new-generation, propellant-free SMI [275, 276]. The aerosol cloud generated with
MSI contains smaller particles than that of pMDIs and DPIs. Moreover, the particles
have lower velocity. So, the cloud stays for prolonged period of time. This results in
improved inhalation and higher deposition of drug molecules at the target site,
leading to better therapeutic efficacy than pMDIs and DPIs [275].

38.7.4 Pressurized Metered Dose Inhalers (pMDI)

In pMDIs, propellants are used to deliver the content (solution or suspension),
actively from a pressurized storage container. pMDI was introduced first by Riker
Laboratories in the year 1956 [277]. Chlorofluorocarbon propellants were used that
time. Nowadays, CFCs are banned and hydrofluoroalkanes (HFAs) like
tetrafluoroethane (HFA-134a), heptafluoropropane (HFA-227) are used as environ-
ment friendly propellant [278].The formulation should be a homogenous mixture of
API or API-loaded nanoparticles and the excipients. Generally, sorbitan trioleate or
lecithin is used as surfactant to reduce particle aggregation [279]. It is advised to
shake the inhaler before administration of dose [280]. Again, a good coordination
between inspiration and actuation is necessary. The inspiration should be slow and
steady followed by holding of breath for few seconds. Therefore, the elder patients
find difficulties in using pMDI device [281].

Poor colloidal stability of microcrystals in hydrofluoroalkanes is a technical
problem in using HFA propellants [282]. A new proprietary technology
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Co-Suspension™ has been invented where spray-dried distearoyl-phosphatidylcho-
line is used as suspending agent [283]. In coming days microprocessor-based
intelligent inhalers will be available in clinic [284].

38.7.5 Metered Dose Inhaler (MDI) with Spacer

This device delivers the required dose, precisely in the form of aerosolized droplets.
It is associated with decreased deposition of API in the oropharyngeal area and
subsequently efficient pulmonary administration. Spacers are tubes that act as a
reservoir to hold the medication before spraying [39]. Thus, the velocity of
aerosolized particles is reduced ensuring minimum fraction of dose to enter into
gastrointestinal tract [41].

38.7.5.1 Breath-Actuated Metered Dose Inhaler (baMDI)
Patients having poor inhalation coordination with actuation of DPI or pMDI require
breath-actuated devices [285]. In this case the coordination is automatic. The opera-
tion of breath-actuated device is based on spring operated optimized technology
[286]. During inhalation, a forced is applied onto a valve causing the spring to
operate. The formulation comes out in the form of aerosolized droplets of proper size
distribution. Thus, this device has good patients compliance and preferred mostly by
geriatric patients [287].

38.8 Future Challenges

Respiratory illnesses are the most critical health-related issues. There are a number
of challenges to be addressed in clinical management of respiratory illness. The
prime challenge is the targeted delivery of drugs in the case of lung cancer and
microbial infections. Drug targeting is possible with properly designed
nanoformulations, but only microparticles with proper density and particle size are
suitable for pulmonary administration. Therefore, nanoparticle-incorporated
microparticles (hybrid systems), especially porous microparticles, are deemed suit-
able. But these are difficult to synthesize and a lot of research scopes are there.
Second challenge is stealing the nanoparticles/microparticles from dendritic cells in
lungs. Though a few strategies are reported, more robust techniques are required.
Another key challenge is to study the clearance of the matrix material from lungs.
The presence of matrix material for prolonged period of time may be detrimental.
Moreover, since the deposition of particles to a particular region of lung depends on
a number of factors like particle size, surface properties, particle density, and disease
condition of the patient, high stringency is required in controlling the quality of the
product and development of robust delivery device. Another big challenge is the
development of robust preclinical models for evaluating drugs administered through
the pulmonary route, because it is very difficult to administer proper dose in animal
via inhalation. Though device like microspray is available, more sophisticated
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delivery devices are required to assure accurate administration of dose. Some
pulmonary diseases like cystic fibrosis are good candidate for gene therapy. So,
development of efficient vector and device for targeted delivery of the vector is a
major challenge. Though different types of delivery device for pulmonary adminis-
tration are available in clinic, bioelectronic device and microprocessor-controlled
devices are the future.
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Future Prospects and Challenges
in Targeting Cellular and Molecular
Mechanisms in Respiratory Diseases

39
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Abstract

Respiratory disease is a global health issue causing increased death rate. Signifi-
cant research has been done in understanding the fundamental mechanism of lung
disease for managing patient’s health with a range of respiratory diseases.
Regardless of these researches, still there is inadequate disease prediction before
the occurrence of symptoms, effective treatment, as well as effective drug target.
This chapter emphasizes the prospect and challenges associated with genomics
and molecular characterization of lung disease. It also highlights the mechanism
of lung injury and repair and translational medicine for lung disease with cutting-
edge technologies in the management of lung disease.
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39.1 Introduction

The world is facing immense health and economic burden due to respiratory
diseases. 235 million people have been reported to be affected with asthma and
more than 200 million people with chronic obstructive pulmonary disease (COPD),
65 million are affected with moderate-to-severe COPD [1], annually 8.7 million
people develop tuberculosis (TB) [2], and more than one billion individuals are
suffering from chronic respiratory conditions [3, 4]. Biofuel consumption releases
toxic effects affecting at least two billion people. Every year 4 million people are
dying from chronic respiratory disease [5]. Pneumonia is the foremost cause of death
in young children [6]. Globally asthma has affected 14% [7]. Lung cancer is the most
lethal cancer killing 1.4 million people each year [8]. The whole world is suffering
from economic burden due to health cost for treating respiratory diseases. The
annual cost for the treatment of asthma is estimated to be $18 billion [9]. This
chapter is proposed to explore numerous challenges associated with molecular and
genomic characterization of lung injury and repair. This chapter also emphasizes
traditional research in lung medicine and the role of microbiome in lung disease
along with cutting-edge technologies in the management of lung disease (Fig. 39.1).

Some 
Drugs

Infections

Cigarette  
smoke

Autoimmune 
conditionsRadiations

Genetic 
factor Dust

Lung cancer Cystic fibrosis

Idiopathic 
pulmonary 

fibrosis (IPF)Asthma
COPD

Lung 
Injury

Fig. 39.1 Depiction of various factors causing lung injuries

904 N. Verma et al.



39.2 Genomic and Molecular Characterization of Lung Disease

Genome-wide association studies (GWAS) have presented new approach into the
molecular mechanisms of lung diseases and its function [10]. Eighty percent of
families are found to have identified with familial pulmonary artery hypertension
(FPAH) due to mutation of BMPR2 gene [11]. Alterations in transforming growth
factor (TGF)-β have also been described to be associated with PAH [12]. Mice with
β6 gene have shown exaggerated inflammatory response in epithelial organ but after
knockdown of β6 provided protection in models against tissue fibrosis, bleomycin-
induced pulmonary edema, or pulmonary fibrosis, suggesting its pathogenic role in
acute lung injury [13]. Another gene is matrix metalloproteinase 12 (MMP-12) that
showed inflammatory responses in mice induced with pulmonary emphysema via
chronic exposure to tobacco smoke, whereas MMP-12 knockout mice offered anti-
inflammatory effects with induced pulmonary emphysema [14, 15]. It has been
reported that loss of α1-antitrypsin (α1-AT) gene in mice is lethal for the embryo
during lung development [16]. TGF-β has also shown complex roles in COPD and
has been used to discover important molecules and pathways in COPD [17]. Mice
deficient in tyrosine kinase domain (TK�/�) of the receptor (Mst1r) have shown an
increased vulnerability to nickel (Ni)-induced acute lung injury (ALI) [18]. There are
numerous transcription factors that may influence differentiation and formation of
the respiratory epithelium, and these are GATA-6, TTF-1, Foxa1, NF-1, Foxa2,
β-catenin, Foxj1, C/EBPα, Sox family members, p63, and others [19]. Studies
related to gene deletion in mouse model demonstrate the significance of these
transcription factors in lung function and homeostasis after birth. Many of these
transcription factors regulate lung repair following either injury or unilateral pneu-
monectomy [20]. Together, these studies demonstrate that transcriptional programs
play an important role in mediating epithelial cell differentiation and lung morpho-
genesis during injury and repair.

39.3 Mechanisms of Respiratory Diseases

39.3.1 Lung Injury Mechanism

39.3.1.1 Inflammatory Mechanism
Airway inflammation is mainly caused by exposure to pathogens such as bacteria,
virus, pollutants, allergens, and irritants [21]. Toll-like receptors (TLRs) recognize
alteration in the molecular patterns due to pathogen attack and activate inflammatory
cells such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
and generate growth factors such as pro-inflammatory cytokines and chemokines
such as interleukin-8 (IL-8) and tumor necrosis factor alpha (TNF-α) [22, 23]. Vari-
ous other proteins are associated with airway inflammation such as matrix
metalloproteinase 9 (MMP-9), intercellular adhesion molecule-1 (ICAM-1),
cyclooxygenase-2 (COX-2), cytosolic phospholipase A2 (cPLA2), and vascular
cell adhesion molecule-1 (VCAM-1) [24]. A communication between neutrophils
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and epithelial cells influences signaling pathways to trigger immune cells for further
inflammatory responses in the injured site [25–32]. Even though numerous studies
have been conducted to understand inflammation mechanisms, still some parameters
are not clear; therefore better understanding of the mechanism may help to develop
new strategies to evaluate disease susceptibility and convincingly develop new
approaches to prevent and treat chronic diseases.

39.3.1.2 The Role of Nitric Oxide in Lung Injury
The character of nitric oxide is associated with increased inflammatory and oxidative
stress [33], as there are three distinct forms of NO• synthase (NOS-1, NOS-2 and
NOS-3) which are responsible for generation of NO• and are present in almost every
cell type, including epithelial cells of the airway, macrophages, neuronal cell, mast
cells, neutrophils, and endothelial and smooth-muscle cells [34]. NOS isoforms
NOS-1 and NOS-3 can be activated by any type of stress; NOS-2 is commonly
activated by pro-inflammatory cytokines and bacterial products [35]. The increased
activity of NOS-2 is mainly observed in inflammatory lung diseases such as acute
respiratory distress syndrome (ARDS), bronchiectasis, and asthma that are described
with increased NO• production almost certainly as host defense mechanism against
viral and bacterial infections [35]. The disadvantage of excessive NO• production is
harmful production of reactive nitrogen species (RNS), including peroxynitrite
(ONOO�) and nitrogen dioxide (NO2 which is the prime etiology of inflammatory
lung disease [36–38]. In several animal models of lung disease such as ischemia/
reperfusion, endotoxemia, and radiation, pharmacological NOS inhibitors have
reduced oxidative injury [39–41]. However, in some cases, inhibition of NOS had
found to worsen lung injury, revealing the protective and anti-inflammatory role of
NO•. Therefore more researches and studies are needed to understand mechanistic
aspects of NO• in respiratory diseases.

39.3.1.3 Apoptosis in Lung Injury
In vitro studies have revealed the role of macrophages and phagocytosed apoptotic
PMNs in inflammatory response [42]. Also patients affected with acute respiratory
disease (ARDS) showed increased number of PMN in BALF [43]. During epithelial
injury of the lung’s alveoli in ALI and ARDS pathway, Fas/FasL pathway plays an
essential role in the apoptosis signaling system [44]. Increased level of BAL fluid in
patients with ALI/ARDS is connected with increased mortality rates; decreased
injury to lungs was observed in FasL-deficient mice [45, 46]. Further, caspase
inhibition also inhibited PMN-induced acute lung injury in wild-type mice; thus
this date indicates the role of Fas/FasL pathway in apoptosis for progression of ALI.
Another factor for apoptosis is NF-κB that plays a critical role on ARDS as it
increases the expression of many cytokines and can alter lung neutrophil apoptosis
after endotoxemia [43, 47]. Also, G-CSF and its receptors were elevated in lung
neutrophils after endotoxemia and may exacerbate the acute neutrophil-driven
pulmonary inflammation independent of NF-κB [43, 47–49]. In LPS model of
AKI, two tyrosine kinases, Src and Jak, have a dangerous role in the activation of
multiple downstream signaling pathways such as cytokine signaling and
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inflammatory responses [50–53]. In lung and serum animal model, inhibition of
these kinases reduces production of various pro-inflammatory cytokines like TNF-a
and IL-6 [54]. These tyrosine kinases activate downstream signaling effectors such
as signal transducer and activator of transcription (STAT) factors that have similarly
regulated gene expression and are responsible for inflammation and immune
responses [55]. STAT3 has been recognized to play and essential role in increased
expression of inflammatory chemokines, cytokines, and inflammatory mediator
[56, 57]. In previous studies, Severgnini et al. evaluated that LPS stimulated
STAT3 and Src and Jak activation produced reactive oxygen species (Fig. 39.2)
[58, 59].

39.3.2 Lung Repair Mechanism

39.3.2.1 The Role of Antioxidant Enzymes
Antioxidant enzymes play a defensive role in reducing oxidative stress in lung
disease [60, 61]. The endogenous levels of these antioxidant enzymes in the lung
help to assess oxidant-induced cell damage [62]. In several stresses such as

Pollutants Virus

Bacteria

Oxidative stress
Lung inflammation

(NF-κB, TNF-α, TGF-α, 
TGF-β, IL-1, IL-2, IL-3, IL-

4)IL-1, IL-2, IL-3, IL-4)

Cell and tissue injury, 
Airflow limitation

Systemic comorbidities 
(e.g.  skeletal muscle 

wasting, cardiovascular 
disease

Disease 
Progression

Cell 
Death

Fig. 39.2 Mechanism of lung inflammation in response to respiratory pathogens, pollutants, and
cigarette smoke. Increased lung inflammation and oxidative stress cause wasting of skeletal muscle
and worsening comorbid conditions such as cardiovascular disease and further progression leading
to death
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hyperoxia, mineral dusts, and paraquat, increased expression of superoxide
dismutase (MnSOD) has been observed. The raised MnSOD expression serves as
a biomarker of chronic lung inflammation in lung disease. Rats exposed with
asbestos by inhalation showed increased mRNA levels of MnSOD in
bronchioalveolar cells [63–65]. Numerous antioxidants exist both in intracellular
and extracellular site of the lungs. Recent data proposed that glutathione redox cycle
provided protection by detoxifying low levels of oxidants, with catalase. Develop-
ment of vectors for genes encoding antioxidant enzymes can be implicated in gene
therapy [66]. Moreover, development of synthetic ROS scavengers may target lung
cells effectively and provide therapeutic and preventive approaches to lung
disease [67].

39.3.2.2 Cellular and Molecular Determinants of Lung Repair Following
Injury

Response of the lung to danger stimuli involves signal transduction that activates
many inflammatory pathways such as Toll-like receptors (TLRs) that may stimulate
cell damage, oxidative stress, and intracellular protein activation such as interleukin-
1 receptor (IL-1R) and RAGE (receptor for advanced glycation end products) that
are responsible for inflammation [68, 69]. Some inflammatory signaling molecules
such as nuclear factor-kappa B [NF-κB] and activator protein [AP]-1 synthesize new
molecules that ultimately mediate the inflammatory response and release a wide
variety of mediators, such as eicosanoid, chemokines, and growth factors, into the
extracellular space. Mechanism of tissue repair involves reabsorption of edema,
reduced inflammation, and cell proliferation. Inflammatory response can be
regulated by several immune mediators [70]. There are some cytokines that have
anti-inflammatory effect; IL-10 has been studied, and when these pro-inflammatory
pathways are downregulated due to stimuli, these anti-inflammatory mediators
reduced the expression of other cytokine [71]. It has been documented that the
level of some pro-survival signals such as granulocyte colony-stimulating factor
(G-CSF) is reduced during apoptosis of inflammatory cells such as neutrophils
[72]. Various growth factors can promote cell proliferation, and these involve
epidermic [EGF] and hepatic growth factor [HGF]) and keratinocyte [KGF] that
acts via tyrosine kinase receptors, promoting cell proliferation [73].

39.4 Challenges in Targeting Molecular Mechanisms
in Respiratory Diseases

Nowadays lack of efficient drug is the most general reason of drug attrition as
observed in preclinical animal models of respiratory diseases that poorly predict
human state. In 2011 and 2012, 60% of drugs have failed in phase III and beyond
because of lack of efficacy [74]. Studies relying on better understanding of the
mechanism of disease will help to reduce failure of drugs by identifying its cause
during development course and save future costs. Failure of drugs due to toxicity
reasons can be improved by eliminating compound linked to toxicity. Better models
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of toxicity showed decreased risk of failure on toxicological grounds. For the
prediction of drug’s efficacy, better biomarkers are needed to develop drug into
useful clinical treatment [75, 76]. Duration as well as cost of developing respiratory
drugs is higher than for most therapeutic areas [77]. An interesting approach to speed
up drug discovery is to evaluate existing drug against novel drugs [78, 79], for
example, theophylline which is a bronchodilator for airway smooth muscles via
inhibition of phosphodiesterase-3. But later it has been discovered that low dose of
theophylline has shown to increase histone deacetylase-2 that got decreased by
oxidative stress via inhibition of phosphoinositide-3-kinase-δ (PI3Kδ) [80, 81]. The-
ophylline at low dose in combination with low-dose oral corticosteroids is under
clinical investigation for COPD treatment [82]. Another drug is macrolide which
was developed as antibiotic, but it also possesses anti-inflammatory effects via
suppression of the pro-inflammatory transcription factor nuclear factor-κB and
improves responsiveness toward corticosteroid via PI3Kδ suppression
[83, 84]. Numerous new drugs for respiratory disease have failed in clinical setting
due to safety or efficacy issues but showed better results in preclinical animal
models. The translation of potential drug applicants from animal models to humans
has aroused question regarding its usefulness of in vivo studies, and there is a
requirement for more predictive models depending on current expertise [85].

39.5 Translational Lung Medicine

Diverse range of lung diseases offers a great challenge in the field of respiratory
medicine as the disease is more virulent and drug-resistant respiratory pathogens
have been emerging such as multidrug-resistant M. tb, methicillin-resistant Staphy-
lococcus aureus, carbapenem-resistant Enterobacteriaceae, and penicillin-resistant
pneumococci [86]. The huge impact of SARS and H1N1 2009 influenza A globally
has been highlighted, and now mankind remains vulnerable to ever-evolving micro-
bial enemies [87]. Significant translational researches on lung diseases have been
done. A study revealed that treatment with PI3K inhibitor in severe asthma mitigated
insensitivity to glucocorticoid of peripheral blood mononuclear cells (PBMCs)
[88]. Inhibition of JNK also reduced pulmonary fibrosis and lung remodeling in
clinical setting [89]. The manifestations of CF (cystic fibrosis) in the lung involve the
progressive development of bronchiectasis and obstructive lung disease. Studies of
CF (cystic fibrosis) disease have been carried out using animal models or in vitro cell
culture models of animal or human cells. CF is mainly caused due to alteration in the
gene called cystic fibrosis transmembrane conductance regulator (CFTR), resulting
in inflammation, unusual secretions, recurring infections. and untimely death. The
US FDA approved use of Kalydeco (VX-809) for patients with CFTR mutations in
May 2017. VX-809 restored lung function up to 25% in wild-type CFTR mice model
and also improved pulmonary function in CFTR-mutated patients [90, 91]. Oxidative
stress plays a major function in the development of various respiratory diseases such
as acute respiratory distress syndrome (ARDS), chronic obstructive pulmonary
disease (COPD), asthma, idiopathic pulmonary fibrosis (IPF), and lung cancer
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[92]. Nrf2 is the master antioxidant transcription factor found abundantly in the
lungs and is involved in the pathogenesis of various lung disorders, involving
inflammation, apoptosis, oxidative stress, and carcinogenesis. Nrf2-deficient mice
provide an efficient tool for investigating the role of Nrf2 in the disease model of
oxidative pulmonary disease for better understanding of Nrf2 function in pulmonary
diseases [92].

39.5.1 Lung Microbiome

The lung is regularly exposed to microbiota either by inhalation or subclinical
microaspiration from birth [93]; however lung microbiota regulates homeostasis
and immunity [94]. Hilty et al. reported that airways of asthmatic patients were
enriched with Proteobacteria phylum [95]. COPD patient’s sputum contains large
amount of bacteria Haemophilus, Pseudomonas, and Moraxella that are associated
with exacerbations [96]. In addition, the influence of viral exposure may trigger
COPD exacerbations [97]. It has been reported in an experiment that patients were
infected with rhinovirus that developed COPD clinical symptoms and the offender
viruses were isolated from respiratory samples in 36–56% of patients [98–
100]. COPD patients have been also reported with increased community of
Firmicutes in severe disease that is responsible for further increase in the Lactoba-
cillus genus [101, 102].

It has been demonstrated through animal models of respiratory syncytial virus
(RSV) infection that antiviral response within the lung mucosa can be altered by the
administration of Lactobacillus rhamnosus species former to infection [103]. Thus,
alteration in microbiome may protect the lungs from respiratory viral infection.
Studies have revealed that during asthma the airway microbiota composition gets
altered when compared to controls, for example, the bronchial tree has more frequent
Proteobacteria (particularlyHaemophilus) compared to controls in asthma [95]. Pre-
dominance of Proteobacteria in severe asthma has been observed and is more
diverse than non-asthmatic controls [104]. A connection between increased amount
of Proteobacteria and bronchial hyperresponsiveness has been reported
[105]. Microbiome alteration occurs in both severe and mild disease and is
associated with traits of the disease. A study revealed that Th17-dependent neutro-
phil inflammation was mediated by resident microbiota in murine model of
ovalbumin-induced asthma [106, 107]. Idiopathic pulmonary fibrosis (IPF) is a
deadly disease of lung parenchyma of unknown cause, and studies have highlighted
the pathogenetic role of bacterial as well as viral infection in IPF [108–113]. Alter-
ation in microbiome due to increased number of Streptococcus and Staphylococcus
bacteria may progress IPF [114, 115]. Further IPF patients had increased number of
Streptococcus, Neisseria, Veillonella, andHaemophilus in BAL fluid as compared to
controls [116–124]. Bronchiectasis and COPD are the manifestations of CF (cystic
fibrosis) that are responsible for accelerated disease progression with significant
mortality and morbidity [125]. Disease exacerbations were observed from increased
number of pathogens that included Staphylococcus aureus and Pseudomonas
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aeruginosa in sputum of patients, and there was no alteration in bacterial density of
sputum when antibiotics are administered [126–133]. The appearance of more new
pathogens may be implicated in understanding the association of microbiome and
lung disease. In CF, non-tuberculosis mycobacterium (NTM), particularly abscessus
are linked with increased morbidity and mortality [133].

39.6 Genetic Consideration in Treatment of Lung Diseases

39.6.1 Gene Therapy for Acute and Acquired Lung Disease

39.6.1.1 Lung Injury
Bronchiolitis obliterans, a type of chronic graft rejection, is a serious problem in lung
transplantation because of cell-mediated inflammation during the early stages of
transplantation in severe acute lung injury [134]; therefore gene therapy for bronchi-
olitis obliterans may help to reduce inflammation in the very early stages
[135]. DNA/liposome-based and adenovirus (Ad) vectors had been evaluated in
rat lung transplantation models, with successful gene expression following trans-
plantation [136, 137]. Numerous transgenes have been tested with purpose of
decreasing acute rejection and decreasing inflammatory mediators such as interleu-
kin (IL-10) [138], nitric oxide synthase [139], transforming growth factor beta-1
[140], Fas ligand [141], and CTLA4Ig [142]. Results obtained were encouraging,
but still better efficiency in gene transfer is needed for therapeutic advantage in the
grafted lung. Also feasibility of treatment with radioactive gene to avoid acute tissue
damage and subsequent irradiation in the treatment of cancer has also been exam-
ined. Rodent lung was tested with transgene that encoded antioxidant manganese
superoxide dismutase as delivered and carried by adenovirus and DNA/liposome
[143]. Release of DNA/liposomes intratracheally into mouse lungs before irradiation
leads to increased transient transgene expression in parenchymal and epithelial cell
types [144].

Lung Cancer
Lung cancer is the result of mutations that lead to cell transformation and develop
metastatic disease [145]. Gene therapy is considered when both chemotherapy and
radiotherapy becomes resistant in malignant cells. One such approach is delivery of
tumor suppressor genes such as p53 [146] and delivery of antisense such as K-ras
oncogene or hammerhead ribozyme transgenes that can downregulate the expression
of tumor cells [147, 148]. Another strategy is the RNA interference (RNAi) for
downregulation of gene expression [149]. Introduction of p53 expressing-retroviral
vectors in nine patients having non-small cell lung cancers showed degeneration in
tumor in three patients and its stabilization in further three patients [150]. Similar
effects were given by Ad vectors [151, 152]. New Ad vectors have the ability to
replicate in p53-mutant cells that can be infused intravenously in patients with
advanced lung metastasis; as a result intratumoral viral replication was observed in
three out of four patients [153]. Monthly delivery of Ad with p53 expression showed
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better tolerance with only minor side effects [154]. Another vector is cationic
polymer PEI that delivered p53 via aerosol in the lungs of rodent leading to increased
transgene expression all through the lung causing noteworthy decrease in murine
models with lung tumor [155–157]. Another approach is the inhibition of tumor
angiogenesis using gene transfer [158]. Potent angiogenesis inhibitor endostatin
expressed in recombinant Ad reduced the rate of breast growth and lung cancer
and stopped development of lung micrometastases in animal models [159]. Another
approach in the field of gene therapy is the prodrug or suicide gene therapy that can
transmit genes and sensitize tumor cells toward other nontoxic drugs [160–
162]. Delivery of DNA expressing herpes simplex virus thymidine kinase
(HSVTK) to tumor cells has been accomplished with the aid of both viral and
nonviral vectors [161, 162]. Patients with mesothelioma were treated with first-
generation Ad vectors expressing HSVTK [163–165].

39.6.2 Gene Therapy for Chronic Lung Disease

Gene therapy is the novel tool for the treatment of chronic respiratory disease such as
cystic fibrosis, emphysema, and asthma. Therefore, gene transfer has become the
foremost priority of these diseases. Pulmonary emphysema might be produced due
to lack of α1-antitrypsin (AAT), produced abundantly by the liver which acts as an
anti-protease and counteracts the effect of neutrophil and other pro-inflammatory
molecules which are excreted at sites of inflammation [166, 167]. Current protein
therapy needs high capital expenditure (requiring weekly intravenous administra-
tion) and may increase the risk of viral transmission in recipients from human serum
[167]; to overcome the limitation of protein therapy, gene therapy is one of the
alternative techniques. In previous studies first-generation Ad vectors helped to
detect AAT in bronchioalveolar fluid for only 1 week post-administration
[168]. The problem faced in transient gene expression was vector-induced inflam-
matory responses that are now improved with the use of helper-dependent Ad and
suitable promoter sequences, but still the desired vector is needed for the use of Ad to
cure chronic diseases. Cationic liposomes have been employed in non-blinded study
in which human AAT gene complexed with cationic lipid (DOTMA/DOPE) was
delivered to the nasal epithelium of patients with AAT deficiency [169–173]. Cystic
fibrosis (CF) is a chronic lung disease which has gained most attention in the area of
gene therapy. This disease is mainly caused due to alteration in the gene called cystic
fibrosis transmembrane conductance regulator (CFTR), resulting in abnormal
release, inflammation, recurring infections, and ultimately premature death
[174]. As a treatment CFTR replacement lung gene therapy has been extensively
and intensively investigated, and it is hypothesized that CFTR gene transfers to the
epithelial cells of the small airways, where the disease first originates likely to offer
therapeutic benefit [175, 176]. Apart from usual barriers during gene transfer to the
lung, CF lung suffers abnormal secretions of mucus, from abnormally thick mucus
secretions, bacterial colonization, and inflammatory milieu. CF sputum and
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bronchioalveolar lavage fluid have been shown to block the transport of small
particles [177] and reduce viral and nonviral gene transfer [177–179].

39.7 Cutting-Edge Technologies in Treatment of Lung Diseases

Promising technologies, such as scRNAseq, induced pluripotent stem cells (iPSCs),
and 3D bioprinting, may help to develop winning cell therapies for diseases of the
respiratory system [180–185]. These strategies help to stimulate the endogenous
cellular pathways for restoration of the diseased lung. The combination of PSC
technology and power of 3D bioprinting can greatly precede the target of in vitro
lung development of the diseased lung. Understanding the elementary biological
procedures and purpose of this information will help to develop safe and effective
lung regenerative medicine in the future [181, 182]. Delivery of drug to the pulmo-
nary system is a challenge, and therefore attention has been shifted for drug delivery
systems based on nanocarrier [186]. These drug delivery systems provide sustained
delivery drugs with reduced toxicity, reduced therapeutic dose, and enhanced com-
pliance of patients. One type of delivery system is the nanostructured lipid carrier
(NLC) which is formed by combining liquid and solid lipids with different ratios
[187]. NLCs have displayed therapeutic effects in various diseases. A study
demonstrated that NLC administration formulated by a technique called double
emulsion showed significant decrease in neutrophil numbers offering effects of
anti-inflammation in mice model of acute lung injury [188]. The major concern in
patients related to increased healthcare costs is poor adherence [189]. Strategies till
date used for combating poor adherence include electronic inhalers and self-
management tools (such as web-based and mobile applications to record symptoms
and monitor lung function). In patients with cystic fibrosis (CF), chipped nebulizers
can provide objective date- and time-stamped adherence data. Wireless smart
inhalers have been developed that directly send data to a website related to health
[190]. There are various techniques to control physiological parameters such as
mobile applications that determine “peak flow,” “exhaled nitric oxide fraction
(FeNO),” and physical activity (Table 39.1) [209].

39.8 Future Prospective

Understanding the mechanism of lung disease provides research evidences that help
to develop novel drug that may provide clinical symptomatic relief in various lung
diseases. Even though numerous drugs targeting different molecule are under inves-
tigation, a better understanding of pathophysiological targets and their mechanism in
disease is needed. The genetic variability in animal models has helped to understand
the function of particular genes or clusters of gene in disease pathway. The alteration
of molecular pathway in the pathogenesis of various lung diseases may be
investigated on genetic basis, whereas response to medication is still a challenging
area for research. Currently in vitro approaches require suitable animal models;
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therefore, the challenge is to develop suitable models that may precisely reiterate
diseases related to the human respiratory system, counting the effect of lifestyle and
environment on these conditions.

39.9 Conclusion

Respiratory diseases still remain a desired unmet area of clinical need, and it is a big
challenge whether present treatment strategy is refined enough to meet industry and
patients need. In the current chapter, we explored numerous novel opportunities and
challenges for the near future related to genomics and molecular characterization of
lung disease, lung injury and repair, translational lung research, and the role of
microbiome in lung disease along with cutting-edge technologies in the management
of lung disease.
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