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In recent years, our understanding of human health and disease has undergone a
paradigm shift. Traditional approaches focused on genetic factors as the primary
determinants of disease susceptibility and progression. However, it has become
increasingly clear that environmental factors and epigenetic mechanisms play a
crucial role in shaping our health and disease outcomes. This realization has opened
up new avenues of research and therapeutic interventions for a wide range of
disorders, including inflammatory lung diseases.

Epigenetics refers to heritable changes in gene expression that do not involve
alterations in the DNA sequence itself. Instead, epigenetic modifications, such as
DNA methylation, histone modifications, and noncoding RNA molecules, regulate
gene expression patterns and can be influenced by various environmental factors.
These modifications provide a molecular memory of environmental exposures and
can have long-lasting effects on cellular function and health.

Inflammatory lung diseases encompass a diverse group of disorders characterized
by chronic inflammation and tissue damage in the respiratory system. Conditions
such as asthma, chronic obstructive pulmonary disease (COPD), and pulmonary
fibrosis pose significant health burdens worldwide, affecting millions of individuals
and often leading to substantial morbidity and mortality. While traditional therapies
targeting the immune system have been moderately successful, there is a pressing
need for novel therapeutic strategies that can provide better outcomes for patients.

This book delves into the emerging field of targeting epigenetics in inflammatory
lung diseases. It aims to provide a comprehensive overview of the current knowl-
edge, cutting-edge research, and potential therapeutic avenues that harness the power
of epigenetic modifications to mitigate the burden of these devastating disorders. By
focusing on the epigenetic mechanisms underlying disease development and pro-
gression, we hope to shed light on new possibilities for targeted interventions and
personalized medicine.

The chapters in this book bring together the expertise of leading scientists and
clinicians who have made significant contributions to the field of epigenetics and
respiratory medicine. They explore a range of topics, starting with an introduction to
the basic principles of epigenetics and its relevance to inflammatory lung diseases.
From there, the book delves into specific epigenetic modifications and their roles in
asthma, COPD, pulmonary fibrosis, and other related conditions. The chapters also



Vi Preface

discuss the impact of environmental factors, such as air pollution and cigarette
smoke, on epigenetic regulation in the lungs and explore how these insights can
inform preventive measures and public health policies. Furthermore, the book
addresses the emerging field of epigenetic therapeutics. It examines the potential
of small molecule inhibitors, gene editing technologies, and targeted drug delivery
systems to modulate epigenetic marks and restore normal gene expression patterns in
lung diseases. The chapters also discuss the challenges associated with developing
epigenetic-based therapies and propose strategies to overcome these obstacles.

We believe that this book will serve as a valuable resource for researchers,
clinicians, and students interested in the intersection of epigenetics and respiratory
medicine. It offers a comprehensive overview of the current state of knowledge,
highlighting the exciting advances in understanding the epigenetic mechanisms
driving inflammatory lung diseases. By bringing together diverse perspectives and
expertise, we hope to inspire collaborations and accelerate the translation of epige-
netic research into clinical practice. Ultimately, our goal is to improve patient
outcomes and enhance our ability to prevent, diagnose, and treat inflammatory
lung diseases effectively. Through the exploration of epigenetic targets and the
development of innovative therapeutic approaches, we envision a future where
personalized medicine based on an individual's unique epigenetic profile becomes
a reality. We invite readers to embark on this journey with us and explore the
immense potential of targeting epigenetics in the fight against inflammatory lung
diseases.

Jaipur, India Gaurav Gupta
Ultimo, NSW, Australia Brian G. Oliver
Schofields, NSW, Australia Kamal Dua
Stanford, CA, USA Md Khadem Ali

Jaipur, India Piyush Dave
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Abstract

There has been a rise in the number of documented instances of lung illness in
both children and adults around the globe. Both the morbidity and mortality rates
associated with lung illness are from the unknown source. However, estimates
from the GHO and other officialdoms imply that over 400 million people
throughout the world are affected by asthma and COPD, most of them with
very moderate symptoms. Non-infectious lung disease (LD) includes COPD,
cystic fibrosis, asthma, lung cancer, and idiopathic pulmonary fibrosis (IPF),
whereas infectious lung diseases include influenza, TB, and COPD. A

V. Subramaniyan

Jeffrey Cheah School of Medicine and Health Sciences, MONASH University, Jalan Lagoon
Selatan, Bandar Sunway, Selangor Darul Ehsan, Malaysia

e-mail: subramaniyan.vetriselvan@monash.edu

S. Fuloria - S. Shanmugavelu - K. Vijeepallam - N. K. Fuloria ()

Faculty of Pharmacy, AIMST University, Bedong, Kedah, Malaysia

e-mail: shivkanya_fuloria@aimst.edu.my; shalini.shanmugavelu @aimst.edu.mys;
kamini @aimst.edu.my; neerajkumar@aimst.edu.my

M. Sekar
School of Pharmacy, MONASH University Malaysia, Subang Jaya, Selangor, Malaysia
e-mail: Mahendran.Sekar@monash.edu

U. Kumari - K. Narain
Faculty of Medicine, AIMST University, Bedong, Kedah, Malaysia
e-mail: usha_harischandran @aimst.edu.my

D. U. Meenakshi
College of Pharmacy, National University of Science and Technology, Muscat, Oman
e-mail: dhanalekshmi@nu.edu.om

M. N. H. Maziz
Graduate School of Medicine, Perdana University, Kuala Lumpur, Malaysia

© The Author(s), under exclusive license to Springer Nature Singapore Pte 1
Ltd. 2023

G. Gupta et al. (eds.), Targeting Epigenetics in Inflammatory Lung Diseases,
https://doi.org/10.1007/978-981-99-4780-5_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4780-5_1&domain=pdf
mailto:subramaniyan.vetriselvan@monash.edu
mailto:shivkanya_fuloria@aimst.edu.my
mailto:shalini.shanmugavelu@aimst.edu.my
mailto:kamini@aimst.edu.my
mailto:neerajkumar@aimst.edu.my
mailto:Mahendran.Sekar@monash.edu
mailto:usha_harischandran@aimst.edu.my
mailto:dhanalekshmi@nu.edu.om
https://doi.org/10.1007/978-981-99-4780-5_1#DOI

2 V. Subramaniyan et al.

combination of environmental circumstances, including an aging population and
the absence of effective medications to the mild factor of LD, increased the
chances of severe lung illnesses. With the widespread prevalence and devastating
effects of lung diseases such as COPD, asthma, COVID-19, fibrosis, and flu-like
symptoms, studies aimed at developing effective treatments and prevention
measures are now being funded on a high-priority basis.

1.1 Introduction

There has been a worldwide increase in the incidence of LD, which may affect
persons of any age [1]. Estimates from the GHO and other organizations imply that
more than 400 million individuals around the world suffer from mild to severe
asthma and COPD, yet the causes of lung disease mortality and morbidity remain
unknown [2]. In addition, lower respiratory tract infections due to Hemophilus
influenzae lies between 250,000 and 500,000 fatalities yearly. In 2015, 10.4 million
people throughout the globe were affected with the lower respiratory tract Mycobac-
terium TB infection, and approximately 14% of those infected ultimately died
because of the disease [3, 4]. Increasing rates of illnesses, i.e., non-communicable,
like lung cancer brought on by cigarette smoking or exposure to environmental
pollutants, kill an additional 1.6 million people per year [5, 6]. Noncommunicable
pulmonary illnesses include asthma, COPD, cystic fibrosis, lung cancer, and inter-
stitial lung disease (ILD), whereas communicable pulmonary disorders include
tuberculosis (TB), influenza (flu), and COPD [7, 8] (Fig. 1.1).

1.2  Overview of Lung Diseases

We have included a brief synopsis of both communicable and noncontagious lung
diseases.

1.2.1 Asthma

Airflow restriction, respiratory hyperactivity, and critically increased inflammation
in the airways are some of the signs of asthma, basically a complicated lung illness
with many other symptoms [9]. Asthma affects almost 10% population of adults in
each country, or nearly 300 million people worldwide [10]. And more than 80% of
those fatalities will be in low- and middle-income nations, making asthma the
leading cause of death for an estimated 383,000 people globally [11]. The yearly
expense of managing asthma might reach $3100 per sufferer [12, 13]. Asthma is a
common respiratory condition that has a negative public perception since it is not
well understood [14]. Dust mites, mold, cigarette smoke, pollen, hazardous
compounds in the environment, and even stale air may all act as asthma triggers,
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Fig. 1.1 Lung diseases

both inside and outside [15]. In certain cases, asthma symptoms may worsen before
improving with medication [16]. In addition, the persistence of characteristic asth-
matic clinical symptoms implies that the sickness may be long-lasting in some
people. Rapid breathing, wheezing, shortness of breath, and coughing are all signs
of asthma [17, 18]. Asthma may be triggered or made worse by a wide variety of
factors, including exposure to allergens or irritants, lung infections (bacterial or
viral), sinusitis, physical activity, loud noises (thunder and lightning), and extreme
cold [19]. Because of recent discoveries into its root causes, asthma is now classified
according to endotypes and/or phenotypes [20]. A recent panel in The Lancet argues
that this is essential for effective asthma medicine because it allows for the identifi-
cation of “treatable features” in individuals and the precise targeting of these
qualities for disease management [21, 22].

Studies have demonstrated that Th2 activation in response to endogenous or
extrinsic stimulation leads to the recruitment of Type 2 T-helper cells to the lungs,
resulting in the production of significant amounts of cytokines, including IL-9,
IL-13, IL-5, and IL-4, which has been linked to the main triggers of asthma [23].
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Unlike IL-4, which plays a complex role in converting B-cell IgE to
immunoglobulin E, resulting in the secretion of inflammation mediators like
catecholamines and cysteinyl leukotrienes, IL-5 is solely involved in promoting
allergic rhinitis in the upper airways by stimulating eosinophil infiltration
[24, 25]. As a consequence of bronchospasm, increased mucus formation, and an
increased inflow of immune cells, airflow is reduced in the lower respiratory tract
when IL-13 and IL-4 are present in conjunction with markers of inflammation that
cause narrowing in the muscles of lungs [26]. Researchers have revealed that the
airway epithelium plays a vital role in modulating Th2 responses by generating
master moderators such as interleukin (IL)-33, IL-25, and thymic stromal
lymphopoietin [27]. The development of asthma in early children is linked to
these variables, which control the synthesis of Th2 mediators [28, 29]. At the outset,
asthma manifests with wheezing, airway hyperactivity, and a response to various
nonspecific triggers. However, in its advanced stages (severe forms), asthma leads to
airway remodeling and recurrent exacerbations caused by heightened inflammation
influenced by systemic factors or additional localized triggers [30—32].

1.2.2 COPD

Emphysema, small airway deterioration, chronic bronchitis, and chronic asthma are
all subsets of COPD, a group of lung diseases that worsen over time and sometimes
show lethal evidences [33]. Out of the total 251 million people affected by COPD,
90% reside in poor and middle-income nations, according to the research conducted
by the World Health Organization on the distribution of illness worldwide [34]. With
an estimated 3.17 million fatalities in 2015, the global mortality rate rose to 5.0%
from 4.8% in 1990. Instead of taking lives, chronic obstructive pulmonary disease is
expected to cost $32.1 billion in medical costs and lost productivity in the United
States in 2010 [35, 36]. Speculations put this figure at $49.0 billion in 2020 [37-
39]. Asthma in the elderly is often misdiagnosed as COPD, and data sets are lacking
from undeveloped or emerging Middle Eastern and Asian nations, which might raise
the mortality rate by several millions [40]. Dyspnea, or shortness of breath, is the
most prevalent symptom of COPD and increases with time and causes slight exertion
[41]. More issues arise for those with severe COPD, and they often need to make
emergency hospital trips throughout the year. Smokers and ex-smokers with COPD
often experience hypoxemia and subsequent organ failure due to the lungs’ reduced
gaseous exchange abilities and airflow obstruction caused by temporarily destroyed
alveoli or an accumulation of cells due to inflammation and a huge portion of phlegm
in the bronchioles [42, 43]. Chronic cough (wet or dry), fatigue, wheezing, and chest
tightness are among symptoms that could be experienced by someone with COPD
and are commonly misdiagnosed as the result of simple aging [44]. In some patients,
the symptoms have not shown until the illness become severe. In spite of extensive
study, there is currently no effective treatment for repairing damaged lung tissue and
regaining normal breathing [45, 46]. Moreover, COPD worsens with time as it is a
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chronic condition. Although present treatments may alleviate symptoms and slow
the development of the disease [47].

Cigarette smoking has been identified as the foremost hazardous factor for COPD
in the current form of research [48]. Non-smoking irritants, such as anthropogenic
particulates, airborne grit particles, and metal pollutants, have been connected to the
exacerbation (smokers) or the beginning (non-smokers) of COPD, a still relatively
largely unexplored disorder [49].Genetic predispositions, like alpha-1-antitrypsin
(AAT) deficiency, have been demonstrated to have a significant role in the onset of
COPD, while the processes behind this association remain unclear [50]. Although
genetics have arole in 1% of instances of COPD, it is vital to remember that cigarette
smoking and environmental pollution are also key contributors [51, 52]. People who
are AAT deficient are at a greater risk for acquiring lung infections. Smokers and
ex-smokers are not equally susceptible to the disease; only around 20-30% of those
who use tobacco will get the condition [53, 54]. Although the exact processes are
unknown, researchers found that passive smoking was a risk factor for COPD
(51.2%, n = 87) [55, 56]. COPD is caused by the obstruction of airways by tobacco
smoke or other airborne particles/gases. CD8+ T lymphocytes, neutrophils, and
macrophages, which are inflammatory cells, are released into the airways and
surrounding tissues, inducing apoptosis. Thus far research has indicated that various
COPD subtypes elicit varying immune responses [57-59].

Increased mucus production, inflammatory cell numbers, MUC5AC gene expres-
sion in retort to concealed serine proteases, reactive oxygen species (ROS) from
smoking, and macrophages activation all contribute to airway obstruction and
cellular destruction, which in turn causes fibrosis and a loss of pulmonary elasticity
in patients with chronic bronchitis [60, 61]. Alveolar sac and bronchial inflammation
brought on by smoking leads to airway wall constriction and progressive alveolar sac
degradation, ultimately resulting in a loss of alveolar structure and a deterioration in
lung function [62]. There is still insufficient understanding of the triggers that initiate
adaptive and innate immune responses in patients with COPD [63, 64]. Disease
progression may be attributed to the overexpression of immune cell IL8, MMPs, and
CXCs, along with proinflammatory mediators like leukotriene B4, TGF—, IL1 (Thl
responses), and TNF, which promote fibrosis and disrupt the balance in oxidant-
antioxidant ratio (ROS/RNS) [65-67].

1.2.3 Lung Cancer

Seventy percent of lung carcinoma patients die as a result of the disease progression
due to a lack of appropriate treatment options and a delay in detection of lung cancer
(stage IIT or IV) [68]. This cancerous illness strikes both genders with the same
frequency [69, 70]. When compared to the next four most prevalent types of
carcinomas in the United States, the death rate from lung cancer is much greater
(colon, pancreas, breast, and prostate) [71]. Twenty years or more of smoking
antiquity appears to be related to an elevated risk of progression and death. Based
on current theories, exposure to tobacco induces DNA damage, procarcinogens
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initiate lung cancer, and this process results in incompatible gene-enzyme
interactions [72, 73]. So, it is thought that quitting smoking and making other
lifestyle changes may greatly increase the odds of survival from lung cancer. An
increase in lung cancer cases is a certain assumption in countries where the smoking
rate has increased; thus, concerted public measures to curb tobacco use are crucial
[74, 75]. Lung cancer is the important cause of cancer-related mortality across the
board for both genders [76, 77]. According to research, there were around 1.8
million new cases of lung cancer detected in 2012, accounting for 12.9% of novel
cancer incidences [78, 79]. Lung cancer is a leading cause of healthcare expenditures
and loads worldwide, according to the 2020 Global Burden of Disease Study. Male
cancer mortality was shown to be independent of economic level [80, 81]. One of the
most striking findings of the research is the correlation between a country’s level of
economic development and the rate of female deaths from lung cancer. Lung cancer
has a wide range of subtypes, and its complexity comes from the fact that it may start
anywhere in the bronchial tree and that various subtype of lung cancer manifest in
different ways both in terms of symptoms and physical location [82]. Lung cancer
can be classified into two main types, with NSCLC accounting for 85% of cases and
SCLC constituting the remaining 15% (15% of all lung malignancies). There are
approximately three potential subtypes of NSCLC, namely squamous cell carci-
noma, large cell carcinoma, and adenocarcinoma [54, 63]. To further increase this
classification of lung cancer, we included specific histological traits and reliable
immunohistochemical biomarkers, enabling us to distinguish between preinvasive
tumor and aggressive adenocarcinomas in a convincing way [83, 84]. Improvements
in molecular characterization of lung malignancies and an expanding toolbox of
successful medicines have contributed significantly to the current system for
classifying lung carcinoma. Even within the same histopathological category, lung
cancer seems to be an assembly of illnesses with varying molecular and histological
features [85, 86].

1.2.4 Cystic Fibrosis

Cystic fibrosis (CF) is the most predominant autosomal retreating illness, affecting
about one in every three thousand newborns [87]. The majority of affected infants
display signs of the condition shortly after birth, with lung infections and poor
weight gain being the most prevalent early indicators. Chronic lung infections and
pancreatic insufficiency are diagnostic criteria for CF [88]. However, before CF
newborn testing became available, a clinical crusade with a perspiration test was
often undertaken before a definitive diagnosis could be made [89]. A perspiration
chloride level of more than 60 mmol/L is diagnostic of CF. Male infertility is an
additional symptom, along with excessive perspiration leading to a significant salt
loss [90]. Chronic pulmonary infections brought on by certain bacteria, together with
substantial inflammation, may lead to the development of bronchiectasis, impaired
lung performance, and, ultimately, pulmonary failure [91]. Despite Staphylococcus
aureus and Pseudomonas aeruginosa being the most common CF pathogens, when
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CF worsens, some people may develop infections with Burkholderia cepacia,
Achromobacter xylosoxidans, Stenotrophomonas maltophilia, and Mycobacterium,
all of which are rare and difficult to treat [92, 93]. There are a wide variety of
age-related disorders that may affect almost every organ, such as allergic hemopty-
sis, bronchopulmonary aspergillosis, CF-related hyperglycemia, gastrointestinal
obstructions, nasal polyps, and liver sickness. The underlying cause of this autoso-
mal receding illness is alterations in the CF transmembrane conductance regulator
(CFTR) gene, that is located on the long arm of chromosome 7 [94, 95]. Due to the
fact that more than 1400 distinct CF alterations have been recognized and
documented in the Cystic Fibrosis Alteration Database, widespread genetic screen-
ing of the population is now unachievable. While lung symptoms account for the
majority of CF-related hospitalizations and deaths, the typical CF phenotype is
highly intricate and encompasses multiple organs covered by epithelium [96]. In
cystic fibrosis (CF), which is caused by mutations in the CFTR gene, there has been a
significant progress in recent decades toward a complete understanding of the
mechanism(s) underlying the manifest failure of lung defense [97, 98].

1.2.5 Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis refers to scarring in the lungs for which there is no
established etiology. As a severe type of idiopathic intermittent pneumonia, idio-
pathic pulmonary fibrosis (IPF) is characterized by increasing fibrosis, a gradual
reduction in pulmonary function, a worsening of respiratory distress, and an
increased risk of death [99]. Accurate prognosis and treatment options need a precise
diagnosis [64, 69]. When looking at the worldwide prevalence of IPF, researchers
found that the rate was highest in North America and Europe (at 2.8-9.3 per 100,000
persons per year), with much lower rates in Asia and South America. The wide
disparity in outcomes across nations may be due to contact with ecological or
working risk factors [100]. The typical survival time for those with IPF is just 2-3
years, according to previous research. Despite hopes, there has been little improve-
ment in survival rates in recent years [101]. Increases in both screening and diagno-
sis may be contributing to this apparent increase in fatalities. UIP is a histological
marker for IPF [70, 74]. Honeycomb cyst development, clustering of fibroblasts and
myofibroblasts, may or may not accompany fibrosis, as it is a significant deposition
of disorganized collagen and extracellular matrix [102]. While the exact reasons for
these events are uncertain, one leading theory is that IPF is brought on by an
abnormal immune reaction to the host’s environment [103]. Multiple stressors,
both genetic and environmental, are implicated in the development of IPF, according
to the “multiple strike hypothesis.” Asbestos, immunological complexes, medicines,
and radiation exposure are only few of the recognized causes of fibrotic disorders,
the long-term consequences of which may lead to fibrosis [104, 105].
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1.2.6 Tuberculosis

Compared to the human-caused acid-fast M. tuberculosis strain that caused TB,
M. bovis strain is responsible for the reduced proportion of zoonotic cases (143,000
in 2018) [106]. Although M. tuberculosis poses a significant risk when transmitted
through aerosols expelled from the lungs of patients with active TB via spitting,
sneezing, and coughing, it lacks several typical elements found in other pathogenic
bacteria, such as Exotoxins [107, 108]. Inhaling bacterial droplets containing the
infection, which settle in the air sacs of the lower airways, can lead to the disease in a
susceptible host [75, 78]. Local macrophages are the primary cells of the immune
system that contact with M. tuberculosis in the airways, and these cells are responsi-
ble for ingesting the pathogen [109, 110]. Inhibiting a group of damaging genes in
the bacterium reduces virulence in an investigational model of tuberculosis; then it
does not stop mycobacterial proliferation under perfect in vitro circumstances, where
there is no stress or scarcity [111, 112]. Metal transporters, enzymes involved in lipid
metabolism, protein kinases, gene regulators, macrophage activity inhibitors,
proteases, cellular membrane proteins, and proteins of unknown function, such as
PE PGRS and PE proteins, are all infective causes of Mycobacterium tuberculosis
[113]. Alveolar macrophages can swallow M. tuberculosis, but the bacteria are
resistant to further destruction by RNS and reactive oxygen species (ROS), along
with lysosomal fusion and phagosome acidification [114, 115]. Each of these steps is
essential for the pathogen to endure in the host throughout latent TB, to multiply,
disperse, and die in the tissues of active TB patients, and to spread from one person
to another. Parenchymal degeneration, fibrosis, bronchostenosis, cavitation, traction
bronchiectasis, and emphysema are all potential outcomes of pulmonary
tuberculosis’s impact on the lung’s design [116, 117].

1.2.7 Influenza A Virus Infection

Lung illness triggered by influenza A and B viruses is very contagious. Centers for
Disease Control and Prevention statistics show that between 2010 and 2017,
influenza-related hospitalizations in the United States accounted for between
140,000 and 710,000 admissions (CDC) [118]. Annual deaths from pandemic
seasonal infections caused by influenza A viruses are now estimated to range
between 291,243 and 645,832. When the IV or a secondary bacterial contagion of
the lower airways develops from a slight upper lung illness marked by tiredness,
muscle aches, sore throat, runny nose, headache, coughing, and fever, it may
produce severe and, in rare circumstances, deadly pneumonia [119]. Flu infections
may cause symptoms outside of the respiratory system, such as problems with the
heart, the brain, and other organs. Unlike the common seasonal epidemics that occur
every year, a pandemic of avian flu is very rare [120]. The possibility of and
evidence for A virus subtypes is compelling. Approximately, once every
10-50 years, a pandemic begins with the introduction of a novel influenza strain.
A new virus strain emerges that is genetically different from previously socializing
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viruses, increasing the severity of sickness and the likelihood of mortality in people
[121, 122].

In contrast to the pulmonary route employed by humans, avian influenza viruses
may be transmitted by the fecal-oral, fecal-respiratory, and fecal-fecal pathways, and
can also be spread between free-living birds. Depending on where it enters the body,
the virus contaminates and multiplies in the epithelial cells that line the respiratory or
intestinal systems. Besides, the H7 subtype of avian influenza A has been linked to
contaminations of the human eye and conjunctivitis (inflammation of the conjunc-
tiva). Virus replication in the lower airways is associated with the severity of an
infection in humans, as is the subsequent severe inflammation caused by the
infiltration of immune cells [120, 123].

1.2.8 COVID-19

In late 2019, a novel virus called SARS-CoV-2 emerged in Wuhan, China, and has
since spread throughout the country, resulting in a widespread outbreak of unusual
epidemiologic pneumonia. The newly discovered coronavirus infection, known as
COVID-19, has swiftly spread worldwide due to its highly transmissible nature. It
has surpassed both MERS and SARS in terms of the number of affected individuals
and the number of countries impacted [124]. It is of great public health concern that
COVID-19 continues to spread over the world. The first known SARS-CoV-
2 infected individual was hospitalized for pneumonia of unknown origin; this
individual had symptoms identical to those of SARS-CoV and MERS-CoV
infections; this individual subsequently died. Additionally, patients hospitalized to
the intensive care unit had raised levels of cytokines such as TNF-a, MIP-1, IP-10,
and G-CSF [125].

Anyone may become ill with SARS-CoV-2, although people over the age of
50 are more at risk. On the other hand, the clinical symptoms shift with age.
Maximum young persons and teenagers have slight infections (moderate pneumonia
or non-pneumonia) or are symptomless, whereas older men (>60 years old) with
co-morbidities are more likely to agonize from serious respiratory infections that
need hospitalization or even death. According to the results of this research, pregnant
women are not at increased risk for any adverse health outcomes when compared to
women who are not pregnant [126, 127]. Although this was an exceptional instance,
it was confirmed that SARS-CoV-2 might be transmitted from an infected woman to
her baby during pregnancy. An elevated body temperature, intense exhaustion, and a
dry cough are the most noticeable signs of contamination [128]. Chest discomfort,
vomiting, bloody stools, sore throat, sputum discharge, dry cough, loss of appetite,
fever, and fatigue were all reported by patients in China who were examined.
Patients in Italy often mentioned changes in smell and taste [129]. After an incuba-
tion period of 1-14 days, most affected people had symptoms of viral infection,
pneumonia, and distressed breathing within a median of 8 days (most typically
around 5 days). COVID-19 causes a “cytokine storm” that causes damage and
inflammation, particularly in the lungs, and is associated with severe symptoms
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Fig. 1.2 Pathophysiology of acute respiratory distress syndrome

such as acute respiratory distress syndrome (ARDS) and severe pneumonia.
COVID-19 produces LTs, IL-2, IL-6, IL-12, IL-1, TNF-a, GM-CSF, and other
chemokines since NF-B is expressed by many cells, including those of the lungs,
kidney, central nervous system, digestive tract, liver, and cardiovascular system,
which might cause a rise in mortality or other problems [130-132] (Fig. 1.2).

1.3 Conclusion

Due to the aging of people and the absence of adequate therapies to reduce hazard
factors that contribute to the course of these illnesses, lung diseases are having an
increasingly large impact across the globe. Research on efficient treatment methods
and sufficient prevention of lung disorders such as COVID-19, fibrosis, COPD,
asthma, and influenza is becoming more urgent as these conditions become increas-
ingly life-threatening.
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Abstract

Epigenetics is the study of inherited variations in gene expression that do not
involve changes to DNA sequences. Over 200 unique cell types in a human adult
have a nearly similar genomic sequence. DNA and histones undergo reversible
chemical alterations that contribute greatly to cellular variety via dynamic control
of global gene expression, in addition to the genomic sequence. Epigenetics is
based on chemical modifications of macromolecules rather than alterations to the
chromosomal sequence. Epigenetic modifications, such as DNA methylation,
chromatin modifications, nucleosome placement, and changes in noncoding
RNA profiles, are reversible and fundamental processes in the regulation of
gene expression. Alterations in gene activity and neoplastic transformation of
cells may result from epigenetic disruptions. Epigenetic alterations occur at an
early stage in neoplastic growth, before the corresponding genetic alterations
have actually occurred. Researchers in this area will discover information on a
wide variety of topics, all grouped together under the explanatory framework of
chemical changes that affect gene expression regulation. In this chapter, we
provide information on epigenetics, DNA methylation, and histone
modifications.
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2.1 Introduction

Reproduction is crucial for the continuation of life and also aids in the transmission
of characteristics from one generation to the next. Non-genetic variables, like
epigenetics, also have a role in determining heritability and the genetic information
stored in gametes. The reproductive processes most important for epigenetic land-
scape construction or maintenance are germ cell development and early embryo
development. There is evidence that prenatal exposure to a certain lifestyle and
environmental factors may alter the epigenetic blueprint of gametes, hence altering
the phenotype of offspring. It’s common knowledge that people’s genes contribute
to their susceptibility to a wide range of ailments. As time passes, more and more
proof emerges that an organism’s health state is determined by more than just
hereditary elements; environmental influences may also play a role in shaping health
via epigenetic modulations. Like genetic characteristics, epigenetic variables affect
reproductive health and fertility [1, 2]. So, it’s crucial to learn about epigenetic
alterations, cell physiology, and the root of disease. In the last three decades, new
developments in sequencing the human epigenome have helped scientists under-
stand the origins of several diseases. This opens opportunities for understanding the
epigenetic code and creating more effective therapies [3—5].

This section summarizes the most important epigenetic processes and introduces
the many epigenetic analysis methods and cutting-edge epigenetic technologies that
are now accessible.

2.2  Epigenetics
2.2.1 Definition

Although approximately 200 cell types in humans have the same DNA sequences,
their gene expression patterns and phenotypes are very different. Developmental
scientist Conrad Waddington first used the term “epigenetic landscape” to character-
ize the dynamic cellular phenotypic changes that occur throughout the evolution of a
multicellular organism. Holliday later defined “epigenetics” as a branch of nuclear
inheritance that does not rely on variations in DNA sequence. According to current
molecular and mechanistic definitions, epigenetics is the combination of
modifications to the chromatin template that generate and maintain separate gene
expression patterns and silencing within a single genome. If genes are words, then
epigenetics specifies how those words should be interpreted [6-9].

On the other hand, if we see sets of genes as computer hardware, then epigenetic
regulation would be analogous to the operating system. That’s why epigenetics is so
important; it’s a window into how cellular processes are orchestrated, functioning as
an extra layer of regulation. Three primary processes cause epigenetic alterations to
chromatin: DNA methylation, noncoding RNAs, and post-translational histone
modifications. This chapter will try to give you a taste of these ideas (Fig. 2.1)
[10, 11].
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Fig. 2.1 Epigenetics and gene expressions

2.2.2 DNA Methylation

Over 35 years after its discovery, DNA methylation at cytosine residues is still
widely considered a fundamental epigenetic mechanism controlling gene expression
[6]. SmC, or 5-methylcytosine, is converted to a cytosine residue in the DNA
template by adding a methyl group. The most common location is the dinucleotide
sequence S0CpG30 (CpG stands for cytosine and guanine, which a phosphate group
separates in DNA). Both strands of DNA may carry it. Therefore, it can be passed
down through generations of a family. As a kind of epigenetic marking for the
genome that is conserved across cell division, DNA methylation patterns contribute
to the formation of cellular memory. Clusters of CpGs, or CpG islands, are common.
They tend to be abundant in interspersed repetitive elements and noncoding areas
(like centromeric heterochromatin) (e.g., retrotransposons). In addition to their
prevalence in gene enhancers, CpG islands are often located in the upstream area
of gene promoters [12—15].

The methyl group of cytosine, found in the DNA helix’s major groove, is the
primary site of interaction for many DNA-binding proteins. Then, different
DNA-binding proteins are attracted to or repelled by methylation DNA. Methyl-
CpG-binding domain (MBD) proteins attach to methylated CpGs, which in turn
recruit repressor complexes (such as histone deacetylases, which remove activating
histone acetylation marks) to methylated promoter areas, resulting in transcriptional
suppression. CpG methylation, in contrast, prevents transcription by inhibiting the
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DNA METHYLATION

* DNA methylation is a biological process by which methyl groups are
added to the DNA molecule. Methylation can change the activity of
a DNA segment without changing the sequence. When located in a
gene promoter, DNA methylation typically acts to repress gene
transcription.
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Fig. 2.2 DNA methylation

binding of certain transcriptional regulators like CTCF. Cellular differentiation,
genomic imprinting, and inactivation of the X chromosome all rely on DNA
methylation as a critical process [16, 17]. DNA methylation is essential for
maintaining genomic stability and protecting against the spread of harmful
transposable elements. Cell division results in the transmission of DNA methylation
patterns from one cell to the next, but these patterns are not permanent. Researchers
have discovered that DNA methylation patterns change throughout an individual’s
life. These alterations may be a healthy reaction to external stimuli or related to
pathogenic processes such as neoplastic transformation or the natural aging process
[18, 19] (Fig. 2.2).

2.2.3 DNA Methylation: Establishment and Erasure

DNA methylation in mammals is mediated by DNA methyltransferases (Dnmts),
which consist of three proteins from two families with very different structures and
functions. The first family of maintenance methyltransferases includes Dnmtl, an
enzyme that preferentially methylates hemimethylated CpG dinucleotides (i.e., DNA
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methylated at CpG in one of the two strands). This way, Dnmt1 is responsible for
semiconservative DNA methylation patterns during replication. Dnmt3a and 3b
belong to a different family of de novo methyltransferases that establish de novo
DNA methylation patterns in the developing embryo. Even though it is inactive as a
methyltransferase, Dnmt31 plays a crucial role in de novo methylation activities at
certain DNA sequences and directs the activities of Dnmt3a and 3b. The ten-eleven
translocation (Tet) protein family of DNA hydroxylases is involved in the active
demethylation process [20, 21].

In contrast, the suppression of Dnmtl during cell division is responsible for the
passive demethylation process. Tet enzymes may convert the methyl group on CpG
to 5-hydroxymethylcytosine (ShmC). This DNA alteration is abundant in the active
chromatin areas of the genome and has a role in regulating gene expression. ShmC
may be oxidized further into 5-carboxyl cytosine (5caC) and 5-formyl cytosine (5fC)
by the Tet family of proteins, which uses ATP in the process. This triggers the base
excision repair process, which removes the mutated base and converts the SmC back
to an unmethylated cytosine, reactivating transcription [22-26].

2.2.4 Histone Modifications

Chromatin, found in multicellular organisms, is a nucleoprotein structure that houses
DNA. DNA is wrapped around a ring of histones, which are uncomplicated proteins.
Nucleosomes, the basic building blocks of chromatin, comprise 146 bp of DNA
wrapped around an octamer of core histones. Two copies of the main histones H2A,
H2B, H3, and H4 make up each nucleosome. The H1 linker protein connects each
nucleosome’s DNA and histone octamer core. The histone core is attached to the
DNA through weak ionic contacts between positively charged residues on histone
proteins and phosphate groups on the DNA [27-31].

2.2.5 Higher-Order Chromatin Organization

Nucleosomes are the fundamental units of chromatin structure. When the chromatin
is fully unfolded, the structures may be seen as “beads on a string” made up of
polymers with a size of 11 nm. According to the solenoid model of the chromatin
fiber, nucleosomes are arranged in a helical array of around six to eight nucleosomes
per turn, with the histone H1 on the inner of the fiber. Since the nucleosomes run in a
spiral pattern, the linker DNA must be twisted to join them. This leads to a tighter
chromatin shape that is transcriptionally inept at 30 nm. This allows the chromatin to
be structured into bigger looping domains (300700 nm). In the metaphase of
mitosis or meiosis, chromosomes develop with the most compacted chromatin
structure to ensure accurate genetic material distribution [32-35].

The chromatin structure is very flexible and may take on a wide variety of shapes.
Traditionally, chromatin has been split into euchromatin and heterochromatin.
Coding and regulatory (for example, promoters and enhancers) portions of the
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genome are found in euchromatin, often known as “active” chromatin. It is in an
accessible, decondensed confirmation that is “poised” for gene expression because it
encourages active transcription. Heterochromatin describes the tight, highly
compacted form of the “inactive” sections of the genome. It consists mostly of
noncoding sequences and repetitive regions, yet it still makes up the vast bulk of the
genome (e.g., retrotransposons, satellite repeats, and LINEs). Permanently
suppressed “constitutive” heterochromatin is often located in pericentric and
subtelomeric areas [36—39], whereas “facultative” heterochromatin allows for tem-
porary derepression of genes within a certain cell cycle or developmental stage.

Histones in the nucleus are among the most conserved proteins in eukaryotes. The
N-terminal portion is simple, whereas the C-terminal resembles a histone fold. The
DNA is wrapped around the histone’s globular domain after heterodimerized with
another histone (H3 with H4, H2A with H2B). The N-terminal “tail” domain is
unstructured and exists outside the nucleosome. Although many post-translational
modifications (PTMs) occur at specific residues in the tails of histones, notably
histones H3 and H4, other modifications occur at specific residues in the more
organized globular domains as well. These modifications foster nucleosomal and,
by extension, chromatin variety. The first covalent modifications studied were
histone H3 and H4 acetylation and methylation. Additional modifications to
histones, including ubiquitination, phosphorylation, ADP-ribosylation, sumoylation,
crotonylation, and biotinylation, have also been discovered [40—42].

2.2.6 Histone Acetylation

Lysine (K) residues at the N terminus of histone may be acetylated. Although
acetylation of all core histones is possible in vivo, H3 and H4 acetylation have
received the most attention. Lysines 9, 14, 18, and 23 in H3 and lysines 5, 8, 12, and
16 in H4 are available for acetylation. The affinity of histone tails for DNA is
reduced when acetyl groups are added, which neutralizes the basic charge of the
tails. Furthermore, it affects the contacts between histones inside nucleosomes and
the interactions of histones with other regulatory proteins. The acetylation of
histones is a hallmark of euchromatin and generates an “open” chromatin environ-
ment conducive to gene transcription [43, 44]. Histone acetyltransferases and histone
deacetylases work in opposition to one another to regulate the dynamic process of
histone acetylation (HDACsS) [9, 31].

2.2.7 Histone Methylation

Lysine (K) and arginine (R) residues on histone may be methylated on their side
chains. In contrast to acetylation, methylation of histones does not affect the
protein’s charge. Lysines may be mono-, di-, or tri-methylated; arginines can be
mono-, symmetrical, or asymmetric di-methylated. This improves the already high
complexity of this update. Several lysine residues are at positions 4, 9, 27, and 36 on
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H3 and at lysine 20 on H4 [45]. H3R2, H3R8, H3R17, H3R26, and H4R3 are all
arginine methylation sites. However, histone methylation may signify either tran-
scriptional activation or repression, depending on the methylation sites, in contrast to
acetylation, which invariably leads to transcriptional activation. Methylation at
H3K4 activates genes, whereas H3K27 methylation is known to silence them. The
result is that most of these alterations occur in the promoter and enhancer elements of
genes. Closed chromatin, caused by H3K9 methylation, is characteristic of hetero-
chromatin areas in the genome. Heterochromatin-mediated transcriptional silence, X
chromosome inactivation, and the DNA damage response are just a few of the many
biological processes in which histone lysine methylation plays a role. Kinase
methyltransferases (KMTs) and lysine demethylases (KDMs) coordinately control
histone lysine methylation to preserve cell destiny and genomic integrity [46—49].

2.2.8 Other Histone Modifications

Phosphorylation of histones happens most often on N-terminal serine, threonine, and
tyrosine residues. Phosphorylation of histones gives them a negative charge, which
leads to a less closed chromatin structure. Thus, it is linked to gene expression and
plays a role in chromatin remodeling and DNA damage repair. Histones may acquire
a negative charge by the reversible mono- and poly-ADP ribosylation of glutamate
and arginine residues, which aids in maintaining a state of relaxed chromatin. When
DNA is damaged, these alterations become more common and play a role in the
body’s repair process [S0-53]. A large ubiquitin moiety (a polypeptide of 76 amino
acids) is attached to lysine residues in histone ubiquitylation. Polyubiquitylation of
histones marks them for proteolytic breakdown, whereas monoubiquitylation may
result in either gene activation or repression. The result of sumoylation is the
covalent binding of small ubiquitin-like modifier molecules to histone lysines, as
with ubiquitylation. Sumoylation, which may occur on any of the four core histones
and blocks the acetylation or ubiquitylation of lysine residues, is responsible for gene
repression [54, 55].

2.2.9 The “Histone Code”: Its Writers, Readers, and Erasers

Remarkable nucleosomal variety results from covalent changes happening at various
and specific places on the histones. Genetic changes in gene expression are regulated
and determined by the chromatin structure, which may alter various histone modifi-
cation combinations. The “Histone Code Hypothesis” describes this theory. This
theory proposes that changes to histones serve as a platform for signals that may
activate or silence genes by affecting the chromatin states. Histone modifications are
performed by enzymes known collectively as the “writers” of the histone code. The
enzymes in question include histone deacetylases (HATs), methyltransferases
(HMTs), and histone kinases [56, 57]. Erasers of histone codes refer to enzymes
like HDACs and KDMs that remove histone modifications. More than just changing
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the chromatin state, these modifications also create binding or recognition sites for a
variety of effector proteins called “readers” of the histone codes, which in turn
recruit additional co-regulator complexes to affect even more dramatic changes in
chromatin structure and, ultimately, gene expression [58—61].

2.2.10 Noncoding RNAs

Only a tiny percentage of the human transcriptome (2—5%) was encoded for proteins,
and the functions of the other transcripts were not understood before the Human
Genome Project. New sequencing methods have shown that 75% of the genome is
transcribed. There has been a reevaluation of the idea that most of the genome is
“junk DNA” since it is not transcribed, but the argument remains heated. Classifica-
tion of RNA types has undergone significant revision in recent years. It now falls
into two basic categories: RNAs that code for proteins (messenger RNAs) and those
that don’t (noncoding RNAs) [62, 63]. Promoter-associated RNAs (PARs), Small
interfering RNAs (siRNAs), PIWI-interacting RNAs (piRNAs), circular RNAs (circ
RNAs), long noncoding RNAs (IncRNAs), microRNAs (miRNAs), and enhancer
RNAs (eRNAs) are just some of the numerous noncoding RNAs that have been
discovered in recent years. Recent years have seen much research into the activities
of ncRNAs, and it has become clear that they serve several structural and regulatory
functions [26, 64, 65].

What’s more, noncoding RNAs have recently been recognized as a distinct
epigenetic mechanism for controlling gene expression. Changes in chromatin states
may be effected through cis or trans processes, and the scaffolding for chromatin-
remodeling and -modifying enzyme complexes is an important function of ncRNAs.
They may also facilitate the recruitment of co-repressors and other factors involved
in gene silencing or transcriptional activation. These ncRNAs may offer the required
sequence specificity to guide chromatin-modifying complexes to their targets.
ncRNAs, whose roles are gradually revealed, are an essential component of epige-
netic control [66, 67].

2.2.11 RNA Modifications

Covalent modification of RNA may be induced by a broad range of chemical
additions to its sugar and nucleotide groups. However, although alterations at the
nucleotide base impart new regulatory activities, RNA is largely stable because of
modifications to its sugar backbone. The vast majority of coding and noncoding
RNA undergo post-translational modifications; methylation of adenosine at position
N(6) (m(6)A) is the most common of these modifications. The 30UTRs and stop
codons are the most common places where this happens. Different stages of mRNA
metabolism, including RNA polyadenylation, microRNA-mediated degradation,
and pre-microRNA processing, are regulated by RNA methylation and engaged in
translation and RNA degradation [68—70].
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Additionally, it regulates alternative splicing for a certain group of messenger
RNAs (mRNAs) and long noncoding RNAs (IncRNAs). The METTL3 RNA
methyltransferase complex initiates this modification, while the FTO (fat mass and
obesity-associated) RNA demethylase complex reverses it. This alteration has a
critical function in development, metabolism, and fertility, and its amount is
dynamically regulated by the activity of these enzymes [71, 72].

2.3  Techniques for Epigenetic Analysis

Initially, epigenetics relied on specialized nucleases (such as restriction enzymes,
DNase I, and MNase); DNA- and histone-modifying enzymes were just recently
discovered, yet they’ve already yielded a plethora of fresh data. The last several
years have introduced novel methods that directly evaluate interacting proteins,
chromatin modification, nucleosomal occupancy, and DNA methylation patterns
[73, 74]. Understanding epigenetic processes have been sped up by the active
development of new tools to examine genome-wide DNA methylation patterns
and chromatin structure in the contemporary age. Following is a discussion of the
many genome-wide and loci-specific methodologies built to identify epigenetic
markers and evaluate their functioning [75, 76].

2.3.1 DNA Methylation

From restriction, endonuclease-based southern blotting to epigenomic microarrays
and methylation-specific polymerase chain reaction to targeted or whole genome
bisulfite sequencing using next-generation sequencing technology, the methods for
detecting DNA methylation have progressed significantly in recent years
[77, 78]. The methodology used is crucial to gain an objective response to the
study topic. The sensitivity and specificity requirements, the study’s goal, the
volume and quality of the DNA sample, the availability of reagents and equipment,
and the technique’s cost-effectiveness and ease of use all play a role in determining
which method will be used. Whether the information sought is genome-wide or
locus-specific is another consideration when deciding on a methodology. Whether or
not the candidate genes are known may also play a role in deciding which approach
to take [79, 80].

2.3.2 Histone Modifications and Chromatin Remodeling

The study of histone modifications and chromatin remodeling throughout the whole
genome has come a long way in the last three decades. Improvements in high-
throughput sequencing in tandem with chromatin immunoprecipitation assays
(ChIP) and DNA microarrays (DNA chips)—for example, ChIP-on-chip, Chromatin
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Interaction Analysis by Paired-End Tag Sequencing (ChIA-PET), and ChIP-
Sequencing (ChIP-Seq)—have aided in deciphering the human epigenome [81, 82].

Studying the kinetics of histone methylation is made possible by chromatin
immunoprecipitation (ChIP), a potent method for analyzing protein-DNA
interactions. The idea of chromatin immunoprecipitation (ChIP) is to enrich the
area of DNA of interest (antigen) by immunoprecipitation, then amplify the
enhanced region by polymerase chain reaction (PCR) to acquire an adequate amount
of the enriched fraction. Also, southern blotting, polymerase chain reaction (PCR),
and genome-wide approaches are used for the study [83, 84].

Two kinds of ChIP-on-chip methods exist, each tailored to the specific contents of
microarrays: (1) promoter tiling arrays and (2) genome tiling arrays. Since the probes
in promoter tiling arrays are tailored to target certain promoters and other genomic
elements, some important details may be overlooked. Genome tiling arrays use
probes that span the whole genome, allowing for comprehensive genomic studies.
Histone alterations have been previously studied using the ChIP-on-chip technique
in yeast and Drosophila melanogaster. Analysis of histone modifications in the
human genome using ChIP-on-chip has recently proven fruitful [85, 86].

Thirdly, ChIP-seq utilizes next-generation sequencing techniques to provide an
additional way for evaluating histone methylation and chromatin remodeling. To do
ChIP-seq, DNA ends must be repaired and ligated to a set of adapters. The
oligonucleotides are attached to the surface of the flow cell after the DNA has
been amplified. These oligonucleotides are specific to adapter sequences ligated to
DNA. During solid-phase PCR, the DNA sequences are read by the genome
analyzer and then mapped to a reference genome to determine positions. This
method helped researchers overcome the ChIP-chip technique’s mediocre resolution
and distracting background noise [87-89].

Mass spectrometry allows for the quantitative analysis of protein expression and
the differential expression of protein modifications. Recently, chromatin affinity
purification in conjunction with MS (ChAP-MS) and chromatin proteomics
(ChroP)/ChIP-MS was developed to overcome the problem of MS’s inability to
map alteration patterns to particular promoter regions. Accordingly, it is now
possible to examine histone marks and binding proteins in functionally different
chromatin regions concurrently [90]. Different mass spectrometry approaches,
named bottom-up, middle-down, and top-down, are distinguished by the level of
the histone sequence at which they are applied. In the standard ‘“bottom-up”
approach, protease enzymes digest the target protein into shorter peptides (5¢20
aa) before MS analysis. The “top-down” technique is used to characterize full-length
proteins, whereas the “middle-down” method is used to analyze and characterize big
peptides with less than 50 N-terminal amino acid residues of histone tails [91, 92].

2.3.2.1 Technologies for Capturing the Conformation of Chromosomes
Many methods of capturing chromosomes in their native 3D shape have been
developed so that the genome’s spatial organization may be analyzed.

Methods such as (3C) and (4C) chromosomal conformation capture,
(6C) combined 3C-ChIP-cloning, (GCC) genome conformation capture,
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(ChIA-PET) chromosome in situ hybridization, (5C) chromosome conformation
capture carbon copy, etc. are all examples. Formaldehyde crosslinks the cells, a
hypotonic buffer and protease inhibitors lyse the cells, and sodium dodecyl sulfate
(SDS) solubilizes and digests the chromatin. Ligase is then used to relink the
chromatin under diluted circumstances. This is the 3C technique. In addition, 3C
libraries are produced by reverse cross-linking and purification. Higher resolution
and throughput studies of the 3D structure of chromatin at a specific locus are made
possible by using the 3C libraries to build 5C libraries [93, 94].

The disadvantage of the ChIP-chip technology is the development of microarrays
(6, ChIA-PET). A 3C-based method called Chromatin Interaction Analysis by paired
end tag ((ChIA-PET)) was developed to solve this issue. In this technique, DNA
“tags” that have been immunoprecipitated are cloned into a plasmid library and then
sequenced [95].

2.3.3 Methods to Analyze Methylation of RNA and ncRNA Species

Purifying RNA according to standard techniques allows for analysis of RNA
modifications such as N6-methyladenosine (m6A), N1-methyladenosine (mlA),
20-OMethylation (200Me/Nm), and 5-Methylcytosine (m5C). Multiple variables,
including the number and kinds of modifications present and the RNA sequence
itself, influence the analysis and characterization of RNA [96, 97]. The following are
some of the methods that have been used to learn about RNA methylation.

Incorporating radioactive isotopes into RNA is one method used in radioisotope
incorporation tests, which may be used to measure RNA methylation levels.
Methyltransferase activity is assessed via scintillation because of the radioactivity
of the methyl group added from the donor to the nucleoside. The methyl donor,
S-adenosyl methionine, is tritium-labeled.

Another method for recognizing most RNA alterations is two-dimensional thin-
layer chromatography. The nucleotides are spread out over the cellulose substrate in
a two-dimensional RNA separation based on their charge and hydrophobicity. The
disadvantage of 2D-TLC is that it offers an overall methylation status of the
transcriptome. Ultraviolet light may then be used to create an image of the pattern.
Site-specific cleavage, radioactive tagging, ligation-assisted extraction, and thin-
layer chromatography (SCARLET) may be used to investigate stoichiometry when
the sequence is known [98, 99].

Nucleotides are characterized by their mass-to-charge ratio in a conventional
MS-based comparison approach. MS is comparable to chromatography-based
techniques. However, it doesn’t need a radioisotope or label. A key downside of
MS-based techniques is the need for substantial amounts of RNA and priori-
sequence information.

Sequencing using bisulfite, a thymine mutation occurs during reverse transcrip-
tion. This mutation arises because sodium bisulfite converts cytosine to uracil, which
is subsequently reflected in the final sequencing data set. Methylated cytosine is
protected against delamination. The bisulfite sequencing method works this way,
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yielding information on RNA methylation at the level of a single base pair. Bisulfite
sequencing has several limitations, including the need for large amounts of RNA and
the resistance of surrounding changes and double-stranded areas to bisulfite treat-
ment [100, 101].

Method number five involves antibodies; they may be purchased and used to
detect methylated RNA residues like m6A, m1A, or m5C. Estimates of m5C, m1A,
and m6A are also being made using antibodies directed toward the changes.
“Methylated RNA immunoprecipitation sequencing” (“MeRIP-seq”) is the most
well-known and widely used method for mapping these modifications. The tech-
nique of N6-methyladenosine and m6A crosslinking immunoprecipitation sequenc-
ing (m6A-CLIP Seq/mi-CLIP) enables high-resolution mapping of m6A
modifications on as little as 1 mg of poly(A)-selected mRNA [102, 103].

24 Understanding the Roles of Epigenetic Modulating
Enzymes

Western blotting, enzyme-linked immunosorbent assays, chromatin immunoprecip-
itation (ChIP) tests, and coimmunoprecipitation are often used to investigate the
expression and analysis of epigenetic modulators such as DNMTs, HDACs, and
MeCPs. Co-immunoprecipitation is often employed to investigate the relationships
between epigenetic regulators. In addition, imaging techniques in living organisms
are being utilized to investigate the pharmacokinetics, direct binding, and activity of
HDAC inhibitors [104, 105].

2,5 Single-Cell Epigenomics

Current epigenetics knowledge is based on population-level data that predominantly
related epigenetics to transcriptional activation or silencing. These simplifications
are a major reason why so many pressing questions in biology have yet to be
resolved. Epigenetic controls must be studied at the single-cell level, where changes
across cells may be investigated, to provide a fuller picture of cellular activities and
dysfunctions. Recent advances in single-cell technology have shown conclusively
that even seemingly similar cell populations display different degrees of gene
expression, likely due to epigenetic heterogeneity. Single-cell epigenomics is a
cutting-edge field of study that has tremendously helped our comprehension of
gene control and associated molecular disorders. This exciting new method has the
potential to advance our understanding of epigenetic regulation [106, 107]. However,
concurrent analysis of genomic, transcriptomic, and epigenomic data may reveal the
full potential of single-cell epigenetic research. When epigenome data is included in
multi-omics measures, it may further strengthen molecular linkages between func-
tional output and genome. In the realm of single-cell epigenetics analysis methods,
the primary step involves isolating a single cell from a culture or dissociated tissue,
followed by lysing the cell for subsequent epigenetic analysis. This may be done in
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various ways, including droplet encapsulation, fluorescence-activated cell sorting
(FACS), and manual manipulations. New microfluidics technologies allow for the
isolation of cells in chambers, followed by lysis and RNA-seq library
preparation [108].

2.6 DNA Methylation and Other Modification

Single-cell sequencing at a single-nucleotide resolution has made it possible to
investigate a variety of DNA modifications, including hydroxymethylation
(5hmC), formyl cytosine (5fC), and methylation (SmC). Enrichment of CpG dense
places (like CpG islands) and restriction digestion form the basis of a method called
reduced representation bisulfite sequencing (scRRBS), which was first used to
quantify SmC throughout the whole genome in a single cell. Despite its ability to
assess a larger proportion of CpG sites in the promotor region, it does not cover
many crucial regulatory areas. The technological developments in single-cell whole-
genome methylation sequencing are based on a post-bisulfite adapter-tagging
(PBAT) strategy, where bisulfite modification is performed before library formation.
Microfluidics has recently given rise to a new method for producing single-cell
libraries. This approach has greatly improved library preparation throughput, espe-
cially when combined with cell-specific barcoding and the pooling of adapter-tagged
fragments. This method can determine methylation at 50% of CpG sites in a single
cell. Because of this, we have identified large differences in distal enhancer methyl-
ation across individual cells, a phenomenon often missed by scRRBS. Current
technologies such as AbaSI (restriction enzyme) and TET-assisted bisulfite sequenc-
ing (TAB-seq) coupled with sequencing (Aba-seq) may be tweaked for
hydroxymethylated cytosine single-cell research (ShmC) [96, 109].

2.7 Histone Modifications and Transcription Factor Binding

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is used to map
histone modifications; nevertheless, ChIP-seq at the single-cell level is very difficult
to conduct. Background noise from nonspecific antibody pull-down is an issue with
single-cell ChIP-seq that worsens at lower target antigen concentrations. The use of
barcoding and micrococcal nuclease (MNase) digestion has recently replaced this
method, allowing for the efficient processing of thousands of cells. This method
employs microfluidic droplet technology to simultaneously process vast swaths of
cells [92]. Low-level expression of a fusion protein of Escherichia coli
deoxyadenosine methylase (Dam) and the protein of interest in a cell line paves
the way for investigating protein-DNA interactions in single cells using the DamID
method. This Dam-based method employs adenine methylation adjacent to protein-
binding sites, followed by cleavage of the DNA using the enzyme Dpnl, sensitive to
methylation, and ligation of sequencing adapters. The current state of this method
prevents it from mapping transcription factor binding sites in single cells due to its
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low resolution (100 kb). Combining Dam fusion with targeted histone readers or
modifiers might also allow for genome-wide investigation of histone changes
utilizing single-cell DamID [89, 101].

2.8 Chromatin Structure and Chromosome Organization

A transposase test (ATAC-seq) measures chromatin structure in single cells. With
this method, DNA is fragmented, and adaptor sequences are attached to it simulta-
neously using an enzyme called Tn5. ATAC-seq achieves single-cell resolution
using the “combinatorial indexing” method of giving a unique barcode to each of
96 pools containing several thousand nuclei [95, 105]. Another described method for
single-cell ATAC-seq involves using a piece of commercially available
microfluidics equipment to carry out the transposition reaction on individual cells.
By mapping an average of 70,000 reads per cell, the resolution gains from this
combinatorial indexing method are substantial. DNase-seq is a method used to map
DNasel hypersensitive regions, which have been used to study open chromatin
genomic regions in single cells. If the resolution of single-cell DNase-seq is
improved to 300,000 mapped reads per cell, the mapping proficiency is only 2%,
and the throughput is even lower [100, 109].

Recent technological advances have made it feasible to use an HiC-based
approach to evaluate chromatin structure and chromosomal conformation in a single
cell. An extension of chromosomal conformation capture (3C), Hi-C can detect long-
range interactions throughout the whole genome. Despite the current limitations of
single-cell HiC, it is possible to portray chromosome structure, including interchro-
mosomal connections and compartmentalization [75, 78].

29 Epigenome Manipulation and Editing

Eukaryotic cells’ epigenomes are intricate and tightly linked to essential cellular
functions. If they aren’t checked, it may lead to pathology and abnormal gene
expression. Increased understanding of epigenetics’ role in gene regulation and the
ability to manipulate cell phenotype for research or therapeutic reasons are only two
potential benefits of epigenome editing. Several epigenome editing platforms are
available now, thanks to recent developments in genome engineering that use
DNA-targeting techniques to properly adjust epigenetic modifications in a locus-
specific manner [63, 66] (Table 2.1).

2,10 Epigenetic Manipulation Techniques

Classical genetic techniques can be used to simulate the perturbation of individual
components of the epigenome. These methods include gene knockouts and domain
deletions, point mutations, inducible expression constructs, ectopic expression of
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vectors, targeted knockdowns of a transcript, and various screens for gain or loss of
function that alter genome structure or gene expression. These methods have been
critical in laying the groundwork for our present understanding of epigenetics.
However, these methods also cause widespread changes to the epigenome, which
might potentially skew the findings of experiments [56, 70].

2.10.1 Small-Molecule Inhibitors

Anticancer medications and research use a class of small-molecule inhibitors that
target specific epigenetic markers. The hallmarks of these medications are the
histone deacetylase (HDAC) inhibitors romidepsin and suberoylanilide hydroxamic
acid (SAHA), and the irreversible DNMT1 (depsipeptide or FK228) and DNMT3
inhibitors decitabine (5-aza-2 -deoxycytidine) and azacitidine (5-azacitidine). His-
tone-modifying enzymes are only one example of an epigenetic component that a
variety of small-molecule inhibitors may target. Even though these chemicals aren’t
selective for any one kind of tissue or cell, they have demonstrated extraordinary
effectiveness in various models when used in a narrow dosage range [63].

2,11 Targeted Epigenome Manipulations

Transcription activator-like effectors (TALEs), zinc finger proteins, and CRISPR-
Cas systems are the three most essential molecular tools for targeted epigenome
editing.

2.11.1 Zinc Finger Proteins

When manipulating nucleic acids with a precise focus on a certain sequence, zinc
finger proteins are one of the best-studied systems. One method of editing the
epigenome involves the combination of DNA-binding zinc finger proteins with
effector domains that are either catalytically active or scaffolding. As a result, the
chimeric proteins behave as artificial transcription factors (ATFs), altering gene
expression patterns [73].

2.11.2 TALEs

TALEs’ ability to recognize DNA results from its 33—35-residue-long core tandem
amino acid repeat domain. TALEs’ tandem repeat sequence encodes a DNA speci-
ficity that may shift depending on the context. In contrast to zinc fingers, which need
triplet sequence recognition sites, TALEs could address a single nucleotide at the
moment throughout its repeat variable di-residues (RVDs). This feature makes
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TALEs more amenable to engineering, which has allowed the logical construction of
artificial TALEs for use in epigenome editing [63].

2.11.3 CRISPR/Cas9 System

Because of its versatility and simplicity, the CRISPR/Cas9 system has been the
primary focus of the new epigenome editing technologies. Several methods have
been used to determine the best CRISPR/Cas9 targeting locations. Some research
has successfully used innovative epigenome editing methods by simultaneously
manipulating many nearby genes in the same area of the genome. In addition to
the potential for additive effects, such an approach may raise the likelihood of an
elevated number of off-target sites and complicate steric effects like suppression by
catalytically inactive variations. Alternatively, the CRISPR-based method may
identify the most effective gRNAs that modify transcription or protein expression
by screening libraries containing hundreds of unique gRNAs. Cost and complexity
are the only real issues with this method. Since it relies on assessing RNA or protein
expression levels, which may or may not reflect epigenome alterations. CRISPR/
Cas9 and other targeted epigenome editing methods provide unique platforms for the
easy and flexible targeting of several epigenetically active regions of the genome
[68, 74].

2.12 Conclusion

Only a tiny percentage of potential epigenetic targets have been explored, and the
field of epigenome editing remains in its infancy. The development of cutting-edge
technologies is expected to lead to a meteoric rise in the capacity of epigenome
editing, enabling the production of novel epigenetic states. These advancements will
facilitate the study of epigenetic processes responsible for altering epigenetic marks.
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critical role in how genes are expressed in response to stimuli. The common
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3.1 Introduction

Epigenetics is the field that examines how alterations to DNA may modulate gene
expression even if they are not part of the genetic code. Many different chemical
mechanisms, including DNA methylation, the histone variants positions, histone
modifications, and the control of RNAs genes, i.e. non-coding, all contribute to the
complicated molecular underpinnings of epigenetic processes [1, 2]. Since epige-
netic changes may be undone, studying them in depth might provide new drug aims
for treating disorders. The epigenome is very important by way of the genome for
healthy growth and development [3]. Environmental factors including infections,
pollutants, diet, and hypoxia may all drastically affect the epigenetic signature,
which may explain why they can all play a role in disease susceptibility [4]. For
instance, recent studies have shown that environmental variables present during
pregnancy may modify the epigenome, with far-reaching implications on gene
regulation and the onset of age-related diseases. There may be a link between a
placental-foetal exposure and an inflammatory response in the foetus [5] (Fig. 3.1).

3.2 Inflammation

Inflammation is one of many complex physiological reactions triggered by an
organism in response to a perceived danger, such as a damaged cells, pathogen, or
an irritant. The early reaction of the body to stimuli in acute inflammation is the
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recruitment of additional plasma and leukocytes in the bloodstream to the wounded
areas. Inflammation that persists over time is said to be chronic [6, 7]. In contrast to
the more intense symptoms associated with acute inflammation, the disorder of
chronic inflammation lasts longer. Chronic inflammation has been related to a
wide variety of disorders, like diabetes mellitus and periodontal disease [8]. The
inflammatory response, being so multifaceted, demands for the expansion of a
complex monitoring system to transmit out process at the gene and signal levels.
As part of this network, genes involved in tissue repair, immune response, and tissue
remodelling are triggered [9]. Current data analysis supports the idea that chromatin
changes cause an important mechanistic part in the maturation of the macrophage
phenotype. Macrophages are involved in the development of several chronic
disorders, including cancer and allergic responses [10]. In addition to transcription
factors from the IRF, FOXP3, NF-kB, and STAT families, epigenetic mechanisms
including methylation of DNA and covalent modifications of histone have been
playing a substantial role in the regulation of inflammatory genes. Not only that, but
a variety of critical regulatory parameters are precise by epigenetic mechanisms in
monocytes and T-cells [11, 12] (Fig. 3.2).

3.3 Histone Modifications

The nucleosome is the smallest functional element of chromatin and is made up of
two copies of the histone proteins H3, H2B, H2A, and H4. Structured chromatin is
the result of this arrangement [13]. The modification of covalent histones is a key
epigenetic method for regulating genes. Post-translational modifications, such as
methylation of arginine and acetylation, SUMOylation, phosphorylation,
ADP-ribosylation, and ubiquitination of lysine residues, are predominantly observed
in the N-terminal tails of essential histones [14, 15].

The histone acetylation is associated with an “open” chromatin shape that aids
transcription. In order to recruit the common transcription machinery, chromatin
must adopt a more relaxed shape, and the acetylated N-terminal tails extending from
the nucleosome core should exhibit reduced affinity for the DNA [16]. Many
acetylated marks of histone, including H3K39ac and H3K4ac, have been associated
with transcriptional activity. CREB-binding protein (CBP) and its nearby p300
homolog are examples of histone acetyltransferases (HATSs) that accomplish these
modifications [17]. Histone deacetylases (HDACSs) are enzymes that counteract
HAT activity by increasing chromatin condensation and repressing genes. Never-
theless, histone methylation may contribute to the maintenance of chromatin in
either an active or inactive state [18]. H3K4me3 and H3K36me3, a tri-methylation
of lysine 4 and 36 on histone H3, open the chromatin and allow transcription to take
place [19]. Compacted chromatin and gene repression are often associated with
modifications to histone lysine’s 9 and 27 (H3K9me3 and H3K27me3). Genes with
double alteration (H3K27me3 and H3K4me3) are frequently significant evolving
regulators that are silenced but ready to be activated as differentiation continues in
stem cells or progenitor cells. Increased binding of acetyltransferase co-factors
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CBP/p300 of histones and histone mono-methylation of H3 at lysine 4 define
enhancers, which control gene expression in certain tissues (H3K4mel). Certain
enzymes, known as HMT and HDM, may add or remove methyl groups from
histones [20-22].

3.4  Histone Methyltransferases

Polycomb Group (PcG) proteins show a vital role in cell fate decisions throughout
embryonic and foetal development. There are two forms of complexes in mammals,
and they both function to silence genes (PRC1 and PRC2). PRC1 is a protein
complex composed of four individual proteins: PHC, the CBX family, RINGI,
and MEL18/BMI1. The proteins EED, RBAP48/46, EZH2/EZH1, and SUZI12 are
essential components of PRC2 [23, 24]. PRC2 repression regulates transcription by
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catalyzing the tri- and di-methylation of lysine 27 on histone H3. Current mapping of
the supervisory domains of some evolving imperative genes, like as those in the Sox,
Gata, DIx, and Tbx families, has shown the co-localization of PRC2, PRCI1, and
H3K27me3 [25]. Most of the time, PRC2 must be running for PRC1 to bind to DNA.
On the other hand, PRC2 might practice different conscription strategies to zero in
on diverse targets in the gene regulatory circuit [26]. Related to the Jumonji C (JmjC)
and domain protein of ARID families, the transcription repressor JARID2 forms a
stable complex with PRC2 [27]. In order to attach to the PcG-responsive areas,
JARID? utilises its DNA-binding domain ARID. Non-coding RNAs (ncRNAs) may
also play a role in directing PRC2 to certain promoters [28].

3.5 DNA Methylation

Methylation of DNA involves a covalent transmission of a methyl group from
S-adenosyl-L-methionine to cytosines in dinucleotides CpG. Across the mammalian
genome are CpG islands, areas with a high concentration of CpG sites that are not
methylated and are located in close proximity to the promoters of the vast majority of
genes [29]. CpG methylation sites are frequently found in specific regions of various
genes within eukaryotic genomes, including those associated with repetitive
sequences, development, and imprinted genes [30]. Human cancers generally exhibit
hypomethylation and other changes in DNA methylation, along with chromosome
instability and transposable element activity. Groups of enzymes belonging to the
same family catalyse the process of DNA methylation (DNMT3a, DNMTI1, and
DNMT3b) [31]. The most common kind of DNA methyltransferase in mammals is
DNMTI, which functions as a maintenance methyltransferase. The process adds
methylation to the strand of DNA that is already partially methylated (hemi-
methylated). Proteins that possess methyl-CpG-binding domains include MeCP2
and Kaiso [32, 33]. Importantly, methylation of DNA and methylation of histones
are both firmly precise processes in eukaryotes. N-terminal of Histone H3 tails
containing lysine 4 unmethylated are mandatory for DNA methylation (H3K4)
[34]. Histone H3 tri-methylation at lysine 9 is an additional step in DNMT1-
mediated DNA methylation. The NP95 protein links DNA with histone H3 methyl-
ation via its SET-, Ring-, and Tudor domains. Hence, the two main epigenetic
processes responsible for silencing are the coordination of NP95 and DNA methyla-
tion, along with histone methylation [35].

3.6 Epigenetic Events in Inflammation
3.6.1 Histone Methylation and Inflammation
Histone alterations may be eliminated by inducible Jmjd3 from the Jumonji family.

Recent research has linked inflammation to epigenome reprogramming by
identifying a protein that controls macrophage growth and cell identity [36]. To
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regulate the amounts of H3K27me3 and the transcriptional activity of the PcG target
genes, macrophages exposed to contaminated things and inflammatory cytokines
produce more Jmjd3, which fixes the PcG target genes [37]. Continued treatment
with IL-4 initiates Jmjd3 activity, resulting in the subsequent removal of repressive
H3K27me3 marks from the promoter of STAT6. The binding of active promoter to
STAT6 of the Jmjd3 gene results in positive regulation of that gene’s expression
[38]. Methylation marks on histone H3 (H3K27) govern the expression of inflam-
matory genes; Jmjd3 eliminates these marks [39]. However, Jmjd3 may also func-
tion independently of demethylation H3K27. The study demonstrates that the
marker activation of H3K4me3 and the Polymerase II RNA complex are required
for Jmjd3 to be recruited to transcription start sites. These findings suggest that
Jmjd3 binding to target genes does not coincide with H3K27 demethylation
[40]. These discoveries suggested that the switching around of methyl groups on
H3K4 and H3K?27 is an important epigenetic process in gene regulation. Many genes
in the mammalian genome have been identified as PcG target genes. A possible link
between chronic inflammation and aberrant DNA methylation at these locations has
just recently been discovered. Research has unveiled that PcG proteins bind to target
genes and facilitate the recruitment of DNMTs, thereby enhancing gene repression
[41, 42]. More recently, it has been discovered that an alternate mechanism leading
to gene suppression in SSI triggered by acute inflammatory events is NF-kB/RelB-
dependent silence. The induction endotoxin of RelB by activation is necessary and
sufficient for the acute pro-inflammatory gene repression [43]. H3K9
methyltransferase G9a forms heterochromatin in response to RelB’s direct interac-
tion with it to silence these genes during SSI [44]. This interaction leads to
H3K9me3 and the conscription of heterochromatin protein 1. HP1 and G9a form a
restrictive intricate at the promoters of dependent genes of RelB, leading to the
recruitment of CpG methylation. In the case of the promoter TNF in blood
leukocytes, it was recently shown that SSI creates a supportive interface between
histone methylation and DNA methylation [45].

3.6.2 Histone Acetylation and Inflammation

Upregulation activity of histone deacetylases (HDACsSs) cause inhibition of inflam-
matory genes, whereas HAT acetylation stimulates them. In COPD airway biopsies
and alveolar macrophages, there is an observed increase in histone acetylation in the
promoter region of inflammatory genes, which is mediated by NF-kB. Reduced
activity of the enzyme histone deacetylase (HDAC) underlies the observed
upregulation of histone acetylation. Pro-inflammatory cytokine promoters (IL-8,
IL-2, IL-1, and IL-12) are quickly CBP/p300 acetylated, resulting in activation of
transcriptional factors and decreased activity of HDAC [46, 47]. Histone
deacetylation and gene suppression occur instead when HDACs are recruited. To
do this, HDACs recruit complex corepressor and factors of transcription like STATs,
ZEB1, GATAs, FOXP3, and NF-kB to gene promoters, where they control pro- and
anti-inflammatory cytokine transcriptions, respectively [48]. In response to cytokine
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stimulation, NF-kB activation is strictly regulated by the kinase of IB. IxB kinase
(IKK)-binds to dependent NF-kB promoters and histone H3 acetylates at Lys9 and
phosphorylates histone H3 at Serl0, with the help from CBP and polymerase II
complex [49]. This phosphorylation that is cytokine-induced is essential for the
following histone acetylation H3 at Lys14 through the CBP pathway. After inflam-
mation, an increased recruitment of NF-kB to the promoters of cytokines and
chemokines is observed, coinciding with histone H3 acetylation. The glucocorticoid
receptor (GR) cooperates with histone deacetylase 2 to possibly trigger NF-kB-
dependent inflammatory genes repression [50, 51].

3.6.3 DNA Methylation and Inflammation

Methylation of DNA has been shown to have a crucial role in the inflammation for
the regulation of gene expression. Hypomethylation of the promoter of the TLR2
gene has been associated to an exacerbated response of pro-inflammatory peptido-
glycan of bacteria in CF epithelial bronchial cells [52]. Methylation of DNA and
histone acetylation are two mechanisms that regulate TLR4 expression in intestinal
epithelial cells. Methylation of DNA and histone alteration play a significant role in
establishing the TNF locus’ epigenetic environment [53]. Environmental factors,
like bacterial infection, have been discovered to alter the genome’s epigenetic state.
DNA methylation has a major impact on the expression of imprinted genes through-
out embryonic development. For example, bacterial infection in mice causes
hypermethylation of the Igf2 gene’s promoter. Many imprinted genes and other
crucial development genes were shown to have altered expression in the placenta
after maternal infection, according to expression microarray studies in mice [54]. A
persistent infection with Helicobacter pylori (HP) in the human stomach causes
gastric mucosa inflammation and activates many carcinogenic pathways [55]. The
DNA methylation pattern of cells lining the stomach was changed by HP. DNA
methylation induced by HP at the locus of Runx3 was demonstrated to be responsi-
ble for the expression loss of the gene in epithelial gastric cells [56].

3.6.4 MicroRNAs and Inflammation

MicroRNAs (miRNAs) function as post-transcriptional regulators and are a kind of
tiny, non-coding RNA. Pre-miRNA transcripts are first cleaved by the Pasha and
Drosha complexes in the nucleus before being shuttled to the cytoplasmic Dicer for
further processing into mature miRNA duplexes of 18-24 base pairs in length
[57]. The RISC (RNA-induced silencing complex) incorporates these short RNA
duplexes and binds to their 3’ untranslated region (3’UTR) to selectively target
specific messenger RNAs for degradation or translational inhibition. Recent studies
have shown that miRNAs have a significant regulatory role in an extensive variety of
developmental, differentiation, and pathological processes [58]. In contrast to
miR-155, which inhibits macrophage activation by targeting the lipid phosphatase
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SHIP1, miR-146a inhibits TRAF6-mediated signalling from Toll-like receptors.
Acetylcholine (ACH) mRNA is a target of miR-132, which activates a key regulator
of inflammation in the periphery. MiR-155 is activated when macrophages are
exposed to lipopolysaccharide (LPS) [59]. MiR-155 regulates CCAAT/enhancer
expression which binding protein Beta (C/EBP Beta) during activation of macro-
phage mRNA and the response of acute phase to control the production of
pro-inflammatory cytokines. Liu et al. showed that a negative-feedback loop mech-
anism is responsible for TLR’s activation of miR-147 to avoid an overly reactive
inflammatory response. Both NF-kB and IRF3 activation are necessary for miR-147
induction by TLR stimulation [60]. In addition, macrophage inflammation triggered
by TLRs is dampened by miR-147. Another research found that miR-105 might
control the TLR-2 translation in gingival human of keratinocytes. Recently, it has
been hypothesised that there are two separate levels of regulation at play in the
reprogramming of inflammatory genes that is TLR4-dependent [61]. Epigenetic
alterations facilitate transcriptional control, and differential expression of miRNAs,
which is TLR4-dependent, regulates a higher level of regulation (miR579, miR-221,
and miR-125b). It is believed that around 30% of all human genes may act as targets
for miRNAs [62]. Epigenetic indicators such as EZH2, DNMT3b, DNMT3a, and
HDAC:Ss are encoded by a number of these genes. Both miR-29 and miR-143 target
DNMT3a and DNMT3b, and miR-29 can correct aberrant methylation in lung
cancer whereas miR-143 controls DNMT3a in colorectal cancer [63]. By inhibiting
HDACS, miR-2861 regulates osteoblast development while miR-29 promotes oste-
ogenesis via targeting HDAC4. MiR-140 controls HDAC4 in cartilage, whereas in
prostate cancer, MiR-449a targets HDAC1 [64, 65]. However, microRNA’s effect
on epigenetic markers may be indirect. Retinoblastoma (Rb)-like protein 2 (Rb12) is
a virally encoded microRNA known to control 3b mRNA and DNMT]1, 3a, levels.
Expression of EZH2 may be repressed by miR-26a, miR-101, and miR-214 [66]. In
the second case, PcG-induced changes in gene expression are controlled by
miR-214, which in turn is regulated by EZH2, the catalytic component of PRC2.
Expression of PcG proteins downregulates miR-214 transcription in
non-differentiated skeletal muscle cells. During the process of differentiation, PcG
disengagement and miR-214 transcriptional activation take place [67]. Similarly,
miR-214 aims for EZH2. Finally, DNA methylation, histone modifications, and
microRNA targeting were examined as three separate epigenetic mechanisms of
gene suppression [68]. A newly discovered epigenetic relay channel has been
suggested to explain the downregulation of PPAR transcription. There is a highly
controlled mechanism required for this route, and it includes EZH2, MeCP2, and
miR-132. In this study, the scientists showed that MeCP2 translation was unblocked
when miR-132 was downregulated. As a result, MeCP2 brings in HP1/G9a and
PRC1/2 complexes, which methylate histone H3 at Lys9 and Lys27 in the PPAR
promoter (H3K9 and H3K27) [69].
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3.6.5 Inflammation and Cancer

Inflammation may have a role in the growth and spread of cancer. Up until recently,
the mechanical basis of this phenomenon was unknown. When Iliopoulos et al.
proposed a link between inflammation and neoplastic transformation, they
revolutionised our understanding of the two processes [52, 70, 71]. The cytokine
IL-6, the microRNA let-7, and the RNA-binding protein Lin-28 are all essential
players in this paradigm. During the cellular transformation process, the activation of
oncoprotein, particularly triggered by Src, initiates an inflammatory response depen-
dent on the transcription factor NF-kB. This response induces the transcription of
lin-28 and suppresses let-7 miRNA [72]. Let-7 inhibited transformation of cells by
blocking the effects of IL-6. For cells to undergo metamorphosis, an uptick in IL-6 is
needed, which was brought about by the activation of NF-kB and the subsequent
let-7 repression. IL-6 has been proven to trigger oncogenic transformation by
targeting STAT3 [73, 74].

3.6.6 Epigenetics in Human Diseases and Ageing

Rheumatoid arthritis (RA) is an autoimmune disease classified as a chronic inflam-
matory disorder that leads to gradual deterioration of the cartilage in the joints and
bones. Many studies have demonstrated that epigenetic changes such as methylation
of DNA, acetylation of histone, and microRNAs have a role in RA pathogenesis
[75, 76]. Synovial fibroblasts from patients with rheumatoid arthritis were observed
in one research to have a significantly reduced global DNA methylation pattern
compared to control cells. Multiple studies have linked chronic inflammation to an
increased risk of both COPD and lung cancer [77]. Recent studies suggest that
epigenetic changes may play a role in the growth of acceptance in T-cell and
macrophages activity. HDAC2 appearance and action are reduced in macrophages
of lung, biopsies of lung, and blood cells of people with severe asthma, COPD, and
smoking-induced asthma [78]. Our immune systems change as we age, making us
more vulnerable to infections, inflammation, and hyperreactivity to self-antigens, all
of which may increase our chance of developing cancer. DNA hypomethylation as a
result of ageing has been associated with both chronic inflammation and malignancy
[79]. El Mezayen et al. showed that dendritic cells’ IL-23p19 gene expression was
upregulated in tandem with H3K4 methylation. Periodontitis is a complicated
disorder characterised by inflammation and loss of the tissues that keep teeth in
place. Prostaglandin-endoperoxide synthase-2 (PTGS2) and prostaglandin E levels
upregulated with the progression lesions of periodontal, but downregulated in
chronic sickness. Hypermethylation of the PTGS2 promoter has been allied to
decreased expression in patients with chronic periodontitis [80, 81].
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3.7 Conclusions

Changes in the modifications of histone, methylation of DNA, and regulation of
microRNA are key pieces of evidence needed to decipher the molecular basis of
chronic inflammatory illnesses. There is hope for the development of highly specific
medications thanks to recent discoveries about epigenetic modifications that occur
during the inflammatory response. Medications being examined for therapy of
epigenetics include deacetylase of histone inhibitors and demethylating agents,
both target chromatin in rapidly reproducing tumour cells. Recent technological
developments in whole-genome expression of microarray profiling and chromatin
immunoprecipitation-based sequencing (ChIP-seq) methods may allow for better
epigenetic drug development.
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mental health and environmental factors. There is an increasing suggestion of
epigenetics in the expansion of several lung diseases. Epigenetics also exerts its
influence over inflammation which is a common feature of many lungs inflam-
matory diseases including COPD, asthma and IPF. All the immune cells which
play a vital part in the growth of inflammation also fall under the control of
epigenetic changes. Epigenetics influences both adaptive and innate branches of
protection to bring inflammation at a heightened rate in inflammatory diseases by
controlling their activity and differentiation. Immune cells are generally
associated with protective responses to harm in lung inflammatory diseases.
Hence, therapeutics targeting epigenetics have emerged as attractive candidates
that in addition to controlling epigenetic mechanisms control gene activity, thus
providing a suitable alternative in place of already available drugs.

Keywords

Epigenetics - Lung diseases - Inflammation - Gene regulation - Therapeutics

4.1 Introduction

Several lung diseases involve inflammation as a main culprit in afflicting lung
damage. Inflammation generally involves immune cells as an integral part to con-
tribute to pathogenesis. Death of around three million persons is caused by inflam-
matory disease of the respiratory passage. There is a dynamic interplay operating
between inflammation and immune cells in most lung inflammatory diseases. Pul-
monary diseases are one of the central reasons for demise. Pulmonary diseases
include asthma, pulmonary fibrosis and COPD. Lung disease that involves inflam-
mation as a predominant manifestation includes pulmonary fibrosis, asthma and
COPD. Data obtained from WHO shows that the mean age of death rate in the
person suffering from IPF is 3.75 per 10,000 males and 1.50 per 100,000 females.
Similarly, asthma is another lung inflammatory disease that is generally found in
adults and children. Adults suffering from asthma show a higher death rate, but the
cases of asthma are more in children [1]. Females generally are more prone to the
development of asthma than males [2]. IPF is a kind of interstitial lung fibrotic
disease. There are about 40,000 new patients of IPF that are found each year in
Europe [3]. Out of a total of 1000 persons, only five persons suffer from IPF thus
making it an uncommon respiratory disease. The occurrence of IPF varies geograph-
ically with Japan showing a higher number of sufferers. About 10.5 persons out of
100,000 persons in Japan are suffering from IPF. According to data obtained in
2019, there were about 339 million people who are diagnosed with asthma out of
which 25,000 people died in 2010. About three million patients died from COPD in
2010 out of 384 million people diagnosed with COPD [4]. There is a lesser chance of
IPF happening in people with age below 50 years [5]. There is lethal nexus that
involves genes, environmental factors and epigenetics as key participants in the
progression of IPF that primes to the devastation of alveolar epithelial cells, ageing
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and manufacture of certain pro-fibrotic mediators that in turn brings fibroblast into
action and causes their conversion into myofibroblast.

Earlier it was thought that few genes are responsible for causing lung inflamma-
tory disease. Recently the role of non-coding portion of DNA including miRNAs has
also come to light. There are certain enzymes called DNA methyltransferases and
DNA demethyltransferases that change heterochromatin to euchromatin thus bring-
ing an inaccessible or unexpressed portion of the genome into an accessible or
expressed portion. Many factors including diet, pollutants in the environment,
mental health and age offer their share in manipulating changes happening in
epigenetics to kickstart events linked to the development of the disease as originated
in several lung diseases namely COPD, asthma and lung fibrosis. At the molecular
level, epigenetics is regulated by conformational changes happening in euchromatin
by the involvement of DNA methyltransferases (DNMT) and DNA
demethyltransferases. Similarly, acetylation and deacetylation of histone residues
present inside nucleosome help to fold or unfold the euchromatin. Generally,
transcription is positively stimulated by demethylation and acetylation of histones
as they open up chromatin and make it readily available to RNA-polymerase-II
(RNA poly-II). Similarly, the deacetylation and methylation of histones present over
nucleosomes help to open up DNA thus causing repression in gene expression.
Another fraction is miRNAs that control the expression of genes by degrading them
or stop them from expression by binding them at 5’UTR. Besides molecular levels,
epigenetics also translates its effects by bringing environmental influences like
inhalation of smoke, presence of pollutants in surroundings, maternal diet and
mental health and ageing that are predominant in regulating development of this
disease.

4.2  Basics of Epigenetics

The word epigenetics is formed by the union of ‘epi’ plus ‘genetics’ which means
above genetics or beyond genetics. Epigenetics comprises all those changes that are
not present in coding sequences of DNA. Generally, epigenetic changes operate in
three major ways including modifications of DNA, modifications of histone and
non-coding RNAs. All these three changes fall under the control of circumstances
prevailing in environment, food taken by mother, disease and age of the individual.
There is a significant amount of evidence that enlightens the concealed part of
epigenetic besides genetics in the growth of lung inflammatory illness. Gene meth-
ylation is performed by methyltransferases of DNA that add a methyl group specifi-
cally to cytosine thus forming 5-methylcytosine. Generally, gene promoters
exhibiting hypermethylation in gene promoters are characterised by silent gene
expression; meanwhile, hypomethylation in gene promoters tends to free gene
promoters from silencing hence activating gene expression. CpG islands are certain
regions within gene promoters that exhibit methylation in CpG nucleotides and thus
exert its effect over gene expression by concealing expression of gene utilising tight
packing of nucleosomes. However, contrasting roles of DNA methylation have been
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realised recently as Ten-eleven translocase protein (TERT) promoters bearing meth-
ylation in histones belonging to nucleosomes that positively stimulate gene expres-
sion and enhance telomerase activity. Histone tails lying within nucleosomes are
altered by several modifications including ubiquitination, phosphorylation, methyl-
ation and acetylation. Phosphorylation produces its effect on the conformation of
nucleosomes by tightening or loosening it. The tight conformation of nucleosomes
generally conceals or hides the gene expression by hindering RNA poly-II from
reaching the promoters. The loosened conformation of nucleosomes unfolds the
DNA inside and thus makes all the DNA present within nucleosomes readily
accessible to RNA poly-II.

Generally, histones, composed of octamer H3, H2B, H2A and H4, wrap DNA
into nucleosomes. Lysine and arginine are the most active amino acid residing within
histones that undergo modifications readily. These modifications are responsible for
changing euchromatin into heterochromatin by controlling the packing conforma-
tion of histones. The trimethylation of histone H3K4 positively influences gene
transcription and H3 K27 methylation is usually linked with the hindrance expres-
sion of gene. Similarly, histone acetyltransferases are a group of enzymes that adds
acetyl residues on histone residues and unlocks gene expression while histone
deacetyltransferases are a contrasting enzymes class that eliminates groups of acetyl
and hence helps to lock the gene expression. Normally RNA is destructed or stopped
from participating in translation by miRNAs. miRNAs comprise a non-expressible
and non-coding part of the genome that exerts its control over the genetic portion by
binding with 3’UTR region of RNAS to destruct or stop the protein from expressing.
Drosha is an enzyme that is responsible for creating pre-miRNA from primary
miRNA. An enzyme called Dicer breaks mature MiRNAs from hairpin precursor
RNA also known as pre-mRNA and is made of around 70 nucleotides. Around 1000
miRNAs are housed inside the genome of human beings. Epigenetics is controlled
by several factors including food ingested, surroundings and the mental health of
mother [6]. Epigenetics pertains to all changes happening in unexpressed portion of
DNA. Generally, all methylases and deacetylases are responsible for hiding DNA,
hence suppressing gene expression, while all acetylases and demethylases serve a
contrasting role by unfolding the wrapped DNA and thus making it available for
occupation by RNA polymerase-II. Those enzymes that remove acetyl group are
known as histone deacetyltransferase (HDAC) while those that add methyl group are
known as HAT.

4.3 Epigenetic Regulation of Imnmune Cell Development
and Function
4.3.1 Innate Immunity
The binding of transcription factors depends upon the conformation of chromatin

found within genes of immune cells as open conformation of chromatin easily allows
factors of transcription to occupy the organizer areas of the genes. Accessibility of
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chromatin to transcription factors falls under the regulation of enhancers, promoters
and silencers. Generally, when a tissue is subjected to damage or injury, the native
immune cells housed within that tissue are the first respondents to wound and evoke
inflammation by creating a proinflammatory signal-rich environment calling other
immune cells present in circulation, namely neutrophils and monocytes, at the site of
damage. The innate immune organization is composed of dendritic cells,
neutrophils, macrophages and natural killer cells. Antigens are mostly presented
by antigen-presenting cells including dendritic cells and macrophages which engulf
the antigen and present their components to lymphocytes. There are specific histone
markers present inside specific enhancers of gene which are altered epigenetically to
favour pro-inflammatory or anti-inflammatory fate of macrophages [7]. Macrophages
found a vital portion of immune system that exerts its control over inflammation and
safeguards organisms against infection by ensuring the finalization of functions
belonging to a particular tissue. Macrophages are potent eaters that engulf the
pathogens and then presents its fragment to T-cells. Gene expression of
macrophages falls under control of transcription factors and epigenetic
modifications. Macrophages are known to unleash cytokines after receiving stimulus
that bridges the innate and adaptive arm of immunity to bring inflammation into
action. Several macrophages are found inside different tissues and thus have vast
distinctive population. As each tissue has its own collection of macrophages, hence
tissue-specific macrophages are important for clearing off pathogen and maintaining
homeostasis of tissues. About more than 12,000 enhancers occupying macrophages
are reprogrammed upon transplantation into a new ambience as evidenced by studies
conducted in mouse [8]. Epigenetic control of macrophages operates at two levels
including lineage-specific transcription factor and tissue-specific transcription
factors. Chromatin found inside macrophages is directly made accessible to tran-
scription factors by means of lineage-determining transcription factors (LTDs). PU-1
is a lineage-determining transcription factor (LTD) that is present at enhancers of
genes and helps to maintain basal activation state and H3K4Me3 of many promoters.
At enhancers, Pu-1 sustains H3K4Mel and thus helps in choosing enhancer
elements according to tissue, hence pointing out that PU-1 is an essential require-
ment in genomic locations to carry its functioning as an enhancer. In both activated
and dormant cells PU-1 is the master transcription factor that calls its other compan-
ion transcription factor (TFs) by making chromatin more readily accessible by
opening chromatin. C/EBP family members, IRF, NF-x and AP-1, are other
transcription factors that co-operate with enhancers chosen by PU-1 TFs. PU-1 is
extremely important as its absence makes macrophages deficient in accepting geno-
mic cues. The absence of PU-1 keeps chromatin in a closed conformation by
utilising H3K27Me3 and the occupation of co-repressors. Lineage commitment of
macrophages is associated with the binding of PU-1 TF that helps to unfold the
closed chromatin. Environmental influences like the presence of Interlekin-4 play a
vital role in allowing efficient binding of NF-kf} at macrophage enhancers. This
binding is consequently followed by the elimination of H3K27Me3 and H3K27 Ac
spot on enhancers. All these events lead to the activation expression of gene in
macrophages. H3K4 monomethylating at many genes residing within macrophages
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is stimulated by PU-1 binding at histones [9]. Expression of Pu-1 having
H3K4Me2and H3K27Ac in all macrophage pools is regulated by enhancer of Spil
[10]. Therefore, a specific combination of transcription factors found in various
tissues in combination with distinct envirnomental condition governs the epigenetics
in tissue-specific manner. This tissue specific variant effects manifests its
consequences by controlling gene expression, function and the environment in
which these macrophages reside.

Various signalling pathways diverge from signal promoters depending upon its
ability to bind different cocktails of transcription factors. Hence, response of
macrophages is always elicited following their immediate need, and this response
is adjusted by enhancers that regulate gene expression according to the need and
situation faced by macrophages. Regulatory regions lying within specific
macrophages belonging to a particular tissue and gene expression from specific
macrophages fall under the order of cues coming from the environment.
Macrophages harbouring active promoters contain H3K4Me and H3K27Ac while
inactivated promoters within macrophages depict H3K4Mel and H3K27Ac
[11]. There is a wide variety of macrophages found in different tissues including
intestinal, brain, splenic, peritoneal, liver and alveolar macrophages. The intestine is
the largest reservoir of macrophage population. Liver monocytes located inside the
foetal liver under influence of GM-CSF instigate PPAR-y signalling to develop into
alveolar macrophages. The immune response of genes in alveolar macrophages
during bacterial infections is controlled by long non-coding RNA (IncRNA)
MEG-3,4 that effects the transcription factors of alveolar macrophages to control
the inflammatory response in lung tissue. The inflammatory response in the lung is
associated with the IncRNA MEG-3 and microRNA MiR-38 in companionship with
enhanced levels of IL-1f. The rise in levels of IL-1p is followed by increased binding
between maternally expressed gene-3,4 (MEG-3,4) and mRNA of pro-inflammatory
cytokine IL-1f [12]. The immune system is endowed with an inherent capability of
fighting against external environmental insults and attacks. Our body is inevitably
endlessly unprotected to a diversity of environmental toxicants, pathogens and other
foreign particles. The immune system acts as a safeguard and shields our body
against these insults.

There are two arms of immune system that helps to prevent our body and organs
against external invaders. IFN-y and microbial goods tend to stimulate
pro-inflammatory M1 macrophages while IL-10, IL-4 and helminthic stimulate
anti-inflammatory macrophages M2. M1 macrophages are known for shielding the
host while M2 macrophages are known for their role in healing tissue damage. When
human monocyte-derived dendritic cells are cultured and exposed to bacterial
endotoxin lipopolysaccharide (LPS), then it underwent a loss of H3K9 methylation
at organizer areas which subsequently led to stimulation of pro-inflammatory
cytokines like IL-8 and MIP-1a [13]. Efficient presentation of antigens is performed
by M1 macrophages that have high bacterial killing capacity owing to the making of
pro-inflammatory reactive oxygen and cytokines and nitrogen species. M2
macrophages are activated alternately and decrease the making of
pro-inflammatory cytokines and are less efficient at presenting antigens. Efficient
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and accurate eating of macrophages is dependent on the structure of macrophages
which is composed of an actin cytoskeleton, and this actin cytoskeleton is modulated
by DNA demethylation. The tolerant state of macrophages rests on the shoulders of
inhibitory mechanisms emerging from NF-kf. A suppressive complex formed by
tri-union of nuclear receptor corepressor-HDAC-3-P50 (NCOR-HDAC-3-P50) is
called by NF-xf into aimed genes [14]. H3K9 methylation in promoters of
macrophages is performed by histone methyltransferase named G9a under command
received by NF-xf. This H3K9 methylation helps AP-1 to partner with this
methylated spot under the direction of NF-xf [15]. TLR signalling tolerance is
generated in macrophages by mi-RNA 146a following stimulation of the MYD88-
dependent TLR pathway of inflammation by controlling BRG-1. miRNA-221 and
mi-RNA 222 revamp functional aspects of macrophages under stimulus provided by
LPS tolerization [16]. The innate immune system is quite non-specific and unleashes
attack solely on recognising the nucleic acid released from pathogen or lipids,
noxious substances and venom but the adaptive arm is quite specific and showers
attack on the pathogen in a highly specific form by modulating gene rearrangements
with B- and T-cells that help in the creation of diverse kinds of antibodies to attack
diverse pathogens. Some recent studies strongly support that even innate immune
cells keep the memory of previous encounters with pathogens which helps them to
counteract the attacks of the same pathogens when that pathogen attacks again in
large numbers. Epigenetics has been shown to have substantial involvement in
controlling the memory of immune cells to exert its influence on the transcriptional
level. This fact is supported by studies carried out in monocytes that are stimulated
on coming in contact with p-glucan releasing from Candida that in turn leads
to trimethylation of H3K4 and acetylation of H3K27 which produces its effects by
uplifting levels of IL-6, TNF cytokines, inflammation and trained immunity.
Epigenetics also offers its share in stimulating the difference of human monocytes
into dendritic cells under the effect of external factors. Differentiation of human
monocytes into dendritic cells is accompanied by acetylation of histone H3K9Ac
and removal of H3K9me3 along with methylation of DNA at its organiser. These
changes in histones enhance the expression of cluster differentiation-209 (CD-209)
on dendritic cells [17]. The memory found within macrophages is often regarded as
trained immunity and this trained immunity is nurtured by epigenetic memory.
Macrophages acquire this memory after combating a pathogen. Promoters of these
macrophages harbouring trained immunity are characterised by enhanced levels of
H3K4Me3 at agents of genetic factor intricate in the manufacture of Myd88 and
pro-inflammatory cytokines named IL-6, TNF-a and IL-18 [18]. A characteristic
partnership is established between IncRNA of inflammatory chemokine secretion
and ELR + CXCL chemokines like CXCL-2, CXCL-1, IL-8 and CXCL-3. The
H3K4me3 imprint is established in macrophages under the direction provided by
(WD-repeat-containing protein-5/mixed-lineage leukaemia-11) WDRS/MLL-11
complex at CXCL promoters.
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4.3.2 Adaptive Immunity

Adaptative immunity involves T-cells and B-cells as their key participants that
causes the emergence of a specific form of attack against pathogens by keeping a
memory of the previous encounter. B-cells are unique in the fact that they produce
specific antibodies against invaders entering our body by using VDJ recombination
and somatic hypermutation. The functioning of immune cells is compromised by
ageing and is often termed immune senescence. This drop in the functioning of
adaptive immunity with age generally finds its roots in epigenetic changes.

44  T-Lymphocytes

T-cells diverge into several fates including effector T-cells and memory T-cells.
THI1, TH17, TH9, TH25, TH22, TH2, TH9, T-regulator cells, natural killer T-cells,
T-helper cells and cytotoxic T-cells are some of the effector T-cells [19]. T-cells
exaggerate immune response to inflammation and heighten it by secreting cytokines
and chemokines. Naive T-cells differentiate into TH1, TH2, TH17 cell fate or
T-regulatory cell fate. Imprints of histone signatures are established in the IFN-y
agent of TH1 and TH2 cell lines by utilising transcription factors STAT-4 and T-bet
in the TH1 subtype while GATA-3 and STAT-6 in TH2 subtype. Main transcription
factors that control the fate of binding of menin at Bach-2 locus inside T-cells
maintain acetylation of Bach-2 locus, thus controlling the ageing of T-cells and
cytokines releasing from T-cells. The thymus is a central location where most
T-lymphocytes are matured and decrease in size with age. Thymus also falls victim
at hands of increased ageing effects that in turn destabilise the stability of genes
of the thymus by removing heterochromatin signs at H3K9me3 associated with loss
of histone-lysine-N-methyltransferase (SUV39HI) expression [20]. A peculiar kind
of T-cells named yd T-cells are the major army of T-cells present inside mucosal
tissue and skin. Certain specific yd T-cells manufacture IL-22 to stop fibrosis. The
choice to secrete IL-17 or IFN-y is prominently concluded during their development
in the thymus. Chromatin structure is principally responsible for producing IL-17A,
IL-22 IL-17F or IFN-y. The excessive infiltration of inflammatory cells at the
damaged site tarnishes tissue healing. This excessive inflammation is counteracted
by T-regulatory cells. The increased drop in function with ageing is correlated with
the decrease in methylation of aged cells [21].

The innate immune system functions in coordination with the adaptive immune
system, since cells from the innate immune system presents the antigens to B- and
T-cells, allowing them to differentiate into effector cells. There is a lack of IL-2
expression in both naive and CD4* T-cells, but this cytokine is articulated in T-cells
when these cells come in contact with a pathogen. Expression of IL-2 is induced on
the surface of CD4* T-cells by utilising demethylation at a single specific CpG site in
the enhancer region of these T-cells; the demethylation at CpG enhancer region
works to increase transcription of IL-2 and forms a memory imprint on T-cell that
has encountered the pathogen [22]. CD4" T-cells exhibit MHC class-I particles to
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recognise antigen while CD8" T-cells exhibit MHC class IT molecules to recognise
the antigen. CD4* T-cells differ from CD 8" T-cells that directly destruct the infected
cells. CD4* T-cells depend on antigen-presenting cells to recognise antigens and
destroy them. Memory CD8"* T-cells maintain enhanced acetylation in H3Ac at
IFN-y promoter and enhancer region of stimulated CD8" T-cells that help to build a
stronger cytotoxic response under the effect of excessive stimulation provided by
large number of pathogens [23]. Expression of MHC-II on the surface of CD4*
T-cells is controlled by a class-IIA transactivator (CIITA) by exerting its influence
over epigenetics [24]. Generally, CD4" T-cells are differentiated into TH1 type or
TH2 type. Cytokines like IFN-y, IL-12 or IL-15 help to direct the differentiation of
CD4* T-cells into THI1 type while IL-4, IL-10 and IL-13 help to direct the differen-
tiation of CD4" T-cells into TH2 subtype. Studies suggest that in addition to
cytokines, epigenetic changes also dictate the transition of CD4" T-cells into TH1
or TH2 subtype. Differentiation of naive T-cells into TH1 cells is associated with
changes in the methylation pattern of IFN-y promoter as this promoter is
hypermethylated in naive state but becomes demethylated in TH1 cells [25]. In
addition to TH1 and TH2 cells, a third kind of cells named TH17 cells are known for
exhibiting IL-17 cytokine and RAR-related orphan receptor-c (ROR-C) transcription
factor. There is a concordance between gene expressed in T-cells and the demethyl-
ation of transcription factors like IL-17A and ROR-C. IL-17 locus of TH17 cells
harbours histone acetylation at spots H3Ac and H3K4me3 [26, 27]. Stable expres-
sion of regulatory T-cells is sustained by demethylation and hyperacetylation found
in forkhead box protein-3 (FOXP-3) [28, 29]. An intermediate phenotype of
TH1/TH17 cells emerges during chronic inflammation as TH17 cells exhibit
IFN-y and IL-FOXP3 and 17 jointly. Epigenetic signatures of these intermediate
cells resemble TH17 cells that harbour demethylated IFNG gene and lose the
suppressive imprint of H3K27Me3 found in the bivalent domain of TBX21 gene
that triggers expression of IFN-y [26].

4,5 B-Lymphocytes

B-lymphocytes differentiate into plasma cells that secrete antibodies after receiving
stimulation from T-cells. Diverse antibodies generated in such a way are highly
specific and recognise a variety of pathogens that helps to improve the elimination of
pathogen by bringing the complement system also into play. B-cell differentiation
and function is controlled by monoallelic VDJ genes that helps to generate a diverse
and specific repertoire of antibodies. Pax-5 is a transcription factor that helps to
direct differentiation of B-cells into plasma cells. Progenitor B-cells demonstrate
hypermethylation in CD79a gene promoter, followed by demethylation of CD79a
promoter in the early stages of B-cell differentiation. Further, it stimulates the Pax-5
to activate histone acetyltransferase, thus allowing the genes of B-cells to be
expressed [30]. Different kinds of antibodies are generated by utilising V(D)J
rearrangement and AID-1 found in B-cells at specific steps. Genes are not expressed
in naive B-cells owing to hypermethylation of AID gene promoter. Stimulation of
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B-cells is accompanied by demethylation of AID gene promoter and obtain
enhanced levels of histone H3Ac [31]. Differentiation of B-cells into plasma cells
is assisted by characteristic histone signatures in active promoters and enhancers of
these cells [31]. The characteristic identity of B-cells is sustained through Blimp-1
which is a transcriptional repressor that supresses the mature B-cell differentiation
and helps to maintain B-cells in their final fate. Memory B-cells are more efficient at
disposing of pathogens as they carry memories of previous encounter with
pathogens that help them to clear pathogen more readily and efficiently. Several
epigenetic enzymes like enhancer of Zeste homoluge-2, histone acetyltransferase
monocytic leukaemia zinc finger protein and DNAMT3a found in naive and
stimulated B-cells point out that these modifications provide a push to memory
B-cells to give a robust and tough fight to pathogens [32-34].

Epigenetic alterations in transcription factors like T-bet and eomesodermin and
cytokines like IL-2 and IFN-y and other molecules including CD40L, CD70,
integrin-L-a-chain (ITGAL), PRF and CCR6 are known to control transcription
and function of memory T-cells [35]. CD4" T-cells have an essential need to migrate
towards renal proximal tubular epithelial cells in order to exert their function
properly. Demethylation of CCR6 gene in memory CD4" T-cells helps to stabilise
expression of chemokine that in turn provide stimulus to CD4*T-cells to migrate
towards epithelial cells residing in renal tubular portion [36]. A stronger cytotoxic
attack is generated by means of hyperacetylating histone 3 at ninth lysine residue
(H3K9Ac) in effector molecules including Eomes, PRF and GRZ as antigen is again
encountered. There are four epigenetic forms, namely active, poised, bivalent and
repressed, that shed light on functioning of different genes [37]. Transition of
hematopoietic stem cell into antibody manufacturing B-cells require changes at the
level of chromatin by utilising epigenetic mechanism. A correct functional pattern
and variable diversity joining (VDJ) recombination in B-cells is built by employing
demethylation of transcription factors like Pax-5 and PU-1 and their aimed genes
including CD79, CD19 and IRF-4. Somatic hypermutation recombination and class
switch recombination are essential for generating variety of antibodies with high
affinity. This process is controlled by activation induced cytidine deaminase which is
involved in DNA demethylation [38]. Natural killer (NK) cells are normally linked
with inflammatory and regulatory functions. Epigenetic changes happening in NK
cell receptors and cytotoxic molecules help to alter activity of NK cells [39]. Gener-
ally, T-lymphoid cells are preferred for studying epigenetics. Both B- and T-cells
arise from common lymphoid progenitors. B-cells comes into existence from com-
mon lymphoid progenitor cells by starting B-cell development in bone marrow by
controlling gene rearrangements in heavy immunoglobulin chain (IgH) and light
immunoglobulin genes (IgL) in B-cells. B-cells reacting with self MHC molecules
are generally eliminated.
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4.6 Inflammatory Lung Diseases

4.6.1 Asthma

Asthma is a kind of hypersensitive reaction that ultimately results in inflammation of
airway and hence provide hindrance to air flowing inside lungs by blocking airway.
This blockage manifests its affects by causing shortness of breath which is a
characteristic feature of asthma. Major hallmarks of asthma comprise insult of
epithelial cells and intrusion of many kinds of immune cells including lymphocytes,
eosinophils, mast cells and phagocytes. Asthma is caused by a teamwork of innate
immune cells, adaptive immune cells and respiratory epithelium releasing
proinflammatory cytokines, chemokines and other inflammatory cells. Inflammation
is a prominent feature of asthma. Dendritic cells present in airway catch allergens
present in air and present them to naive T-helper cells. After receiving stimulus from
allergen, TH2 cells are brought into action to secrete IL-13 that increases the
production of immunoglobulin-E (IgE) antibodies from B-cells. IL-5 secreted from
TH2 cells sustains existence and maturation of eosinophils. The maturation of TH2
cells are controlled by Lymphokines released from T-cells. T-regulatory cells that
are generally responsible for supressing immune response elicited by TH2 cells
show disturbance in synthesis of IL-10 and tumour growth factor-f (TGF-f). All
immune cells bring inflammation into play by secreting pro-inflammatory cytokines,
chemokines, growth factor and Ficosanoids. TH2 cells secrete IL-4 and TGF-f that
stimulate another variety of T-cells known as TH9 cells thus causing release of
histamine, prostaglandins and elastase from mast cells. These mast cells are occupied
by IGE antibodies produced from B-cells to secrete various mediators. TH1, TH17
and airway epithelia cells increase neutrophil numbers inside airways thus forcing
the release of metalloproteinases and ROS from neutrophils [40].

Chemokines released from immune cells and airway epithelium attract other cell
from location at diseased spot. Eicosanoids are a class of lipid mediators that cause
many deleterious effects in epithelia of airway. These four principal mediators,
namely lymphokine, pro-inflammatory cytokines, chemokines, growth factors and
eicosanoids, generally drive pathogenesis of asthma [41]. All the constituents of lung
including vascular endothelial cells, epithelial cells, fibroblast and smooth muscle
cells are affected by them [40]. Asthma is generally caused as a part of response
offered to allergens, infections in respiratory tract, presence of irritants in surround-
ings and non-steroidal anti-inflammatory drugs in some patients. Prolonged inflam-
mation of airway is responsible for causing excessive secretion of mucus, and
fibrosis in subepithelial portion, multiplication of blood vessels and invasion of
inflammatory cells [42]. Respiratory epithelium is itself an important part of innate
immune system that helps in mounting immune response and hence offers its share
in inflammation by producing several mediators of inflammation [43]. Various
immune cells comprising T-cells, macrophages, eosinophils, neutrophils, dendritic
cells, mast cells and basophils are potential contributors of asthma. Both innate and
adaptive immunity jointly play a decisive role in development of asthma. There is an
imbalance in production of T-cells in asthma. Allergens excite and force naive
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T-cells to differentiate into TH2 cells. IL-4, 5, 9 and 17 secreted from T-cells
increase the population of mast cells and eosinophils. Inflammation in airway is
stimulated by TH2 cells that release IL-4, IL-13 and IL-15. Hyperreactivity of
airway is negatively regulated by IFN-y released from TH2 cells. The CD4*T-cells
of asthma patients are characterized by low levels of IFN-y owing to decrease
methylation. Cigarette smoke work as an allergen to promote progression of asthma.
There is drop in methylation status of genes encoding IL-4, IL-5 and IL-13 that cause
DNA methylation in whole lung and increase production of TH2 cytokines that help
in the development of lung inflammation. Smoking by mothers increases methyla-
tion happening at AXL gene encoding a tyrosine receptor in newly born infants and
ultimately induces symptoms of asthma. Increased inhalation of polycyclic aromatic
hydrocarbons found in air pollutants alter methylation status of gene acyl-CoA
Synthetase long-chain fatty family member-3 [44].

Peripheral blood mononuclear cells (PBMCs) of children suffering from asthma
were exposed to CO, NO2 and particulate matter 2.5 (PM2.5) led to different
patterns of methylation within FOXP3 and IL-10 DNA. All three pollutants cause
hyperacetylation of H3K9 and H3K 14 in IL-4 promoter of CD4+ T-cells [45]. When
certain mice are repeatedly brought in contact with PM 2.5, then it enhances
acetylation in IL-4 gene of CD4" T-cells [46]. Epithelial cells and smooth muscle
cells present inside airways after getting exposed to allergen present in environment
help to unleash IL-4, IL-5, IL-13 and thymic stromal lymphopoietin (TSLP). All
these cytokines change naive T-cells into THI and TH2 cells. Any deviation in
normal levels of TH1 and TH2 cells invokes inflammation in lungs contains Airway
cells including airway epithelial cells, goblet cells, fibroblast and smooth muscles
constitute respiratory passage. All cells of respiratory passage are the sole and prime
target of immune cells.

Several proinflammatory cytokines like IL-1p, TNF-a and IL-6 are produced
from airway epithelia. Inflammatory genes are stimulated by these pro-inflammatory
cytokines that create a vicious loop by enhancing secretion of cytokines and
chemokines and thus amplify population of inflammatory cells [41]. Nonetheless,
this airway also is an origin point for secretion of chemokines and hence attracting
other immune cells at affected location thus causing accumulation of inflammatory
cells in giant amount. CCL-2 or monocyte chemoattractant protein-1 is released from
epithelial cells, macrophages and mast cells thus causing pro-inflammatory
response. IL-1p and TNF-a released by communion of epithelial cells and
macrophages elicit inflammatory response. TNF-a released from mast cells displays
proinflammatory influence. G-protein-coupled receptors on surface of airway
epithelia are occupied by leukotrienes released from T-cells. Secretion of mucus
and enhancement in secretion of small blood vessels, contraction of smooth muscles
and increased hire leukocytes in airway is caused by leukotrienes. Inflammatory
cytokines, chemokines and proteases unleashing from mast cells induce inflamma-
tion in airway [47, 48]. Airway is characterised by high number of macrophages that
excite the synthesis of cytokines and chemokines. People smoking regularly display
a high count of neutrophils in airway [49, 50]. Principle lymphokines including IL-5,
IL-4, IL-13, IL-9 and IL-17 are unleashed from T-cells and other innate immune
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cells. Production of IgE antibody is triggered by IL-4 and IL-13. High affinity
receptors FCERI1 receptors on mast cells and basophils are occupied by IgE
antibodies released into circulation from B-cells [41]. Number of neutrophils is
boosted by IL-17 releasing from T-cells. IL-17 also causes enhanced secretion of
cytokines from airway epithelia. There is high amount of IL-17 found in blood and
airway of asthma patient. Special T-cells called TH17 cells induce invasion of
neutrophils into lungs post allergen attack [S1].

Several immune cells of innate and adaptive immunity including mast cells,
T-cells, basophils and eosinophils enhance the production of IgE antibodies and
cause revamping of airway. IL-5 released from T-cells boosts the number of
eosinophils [51, 52]. Growth factor- colony stimulated factor released from epithe-
lial cells, macrophages and mast cells in turn enhances no. of neutrophils and
eosinophils. TGF-f released from eosinophils, epithelial cells and macrophages
increases deposition of fibrotic tissue in airway. SCF released from epithelial cells,
smooth muscle cells, fibroblasts and eosinophils enhances number of mast cells.
Vascular endothelial growth factors are released from epithelial cells that increase
multiplication of blood vessels. Epithelial cell growth factors from epithelial cells
help to stimulate remodelling of blood vessels and excessive secretion of mucus.
Thymic stromal lymphopoietin (TSP) is a main cytokine unleashed from epithelium
of airway that causes alterations in dendritic cells and allows them to present
antigens efficiently to T-cells [53]. MHC-II on M1 macrophages are known for
manufacturing cytokines generally secreted from TH1 and TH17 cells along with
ROS, chemokines and monocyte attractant protein. Invasion of neutrophils inside
lungs is encouraged by M1 pro-inflammatory macrophages. Another kind of
macrophages named M2 macrophages show less amounts of MHC-II on their
surface and show enhancement in levels of arginase, CD206 and CD163 that force
intrusion of neutrophils into lungs [54, 55].

IL-4 production from T-cells brings about a rise in IgE antibodies and also
enhances the number of TH2 cells. IL-17 released from T-cells enhances the quantity
of neutrophils and positively impacts the production of cytokines from epithelium of
airway. Several proinflammatory cytokines released from joint contribution of
epithelial, macrophages and mast cells induce inflammation and also stimulate
dendritic cells to enhance the number of TH2 cells [41]. T-cells bring inflammation
at its peak by secreting cytokines and chemokines. These cytokines and chemokines
enhance contraction of smooth muscles found within airway. Enhanced mucus
secretion and hyperresponsiveness in airway abnormally excite T-cell multiplication
in airways [56]. The inequality in THI1 and TH2 cells have a vital contribution in
leading to progression of disease. Production of IFN-y, IL-2 and lymphotoxin-o
commences from TH1 cells that encourage type-I immunity. TH1 cells function as
double-edged sword as they restrict inflammation caused by eosinophils but proceed
the inflammation linked with neutrophils. Recruitment of TH1-cells towards inflam-
matory sites is promoted by CXC chemokine ligand 10 and CXC cognate receptor-3
hence providing shield against corticosteroid. Epithelium of airway secretes certain
cytokines including IL-25, IL-33 and thymic stromal lymphopoietin that directly
prompt TH2 cells. These stimulated TH2 cells further secrete more cytokines
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including IL-5, IL-4 and IL-13. B-cells tend to produce IgE antibodies. Excessive
mucus is resulted after getting exposed to pollutants that stimulate aryl hydrocarbon
receptor (AHR) under effect of IL-4 and IL-1. Inflammation resulting from
eosinophils is sustained by IL-5 that maintains the existence and importance of
eosinophils. Chemokine receptors and ligands present over TH2 cells play a central
role in attracting eosinophils and AHR.

With the help of TLR and IFN-y pathway, TH 17 cells produces IL-17F, IL-17A
and IL-22 that exert proinflammatory effect on neutrophil stimulation. Generally,
IL-17 has a curative role as it calls neutrophil at affected lung site to look after lungs,
but this neutrophil recruitment worsens situation by causing abnormal immune
response by linking it with asthma [57]. TH17 cells are increasingly called at injured
site by controlling bond between CCR4 or CCR6 and CCL-220 [58]. Secretion of
anti-inflammatory factors like IL-10 and TGF-f is accomplished from thymus
natural T reg and peripheral induced T reg possessing CD25, CD4 and Foxp3.
These T reg cells regulate immune cells from responding harshly [59].

4.6.2 COPD

A potential hazard factor for expansion of COPD is cigarette smoking. Smoking of
cigarette causes release of CXCL9, CXCL10, CXCL11 and CXCL12 from epithelial
cells, and macrophages attract TH1 cells and CD8" cells. There is increased produc-
tion of IFN-y from epithelial cells to destroy alveolar epithelial cells. Release of
TGF-f and fibroblast growth factor (FGF) from epithelial cells increases fibrosis in
lungs by promoting gathering of fibroblast inside lungs. Release of CXCL-8-
chemokine from epithelial cells increases assembly of neutrophils inside airways.
After getting exposed to smoke, epithelial cells also start to attract CD8" cells.
Replacement of normal lung tissue by stiff fibrotic tissue is caused by macrophages
that after receiving stimulus from smoke increase ROS and MMPs from neutrophils,
macrophages and neutrophils [60]. Inflammatory reactions in airways and lungs
parenchyma are triggered by cigarette smoke. PRR of innate immune system is
activated under stimulation provided by smoke that in turn act as ligand for Toll-like
receptors (TLRs). Sputum of COPD patients shows increased number of neutrophils
[61]. Specifically, lower respiratory passage of COPD patients is inhabited by
bacterial and viral pathogens thus causing provocation of inflammatory response
[62]. Lymphoid tissue residing in bronchioles in lower respiratory tract exhibits an
increase in quantity of B-cells as disease develops [62]. CD8" T-cells accumulation
in airway showers destruction on alveolar epithelial cells. TNF-«, perforins, and
granzymes coming from CD8" T-cells cause cell death in alveolar cells by
stimulating Fas-Fas ligand pathway [63]. CD8" T-cells along with neutrophils and
macrophages help in aggravating disease by causing spilling of various proteases
named matrix metalloproteinases-9 and 12 (MMP-9, MMP-12) along with elastase
which degrades the normal connective tissue constituting lung parenchyma
[64]. Neutrophil don’t show significant gathering in lungs as they make a rapid
exit from airway and lung parenchyma. Serum proteinases comprising elastase,
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cathepsin-G and proteinase-3 along with MMP-8 and MMP-9 cause death of alveo-
lar cells and provide stimulus for secretion of mucus. Increase in neutrophil count in
blood vessels of lungs causes release of proteases and ROS that is detrimental for
respiratory tract. Airway epithelial cells in patients with COPD show an increase in
the number of E-selectin that allows neutrophil to bind with endothelial cells
[65]. External factors like excessive smoking brings about a rise in count of
neutrophils in blood. All neutrophils are attracted towards respiratory tract under
stimulation of leukotriene B4, IL-8. CXC chemokines comprising growth-related
oncogene-a and neutrophil attractant 78 also attracts neutrophils to respiratory tract
[66]. Airways of COPD patients depict high levels of chemoattractant that acts as
magnet to recruit inflammatory cells from various locations to respiratory tract.
Smoking of cigarette uplifts level of neutrophils in blood of COPD patients and
also confines neutrophils into capillaries of lungs [66]. The severity of COPD is
decided by macrophage cells residing in airway. Lung parenchyma, airways and
bronchoalveolar fluid of COPD patients bears about 5-10 times more macrophages
than found in normal individuals [67]. Generally, COPD is divided into emphysema,
chronic bronchitis and small airway disease. Inflammation in epithelium belonging
to central airways and mucus-secreting glands are major features associated with
chronic bronchitis. Inflammation of airway is accompanied by enhanced secretion of
mucus, decrease in cilia count present in airway and enhanced permeability in blood
vessels of epithelial barrier. However, secretion of excessive mucus as a cause of
development in COPD is still suspected. Emphysema is another subtype of COPD
that is caused by loss of elasticity in lungs and hence produce detrimental effects on
expiratory air flow. There is expansion or destruction of bronchioles in centrilobular
or centriacinar form of emphysema, while panlobular and panacinar form of emphy-
sema version of emphysema is even more severe in causing destruction and expan-
sion of the whole acinus and is linked with decrease in levels of al anti-trypsin
[68]. Fibroblast and myofibroblast are central cells that cause pathogenic lung
remodelling by causing the replacement of normal lung tissue by connective tissue
deposition. When alveolar epithelium of lungs is subjected to recurring attacks of
cigarette smoke along with toxicants present in environment, then it showers
destruction an alveolar cell residing in epithelium of lungs. Gastro-oesophageal
reflex also makes a person susceptible to develop COPD by destroying epithelial
cells housed inside alveoli. Smaller air conduction are adversely affected in small
airway disease of COPD. There is increase in number of CD8* T-cells and
macrophages in bronchial tissues of COPD patients. CD8+ T-cells are found in
elevated counts in lungs and blood of COPD patients. Peripheral airway also exhibits
increased presence of CD8" T-cells that bear CXCR3 on their surface [62].
Cigarette smoking unleashes IL-8, TNF-a and other CXC chemokines compris-
ing monocyte chemotactic peptide-1, and ROS from clutches of macrophages.
Secretion of proteases like MMP-2, 9 and 11 cathepsin K, L and M is elicited
from macrophages. Macrophages of COPD patients bear vigorous proteolytic activ-
ity which is further amplified by inhalation of cigarette smoke [69]. Airways and
alveolar wall of smokers depict an enhanced population of dendritic cells. Inflam-
mation is sustained in COPD patients by ensuring elevation of NF-xf§ pathway in
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macrophages of alveoli. Peripheral airways in COPD patients show accumulation of
fibrotic tissues in small airways. Peripheral airways and parenchyma of lungs depict
high level of CD4" and CD8" lymphocytes [70, 71]. There is substantial destruction
of gas exchange surface areas lying within lungs in COPD. MiR-15b, miR-223 and
miR-1274A are confined within fibrotic and emphysematic spots of lungs. Severity
of emphysema is defined by miRNA34c. Inflammatory reactions in lungs is
exaggerated by CD8" cells whose existence is maintained by CD4* T-cells. IgG
antibodies are present in blood of about 70% patients of COPD that are generally
created against epithelial cells by B-cells under stimulation provided by CD4+
T-cells [72].

4.7 Idiopathic Pulmonary Fibrosis

Increased deposition of fibrotic tissues in lungs ruins the functioning of lungs and
ultimately results in catastrophic events. There is a characteristic pattern of
honeycomb-like structures that are found in lungs of these patients. Insult caused
in alveolar epithelial cells helps them to release growth factors, cytokines and
coagulant. Identity of mesenchymal cells is maintained through release of all these
factors that pool lungs with myofibroblast and fibroblast causing accumulation of
excessive extracellular matrix (ECM) in lungs. Any insult happening in lung tissue
causes releases lysophosphatidic acid. Lysophosphatidic acid (LPA) occupies the
receptor of LPA called LPAR-1 and attracts fibroblast at the site of action in lungs
[73]. There is increase in levels of asPg integrin after damage of lung tissue that
stimulates the dormant TGF-f [74]. Fibrocytes are present inside blood are attracted
towards lung after getting alarming signal from damage of lung tissue. There is
enhancement in expression of MUC5B and MMP-7 found inside genes of cilia
residing in the lungs. Inflammatory and mesenchymal cells invading in lungs are
cleared by apoptosis and phagocytosis. Idiopathic pulmonary fibrosis is
characterised by injury to alveolar epithelial cells. Long-term inflammation found
in lung fibrosis is associated with increased deposition of connective tissue
containing fibrous cells. Tissue repair and fibrosis are majorly regulated by
macrophages. Macrophages play both detrimental and protective role as they help
in tissue healing and also contribute their share in injury. Normally INF-y and TNF-o
lead to stimulation of M1 cells. Exposure of 1I-4, IL-13, IL-10 and TGF-f1 leads to
stimulation of M2 macrophages. Patients afflicted with idiopathic pulmonary fibrosis
show difficulty in breathing as gas exchanging region of lung is replaced by some
other components of extracellular matrix. Experimental models of pulmonary fibro-
sis prove the possibility of gathering of fibroblast in lung tissue by causing epithelial
to mesenchymal transition. Major features of lung fibrosis include deposition of
extracellular matrix apparatuses, loss of basement membrane and rapid multiplica-
tion of mesenchyme that increases its amount in this disease. Failure in regeneration
of epithelial cells belonging to lungs is responsible for unusual curative response.
There is increased accumulation of leukocytes and enhanced blood vessel growth
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that is responsible for causing disintegration of integrity of endothelial cells and
epithelial cells that in turn causes oedema [75].

4.8 Epigenetic Regulation of Inflammatory Lung Diseases

4.8.1 Asthma

There is a substantial involvement of diet taken by mother in development of
diseases like asthma. Mothers ingesting diet rich in methylation-promoting
supplements exhibit a strong increase in inflammation of airways by rising recruit-
ment of eosinophils in airway along with spike in levels of IL-4 and IL-13. The
mother receiving methylation supplement containing diets shows high levels of IgE
in serum and extreme hypersensitivity in airways. After bringing person in contact
with house dust mites, there is hypermethylation in gene encoding IL-4 and IFN-y
inside CD4* T-cells [76, 77].

Patients of asthma are marked by enhanced acetylation of histone H4 that in turn
brings inflammation into picture by positively influencing inflammatory gene
expression. There is drop-in activity of HDACs along with enhanced expression of
HATs in asthma. By changing acetylation and deacetylation level of histones,
glucocorticoids provide relief from inflammation happening in asthma [78]. Latest
studies provide evidence that when mothers are exposed to folate which is a
methylating agent, then it brings about a rise in susceptibility to develop asthma.
Alteration in pattern of methylation is found in genes belonging to major histocom-
patibility complex-I, eotaxins, ILs, cytokines, eosinophil major granule protein and
IgE receptors on mast cells following exposure to black carbon sulphate [79] Intake
of methylation-promoting diet causes methylation of 82 gene-associated CpG
islands and exaggerated hypermethylation of promoter of RUNX-3 that in turn exerts
its control over gene expression. Asthma disease shows an upregulation in 13 sites
by utilising differential methylation [80]. Lung tissue of patients suffering from
asthma exhibits rise in expression of HDAC-4 that removes acetyl group from
Kruppel-like factor-4 KLF-E5 to bring about a surge in expression of slug and
CXCL-12 thus revamping lung tissue by replacing it with fibrous tissue [81]. The
different types of epigenetic mechanisms and their effects on expression of genes
underlying various inflammatory lung diseases is outlined in Table 4.1. Addition of
phosphate on Smad-3 under effect of TGF-p. Addition of phosphate on Smad-3 is
often correlated with exaggerated expression of Sirtuin-6. There is a drop in tran-
scriptional activity of C-Jun promoter by downregulating TGF-f expression
[82]. There is a central involvement of methylation in development of
T-regulatory cells that in turn channelise its effects by influencing progression of
childhood airway disease [83]. Generally, asthma patients show high expression of
H3K18 Ac and H3K9Me3 in patients suffering from asthma. Start sites of genes
EGFR, STAT-6 and TP63 are controlled by H3K18Ac and H3K9Me. Sputum of
asthmatic patients shows increase in expression of miR-223-3p, miR-629-3p and
miR-142-3p. Blood eosinophil count (BEC) of asthmatic patients exhibits increased
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Table 4.1 Epigenetic mechanism and their effects on gene expression with response caused in
inflammatory lung disease

Disease
Asthma

COPD

Mode of epigenetic regulation and
their effects on genes

Decreased methylation in genes of
histidine decarboxylase that in turn
brings a rise in secretion of
histamine brings out inflammation
Production of IL-13 and IL-15 exerts
its influence on mRNA of TGF-
Rise in expression of HDAC-4 that
removes acetyl group from Kruppel-
like factor-4 KLF-ES to bring about
a surge in expression of slug and
CXCL-12

Alteration in pattern of methylation
is found in genes belonging to major
histocompatibility complex-I,
eotaxins, ILs, cytokines, eosinophil
major granule protein and IgE
receptors on mast cells following
exposure to black carbon sulphate
H3K27Me3 decreases production of
IL-4 in TH1 cells while in TH2 cells
it supresses IFN-y

GeneslL4, CCDC80, DAPK3,
LOXLI, PROC, FUCA2, SP100,
ITCH characterised by rise in
methylation

Decrease in methylation of NDFIP2
and RIPK-2

Hypomethylation of CCL-6, EPX
and /L-13 in eosinophils

Basophils exhibit hypermethylation
in genes PRG-2 and PRG-3
Cytotoxic T-cells depict
hypermethylation in PRF-1 and
hypomethylation in CTSC
Decreased level of miR-449 brings a
spike in mucus secretion

MiR-221 forces uses sirtuin
signalling

Excessive expression of miR-221-
3p

Alteration in methylation of
HSH2D, SNX10CLIP-4 and TYKZ

Increase in methylation of
SERPINAI

Response caused in disease
Rise in secretion of histamine

Controls TGF-f secretion

Replacement of normal lung
tissue by fibrous tissue

Increases degranulation of
mast cells

Decreases 1L-4 secretion in
TH1 cells and repress secretion
of IFN-y in TH2 cells

Increased presentation of
antigen

Increases activity of TH cells

Increases activity of
eosinophils
Increased activity of basophils

Increase in activity of
cytotoxic T-cells

Increase in mucus secretion
Injury in alveolar cells

Block anti-inflammatory
response

Effects ventilation in upper
and lower lobes lying within
lungs

Excessive mucus secretion
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Table 4.1 (continued)

Disease

IPF

Mode of epigenetic regulation and
their effects on genes

11 CpG islands inside foxaA2 show
decrease in methylation

Loss of 2 CpG islands in IGF

Altered expression of S1 gene in
smokers owing to abnormal
methylation of S1P

Decrease in miR-146a

Decreased expression of mi-R186a

Decrease in expression of miR-27-
3p
Decreased expression of miR-503.

Decrease in levels of miR-483-5p.
miR-1236, miR-206, miR-34a,
miR-199a-5p, miR-424-5p show
increase in their levels inside lungs
of COPD patients

Diametric increase in both let-7d and
miR-21 that exaggerate TGF-p1 that
is considered to be an epicentre of
fibrosis

Increase in miR155 and miR-21
miR-199, miR-377 and miR-299
show increase in their expression
inside lungs of diseased patients and
inhibits VEGF

There is increase in fibrosis as
shown by miR-21

Let-7d, miR-200, miR-26a,
miR-375

MiR-29 controls expression of many
genes named ELN, FBN-1,
COL-1A1, COLIA-2, COL3A-1
InRNAs uc.77 and 2700086A05Rik

Response caused in disease
Malfunctioning at level of
differentiation in goblet cells
Negative influence on lung
development

Hypersecretion of
proinflammatory cytokines
from macrophages

Increases inflammatory
cytokines by affecting toll-like
receptor

Increases HIF-1a and inhibits
cell death of fibroblast
Excessive secretion of
pro-inflammatory cytokines
Stimulates release of VEGF
from fibroblast located inside
lung

There is abnormal rise in levels
of fibronectin and a-SMA in
fibroblast

Increases TGF-p to cause
fibrosis

Increase in fibrosis
Increases VEGF

Increase in fibrosis

Changes epithelial cells into
mesenchymal cells

Control synthesis of ECM
components

Causes change of epithelial
cell

75

References

[101]

[99]

[104]

[106]

[107]

[116]

[110]

[111]

(111, 112]
[111]

[117]

[113]

[113]

[114]

expression of miR-629-3p. Neutrophils present inside sputum of asthmatic patients

exhibit rise in expression of three miRNAs.

Different expression of 24 enzymes inside alveolar epithelial cells (AECs) and
fibroblast present in bronchial lining are reported in asthmatic patients in comparison
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to healthy individuals. AECs of asthmatic patients show alteration in expression of
six modifiers of histones in asthma patients [84]. Certain viral infections like human
rhinovirus and influenza virus infection makes host prone to development of asthma
by controlling gene expression by manipulating epigenetics. There is a
malfunctioning in expression of miR-22 after getting infected from influenza virus
infection. Nasal secretions of persons suffering from human rhinovirus infection
causes emergence of mi-R55 in nasal secretions. These viral expressions are marked
by changes happening at the level of epigenetics inside alveolar epithelial cells.
Transition of mesenchymal cells into epithelial cell is an important event in devel-
opment of pulmonary fibrosis as mesenchymal cells such as myofibroblasts are
known for redesigning or replacing gaseous exchange alveolar surface of lungs by
fibroblast and connective tissue accumulation. This transition is also strengthened by
epigenetic alterations. The transition of epithelial cells into mesenchymal cells also
regulates asthma development [85, 86]. Genes that control phagocytosis in blood
involves SERPINCI. There are other genes found in granulocytes comprising
COLI5A1, RB1, FOXPI and CCDC19 that control remodelling of airways. Genes
like ACOT7 and PPT2 controls secretion of surfactant; meanwhile, IL-5RA and
DICER-1 control manufacture and signalling emerging from cytokines. All the
genes show their engagement in processes of phagocytosis of blood, remodelling
of airway, nitric oxide manufacture, and secretion of surfactant, and cytokines show
drop in methylation [87]. Basophils and mast cells are characterised by decreased
methylation in genes of histidine decarboxylase. Decreased methylation in turn
brings a rise in the secretion of histamine bring out inflammation. There is demeth-
ylation of gene promoter inside TH2 cells that brings about re-secretion of IFN-y
from these cells [88]. There is enhancement in methylation of FOXP3 present inside
T-reg cells of blood following their exposure to pollutants found in environmental
air. The genes that are linked with enhancement in the presentation of antigens
include genes of /IL-4, CCDC80, DAPK3, LOXLI, PROC, FUCA2, SP100, ITCH
characterised by rise in methylation [88]. B-cells elicit production of IgE antibodies
in asthmatic patients. A gene called CYP26A1 offers its share in clearing retinoic
acid thus causing hypermethylation of B-cells in patients suffering from asthma
[89]. Severe asthma generally involves HDAC-1 that revamps and repairs the airway
cells. There is spike in expression of EGFR and STAT-6 inside lung epithelium of
patients owing to increased acetylation at histone H3 [89]. Transcription of both
IFN-y and IL-4 is enhanced after trimethylation of H3K4. Differentiation of CD4*
T-cells is positively stimulated by methylation of histones. Depending on the
location of methylation of histone 3 H3K27Me3, it brings about different response.
H3K27Me3 decreases production of IL-4 in TH1 cells while in TH2 cells it
supresses IFN-y [90]. Smooth muscles present inside airways of asthmatic patients
show drop in methylation in H3K27Me3 by employing JMJD2D promoter
demethylase at promoter of VEGF gene. Around genes of dendritic cells, the place
at which H3K4me3 and H3K27me3 are found decides their change into APCs.
Reconstruction of airways is caused owing to rise in expression of TGF-p2. Eleva-
tion in expression of TGF-p2 is caused by miR-19 elevation. Patients of asthma
show rise in levels of miR-21 and miR-26. The downregulation of miR-21,
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miR-625-5p and miR-513a-5p in peripheral blood cells of asthma patients leads to
alterations in production and multiplication of eosinophils. An abnormal rise
in expression of VEGFA has been reported in sputum and serum of asthmatic
patients. VEGFA increases growth of blood vessels that as a result brings more
immune cells into lungs utilising blood as vehicle thus casting an epic catastrophe on
lungs that ultimately leads to inflammation. Genes like CBL, PPARGCIB and ESR-1
belonging to PI3K-AKt and NF-kf} signalling pathways are decreased by effects of
these miRNAs that decrease their expression which in turn lower the expression of
IFN-y, IL-12, TNF-a and IL-10 in plasma. miR-221 are responsible for increasing
inflammation of airways and also causes mast cell degranulation. Expression of
miR-21 in bronchial epithelium is found its association with rise in expression of
IL-13. miR-19 present inside T-cells of airway and lung tissue increases the manu-
facture of IL-13 and IL-15 and also produces its influence on mRNA of TGF-p
[90]. Neutrophils of asthmatic patients show addition of methyl residues in genes.
There is decrease in methylation of genes PSD-4 and SLC25A33 and decrease in
methylation of LAG-3 and ID-1 in dendritic cells. There is hypomethylation of CCL-
6, EPX and IL-13 in eosinophils [91]. Basophils exhibit hypermethylation in genes
PRG-2 and PRG-3. Cytotoxic T-cells depict hypermethylation in PRF-1 and
hypomethylation in CTSC. TH cells exhibit decrease in methylation of NDFIP2
and RIPK-2. B-cells show decrease in methylation in genes named ARID3A, BANK-
1, GPI, IL-13,LFNG,MMP-14 and PRKCH [87]. Control of ciliated cells lying in
respiratory epithelium falls under miR-449. Decreased level of miR-449 brings a
spike in mucus secretion [92]. miR-221 forces injury in alveolar cells by utilising
sirtuin signalling [93]. Exaggerated expression of miR-221-3p negatively influences
anti-inflammatory response and worsens inflammation caused by eosinophils [94].

4.8.2 COPD

The functioning of the lungs is ruined owing to the presence of defective histone
methylation happening at the promoter of genes p/6 or GATA-4 as found in sputum.
Health level of persons suffering from COPD is assessed by methylation happening
in genes of GATA-4 belonging to airway. Increased inhalation of smoke enhances
methylation occurring at SULF-2 thus causing long-term secretion of mucus.
DNMT-1, DNMT-3 and DNMT-3b are responsible for performing defective meth-
ylation in COPD. Inspiration of air rich in cigarette smoke causes decrease in
expression of DNMT-1 and heightens DNMT-3b in normal airway epithelial cells
and human bronchial epithelial cells. Hypomethylation happening in genes D474,
NBL-2 genes and LINE-1 repetitive DNA sequences is forced by cigarette smoking
in time-reliant manner. Expression of let-7c and miR-125b decreases in COPD
patients in comparison to healthy persons. There is increase in hypermethylation
of mitochondrial transcription factor-A (mtTFA) promoter following inspiration of
cigarette smoke. The presence of particulate matter in air having size less than
<10 pm is responsible for causing alteration in methylation of about 12 probes
and 27 CpGs. These alterations in methylation of CpG are reported to occur in
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certain genes including NEGRI, ARID5A, FOXI12, WDR46, AKNA and SYTL-
2 [90]. There are about 45 differentially methylated probes and 57 differentially
methylated regions in CpG of genes of fibroblast present in airways comprising
ERI3, RPL5, CPLX1 and STONI [95]. About 652 differentially methylated regions
are present inside genes of TMEM44, RPH3AL, WNT3A, HLA-DPI and HLA-
DRBS. Patients of COPD exhibit increase in methylation of three CpG sites found
in LX (H2.0 like Homeobox) genes in concordance with decrease in methylation of
NXN (nucleoprotein) gene. Smoking causes methylation of SERPINA gene at two
CpG sites. Exaggerated multiplication of goblet cells combined with secretion of
mucus in abundance together causes COPD [96]. Genes like FOXA2 and transcrip-
tion factors SPDEF play an important role in controlling differentiation of goblet
cells. About 11 CpG islands inside FOXA2 show decrease in methylation. Six CpG
islands in SPDEF also show drop in methylation. Differentiation of goblet cells in
lungs is negatively influenced by foxA2 while manufacture of goblet cells and their
differentiation falls under control of SPDEF [97, 98]. Macrophages isolated from
COPD patients show altered expression of S1 gene in smokers owing to abnormal
methylation of S1P and disturb functioning of macrophages to elicit release of
pro-inflammatory cytokine [99]. Persons suffering from COPD and doing cigarette
smoke show rise in methylation of NOSIAP, TNFAIP2, GABRBI and BID
[100]. Hypomethylation is observed in genes belonging to AHRR and SERPINA-I.
Hypermethylation of SERPINAI causes spike in secretion of mucus and manufac-
ture of goblet cells [101, 102]. Ninety-seven per cent of DNA methylation probes
show rise in methylation of small airway cells genes including three cholinergic
receptors CHRND, CHRNB2 and CHRNBI [96]. Smoking of cigarette causes
acetylation of H3 in macrophages and lungs of patients. There is rise in expression
of HDAC-1 and -2 in mice breathing air rich in cigarette smoke. Smoke inhalation
causes loss of methylation of two CpG sites lying in /IGFR-2 promoters in COPD and
negatively influences development of lungs [101]. Arginine methyl transferases
(PRMTs) are responsible for causing methylation of arginine residues in histone
and non-histone proteins. Antagonistic to PRMTs, CARMI1 removes methyl
residues from both histone and non-histone resides. Insult of epithelial cells as
seen in COPD patients causes attenuation in levels of CARM [102, 103]. Sirtuins
are important in controlling inflammation and translate their effect at epigenetic level
by means of utilising their HDAC activity. There is increased partnership between
foxo-1 and sirtuins in COPD patients which together exerts their effect by negatively
influencing NF-kp pathway. Cigarette smoking increases the level of ROS and
increases the resistance to glucocorticoid by uplifting levels of HDAC-2. There is
increase in the accumulation of collagen in bronchial epithelium following rise in
expression of IL-17A and HDAC-2. miRNAs also offer their share in development
of COPD. Certain long non-coding RNAs show rise in their expression in COPD.
Expression of miR-34a and miR-199a-5p exhibits a rise in their expression inside
lungs of COPD patients. In a nutshell, there is a decrease in expression of miR-146a,
miR-186, miR-181a-2-3p, miR-197 and miR-27-3p. Inflammatory cytokines are
unleashed by TLR as miR-146a controls it. In adenocarcinoma alveolar basal
epithelial cell lines, downregulation of miR-146a results in upregulation of /RAK-



4 Epigenetic Regulators of Inflammatory Gene Expression 79

6, TNF and TRAF-6. miR-146a excessively stimulates toll-like receptor to release
pro-inflammatory cytokines [104]. miR-181a-2-3p forces an increase in stimulation
of inflammasome to elicit inflammatory response [105]. Fibroblasts escape from cell
death by utilising decrease in expression of miR-186. miR-186 also
increases the expression of HIF-1la in endothelial cells and smooth muscle cells
constituting respiratory passage [106]. Decrease in expression of miR-27-3p is
associated with excessive secretion of pro-inflammatory cytokines [107]. Decreased
expression of miR-503 positively stimulates release of VEGF from fibroblast located
inside lung. There is boost in levels of fibronectin and a-SMA following attenuation
of miR-483-5p. mi-R1236, miR-206, miR-34a, miR-199a-5p and miR-424-5p show
increase in their levels inside lungs of COPD patients. Both miR-34a and miR-199a-
5p aim for Notch-1 gene in endothelial cells by binding with 3’ UTR region of this
gene. By utilising TLR, IRAK-4, IRAK-6 and TRAF-6 can aggravate pathology of
COPD. Rise in expression of miR-34a, miR-26 and miR-199a blocks the activity of
Notch-intracellular domain (NICD) thus worsening pathology of COPD
[103]. There is prominent participation of NF-«f signalling pathway in development
of COPD and asthma. Seven lysine residues of NF-kf} undergo acetylation under
instructions received from CBP/p300 transferases. Activity of NF-xf is positively
affected by HDAC-3 that removes acetyl residues from lysine 122, 23, 314 and 315.
NF-kf also interacts with HDAC-1 and HDAC-2.

4.8.3 Idiopathic Pulmonary Fibrosis

Genetic factors, environmental factors and deterioration of healthy cells with
increased changes force alterations at epigenetic levels. IPF is caused by alterations
in genes encoding TERT, PARN and RTEL, desmoplakin, dipeptidyltransferase-9
and MUC-5B. These alterations are associated with emergence of IPF. Air rich in Cd
and carbon black causes citrullation of vimentin protein inside lungs that increases
invasion of fibroblast inside lungs. Concerted effect of environmental toxicants,
increased age and alteration in gene manifest its effect by increasing harm imposed
on lung epithelial cell. Wide variety of growth factors named PDGF, CTGF and
TGF-f increase the dysfunction happening in lung. Smoking of cigarette is the main
environmental risk factor that worsens the progression of diseases by manipulating
epigenetics to exert its effects at various genes. Smoke inhalation causes addition of
methyl residues in genes such as Wnt-7a [108]. Myofibroblasts are the main culprit
cells responsible for accumulation of fibrotic tissues inside lungs. They differ from
normal healthy fibroblast owing to presence of different kind of a-SMA that is
non-contractile in its function. Increased methylation of Thy-I gene along with
the genes encoding o-SMA also positively influences the differentiation of
myofibroblast and enhances accumulation of collagen inside lung tissue. Replace-
ment of normal gaseous exchanging lung tissue by fibrotic tissue decreases the
efficiency of respiratory exchange inside lungs. This replacement involves accumu-
lation of components of ECM including collagen, laminin and integrin which are
secreted at diseased site by myofibroblast and fibroblast. The histone modifications
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such as H3K9Me3 and H3K27Me3 in the fibroblasts further leads to structural
changes in IPF. IPF is also a kind of pulmonary fibrosis whose causes are generally
undefined. Human fibroblast present already inside lung tissue shows increased
methylation at Thy-/ gene promoter and gene encoding a-SMA to switch identity
of fibroblast residing inside lungs towards myofibroblast [109]. Fibroblast,
myofibroblast and AEC-II exhibits alteration in three CpG sites lying within gene
promoters of a-SMA that coincides with gene expression activity of a-SMA
[109]. Myofibroblasts are forced to synthesise components of ECM under influence
of increased HDAC-4 activity. Inhalation of smoke worsens the pathology of IPF by
increasing change of epithelial cells into mesenchymal cells as it downregulates
expression of E-cadherin on epithelial cells. TGF-p1 is the main cytokine that is
responsible for causing fibrosis and inflammation. DNMT-1 adds methy] residues on
gene encoding miR-17-92 cluster to pool lungs with excessive amounts of collagen.
H3K9 methylation and acetylation of histone H3 cause increase in cell death of
fibroblast by targeting genes encoding BAK, Bcl-xL and Fas. Fibrosis is marked by
change in identity of epithelial cell in which they lose their epithelial characteristics
to change into mesenchymal cells. These mesenchymal cells differ from normal lung
epithelial cells from the fact that they actively participate in fibrosis by increasing
accumulation of cells found in ECM. Genes encoding TLR-9 found on surface of
lung fibroblast show decrease in methylation of CpG islands that in turn helps
epithelial cells to change into mesenchymal cells which synthesise more fibrotic
tissues. TLR-9 are also important constituent of innate immunity. A gene called
Tollip show its participation in innate immunity and inflammation.
Hypermethylation of two intronic DNA-methylated regions decreases expression
of Tollip by about 11%. There is disturbance in key processes including autophagy
and apoptosis owing to alteration in methylation of genes like NOSIAP and BID thus
boosting their expression. Sputum of fibrosis patients exhibits increase in methyla-
tion of gene promoter of SULF-2 [110]. Acrolein is an essential constituent of
cigarette that brings about decrease in acetylation of H3K9 and H3 K14 of
histone-3 residing at several genes.

Lungs of IPF patients differ from normal healthy individuals by showing differ-
ence in expression of about 10% of miRNAs. Let-7d is an miRNA that is required for
maintaining normal vital capacity of lungs. Promoter of Let-7d contains an SMAD
binding element (SBE) in its promoter. There is decrease in expression of Let-7d in
lungs of COPD patients that changes structure of epithelial cells into mesenchymal
cells. Lungs of IPF patients show diametric increase in both let-7d and miR-21 that
exaggerates TGF-fB1 that is considered to be an epicentre of fibrosis. miR-199,
miR-377 and miR-299 show increase in their expression inside lungs of diseased
patients and inhibit VEGF. miR-21 also shows an increase in expression of lungs of
IPF patients that negatively influences SMAD-7. miR-495 also show spike in their
expression and stop FZD8 and THBS-2 from expressing themselves. miR-181,
miR-203, miR-17/20, miR-29, miR-30, miR-338, miR-224 and let-7 show downfall
in their expression. miR-29 inhibits genes including VANGL-I and IGF-1. Let-7
blocks the activity of HMGA2, STEAP-3 and RPF-2. MiR-181 negatively influences
expression of GLI-2 human glioma-associated homologue-2, VANGL-1 and
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SMAD-7. miR-203 stops activity of SFRP-1 and PXN. miR-17/20 inhibits expres-
sion of SMAD-7, RRM-2 and HGMA-2. miR-224 negatively regulates genes called
SFRP-2 and SUFU [111]. There is increase in fibrosis as shown by increase in
miR155 and miR-21 [111, 112]. Transformation of epithelial identity into mesen-
chymal is caused by certain miRNAs including let-7d, miR-26a, miR-200, miR-375.
These micro-RNAs controls progression of IPF. Family of miR-30 show decrease in
their expression inside lungs of patients suffering from IPF. MiR-29 controls
expression of many genes named ELN, FBN-1, COL-1Al, COLIA-2, COL3A-1
that in turn control ECM components [113]. There is decrease in synthesis of
ECM induced by TGF-fl1 as performed by miR29. DNMT-1 (DNA
methyltransferase-1) adds methyl residues on genes named CTGF, COLIAI and
COLI3AI to decrease their levels following exposure of lung fibroblast with
miR-17-92. Transcription of most of miRNAs comprising miR-154 and let-7d is
controlled by Smad-3. Several InRNAs uc.77 and 2700086A05Rik causes change of
epithelial cells into mesoderm by controlling expression of genes named Zeb-2 and
Hoxa-3[114]. There about 358 In-RNAs that show drop in their expression while
about 210 InRNAs are increased in patients with pulmonary fibrosis [115]. A long
non-coding -RNA named MRAKO088388 controls N4bp2. whereas another
IncRNA named MRAKO081523 binds with let-7i-5p and controls the expression of
plxna4 [6]. Binding sites of several Mi-RNAs comprising miR-21, miR-199
miR-101, miR-31, miR-29 and let-7d are found inside 34 InRNAs [6].

49 Targeting Epigenetics: Novel Epigenetic Therapy
for Inflammatory Lung Disease

The importance of epigenetics comes into picture as our respiratory tract is con-
stantly exposed to different types of environmental constituents with each inhalation
and exhalation. Respiratory tract is composed of buccal, mucosal, nasal and bron-
chial epithelium. When DNA methylation and acetylation are targeted, they can give
rise to side effects by extending their effects over immune cells function and other
cell types. MiRNA targeting is preferrable as it minimises the number of genes and is
much more specific that DNA methylation and acetylation targeting. These
T-regulatory guide macrophages to differentiate along anti-inflammatory lane and
also influence functioning of neutrophils. T-regulatory cells exert their effect on
T-cells by downregulating expression of pro-inflammatory cytokines like TNF-a
and IFN-y. Lung injury is alleviated by using DNA methylase inhibitor named
5-aza-29 deoxycytidine that exerts its protective effects by regulating effects of
Treg cells. Number of T-reg cells is increased following treatment with DAC
[118]. There is substantial amount of evidence that indicates yd T-cells, Tc-17
cells and ILC that counteract the tissue damage evoked by inflammation achieve
their resolving property by utilising reprogramming of chromatin at epigenetic level.
HDAC-2 inhibitors are chosen for treating asthma and hence provide relief. Certain
drugs known for targeting HDAC-2 are used in treatment of COPD. These drug-
targeting activity of HDAC-2 includes trichostatin, CARM-1, sirtuins, LL-23,
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theophylline, statin and curcumin. Inhibitors of HDAC-3 are preferred for treating
COPD and asthma due to their ability to attenuate inflammation. Expression of anti-
inflammatory cytokine IL-10 is attributed to erinostat that inhibits HDAC-1,2 and
3 thus causing spike in acetylation of NF-kf gene. PCI-34051 is an HDAC-8-
inhibitor that reduces hyperresponsiveness, remodelling of lung tissue and inflam-
mation. Generally, HDAC-6 and HDAC-8 are targeted to improve health of COPD
and lung fibrosis patients. Specifically, HDAC-6 is downregulated by tubastatin-A
and HDAC-8 is downregulated by PCI-34051. Targeting of HDAC-1,2 and 3 is
accomplished by o-aminoanilide zinc-binding group (ZBG) [1]. Ivermectin is also a
kind of HDAC inhibitor that decreases production of inflammatory cytokines and
hence provides relief against asthma. Acetylation of non-histone proteins like heat
shock protein-20 (HSP20) and cortactin is promoted by certain HDAC inhibitor that
causes dilation of blood vessels inside bronchioles. COPD patients show decrease in
mRNA encoding HDAC-2, 5 and 8 in macrophages. Macrophages of COPD patients
have lesser levels of HDAC-2. Increased H3 and H4 acetylation is found in patients
of COPD. Smooth muscles of airways found in VEGF promoter are associated with
drop in expression of VEGF in COPD. There are certain DNMT inhibitors that are
used in treatment of asthma and COPD. Drugs like 5-azacytidine and decitabine are
some of known DNMT inhibitor that are used in treatment of both COPD and
asthma [119, 120]. SAHA, OSU-HDAC-44 and LBH589 are the drugs used in
treatment of COPD and asthma. Quercetin and theophylline are plant constituents
that brings about a rise in level of HDACS in diseases like COPD [121, 122]. Histone
methy! transferase inhibitors called BIX-1294 and 3-Deazaneplanocin inhibits activ-
ity of this enzyme in fibroblast present inside lungs [123]. JQ-1 is an inhibitor of
bromodomain containing proteins that show its treatment effects by targeting fibro-
blast present inside lungs [124]. Generally systemic delivery of MiRNA is preferred
in comparison to enzymatic inhibitors as HDAC and DNMT inhibitor causes
methylation and acetylation changes outside genome of diseased cells also thus
eliciting some undesirable effect. mi-RNAs are generally chosen for treatment as
they target certain genes only and hence their effects are very specific and limited to
diseased location only. Antagomirs are certain single-stranded nucleic acids that
bind with members of mi-RNAs thus causing decrease in expression of that specific
miRNAs. Delivery of mi-RNAs inside body of individual is very difficult in
comparison to blocking their activity [125]. Hence, in a nutshell, miRNA targeted
therapy is preferred over HDAC inhibitors and DNMT inhibitors to treat lung
inflammatory disease.

4,10 Conclusion

Lung inflammatory disease includes immune cells as their key regulators in
showering disease. Earlier only alteration in gene expression along with aggressive
response caused by immune cells was thought to be responsible for causing COPD.
The aggressive response offered by immune cells creates an environment rich in
cytokines, chemokines and other inflammatory mediators that manifests its effect by
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comprising normal healthy cells of lungs along with diseased cells of lungs. Gener-
ally immune cells are protective but exaggerated, and overamplified response of
immune cell sacrifices healthy cells along with malfunctioning cells in process.
Epigenetics generally sits at back sit of genetic portion to control its activity by
utilising its weapons including maternal diet and quality of air inhaled by a person.
Epigenetics generally includes non-coding portions of genome that engender its
effect on coding portion of DNA. Development and differentiation of immune cells
also lies in hand of epigenetic alterations happening in genes. Growth of blood vessel
caused by presence of VEGF is an epic event that brings all the immune cells from
circulation to their site of action. This blood brings with itself a whole population of
innate and adaptive immune cells that aggravates the progression of most lung
disease. Besides, many MiRNAs are known to control several genes and signalling
pathway and hence cause complete stoppage in expression of genes or degrade them.
Some enzymes including histone methylases and demethylases along with histone
acetyltransferase and deacetyl transferase control conversion of transcriptionally
inactive heterochromatin into euchromatin and vice versa. Hence, role of epigenetics
in addition to genetics is increasingly recognised as it controls the activity of several
genes involved in lung diseases. Several inhibitors of these epigenetics controlling
enzymes have shown their potential contribution in progression of several disease.
miRNAs are generally a favourable option for treating lung inflammatory disease as
they target genes specifically and control their activity without causing an undesir-
able side effect.

References

—

. Zwinderman MRH, de Weerd S, Dekker FJ. Targeting HDAC complexes in asthma and

COPD. Epigenomes. 2019;3(3):19.

2. Dharmage SC, Perret JL, Custovic A. Epidemiology of asthma in children and adults. Front
Pediatr. 2019;7:246.

3. Sauleda J, et al. Idiopathic pulmonary fibrosis: epidemiology, natural history, phenotypes.
Med Sci (Basel). 2018;6(4):110.

4. Navaratnam V, et al. The rising incidence of idiopathic pulmonary fibrosis in the U.K. Thorax.
2011;66(6):462-7.

5. Lederer DJ, Martinez FJ. Idiopathic pulmonary fibrosis. N Engl J Med. 2018;378(19):
1811-23.

6. Huang C, Yang Y, Liu L. Interaction of long noncoding RNAs and microRNAs in the
pathogenesis of idiopathic pulmonary fibrosis. Physiol Genomics. 2015;47(10):463-9.

7. Van den Bossche J, et al. Macrophage polarization: the epigenetic point of view. Curr Opin
Lipidol. 2014;25(5):367-73.

8. Kumaki Y, et al. Analysis and synthesis of high-amplitude cis-elements in the mammalian
circadian clock. Proc Natl Acad Sci U S A. 2008;105(39):14946-51.

9. Heinz S, et al. Simple combinations of lineage-determining transcription factors prime
cis-regulatory elements required for macrophage and B cell identities. Mol Cell. 2010;38(4):
576-89.

10. Patel DJ. A structural perspective on readout of epigenetic histone and DNA methylation
Marks. Cold Spring Harb Perspect Biol. 2016;8(3):a018754.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

S. Kaur et al.

.Lavin Y, et al. Tissue-resident macrophage enhancer landscapes are shaped by the local

microenvironment. Cell. 2014;159(6):1312-26.

. LiR, et al. MEG3-4 is a miRNA decoy that regulates IL-1beta abundance to initiate and then

limit inflammation to prevent sepsis during lung infection. Sci Signal. 2018;11(536):
€aao2387.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell. 2006;124
(4):783-801.

Yan Q, et al. Nuclear factor-kappaB binding motifs specify toll-like receptor-induced gene
repression through an inducible repressosome. Proc Natl Acad Sci U S A. 2012;109(35):
14140-5.

Chen X, et al. The NF-kappaB factor RelB and histone H3 lysine methyltransferase G9a
directly interact to generate epigenetic silencing in endotoxin tolerance. J Biol Chem.
2009;284(41):27857-65.

Seeley 1], et al. Induction of innate immune memory via microRNA targeting of chromatin
remodelling factors. Nature. 2018;559(7712):114-9.

Bullwinkel J, et al. Epigenotype switching at the CD14 and CD209 genes during differentia-
tion of human monocytes to dendritic cells. Epigenetics. 2011;6(1):45-51.

Quintin J, et al. Candida albicans infection affords protection against reinfection via functional
reprogramming of monocytes. Cell Host Microbe. 2012;12(2):223-32.

Medoff BD, Thomas SY, Luster AD. T cell trafficking in allergic asthma: the ins and outs.
Annu Rev Immunol. 2008;26:205-32.

Sidler C, et al. Immunosenescence is associated with altered gene expression and epigenetic
regulation in primary and secondary immune organs. Front Genet. 2013;4:211.

Degerman S, et al. Immortalization of T-cells is accompanied by gradual changes in CpG
methylation resulting in a profile resembling a subset of T-cell leukemias. Neoplasia. 2014;16
(7):606-15.

Murayama A, et al. A specific CpG site demethylation in the human interleukin 2 gene
promoter is an epigenetic memory. EMBO J. 2006;25(5):1081-92.

Northrop JK, et al. Epigenetic remodeling of the IL-2 and IFN-gamma loci in memory CD8 T
cells is influenced by CD4 T cells. J Immunol. 2006;177(2):1062-9.

Wright KL, Ting JP. Epigenetic regulation of MHC-II and CIITA genes. Trends Immunol.
2006;27(9):405-12.

Schoenborn JR, et al. Comprehensive epigenetic profiling identifies multiple distal regulatory
elements directing transcription of the gene encoding interferon-gamma. Nat Immunol. 2007;8
(7):732-42.

Cohen CJ, et al. Human Th1 and Th17 cells exhibit epigenetic stability at signature cytokine
and transcription factor loci. J Immunol. 2011;187(11):5615-26.

Akimzhanov AM, Yang XO, Dong C. Chromatin remodeling of interleukin-17 (IL-17)-IL-
17F cytokine gene locus during inflammatory helper T cell differentiation. J Biol Chem.
2007;282(9):5969-72.

Baron U, et al. DNA demethylation in the human FOXP3 locus discriminates regulatory T
cells from activated FOXP3(+) conventional T cells. Eur J Immunol. 2007;37(9):2378-89.
van Loosdregt J, et al. Regulation of Treg functionality by acetylation-mediated Foxp3 protein
stabilization. Blood. 2010;115(5):965-74.

Maier H, et al. Early B cell factor cooperates with Runx1 and mediates epigenetic changes
associated with mb-1 transcription. Nat Immunol. 2004;5(10):1069-77.

Crouch EE, et al. Regulation of AID expression in the immune response. J Exp Med. 2007;204
(5):1145-56.

Caganova M, et al. Germinal center dysregulation by histone methyltransferase EZH2
promotes lymphomagenesis. J Clin Invest. 2013;123(12):5009-22.

Good-Jacobson KL. Regulation of germinal center, B-cell memory, and plasma cell formation
by histone modifiers. Front Immunol. 2014;5:596.



4 Epigenetic Regulators of Inflammatory Gene Expression 85

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Luckey CJ, et al. Memory T and memory B cells share a transcriptional program of self-
renewal with long-term hematopoietic stem cells. Proc Natl Acad Sci U S A. 2006;103(9):
3304-9.

Weng NP, Araki Y, Subedi K. The molecular basis of the memory T cell response: differential
gene expression and its epigenetic regulation. Nat Rev Immunol. 2012;12(4):306-15.
Steinfelder S, et al. Epigenetic modification of the human CCR6 gene is associated with stable
CCR6 expression in T cells. Blood. 2011;117(10):2839-46.

Araki Y, et al. Genome-wide analysis of histone methylation reveals chromatin state-based
regulation of gene transcription and function of memory CD8+ T cells. Immunity. 2009;30(6):
912-25.

Kuraoka M, et al. Activation-induced cytidine deaminase mediates central tolerance in B cells.
Proc Natl Acad Sci U S A. 2011;108(28):11560-5.

Ogbomo H, et al. Histone deacetylase inhibitors suppress natural killer cell cytolytic activity.
FEBS Lett. 2007;581(7):1317-22.

Pelaia G, et al. Cellular mechanisms underlying eosinophilic and neutrophilic airway inflam-
mation in asthma. Mediat Inflamm. 2015;2015:879783.

Barnes PJ. The cytokine network in asthma and chronic obstructive pulmonary disease. J Clin
Invest. 2008;118(11):3546-56.

Castillo JR, Peters SP, Busse WW. Asthma exacerbations: pathogenesis, prevention, and
treatment. J Allergy Clin Immunol Pract. 2017;5(4):918-27.

Schleimer RP, et al. Epithelium: at the interface of innate and adaptive immune responses. J
Allergy Clin Immunol. 2007;120(6):1279-84.

Perera F, et al. Relation of DNA methylation of 5’-CpG island of ACSL3 to transplacental
exposure to airborne polycyclic aromatic hydrocarbons and childhood asthma. PLoS One.
2009;4(2):e4488.

Prunicki M, et al. Exposure to NO(2), CO, and PM(2.5) is linked to regional DNA methylation
differences in asthma. Clin Epigenetics. 2018;10:2.

Zhou J, et al. PM(2.5) exposure and cold stress exacerbates asthma in mice by increasing
histone acetylation in IL-4 gene promoter in CD4(+) T cells. Toxicol Lett. 2019;316:147-53.
Boyce JA. Mast cells: beyond IgE. J Allergy Clin Immunol. 2003;111(1):24-32. quiz 33
Galli SJ, et al. Mast cells as “tunable” effector and immunoregulatory cells: recent advances.
Annu Rev Immunol. 2005;23:749-86.

Peters-Golden M. The alveolar macrophage: the forgotten cell in asthma. Am J Respir Cell
Mol Biol. 2004;31(1):3-7.

Wenzel SE, et al. Bronchoscopic evaluation of severe asthma. Persistent inflammation
associated with high dose glucocorticoids. Am J Respir Crit Care Med. 1997;156(3 Pt 1):
737-43.

Oh CK, et al. Biology of the interleukin-9 pathway and its therapeutic potential for the
treatment of asthma. Inflamm Allergy Drug Targets. 2011;10(3):180-6.

Stirling RG, et al. Interleukin-5 induces CD34(+) eosinophil progenitor mobilization and
eosinophil CCR3 expression in asthma. Am J Respir Crit Care Med. 2001;164(8 Pt 1):1403-9.
Ishmael FT. The inflammatory response in the pathogenesis of asthma. J] Am Osteopath Assoc.
2011;111(11 Suppl 7):S11-7.

Karta MR, et al. LPS modulates rhinovirus-induced chemokine secretion in monocytes and
macrophages. Am J Respir Cell Mol Biol. 2014;51(1):125-34.

Girodet PO, et al. Alternative macrophage activation is increased in asthma. Am J Respir Cell
Mol Biol. 2016;55(4):467-75.

Ayakannu R, et al. Relationship between various cytokines implicated in asthma. Hum
Immunol. 2019;80(9):755-63.

Chesne J, et al. IL-17 in severe asthma. Where do we stand? Am J Respir Crit Care Med.
2014:190(10):1094-101.

Louten J, Boniface K, de Waal Malefyt R. Development and function of TH17 cells in health
and disease. J Allergy Clin Immunol. 2009;123(5):1004—11.



86

59

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

S. Kaur et al.

. Strickland DH, Holt PG. T regulatory cells in childhood asthma. Trends Immunol. 2011;32(9):
420-7.

Rodrigues SO, et al. Mechanisms, pathophysiology and currently proposed treatments of
chronic obstructive pulmonary disease. Pharmaceuticals (Basel). 2021;14(10):979.

Keatings VM, et al. Differences in interleukin-8 and tumor necrosis factor-alpha in induced
sputum from patients with chronic obstructive pulmonary disease or asthma. Am J Respir Crit
Care Med. 1996;153(2):530-4.

Kim WD, et al. Abnormal peripheral blood T-lymphocyte subsets in a subgroup of patients
with COPD. Chest. 2002;122(2):437-44.

Majo J, Ghezzo H, Cosio MG. Lymphocyte population and apoptosis in the lungs of smokers
and their relation to emphysema. Eur Respir J. 2001;17(5):946-53.

Shapiro SD, et al. Neutrophil elastase contributes to cigarette smoke-induced emphysema in
mice. Am J Pathol. 2003;163(6):2329-35.

Di Stefano A, et al. Upregulation of adhesion molecules in the bronchial mucosa of subjects
with chronic obstructive bronchitis. Am J Respir Crit Care Med. 1994;149(3 Pt 1):803-10.
Traves SL, et al. Increased levels of the chemokines GROalpha and MCP-1 in sputum samples
from patients with COPD. Thorax. 2002;57(7):590-5.

Russell RE, et al. Release and activity of matrix metalloproteinase-9 and tissue inhibitor of
metalloproteinase-1 by alveolar macrophages from patients with chronic obstructive pulmo-
nary disease. Am J Respir Cell Mol Biol. 2002;26(5):602-9.

Kim WD, et al. Centrilobular and panlobular emphysema in smokers. Two distinct morpho-
logic and functional entities. Am Rev Respir Dis. 1991;144(6):1385-90.

Lim S, et al. Balance of matrix metalloprotease-9 and tissue inhibitor of metalloprotease-1
from alveolar macrophages in cigarette smokers. Regulation by interleukin-10. Am J Respir
Crit Care Med. 2000;162(4 Pt 1):1355-60.

Finkelstein R, et al. Alveolar inflammation and its relation to emphysema in smokers. Am J
Respir Crit Care Med. 1995;152(5 Pt 1):1666-72.

Saetta M, et al. CD8+ve cells in the lungs of smokers with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med. 1999;160(2):711-7.

Nurwidya F, Damayanti T, Yunus F. The role of innate and adaptive immune cells in the
Immunopathogenesis of chronic obstructive pulmonary disease. Tuberc Respir Dis (Seoul).
2016;79(1):5-13.

Tager AM, et al. The lysophosphatidic acid receptor LPA1 links pulmonary fibrosis to lung
injury by mediating fibroblast recruitment and vascular leak. Nat Med. 2008;14(1):45-54.
Munger JS, et al. The integrin alpha v beta 6 binds and activates latent TGF beta 1: a
mechanism for regulating pulmonary inflammation and fibrosis. Cell. 1999;96(3):319-28.
Thannickal VJ, et al. Mechanisms of pulmonary fibrosis. Annu Rev Med. 2004;55:395-417.
White GP, et al. CpG methylation patterns in the IFNgamma promoter in naive T cells:
variations during Th1 and Th2 differentiation and between atopics and non-atopics. Pediatr
Allergy Immunol. 2006;17(8):557-64.

Shang Y, et al. Epigenetic alterations by DNA methylation in house dust mite-induced airway
hyperresponsiveness. Am J Respir Cell Mol Biol. 2013;49(2):279-87.

Barnes PJ. Targeting the epigenome in the treatment of asthma and chronic obstructive
pulmonary disease. Proc Am Thorac Soc. 2009;6(8):693—6.

Sofer T, et al. Exposure to airborne particulate matter is associated with methylation pattern in
the asthma pathway. Epigenomics. 2013;5(2):147-54.

Ren Y, et al. Identification of histone acetylation in a murine model of allergic asthma by
proteomic analysis. Exp Biol Med (Maywood). 2021;246(8):929-39.

Wei W, Chen W, He N. HDAC4 induces the development of asthma by increasing slug-
upregulated CXCL12 expression through KLF5 deacetylation. J Transl Med. 2021;19(1):258.
Liu F, Shang YX. Sirtuin 6 attenuates epithelial-mesenchymal transition by suppressing the
TGF-betal/Smad3 pathway and c-Jun in asthma models. Int Immunopharmacol. 2020;82:
106333.



4

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Epigenetic Regulators of Inflammatory Gene Expression 87

. Haberg SE, et al. Folic acid supplements in pregnancy and early childhood respiratory health.
Arch Dis Child. 2009;94(3):180—4.

Stefanowicz D, et al. Epigenetic modifying enzyme expression in asthmatic airway epithelial
cells and fibroblasts. BMC Pulm Med. 2017;17(1):24.

Yang ZC, et al. MiR-448-5p inhibits TGF-betal-induced epithelial-mesenchymal transition
and pulmonary fibrosis by targeting Six1 in asthma. J Cell Physiol. 2019;234(6):8804—14.
Alashkar Alhamwe B, et al. Epigenetic regulation of airway epithelium immune functions in
asthma. Front Immunol. 2020;11:1747.

Hudon Thibeault AA, Laprise C. Cell-specific DNA methylation signatures in asthma. Genes
(Basel). 2019;10(11):932.

Kuramasu A, et al. Mast cell—/basophil-specific transcriptional regulation of human
L-histidine decarboxylase gene by CpG methylation in the promoter region. J Biol Chem.
1998;273(47):31607—-14.

Moheimani F, et al. The genetic and epigenetic landscapes of the epithelium in asthma. Respir
Res. 2016;17(1):119.

Wei G, et al. Global mapping of H3K4me3 and H3K27me3 reveals specificity and plasticity in
lineage fate determination of differentiating CD4+ T cells. Immunity. 2009;30(1):155-67.
Wen T, Rothenberg ME. The regulatory function of eosinophils. Microbiol Spectr. 2016;4(5):
4-5.

Marcet B, et al. Control of vertebrate multiciliogenesis by miR-449 through direct repression
of the Delta/notch pathway. Nat Cell Biol. 2011;13(6):693-9.

Zhang H, et al. miR-221 participates in the airway epithelial cells injury in asthma via targeting
SIRT1. Exp Lung Res. 2018;44(6):272-9.

Zhang K, et al. Decreased epithelial and sputum miR-221-3p associates with airway eosino-
philic inflammation and CXCL17 expression in asthma. Am J Physiol Lung Cell Mol Physiol.
2018;315(2):L253-64.

Clifford RL, et al. Altered DNA methylation is associated with aberrant gene expression in
parenchymal but not airway fibroblasts isolated from individuals with COPD. Clin
Epigenetics. 2018;10:32.

Hazari YM, et al. Alpha-1-antitrypsin deficiency: genetic variations, clinical manifestations
and therapeutic interventions. Mutat Res Rev Mutat Res. 2017;773:14-25.

Pfaff M, et al. Activation of the SPHK/SIP signalling pathway is coupled to muscarinic
receptor-dependent regulation of peripheral airways. Respir Res. 2005;6(1):48.

Song J, et al. Aberrant DNA methylation and expression of SPDEF and FOXA?2 in airway
epithelium of patients with COPD. Clin Epigenetics. 2017;9:42.

Barnawi J, et al. Potential link between the Sphingosine-1-phosphate (S1P) system and
defective alveolar macrophage phagocytic function in chronic obstructive pulmonary disease
(COPD). PLoS One. 2015;10(10):e0122771.

Epaud R, et al. Knockout of insulin-like growth factor-1 receptor impairs distal lung morpho-
genesis. PLoS One. 2012;7(11):e48071.

Liu JP, et al. Mice carrying null mutations of the genes encoding insulin-like growth factor I
(Igf-1) and type 1 IGF receptor (Igflr). Cell. 1993;75(1):59-72.

Nakahira K, Hisata S, Choi AM. The roles of mitochondrial damage-associated molecular
patterns in diseases. Antioxid Redox Signal. 2015;23(17):1329-50.

Zhang L, et al. Epigenetic modifications and therapy in chronic obstructive pulmonary disease
(COPD): an update review. COPD. 2020;17(3):333-42.

Qi X, et al. LncRNAs NR-026690 and ENST00000447867 are upregulated in CD4(+) T cells
in patients with acute exacerbation of COPD. Int J Chron Obstruct Pulmon Dis. 2019;14:699—
711.

Long Y], et al. miR-34a is involved in CSE-induced apoptosis of human pulmonary micro-
vascular endothelial cells by targeting Notch-1 receptor protein. Respir Res. 2018;19(1):21.
Jalali S, et al. Mir-206 regulates pulmonary artery smooth muscle cell proliferation and
differentiation. PLoS One. 2012;7(10):e46808.



88

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

S. Kaur et al.

Karch A, et al. The German COPD cohort COSYCONET: aims, methods and descriptive
analysis of the study population at baseline. Respir Med. 2016;114:27-37.

Tennis MA, et al. Methylation of Wnt7a is modulated by DNMT1 and cigarette smoke
condensate in non-small cell lung cancer. PLoS One. 2012;7(3):e32921.

Sanders YY, et al. Thy-1 promoter hypermethylation: a novel epigenetic pathogenic mecha-
nism in pulmonary fibrosis. Am J Respir Cell Mol Biol. 2008;39(5):610-8.

Helling BA, Yang IV. Epigenetics in lung fibrosis: from pathobiology to treatment perspec-
tive. Curr Opin Pulm Med. 2015;21(5):454-62.

Li H, et al. MicroRNAs in idiopathic pulmonary fibrosis: involvement in pathogenesis and
potential use in diagnosis and therapeutics. Acta Pharm Sin B. 2016;6(6):531-9.

Pottier N, et al. Identification of keratinocyte growth factor as a target of microRNA-155 in
lung fibroblasts: implication in epithelial-mesenchymal interactions. PLoS One. 2009;4(8):
e6718.

Maurer B, et al. MicroRNA-29, a key regulator of collagen expression in systemic sclerosis.
Arthritis Rheum. 2010;62(6):1733-43.

Song X, et al. Analysing the relationship between IncRNA and protein-coding gene and the
role of IncRNA as ceRNA in pulmonary fibrosis. J Cell Mol Med. 2014;18(6):991-1003.
Cao G, et al. Differential expression of long non-coding RNAs in bleomycin-induced lung
fibrosis. Int J Mol Med. 2013;32(2):355-64.

Taganov KD, et al. NF-kappaB-dependent induction of microRNA miR-146, an inhibitor
targeted to signaling proteins of innate immune responses. Proc Natl Acad Sci U S
A.2006;103(33):12481-6.

Liu G, et al. miR-21 mediates fibrogenic activation of pulmonary fibroblasts and lung fibrosis.
J Exp Med. 2010;207(8):1589-97.

Singer BD, et al. Regulatory T cell DNA methyltransferase inhibition accelerates resolution of
lung inflammation. Am J Respir Cell Mol Biol. 2015;52(5):641-52.

Wu Y, et al. Therapeutic delivery of MicroRNA-29b by cationic Lipoplexes for lung cancer.
Mol Ther Nucleic Acids. 2013;2(4):e84.

Dakhlallah D, et al. Epigenetic regulation of miR-17~92 contributes to the pathogenesis of
pulmonary fibrosis. Am J Respir Crit Care Med. 2013;187(4):397—405.

Ganesan S, et al. Quercetin prevents progression of disease in elastase/LPS-exposed mice by
negatively regulating MMP expression. Respir Res. 2010;11(1):131.

Cosio BG, et al. Theophylline restores histone deacetylase activity and steroid responses in
COPD macrophages. J Exp Med. 2004;200(5):689-95.

Coward WR, et al. Repression of IP-10 by interactions between histone deacetylation and
hypermethylation in idiopathic pulmonary fibrosis. Mol Cell Biol. 2010;30(12):2874-86.
Filippakopoulos P, et al. Selective inhibition of BET bromodomains. Nature. 2010;468(7327):
1067-73.

Pandit KV, Milosevic J, Kaminski N. MicroRNAs in idiopathic pulmonary fibrosis. Transl
Res. 2011;157(4):191-9.



®

Check for
updates

Waleed Hassan Almalki

Abstract

Asthma is one of the highest incidences and disbursed respiratory diseases the
world over. There is incomprehensible knowledge of pathophysiological epige-
netic pathways and causal interaction in asthma. Hereby, with a focus on DNA
methylation, we examine human investigations on the epigenetic processes of
asthma. On analysis, it was found that epigenetic research on childhood asthma
has uncovered distinct methylation profiles linked to allergic inflammation in
immune cells and the airways, demonstrating that methylation plays a regulatory
function in the pathogenesis of asthma. Considering these ground-breaking
findings, additional research is needed to understand how epigenetic pathways
contribute to the endotypes of asthma. Studies on histone alterations in asthma are
very few. Future investigations into the epigenetic causes of asthma will be aided
by the inclusion of data from groups with accurate phenotyping.

5.1 Introduction

Waddington coined the term “epigenetics,” which is formed by the Greek words
“epi” and “genome.” Epigenetics means phenotype changes without a corresponding
change in genotype [1]. Although the mechanisms behind were not known when the
term was first used, advancement in genetics and genomics has revealed significant
epigenetic mechanisms involved in cell function, including both controlling the
homeostasis of healthy cells and in the pathophysiology of the disease [2]. Numerous
studies on asthma have demonstrated that epigenetic pathways affect the disease’s
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numerous manifestations, including asthma in children and asthma in adults. Epige-
netic regulatory mechanisms, whether directly affected by inflammation and the
modulation of respiratory function or indirectly influenced by pharmaceutical
therapies or environmental factors, can provide insights into the substantial hetero-
geneity observed in asthma [3, 4]. This chapter highlights recent advancements in
the perception of the epigenetics of asthma in individual research by framing the
topic with well-known instances of epigenetic mechanisms in asthma (Fig. 5.1).

5.2  Overview of Epigenetic Pathways
5.2.1 DNA Methylation

DNA methylation involves the addition of methyl group on the cytosine C5 site to
form 5-methylcytosine (SmC). The existing SmC in specific genome sites causes
alteration in organic phenomenon by the binding transcription factor [5]. Near the
gene transcription start site (TSS), abundant CG sequences are found at the DNA
regions which is called CpG island (CGI). As a result, both increased and decreased
gene expression are correlated with methylation alterations in CGIs [6]. Hence, gene
suppression and CGI methylation are frequently linked; moreover, the role of DNA
methylation is complex and includes methylation in the gene and CGIs [7]. Heritable
modifications to the DNA that affect gene function are known as epigenetic
alterations. DNA methylation is a sophisticated gene regulatory system that is passed
along cellular division through generations. It also plays a main role in the
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transcriptional elongation formation of the permutable elements, and the creation
and slicing of mutation elements [8, 9].

5.2.2 Histone Alteration

Most of the proteins in the DNA-protein complex chromatin are histones. It is crucial
for packing, ensuring genomic integrity, and controlling gene expression so that
proteins are closely associated with DNA [10]. A crucial epigenetic mechanism is
the regulation of histone function through post-translational changes [11]. Histone
acetyltransferases (HATs) and histone deacetylases (HDACS) are the two major
categories among the numerous enzymes that are involved in histone modifications.
HATs and HDAC: are differentiated according to where they are found and how
particular they are and can be distinguished accordingly [12]. The contrasting effects
on lysine acetylation make it simple to comprehend the functions of HATs and
HDACs in histone modifications [13]. HDACs function as transcriptional
suppressors by maintaining the chromatin structure once lysine acetylation is
reversed. Additionally, gene expression is regulated by events like histone acetyla-
tion, methylation, and phosphorylation: by DNA effectiveness histone methylation
and nucleosome unfolding [14]. DNA histone interaction efficiency is altered by
nucleosome unwrapping. Histone methylation causes modification of histone pro-
tein either by adding or deleting a methyl group which is catalyzed by a group of
demethylase and methyltransferase. It is important to remember that histone meth-
ylation affects DNA methylation in a similar manner [11, 15, 16].

5.2.3 Silencing of Transcriptional Genes and Non-coding RNA

Non-coding RNA (ncRNAs) are transcription that regulates the biological process.
Based on their nucleotide size, ncRNAs are divided into two classes, i.e., small
nucleotide has a size of less than 200 and long nucleotide has a size of more than
200 [17]. According to research, ncRNAs are known to contribute to cell differenti-
ation and organogenesis. Despite being categorized as ncRNAs, small and big
ncRNAs are different and display distinctive characteristics that define their function
[18]. Non-coding RNA includes transfer RNA (tRNAs), ribosomal RNA (rRNAs),
and small RNAs (sRNAs) such as microRNA, small nucleolar RNA (snRNAs),
small interfering RNA (siRNA), small RNA derived from transfer RNA (tsRNA),
etc. These small RNAs play numerous roles in regulating cellular processes [19].

Long non-coding RNAs (IncRNAs) are frequently used to control nearby protein-
coding genes. Further complicating their role in the epigenetic regulation of cell
activity is the fact that IncRNAs target histone methyltransferases and demethylases
[20]. This chapter deals with asthma in adults, children, and its vulnerability. Since
DNA methylation has been the subject of the bulk of recent high-quality human
research on asthma, this study focuses on epigenetic mechanisms and provides an
overview of microRNAs and histone alterations [18, 21] (Fig. 5.2).



92 W. H. Almalki

Fig. 5.2 Epigenetic level

5.2.4 Asthma in Adults

There are few investigations into DNA methylation in adult asthma. In an asthmatic
study involving smokers, it was demonstrated that Protocadherin-20 (PCDH20)
exhibited higher levels of methylation in sputum cells [22]. Even after taking
environmental factors into account, this connection remained strong. A connection
between CGIs and particular asthma endotypes was found after methylation
alterations in the airway epithelium were assessed [23]. Interleukins induced
alterations in DNA methylation have been linked to eosinophils. The inhaled
corticosteroids block IL-13 signaling through the IL-13Ral receptor and result in
the reduction of FENO [24]. Separate research on the methylation of blood found
methylation variations in gene networks linked to asthma subtypes, with purine
metabolism and calcium signaling genes being enriched in eosinophilic asthma and
neutrophil asthma had significant accumulation for SUMOylation, basal cell carci-
noma signaling, and Wnt/—catenin pathways [25, 26].

5.2.5 Asthma in Children

DNA methylation serves as a biomarker in all asthma investigations during human
studies, involving the sampling of various biological compartments, such as
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epithelial and immunological, and utilizing individual genes and genomes
[27, 28]. These studies showed a relationship between methylation patterns in the
blood and various processes and features of pediatric asthma [29]. Studies on
candidate genes have demonstrated that nitrogen dioxide (NO2) and particulate
matter can affect the methylation of the adrenergic B2 receptor agonist (ADRB2)
in the gene associated with asthma [30]. Moreover, the methylation of ARDB2 was
connected to lessened dyspnea in young asthmatics, according to a related investi-
gation. The idea that these variances are caused by cohort-specific traits must be
further investigated [31]. Hypomethylation at CpG (cytosine guanine) dinucleotide
site of arachidonatel2-lipoxygenase (ALOX12) gene associated with persistent
wheezing. Genome-wide methylation investigations have demonstrated that the
presence of CGIs in blood samples is associated with an elevated risk of chronic
wheezing. Asthma is associated with hyper-responsiveness mediated by
hypomethylation of important cytokine IL-13, transcription factor RUNX3
modulates Th1/Th2 balance, microRNA, and TIGIT in blood [32-34]. Like this,
asthma in children was connected to hypomethylation of CGIs linked to IL5RA.
Cell-specific and epigenetic methylation in pediatric asthma is interrelated; the DNA
of 14 CpG sites in eosinophils has been found to have methylated cytosine and
adenosine residues [35]. PCSK6 was hypomethylated in children with atopic and
atopy asthma. Assessments of blood spots and umbilical blood have been carried out
to evaluate links between allergic disease and asthma [36]. There was a reduced
incidence of asthma in toddlers by higher methylation of the GATA3 CpGs tran-
scription factor. In mid-childhood, DNA methylation of cord blood is linked to IgE
in genes involved in cell signaling, growth, and development. After accounting for
the difference in DNA methylation between birth and mid-childhood, two methyla-
tion sites, i.e., C7orf50 and ZAR1, remained steady [37, 38]. Two methylation sites
(C7orf50 and ZAR1) remained stable after adjusting for the change in DNA meth-
ylation from birth to mid-childhood. Methylation of DNA sequence on AXL recep-
tor at birth was linked to an increased incidence of wheezing, demonstrating that
methylation has an impact on gender [39].

Therefore, the risk that infants would develop asthma, wheeze, and high IgE
levels are correlated with the methylation patterns at birth seen in cord blood and
blood spots [40]. According to studies on the methylation of buccal DNA, increased
methylation of arginase 2 (ARG?2) has been associated with a decrease in the fraction
of exhaled nitric oxide (FeNO) in asthmatic children [41]. Similarly, to this, reducing
allergen exposure resulted in less methylation of the FOXP3 promoter. Together,
these findings point to a function for methylation in the regulation of immune
signaling, and airway obstruction CGIs in the STATSA transcription factor were
differently methylated in asthmatics’ airway epithelial cells (AECs), which caused
STATSA expression to be downregulated [42]. Following stimulation by certain
ligands like Interleukin-2,3,7 and GM-CSF, this pathway is important in the regula-
tion of downstream signaling. Asthma in nasal epithelial is associated with
hypomethylation of ALOX15 and POSTN genes. Th2 cytokines induce the
upregulation of the POSTN gene in asthmatic airway epithelium, which can be



94 W. H. Almalki

exploited as a biomarker for long-term prediction in the treatment of severe asthma
[34, 43, 44].

5.2.6 Methylated Differentially in the Nasal Epithelial of African
American Newborns

This study also demonstrated that in children of African American, European, and
Hispanic heritage, a nasal epithelial classifier based on methylation may be able to
differentiate between atopy and allergic asthma. This methylation pattern is applied
in the epigenetic regulation of FeNO (fractional exhaled nitric oxide) and Immuno-
globulin E [45, 46].

5.2.7 Asthma Risk and Vulnerability

Environmental factors have a big impact on asthma and they also affect DNA
methylation. Acyl-CoA synthetase (ACSL3) long-chain family member methylation
has been linked to asthma symptoms in children under the age of five, according to
research on prenatal exposure to polycyclic organic matter(POM) from traffic
[47]. An association between elevated FOXP3 methylation and defective regulatory
T cells was found in distinct research on asthmatic children exposed to higher levels
of ambient pollution [48]. Multiple studies have demonstrated a link between air
pollution, variable DLG2 methylation, and corresponding changes in blood expres-
sion [49]. Like how prenatal tobacco exposure is linked to significant changes in
children’s blood DNA methylation, tobacco smoke affects DNA methylation, as
shown by differential methylation of placental and fetal lung tissue [50]. These
differentially methylated sites show the importance of environmental factors in
methylation patterns, although this is unclear how they are connected to asthma.
SMAD3 methylation at birth was linked to a higher risk of childhood asthma in the
offspring of women with asthma, who also had higher levels of it [51]. In another
study, the blood methylome of children showed a comparable impact on maternal
asthma. In children, maternal blood eosinophils, FeNO, and total IgE all had a
negative correlation with MAPKSIP3 methylation. According to this research,
exposure to an asthmatic mother while the child is still in the uterus may influence
DNA methylation, which may have an impact on how asthma develops [52, 53].

5.3 Role of MicroRNAs in Asthma

MiRNAs play a significant role in the control of both healthy and unhealthy cellular
responses. Let-7 family miRNAs have been linked to regulating Th2 inflammation in
human, animal, and in vitro research. MiR-21 controls the cytokine IL-12, which is
involved in the polarization of Thl cells [54]. MiR-146a has been identified as a
potential asthmatic molecule in studies on the effects of genetic variation on miRNA
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function and their relationship to asthma; variation in HLA-G in children influences
asthma risk through interaction with miR-152. Several cellular elements of the
allergic response, including eosinophils, macrophages, and mast cells in both asthma
and allergic rhinitis, have been linked to Th2 responses by two miRNAs, miR-155
and miR-221 [55, 56]. Several miRNAs, including miR-26, 133a, 140, 206, and
221, have been linked to a role in smooth muscle cell proliferation and function. Few
studies have examined the impact of miRNAs on severe asthma despite their crucial
role [57]. These studies on patients with severe asthma showed that miR-221
governs the proliferation of airway smooth muscle cells, miR-28-5p and
miR-146a/b led to the activation of circulating CD8+ T cells in severe asthma, and
miR-223-3p, miR-142-3p, and miR-629-3p were linked to serious neutrophilic
asthma [58]. In the Childhood Asthma Management Program (CAMP) cohort,
eight serum microRNAs, including miR-296-5p, were connected to PC20
[59]. Inhaled corticosteroid budesonide, used to treat asthma, had a negligible impact
on the miRNA profile in steroid-naive asthmatics’ bronchial epithelium after ther-
apy. These findings on the activity of several miRNAs in asthma show their impact
on the regulation of inflammatory events, Th1/Th2 polarization, cell function,
disease severity, and treatment response [55, 60, 61].

5.4 Role of Histone Modifications in Asthma

A poorly understood mechanism for asthma is an epigenetic modification of the
histones [62]. The amount of cellular acetylation activity was related to the severity
of bronchial hyperresponsiveness in allergic asthmatic children, and the ratio of
HDAC/HAT activity was biased toward greater histone acetylation in those cases
[63]. Adults with asthma who had severe asthma had lower nuclear HDAC and HAT
activity in their mononuclear cells than those who had milder cases of the condition
[64]. An analysis of the genome-wide histone changes in T cell subsets from asthma
patients and healthy controls revealed variations in cell enhancers involved in T cell
development that were specific to asthma. Furthermore, compared to cells from
healthy people, human bronchial epithelial cells (HBECs) from adult asthmatics
showed impaired tight junction integrity [65, 66]. In HBECs from asthmatic patients,
there was greater expression of Sirtuins 6 and 7, HDACs 1 and 9, and HDAC:s. Tight
junction molecules increased to levels like those reported in healthy controls when
HDAC was inhibited. Together, these findings point to an overlap that is particular to
cells and asthma and is caused by various histone changes [67].

5.5 Aspects of the Future

By combining omics data from microRNAs, genome-wide variation, methylome,
and transcriptome cohorts with known traits, it may be feasible to better comprehend
these associations. The importance of histone changes in asthma, environmental
data, and the intensity of relationships with certain asthma endotypes all lay
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considerable limitations on our understanding of asthma. In light of these findings, it
is necessary to create better prediction models, biomarkers, and medicines that target
dysregulated pathways.
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Abstract

As of 2020, chronic obstructive pulmonary disease (COPD), remains the third
common principal cause of morbidity and mortality in adults. The various
pathological processes governing COPD are chronic lung inflammation caused
by increasing levels of environmental insults (particle matter, cigarette smoke,
chemical fumes, ROS, etc.), inflammatory mediators, and protease. Alpha-1
antitrypsin deficiency causes lung tissue damage (apoptosis). The epigenetic
mechanism includes post-translational methylation and acetylation of histone
proteins and DNA, as well as modulation of miRNA production. In this chapter,
we address all the recent research on the up- or down-regulation of methylation in
various genes linked to COPD. A significant part of preventing and slowing the
progression of COPD is played by inhibiting histone deacetylase activity, which
is brought up by several variables and miRNAs. Additionally, some COPD
treatment plans focus miRNAs and HDAC?2 for therapeutic effects.
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6.1 Introduction

COPD is characterized by mucociliary dysfunction, pneumonia, chronic bronchitis,
airway fibrosis, and alveolar disintegration. Because of the rising smoking epidemic,
it is a prevalent chronic adult disorder, and will become the third biggest cause of
mortality worldwide [1]. The pathophysiology of COPD is influenced by several
variables, including chronic inflammation, the elastase/anti-elastase concept,
proteinase-3 and cathepsin G-induced emphysema, apoptosis, oxidant-antioxidant
imbalancing, and infectious repair [2]. With more than 7357 chemical components,
400 plus toxins, and 1014 reactive species, smoking of cigarette is the primary
source of COPD and inflammatory processes via stimulating inflammatory cells
declines lung function [3]. In COPD, the activation of inflammatory mediators such
as IL1B, TNF-alpha, and TLR leads to the activation of NF-kB and other redox-
sensitive epigenetic regulators. This, in turn, results in an upregulation of cytokines,
cell adhesion molecules, and pro-inflammatory chemokines [4, 5]. An enzymatic
modifications made to DNA proteins such as histone and others post-translationally
followed by protein biosynthesis without altering the primary set of genes is called
epigenetic modification [6]. A gene’s expression may be influenced by DNA and
histone methylation. DNA methylation is one significant epigenetic technique that
alters the chemical structure of the DNA and controls transcription by interacting
with microRNA and histone modification [7]. The post-translational modifications
that affect the histone proteins include phosphorylation, methylation, ubiquitination,
sulfonation, and acetylation. By adding methyl groups to the cytosine residues in
loci, DNA methylation, the primary method of epigenetic control, is carried out by
enzymes of the DNA ethyl transferase (DNMT) class [8, 9]. In CpG island gene
promoter regions, DNA hypomethylation stimulates transcription, whereas DNA
hypermethylation typically results in gene silencing [10]. Hypermethylation of DNA
in CpG island gene promoter regions frequently cause gene silencing, whereas
hypomethylation causes transcriptional activation of DNA. One of the essential
elements of epigenetic mechanisms is histone modifications, which produce heredi-
tary changes in gene expression without altering the DNA sequence [11] (Fig. 6.1).

The important functional unit of chromatin, is nucleosome, is composed of a core
of two molecules of H2A, H2B, H3, and H4 each histone, which is surrounded by
approximately 150 base pairs of DNAs [12]. The histone modifications H3K4me3,
H3K9me3, and H3K27me3 are crucial for gene regulation. H3K4me3 and the
initiation of gene expression are related, whereas H3K27me3 and H3K9me3 are
related to organic phenomenon. The expression of protein-coding genes is strictly
regulated by ncRNAs, which do not act as templates for protein synthesis
[13]. Non-coding RNAs, often known as microRNAs, are another type of post-
transcriptional regulator of gene expression by degradation of mRNA and disrup-
tion. RNA polymerases can create miRNAs, which are 21-23 nucleotides long and
can be produced by transcription of parent RNA [14]. Non-coding RNA (ncRNA)
controls the expression of protein-coding genes in a significant way. Non-coding
RNA are made of small ncRNAs like microRNA and long ncRNAs [15]. Studies
show that miRNAs regulate maximum of the protein-coding genes. To boost
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fragmentation or reduce translation, respectively, they do this by binding to the
3’-UTR or 5’-UTR of the nucleotide. While IncRNA are connected to genetic
variations linked to disease, microRNA act as a negative regulator of gene
expression [16].

6.2 Inheritance and COPD

Gene expression can alter in a heritable way through the modification of histones or
DNA sequences. It has been shown that epigenetic alterations in COPD include
abnormal inflammatory gene activity, aberrant DNA methylation, aberrant histone
acetylation and deacetylation, and dysregulated miRNAs [17, 18]. In COPD
patients’ and smokers’ lungs, epithelial cells and macrophages may react differently
to cigarette smoke and oxidants due to epigenetic events. Asthma and COPD are
chronic lung disorders that may be exacerbated or prevented by changes in DNA
methylation, histone acetylation, and miRNA activity [19, 20]. Cigarette smoke
extract (CSE) increased COPD by aggravating genetic modifications, particularly
those in DNA of mitochondria. Investigations reveal that the CpG region of COPD
patients (CpG) site displays a range of methylation signals in response to air
pollution [21].
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6.3  Genetic Methylation and COPD

DNA methylation is an epigenetic mechanism which further causes inactivation of
pro-inflammatory genes and results in development of COPD. Pleural space
macrophages and epithelium from COPD patients have been found to have DNA
methylation of the genes of proinflammatory cytokines [22]. The existence and
progression of COPD are discovered to be strongly influenced by DNA methylation;
cigarette smoking can also change DNA methylation by inducing inflammatory
responses and resulting diseases like COPD. The division of innate and adaptive
immunity, along with the identification and abolition of pathogens, are all important
functions of lung macrophages, which are innate immune cells [23]. Studies have
shown physiological differences between the upper and lower parts of the lung in
ventilation and respiration, while COPD typically appears as upper lobe predomi-
nance [24]. Several alveolar macrophage genes, like HSH2D, have been shown to
have 95 CpG sites with significant methylation dysregulation via ventilation and
oxygen variation between the upper and lower lobes. Similar mechanism is seen in
SNX10/CLIP4 (Sorting Nexin 10) and TYKZ genes [25]. Mitochondrial transcrip-
tion factor A is a key player in the pathogenesis of disorders like immune responses,
necrosis, and inflammation. The mtTFA expression in the skeletal muscles is
markedly lower in COPD patients. To regulate mtDNA nucleotide sequence and
mitochondrial transcription initiation, mtTFA binds to the promoter regions of the
HSP1 and LSP of mtDNA [26, 27].

Smoking increased the mtTFA promoter’s hypermethylation, which led to the
development of COPD. There is a link between air pollution and various lung
diseases, including COPD [28]. Promoters of air pollution, such as toxic particles
or gases, can cause epigenetic alterations, including altered DNA methylation
[29]. Air pollution promoters can cause epigenetic changes, including altered
DNA methylation. Air pollutant of size less than 10um are called particle matter
10 (PM10). Air pollutants such as PM10 and NO2 lead to the dysregulation of
methylation at target genes like ARIDSA (AT-Rich Interaction Domain 5 A),
NEGR1 (Neuronal growth regulator 1), RPLS (Ribosomal Protein L5), FOXI2
(Forkhead Box 12), CPLX1 (Complexin 1), STONI, and others [30, 31]. PM10 is
closely associated with 12 differentially methylated probes (DMP) and 27 differen-
tially methylated probes (DMR) while NO?2 is associated at 57 DMRs and 45 DMPs
in CpG region [32]. Fibroblasts can be found in a variety of endothelium tissues,
including the adventitia of the vascular system, the alveolar ducts, and the elderly
respiratory muscles. Lung fibroblasts are important for ECM homeostatic
mechanisms, lung recovery, and cell of stem repairs [33]. According to TGFS
response, rate of proliferation, and ECM, airway and parenchymal fibroblasts behave
differently in COPD patients (ECM). A total of six hundred fifty-two regions with
differential methylation, some of which are within gene regions [34]. In reply to
TGFB and physiological extracellular matrix, the targeted genes HLA-DPI,
RPH3AL, TMEM44, WNT3A, and HLA-DRBS5 experience dysregulation of meth-
ylation by airway and parenchymal fibroblasts. HLX genes, which are
hypomethylated in NXN (Nucleoredoxin) genes but hypermethylated in COPD,
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have at least three CpG sites, according to research that showed 44 DNA differen-
tially methylated areas [35, 36]. Variants in the expression of the SERPINA1 gene
may raise the risk of COPD and its related lung function abnormalities. SERPINA1
expression of gene alternatives might increase COPD hazard and linked function of
lung phenotypes [37]. In smoking adults with COPD, there is altered methylation at
two CpG sites within the SERPINA1 gene. This abnormal methylation may lead to
excessive mucus secretion and goblet cell metaplasia, contributing to the develop-
ment of COPD [38].

Human airways’ tracheal epithelium consists of ciliated, basal, neuroendocrine,
Clara cells, and basal cells. FoxA2 and transcription factors are both forkhead box
proteins. Genes encoding SAM-pointed domains that include ETS-like factors
(SPDEF) are two essential controllers of goblet cell development [39]. SPDEF is
accountable for both mucus production and the development of goblet cells. On the
other hand, dysregulated goblet cell differentiation in the lungs involves targeted
genes regulated by FoxA2 [40]. The foxA2 promoter has 11 CpGs that are
hypomethylated, while the SPDEF promoter has 6 CpGs that are hypomethylated.
Sphingosine-1 phosphate (S1P) promotes maturation of macrophages and is essen-
tial for their phagocytosis [41]. In COPD, alveolar macrophages are associated with
dysregulated S1P gene expression. S1P methylation in smokers is lower than in non-
or ex-smokers. In individuals with COPD and smokers, targeted genes such as
GABRBI1, NOS1AP, TNFAIP2, and BID show hypermethylation compared to the
healthy group [42]. The genes SERPINA1 and AHRR (Aryl-Hydrocarbon Receptor
Repressor) have considerably lower levels of methylation in people with COPD and
smokers [43]. The IGF system, particularly IGF1 and IGFIR, is essential for lung
development. Smoke causes a CpG site-specific hypomethylation in the IGF1R
promoter leading to suppression of lungs development [44]. Cigarette smoking can
disturb DNA methylation, potentially initiating COPD. Several genes, including
GPR126, three cholinergic receptors (CHRND, CHRNB1, and CHRNB?2), EPHX1,
and three glutathione S-transferases, exhibited hypermethylation. Conversely, only
3% of the genes, including KSR1, showed hypomethylation in response to cigarette
smoke [45, 46].

6.4 HDAC2 Deregulation and COPD Induce Histone
Modification

HDACSs and HAT coenzymes jointly regulate activation (by histone acetylation) and
silencing (by deacetylation), which has a significant effect on the emergence of
inflammation in COPD [47]. Lysine residues are used to acetylate histones H3 and
H4. Studies have shown that in individuals with COPD and the resulting inflamma-
tion, the balance between acetylation and deacetylation can change in favor of
acetylation [48]. Smoke from cigarettes can cause acetylation of H3 in macrophages
and human lung tissue. Histone deacetylases (HDACSs) control the amount of histone
acetylation to control protein function and gene transcription. HDACs control
numerous major macromolecular complexes and epigenetic regulation during
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biological processes [49]. Previous studies have demonstrated that inhibiting
HDAC1 and HDAC?2 during the perinatal period in muscle tissue causes muscle
fiber degeneration and mitochondrial abnormalities, which lead to the death of some
mouse pups. Mice exposed to tobacco smoke have increased levels of HDAC1/
2 (CS) [50]. HDAC blocker can be used to treat COPD patients by decreasing
HDACI1/2, which ultimately prevents muscle fiber degeneration and
histomorphological changes [51]. Trichostaina (TSA) comes under the category of
HDACSs blocker. Protein arginine methyl transferases (PRMTs), found in both
histone and non-histone proteins, add a methyl group to arginine residues as the
second significant histone alteration [52]. Coactivator-associated arginine methyl
transferase 1 (CARM1) affects the regulation of gene expression by demethylating
arginine residues in several non-histone proteins, including histone H3 and many
others. CARMI1 expression is increased in healthy epithelial cells but downregulated
following epithelial cell damage in COPD [53, 54]. Therefore, via controlling
cellular senescence, the regeneration and repairing of airway epithelial cells depend
on CARMI. Lowering HDAC activities allows PM, such as fine and semi ultra-fine
particles (UFP), to enhance the HAT/HDAC ratio [55]. The COPD-affected human
bronchial epithelial (DHBE) group and the group stated above both had significant
levels of H3K9 histone acetylation. Two key factors to limit inflammation in the
airways and lung parenchyma in COPD are oxidative stress and cigarette smoking
[56]. Oxidative stress can trigger the activation of nuclear factor kB (NFkB), which
raises levels of pro-inflammatory factors and causes COPD. Sirt1 (Silent Information
Regulator 1) belongs to the family of class 3 histone/protein deacetylases and is
associated with inflammation, cell aging, senescence, as well as COPD/emphysema
[57]. Research has revealed that SIRT1 controls NFkB and lessens inflammatory
reactions. In COPD, erythromycin increased SIRT1 expression, which in turn
reduced NFkB acetylation and pro-inflammatory cytokines. FoxO3 is a member of
the Fox family, and it has been shown to decrease NFkB activity in COPD patients
when SIRT1 and foxO interact [58]. CSE interferes with the function of SIRT1/
FoxO3, which in turn dysregulates the NFkB activity and increases inflammatory
responses. Glucocorticoid-dependent anti-inflammatory effect depends on reducing
HDAC?2, yet when HDAC?2 is lowered, oxidative stress and inflammation increase.
Smoking elevated oxidative stress and promoted COPD glucocorticoid resistance,
both of which were associated with higher acetylation (HDAC2). A peptide called
LL-37/hCAP18 has the power to inhibit the C-Jan N-terminal kinases (JNK), the
AKt phosphorylation, and the activity of pro-inflammatory cytokines in
macrophages [59, 60].

According to research, LL-37 boosted HDAC?2 activity and expression in COPD
patients via blocking the PI3K/AKt pathway. A phosphodiesterase isoenzyme inhib-
itor called theophylline reduces activity by preventing pro-inflammatory transcrip-
tion factor expression and its entry into the nucleus. In rodent skeletal muscle cells,
tobacco smoke can increase NFkBp65 polypeptide, TNF-a, and IL-8 levels in COPD
[61]. By increasing HDAC?2 expression and decreasing pro-inflammatory transcrip-
tion factor expression, theophylline decreases inflammation in COPD patients
(NFkBp65). Inhibitor kappa B (IkB) is phosphorylated and degraded to activate
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NFkB, which causes transcription of NFkB-dependent genes [52, 62]. The pulmo-
nary vasculature of COPD patients has been reported to have higher levels of the
cytokine thymic stromal lymphopoietin (TSLP), which influences T cell survival,
activation, and expression [62]. The pairing between IKKa and acetyl-histone H3
(Lys14) proteins is promoted by IL-17A, and IKKa protein silencing can drastically
lower the expression of TSLP. A cytokine that helps combat bacterial infection is
called IL-17A. HDAC2 may be involved in the differentiation of T cells that produce
IL-17 [63]. In COPD patients’ lung tissue samples, it was found that the expression
of lymphocyte-associated protein and histone deacetylase was associated with the
accumulation of collagen and thickening of the bronchial walls [64]. This study
shows that in COPD patients, activating deacetylase enzyme can decrease
lymphocyte-associated protein production and stop airway remodeling. Statins
decrease the formation of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA),
which is involved in the production of cholesterol, through the post-translational
modification of the small G-proteins Ras and Rho [53, 65]. In patients with COPD,
statins reduce the risk of death rates, respiratory infections, and hospitalization. The
statins restore the expression and operation of weakened HDAC2 [66]. Type II
alveolar epithelial cells (AECII), which also release inflammatory chemokines like
interleukin-8, monocyte chemoattractant protein-1 (MCP-1), and macrophage
inflammatory protein-2a, are necessary for lung remodeling and development
(MIP-2 a) [67]. Curcuma longa plant produces curcumin a pale-yellow pigment
with anti-inflammatory properties. In COPD, curcumin can restore corticosteroids
and reduce inflammatory chemokines by modulating the expression of HDAC2 [68].

6.5 mRNAs as a COPD Disease Risk

Long non-coding RNAs (IncRNAs) undergo continuous processes of splicing,
capping, and polyadenylation. Some IncRNAs may act as indicators for the evalua-
tion and prognosis of COPD, according to studies [69]. Peripheral blood mononu-
clear cells from COPD patients have lower levels of the IncRNA
ENSTO00000502883. Enst00000447867 and NR-026690, two IncRNAs that may
serve as diagnostic indicator (biomarkers) for COPD, were both elevated in the
disease. Prolonged artificial breathing can cause ventilator-associated pneumonia
(VAP) in critical care unit’s patients [70]. According to studies, TLR4 and the risk of
VAP are correlated, and COPD is linked to increased rates of VAP and ICU
mortality. In COPD patients, miR-1236 can enhance the prevalence of VAP by
binding to the 3’-UTR of the TLR4 mRNA [71]. Patients with COPD had miR-206
that was elevated in their skeletal muscle and plasma, whereas it was dysregulated in
cases of gastric, lung, and colorectal cancer. It has been shown that Notch signaling
is highly expressed in the airway epithelium and is involved in controlling cell fate,
including apoptosis [72]. Reduced Notch signaling, particularly Notch 3, has been
observed in smokers with COPD, according to studies. The transcription of miR-206
was elevated in the lung parenchyma of the COPD group, which suppressed the
transcription of the mRNAs for Notch 3 and VEGFA. In COPD lung tissues,
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miR-34a and miR199a-5p expression was noticeably higher [73]. Alveolar epithelial
cells and pulmonary endothelial cells were more numerous in COPD-affected lungs
than in healthy lungs, and CSE caused human umbilical vein endothelial cells to
undergo apoptosis in a time- and dose-dependent manner [74]. The binding of the
miR34a to the 3/UTR of the CSE-related Notch-1 gene can target the Notch-1 gene
in endothelial cells. Growth cancer, atrophy, and hypertrophy can all be caused by
impaired insulin-like growth factor (IGF) signaling, which also affects the quantity
of ribosomes and protein synthesis [75]. As building blocks for other tissues, amino
acids, energy, and carbon are all provided by protein turnover. In addition to
controlling protein synthesis pathways, miRNAs also regulate ribosome function
or the synthesis of ribosomal proteins. MiR-424-5p expression in COPD patients
prevents protein synthesis by regulating polymerase I, which lowers muscle
mass [76].

6.6 miRNAs as a COPD Treatment Strategy

miRNAs (micro RNAs) are short non-coding RNA which are not translated into
proteins; they have a certain impact on the development of COPD. Numerous studies
have demonstrated the impact of miRNAs on lung disorders which shows a correla-
tion between specific miRNA profiles and both the prevention and acceleration of
the development of COPD [77]. The control of cellular pathways has a significant
impact on lung cancer development in COPD patients by miR-320b and miR-150-
5p, two miRNAs that have been formerly proved to be anti-cancer. The expression
of miR-320 and miR-150-5p has two effects on the onset of COPD: it protects the
cancers linked to COPD, such as lung cancer, and it lowers inflammation and tissue
damage. Inflammatory cytokine production is suppressed by miR146a
[78, 79]. TNFa and proinflammatory mediators (IRAK1) are responsible for the
negative regulation of the Toll-like receptor (TLR) and Interleukin-1 (IL-1) signaling
components IL-8, IL-6, and IL-1b. In human adenocarcinoma alveolar basal epithe-
lial cell line, miR146a with nanoparticles (NPs) activity lowered IRAK1 and
TRAF®6, aiding breathing in the management and treatment of COPD. One of the
main traits of COPD is persistent hypoxia, and hypoxia-inducible factor-1 (HIF-1)
regulates how the body reacts to chronic hypoxia, where HIF-1a is significant in
COPD [80]. Previous research has identified miR-186 as one of the most important
factors influencing cell proliferation in many malignancies. When lung fibroblast
cell lines are transfected with miR-186, HIF-1a is impacted and its expression is
reduced, which causes inflammatory fibroblasts to apoptosis. Cadmium (Cd), one of
the harmful substances in cigarette smoke, causes lung impairment and inflammation
in persons with COPD. Cd is linked to the development of COPD as well [53, 61,
70]. After exposure to Cd, human bronchial epithelial cells’ transcription of
MiR-181a-2-3p was downregulated, although proinflammatory activity and inflam-
matory reactions were both elevated. Consequently, miR-181a-2-3p may be used as
a treatment for COPD. Intimal proliferation of dedifferentiated vascular smooth
muscle cells in COPD is the key cellular factor contributing to pulmonary artery
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remodeling (SMCs) [67]. During vascular remodeling, miRNAs regulate the fate of
both endothelial cells (ECs) and smooth muscle cells (SMCs). MiR-197 transcrip-
tion must be negatively regulated for COPD to establish contractile activity. There is
a correlation between SMC contractile markers and their respective phenotypes.
Immune cells called alveolar macrophages (AMs) influence both acute and chronic
inflammatory responses [70].

6.7 Conclusion

Cytokines that are involved in the pathophysiology of COPD can be released when
AMs are activated. Lung inflammation can be brought on by the nuclear hormone
receptor subfamily member peroxisome proliferator-activated receptor gamma
(PPARc). By concentrating on the 3’-UTR regions of PPARc and inhibiting
PPARc activation, miR-27-3p expression can restrict the production of
pro-inflammatory cytokines and regulated TLR2/4 signaling. It demonstrated that
miR-27-3p can be used as a COPD treatment strategy. The functionality of lung
fibroblasts is altered in a variety of ways by the production of lung fibroblasts,
including growth factors, fibronectin, and inflammatory mediators. COPD lung
fibroblasts expressed miR-503 less highly. The loss of vasculature in COPD is
aided by vascular endothelial growth factors (VEGF). Reduced expression of
miR-503 in COPD patients increases the release of VEGF from lung fibroblasts,
suggesting that it may be used as a COPD treatment. Expression of miR-483-5p
prevents the suppression of cell development brought on by a-Smooth muscle actin
(a-SMA), fibronectin, and transforming growth factor-b (TGF-b). Some miRNAs
may serve as crucial indicator for COPD therapy targets. COPD severity is linked to
inflammation indicators, including dysregulation of miRNAs. MiR-183-5p and
miR-3177-3p, which are important biomarkers for the diagnosis of COPD, were
downregulated during the onset and disease progression. It has been shown that
miR-218-5p is suppressed in smokers or people with COPD insufficiency, and there
is a reported negative association between miR-218-5p and the severity of COPD.
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Abstract

Lung cancer is the biggest cause of cancer-related death, with a 5-year survival
rate of just 18%. Thanks to recent developments in targeted pharmacological
medications and immunotherapies, the survival rates of some patients have
increased considerably. However, patients are usually only provided standard
chemotherapy, which has a history of providing mediocre outcomes in the clinic.
Accordingly, innovative methods of therapy are urgently required. Recent
advances in epigenetic assessments and their use in research of cancer have
shown the significance in the regulation of epigenetic lung cancer’s progression,
development, initiation, and treatment. There are several epigenetic modifications
that occur in lung cancer at different phases of progression, and some of them are
essential for tumour growth. Improved considerate of the natural science behind
lung cancer growth and the facilitation of the creation of novel treatment options
are both dependent on the continued development of state-of-the-art technologies
like single-cell epigenomics. As a consequence of this strategy, treatments that
use either a single medication or a combination of medicines to target epigenetic
modifiers have been created and are now being explored in clinical trials. In this
chapter, we discuss the function of epigenetics in lung cancer at different stages of
the disease and how this knowledge is being used in clinical practice.
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7.1 Introduction

Lung cancer is the foremost cause of death due to cancer worldwide, with only
around an 18% 5-year survival rate. In the majority of instances (80%), lung cancer
is fatal if not caught early [1]. There have been only slight improvements in survival
rates as a consequence of the theory. About 220,000 instances of lung and bronchus
cancer are diagnosed each year in the United States, and use of tobacco is the major
cause. The two most frequent types of lung cancer are small cell lung cancer (SCLC)
and non-small cell lung cancer (non-SCLC) (NSCLC). NSCLC accounts for around
85% of all lung cancer diagnoses; its subtypes include squamous cell carcinoma
(40%), adenocarcinoma (40%), and giant cell carcinoma (10%). SCLC accounts for
around 15% of lung cancer diagnoses [2, 3]. The histologic classification of LC has
been revised in light of the development of novel targeted therapies and chemother-
apy regimens. Variations in kinases like HER2, BRAF, EGFR, ALK, RET, ROSI1,
and NTRK have been associated with therapeutically relevant adenocarcinomas.
When it comes to treating SCLC, PI3K, FGFR1, and DDR?2 inhibitors have shown
very modest efficacies in clinical trials [4]. Immune frontier drugs have newly also
shown groundbreaking results in the treatment of lung cancer, with some patients
seeing durable responses. However, the wide variety of the condition means that
even with these advancements, a single, effective treatment method cannot be
applied to everyone. For this reason, specialised analyses of molecules are essential
to decipher the complex network of relevant clinical phenotypes that regulate lung
cancer growth, to define effectual methods of diagnostic for initial lung cancer
recognition, and to advance novel approaches to increase clinically beneficial
efficiencies for lung cancer [5]. Developments in high-throughput and high-
resolution molecular technologies, our considerate mechanisms of molecular study
of causal lung cancer progression, especially the complexity of its driving variables,
have increased. Epigenetic alterations, which regulate gene expression and preserve
genomic integrity, have been linked to lung cancer and may play a significant role in
the disease’s progress. In this chapter, we concentrate on lung cancer and address the
potential therapeutic and diagnostic applications of epigenetic (de)regulation in the
clinic [6, 7] (Fig. 7.1).

7.2 Cancer Epigenetics

Without changing the DNA sequence itself, epigenetic mechanisms allow for the
guideline of gene expression and genome steadiness. Examples of alterations that
may work together include modification of histone, nucleic acid methylation, chro-
matin remodelling, and changes in the production of non-coding RNAs. Many
illnesses and disorders have been connected to epigenetic changes that are passed
down via families [8, 9]. In a typical environment, DNA methylation is a strictly
regulated process. This process, which occurs at cytosines and especially at CpG
nucleotides and is often seen in gene regulatory elements, is mediated by the
enzymes DNA methyltransferases (DNMTs) and demethylases. However, a
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disturbance in DNA methylation equilibrium in tumour tissue may lead to modifica-
tion of epigenetic key regulatory sections linked with transforming gene or tumour
suppressor genes [10, 11]. Malignancies may have a more prominent hypo- to hyper-
methylation spectrum than noncancerous tissues. Hypomethylation has been related
to a wide variety of pathologies, including chromosomal instability and aneuploidy,
imprinting loss, transposon reactivation, and most importantly, oncogene activation.
In contrast, DNA hypermethylation, the opposite process, may have dual roles
depending on its position in the human genome [12]. Numerous tumour suppressor
genes have been shown to be silenced by hypermethylation in CpG-rich regions
inside gene promoters. Indirectly or directly, DNA hypermethylation may bring in
complexes of protein affinity which is high for DNA methylation, which can
decrease transcription factor binding. This might lead to the recruitment of chroma-
tin remodellers like histone deacetylases and methylases thatmay result in the genes
silencing like tumour suppressor genes or RNAs non-coding that have been linked to
malignant transformation [13]. Increased expression of a gene could be correlated
with high levels of methylation not only in the promoter region but also in the gene
body. The fascinating potential is raised by our findings that hypermethylation of
gene bodies may increase oncogene production [14]. Potentially, the state of chro-
matin is vigorously changed by a system of proteins with a wide variety of modes of
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action. Eukaryotic chromatin is composed mostly of nucleosomes, which communi-
cate with histone binding proteins. Histones may be covalently changed to adjust
their interface with DNA and so recruit histone modifiers to alter chromatin struc-
ture, mute or activate genes, or do both. The glycosylation, phosphorylation, and
ubiquitination of serine, arginine, and threonine remains are a few more examples.
Other modifications include histone methylation and lysine acetylation. While
chromatin remodelling involves a large number of proteins and chemical complexes,
cancer researchers have only studied a small portion of those factors [15]. Histone
deacetylases (HDACsSs) and polycomb repressive complexes (PRCs) may both inhibit
gene expression in ways unrelated to their enzymatic activity by altering histones or
by directly compacting chromatin. Two other examples of chromatin remodelling
with a greater relevance for cancer are the variants of histone, which can replace the
canonical core of histones in nucleosomes and confer diverse functional and struc-
tural possessions that may distress chromatin compaction, and Switch/Sucrose
non-fermentable developments, which can modify expression of gene patterns by
repositioning nucleosomes and chromatin remodelling [16, 17]. Cancer also has a
strong epigenetic component, which is noncoding RNAs. These RNAs do not get
translated into proteins because they serve other functions. There is rising sign that
non-coding RNAs (ncRNAs) play an important role in pathological situations like
cancer, where a number of ncRNAs have been identified as oncogenic drivers or
tumour suppressors. Both the transcriptional and post-transcriptional stages of gene
expression are susceptible to regulation by ncRNAs. MicroRNAs (miRNAs) are
small RNAs that target mRNAs for destruction, hence lowering gene target expres-
sion, while non-coding long RNAs interrelate with modifying chromatin enzymes
and remodelling of chromatin factors, altering their activity [18]. In addition,
scientists’ focus on modifications of epigenetic RNA molecules is growing. Changes
like cytosine or adenine methylation are only two of the numerous known variations
that may influence the stability, translation, localization, splicing, and/or targeting of
RNA. These changes may play a role in carcinogenesis by amplifying or dampening
tumour characteristics like invasion and proliferation [19, 20] (Fig. 7.2).

7.3 Epigenetics of Lung Cancer

Genome-wide investigations of huge number of patient associates have shown the
relevance of epigenetic changes in many cancer types, most notably lung cancer.
Lung cancers are among those most often affected by the high mutation frequency in
SWI/SNF and HDAC gene components (about 20%). Tobacco use is the primary
cause of lung cancer deaths, and these changes might be related to this behaviour
[21]. Further evidence suggests that smoking causes far-reaching impacts on DNA
methylation, which seem to be long-lasting even after stopping. Changes of methyl-
ation in disorder-related genes has been seen in complete DNA blood samples from
lung cancer patients. Several genes, including the aryl hydrocarbon repressor recep-
tor and F2R like trypsin receptor 3 or thrombin, have had their methylation levels
reduced in people who smoke and are at a higher risk of growing lung cancer, as
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shown by blood testing (F2RL3) [22]. Bossé et al. found a significant association
between alterations in the expression of AHRR in non-tumour tissues of lung and
cigarette smoking. Research by others has shown that BECs derived from lung
cancer patients exhibit hypermethylation of the p16 and, to a lower extent, the
death-associated protein (DAP) kinase promoters. This abnormal methylation
occurred in BECs from present and previous smokers who did not develop lung
cancer, suggesting a connection between tobacco use and cancer [23]. Certain
expression of miRNA patterns in BECs have also been accompanying with cigarette
smoking, perhaps because to the presence of intrinsic toxins in cigarettes. DNA
methylation at individual CpG sites may have a dose- and cell-type-specific associa-
tion with smoking; therefore, these results should be interpreted cautiously [24].

7.4  Epigenetics of NSCLC

Many studies have looked at how epigenetic events and interactions with tumour
microenvironment (TME) affect the development and progression of NSCLC [25].

7.5 Epigenetics of NSCLC Tumour Initiation

The downstream fate-specifying of cell and other factors of transcription may
contribute to tumour initiation, as shown by multi-omics investigations. The most
common cause of lower gene expression is hypermethylation. The homeobox genes
HOXA4, HOXA2, and NKX2-1, along with other factor of transcription genes,
including GATA?2 and ZNF132, were demonstrated to have a role in the discovery of
possible tumour gene suppressor for SCLC [26]. The hypermethylation of genes
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including ZEB2, KCNIP4, and FOXF1 was found in lung cancer. Also, transcription
factor genes hypermethylation like HOXAS, TALI1, FOXJ1, FOXA2, and HLF has
been seen in both types of lung tumours COPD is a risk factor for lung cancer, and
the hypermethylation of certain of these genes has been associated to COPD as well.
Multiple additional epigenetic mechanisms besides hypermethylation have also been
associated with lung cancer [27]. Overexpression of DNMT3A, DNMTI, and
DNMT3B, for instance, has been associated to the onset of lung cancer. These
enzymes have been demonstrated to contribute to NSCLC risk by inducing methyl-
ation errors in DNA and chromatin remodelling at an early stage in the disease’s
progression. When DNMT1 is upregulated during the onset of lung squamous cell
carcinoma, tumour suppressor genes including RASSF1A, which is intricate in RAS
signalling, and CDKN2A, a cyclin-dependent kinase blocker intricate in arrest of
cell cycle at the GI1/S phase, are silenced by hypermethylation (LUSC)
[28, 29]. Also, it has been found that in lesions of preneoplastic squamous histology,
aberrant promoter methylation affects the expression of multiple genes, including
FHIT, whose degradation is associated with invasiveness and proliferation, and
miR47b, a tumour suppressor whose downregulation is linked with tumour growth
via the stemness-related Wnt pathway. The involvement of chromatin-remodelling
complexes in LUSC development has also been identified. Aberrant chromatin
remodellers reduce levels of H4K20me3 and elevate EZH2 expression leading to
Silencing of tomour suppressor miRNAs [30]. Lung cancer has been connected to
the downregulation of genes involved in apoptosis (DAPK), immortalization
(hTERT), insulin metabolism (PTPRN2), and DNA repair (MGMT). The
preneoplastic lesions of this histologic category have been reported to express
CDKNZ2A, p741, RASSFIA, and many Wnt pathway antagonists [31, 32].

7.6  Epigenetic Determinants of NSCLC Progression
and Metastasis

Aggressive NSCLC has been associated to changes in DNA methylation throughout
the whole genome. Teschendorff et al. discovered a novel methylation of DNA
pattern in cells of buccal that correlates with smoking and has the potential to be used
to differentiate between advanced and lung in situ cancers. In lung cancer,
hypermethylation was shown to downregulate 164 genes involved in differentiation,
EMT, and cell cycle progression, whereas hypomethylation upregulated 57 genes.
An epigenomic signature indicative of invasive lesions was identified by Teixeira
et al. among 12,064 differentially methylation sites associated with 2695 genes in
squamous cell carcinoma. In pro-metastatic phenotypic samples, many members of
the homeobox family, including NKX2-1, were shown to exhibit hypermethylation
and, as a result, to have reduced expression among the identified impacted
genes [33, 34]. Others have recognized potential targets of key methylation
associated with the acquisition of an invasive phenotype in NSCLC, including
PTGDR, MAGE family members, FBP1, CDOI1, and AJAP1, and alterations in
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the methylation pattern of PGC-related coactivator (PRC) members of family
involved in regulation of cell cycle, invasion, and proliferation [35].

The epigenetic regulation of miRNA expression has been implicated as a cause of
NSCLC. Highly aggressive NSCLC has been related to oncogenic miRNAs like
miR-135b, which target components of the Hippo pathway and de-methylate their
promoters. For instance, the miR-200 family controls EMT in NSCLC by targeting
various effectors of this process such as miR-132, GATA3, ZEB1, and miR-149,
which control FOXM1 and ZEB2. Thus, these miRNAs suppress invasion, migra-
tion, and metastasis in NSCLC by inhibiting the mesenchymal conversion process
[36, 37].

NSCLC invasion and metastasis have been linked to the overexpression of certain
epigenetic “writers” and “erasers” involved in chromatin remodelling. Proteins like
H3K36 demethylase activating mitogen-activated protein kinase (KDM2A), H3K9
methyltransferase inducing Wnt (SETDBI1), and H3.3 histone variant encoding
(H3F3A) are all examples [38]. Mutations in BAF and PBAF, which are also
components of SWI/SNF chromatin-remodelling complex of the human, have also
been associated with NSCLC. There is evidence that mutations in the SMARCA4
gene contribute to tumour growth through altering the expression of other genes in
the body [39].

Numerous IncRNAs have been identified to have tissue-specific expression
patterns; several of them are downregulated in lung tumours. Genes like RCC2
and LCAL1 and KPNA?2 have been connected to the growth and metastasis of lung
tumours, while ENST00000439577 and LOC146880 have been correlated with the
expression of these genes [40]. Other IncRNAs have been discovered to have a role
in metastasis of lung cancer and/or EMT, in addition to HOTAIR and MALATI,
which produce a pro-metastatic gene expression profile. EZH2 downregulates a
number of genes that play a role in modulating EMT, including BANCR and,
most significantly, SPRY4-ITI, which does so via activating E-cadherin and
repressing vimentin. Metastasis of lung cancer and EGFR-based therapy resistance
has been related to the BC087858, IncRNAs, UCA1, and GASS, perhaps via the
activation of Akt signalling. Both EMT and treatment resistance may be influenced
by these IncRNAs [41, 42]. Several epigenetic mechanisms have been associated
with treatment resistance in NSCLC. It has been demonstrated, for example, that a
drug-tolerant subset of NSCLC cells dependent on anti-EGFR treatment requires a
KDMS5A demethylase-induced altered chromatin state for survival of histone [43].

7.7 Epigenetics of Interactions Between NSCLC Cells
and the TME

Numerous researches have been conducted to determine what role epigenetics plays
in the interaction between cancer cells and the tumour microenvironment (TME).
Researchers have discovered that connections between tumours and TMEs, which
may be produced epigenetically, contribute to the development of lung tumours
[44]. For instance, in NSCLC, miRs targeting TIMP3, a protein involved in the
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regulation of cytokines and growth hormones, are considered to contribute to tumour
development by downregulating their expression. It is possible that TME, such as
prostaglandin, will be found to have a role in the body. The overexpression of c-Myc
in stromal cells is controlled by prostaglandin, which in turn affects the synthesis of
the miR-17-92 cluster, which inhibits apoptosis in NSCLC tumour cells by targeting
the tumour suppressor PTEN [45]. Other connections between tumours and TMEs
have been identified to promote angiogenesis as well. There is an uptick in the
expression of let-7b and miR-126 in cancer cells and their surrounding tissue.
Similar to this, cancers may have the capacity to change the TME in ways that
promote spread [46]. The interaction between a tumour and its TME may have a
tumour-suppressing impact in certain situations. Exosomes released from lung
tumours inhibited invasion and metastasis by decreasing ICAM, TME IL-8, and
CXCL1 production, according to one research [47].

Multiple lines of evidence suggest that epigenetics plays a role in the control of
antitumour immune responses in lung cancer. It has been shown that downregulating
the DAP12 expression, a crucial transduction of signal receptor in NK cells, is one
way in which TGF induces the miR-183 release from lung cancer cells, hence
reducing the antitumour cytotoxic activity of NK cells. A second miRNA, miR-9,
is upregulated in lung cancer and inhibits the immune system from recognising
downregulating tumour cells by major histocompatibility complex (MHC) class I
gene [48, 49].

7.8  Epigenetics of SCLC

Epigenetic changes have been hypothesised to have a role in the growth of SCLC.
Neuroendocrine markers like NEUROD1 have been shown to be present in 75% of
instances of SCLCs, which distinguishes SCLCs from other kinds of lung cancer.
Samples of SCLC with very similar histological and genetic features have been
shown to cluster with varied DNA methylation and gene expression, indicating that
these biomarkers may be helpful for discriminating among SCLC subtypes [50]. The
tumour-suppressor genes methylation is common in small cell lung cancer.
Hypermethylation of the RASSF1A promoter was seen in almost all SCLC tumours,
suggesting a function for this mechanism in tumour development. The DAPK
tumour suppressor gene is methylated in 30% of patients with SCLC. RASSF1A
promoter and DAPK tumour suppressor are only two examples of genes that play a
role in signalling pathways linked with death receptor-mediated apoptosis [51].
Besides methylation-level anomalies, changes in chromatin remodelling enzymes
have been detected in SCLC, signifying that they may play a key role in the tumour’s
progression. Lung neuroendocrine tumours like SCLCs have been shown to lose H4
methylation, which has been associated to increased proliferation. It has also been
shown that several mutations exist in the genes that code for remodelling enzymes
[52]. The MLL2 gene has the most frequent somatic mutations (8% of SCLC
tumours). These modifications are associated with dysfunctional enhancers, which
in turn cause genes to become dormant. EP300, CREBBP, and KAT6B are histone



7 Epigenetics of Lung Cancer 119

acetyltransferases; ARID1A, PBRMI, and ARIDIB are chromatin remodelling
factors; and inactivating mutations in these genes have been observed less often.
Researchers have also shown that chromatin remodellers are expressed abnormally
in these malignancies, in addition to the mutations already known to be present
[53, 54]. In a subset of SCLC tumours, overexpression of the histone
methyltransferase EZH2 accelerates E2F-driven carcinogenesis, and PCR2-related
protein is increased. ASXL3, has been found in main SCLC tumours and is linked
with enhanced cell lines growth of SCLC [55].

In the latter phases of small cell lung cancer growth, epigenetic changes may
potentially play a role. Nfib, discovered in a recent research to have a role in
increasing chromatin accessibility in several intergenic areas and in inducing neuro-
nal gene expression programmes that drive the metastatic capacity of SCLC cells, is
a transcription factor. Overexpression of MYCL, a member of the EMT-involved
MYC family, is common in SCLC, and has been shown to be regulated by great
enhancers and dependent on acetylation of histone [56, 57].

Although chemotherapy is the backbone of care for treating advanced SCLC
tumours, drug resistance may develop quickly in certain patients. It has been
suggested that one epigenetic modification causing treatment resistance in this
collection of cells is the overexpression of EZH2, a DNA damage repair protein
that is connected to the silencing of SLFN11 chemoresistance [58].

7.9 Translation of Epigenetic Knowledge to Clinical Practice

The development and course of lung cancer may be influenced significantly by
epigenetic alterations, which might potentially be vital in the progress of successful
treatments. It has been hypothesised that the epigenetic inactivation of specific
tumour suppressor genes lies at the heart of chemoresistance, and many biomarkers
of epigenetic have been found as possible predictors of chemo-resistance
[59]. Through methylation, GSTP1 and RAR?2 expression is silenced in SCLC and
adenocarcinoma cells. Not only that, but the IGFB3 promoter in cisplatin-resistant
lung cancer cell lines is hypermethylated. One such cell is the cancer stem cell
(CSC), which, if it survives therapy, may repopulate the tumour and cause resis-
tance. Among stem-related genes, unmethylated expression is inversely correlated
with treatment resistance in NSCLC cells in vitro for OCT4 and SLUG [60, 61].

It is possible to classify therapeutic strategies for epigenetic regulation as either
focusing on writers, focusing on erasers, or focusing on readers. To reactivate
silenced tumour suppressor genes or revive production of tumour suppressor
proteins, researchers have created DNMTi and histone-modifying enzyme inhibitors
for the first category [62]. Tumour cells are more effectively arrested in their growth
cycle, induced to undergo apoptosis, and differentiated when treated with either kind
of inhibitor. Two types of DNMTis are used in research that are nucleoside
analogues and non-nucleoside analogues. AZA and Decitabine, two cytidine nucleo-
side analogues, belong to the first group and work by inducing DNA
hypomethylation and inhibiting DNMTs [63]. Both the Food and Drug
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Administration and the European Medicines Agency have approved these drugs for
the treatment of myelodysplastic syndrome (MDS). AZA was the first treatment to
prolong life expectancy in people with MDS. The effectiveness of decitabine in
treating acute myeloid leukaemia is also acknowledged by the European Union
[64]. Downregulating the epigenetic miR-200/Z1EB axis with decitabine prevented
TGF-1 from inducing epithelial-mesenchymal transition and mortality in lung cancer
preclinical trials, as described by Zhang et al. In NSCLC, however, both decitabine
and AZA have been demonstrated to be somewhat ineffective when administered
alone. Promising results have been shown with the use of zebularine and other
DNMTis since they provide a less risky option to conventional therapy. Highly
selective for cancer cells yet harmless to healthy tissue, zebularine is a potent
cytidine deaminase inhibitor [65]. In studies employing adenocarcinoma-derived
cell lines, zebularine was shown to induce cell death by lowering intracellular
reactive oxygen species (ROS) and increasing glutathione levels, and to halt cell
development by causing a cell cycle arrest. Several current clinical trials are
evaluating the finished chemical for its effectiveness against various cancers
[66]. NCT01696032 is for patients with advanced SCLC, while NCT02131597 is
for patients with leukaemia (NCT03085849). There have been five studies
(NCT01534598, NCT01479348, NCT00359606, NCT01041443, and
NCTO00978250) looking at the effects of 5-fluoro-2’-deoxycytidine (FdCyd) on
patients with solid tumours, acute myeloid leukaemia, and myelodysplastic
syndromes [67].

These drugs do not deliver the best therapeutic outcomes when taken alone,
despite their targeted nature and lower toxicity. That’s why researchers are now
interested in gauging the cumulative benefits of several therapies. Inhibitors of poly
(ADP-ribose) polymerase (DNMTis) and PARP1 have been demonstrated to
enhance chromatin PARP1 binding in myeloid leukaemia and breast cancer triple-
negative. Adding the Bcl-2 inhibitor venetoclax to decitabine or AZA has been
shown to increase patients response with relapsed/refractory and formerly untreated
severe myeloid leukaemias [68]. The combination of azacitidine with entinostat, on
the other hand, has not been found to enhance the efficacy of chemotherapy in any
clinical trials. In the beginning, irinotecan showed promising results in xenograft
models taken from patients with lung cancer. NSCLC patients in stages IIIb and IV
have a new therapeutic option according to the publication of research data on the
combination of decitabine and genistein (NCT01628471). It has been postulated that
genistein’s anticancer activity may be attributable, in part, to its ability to decrease
DNMT expression. The combination of AZA and erlotinib showed encouraging
effectiveness in treating erlotinib-resistant lung cancer [69, 70].

HDAC are a family of drugs that have been shown to be effective against both
solid tumours and blood malignancies. There are several different kinds of HDAC:is,
including benzamides, cyclic peptides, hydroxamic acids, fatty acids, and electro-
philic ketones. In contrast, trials with single HDACis have shown either poor replies
or transient effects, and these drugs may be rather dangerous. In an in vitro model of
lung tumour growth, the cyclin tetrapeptide romidepsin was able to restore wild-type
gene expression [71]. It has been postulated that romidepsin acts by inhibiting the
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overexpressing p21Waf1/Cipl, PI3K/Akt pathway, and lowering Rb phosphoryla-
tion. The findings of animal research on romidepsin for SCLC were encouraging, but
the drug has not been effective in aiding humans (SCLC). It has been shown by
Peifer et al. that mutations of histone are amongst the most prevalent changes in
SCLC. The possibility of using them as therapeutic targets has stoked renewed
interest in their investigation and advancement [72]. Together, cisplatin and a
hydroxamate-based HDACi (vorinostat) had a stronger anticancer effect in vitro.
The anti-cancer effects of valproic acid on NSCLC cells have been shown as well.
Recent research suggests that panobinostat (a pan-HDACi) may greatly decrease
NSCLC and render tumours more susceptible to carboplatin. Meanwhile, TAZ is
inhibited by panobinostat. The compensatory of EGFR mechanism is reduced,
making NSCLC more sensitive to gefitinib. These results demonstrate that the
combination of gefitinib and panobinostat inhibits the growth of tumours with
both  KRAS mutations and EGFR wild-type sensitivity [73]. It has been
demonstrated that the benzamide-based HDACi entinostat may slow the develop-
ment of cancers that express the stem cell factor SALL4. Patients with high
E-cadherin expression had a long median overall survival when linked to those
treated with erlotinib plus placebo, despite the fact that a phase II study of entinostat
in combination with erlotinib for progressive NSCLC showed no improvement in
clinical outcome. The progress and division of SCLC cells have also been inhibited
in vitro by the thrichostatin valpromide, HDAC, and valproic acid, with thrichostatin
[74]. Researchers have shown that A thrichostatin, like valproic acid, may boost
Notch signalling. Dibenzazepine, an inhibitor of Notch signalling, combined with
either HDAC], improved efficacy above the use of either drug alone. For this reason,
numerous different histone deacetylase inhibitors (HDACis) may be useful in
treating this disease. From this knowledge, studies involving HDAC inhibitors in
lung cancer, such as NCT02728492, NCT01935947, NCT00738751, and
NCTO01059552, have greatly benefited [75]. Among the latest epigenetic
medications in development are those that target the enzymes enhancer of disruptor
of telomeric silencingl-like (DOTI1L), zeste homolog 2 (EZH2), protein arginine
nine N-methyltransferase, lysine-specific demethylase 1 (LSD1), and bromodomain
and extraterminal motif. Evanno et al. discovered that epithelial-to-mesenchymal
transition in NSCLC cells may be partially restored using a combination deacetylase
inhibitor of histone and an inhibitor of BET. Studies using the LSD1 Inhibitor
T-3775440 have showed encouraging results in slowing the development and
spreading of SCLC cells [76, 77].

The microenvironment inside tumours has been hypothesised to have a signifi-
cant role in tumour development. Besides tumour cells, the tumour microenviron-
ment consists of vascular endothelial cells, adipocytes, pericytes, and immune
system cells. Tumour cells may primarily generate immunological checkpoint
dysregulation by dampening the body’s natural defences against them. Learning
more about these procedure has re-energized the lung cancer immunotherapeutic
treatment [78]. The potential for immune-based therapies has so expanded. Further-
more, epigenetics has been proven to play a role in modulating immunological
signals. There is evidence that combining epigenetic therapy with immunological
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checkpoint therapy may reawaken the immune system and effectively combat
several forms of cancer, like lung cancer. Topper et al. discovered that mocetinostat,
givinostat, and entinostat all had a potent effect of anti-tumour, and that givinostat
displayed a considerable antiproliferative action in NSCLC when paired with AZA
[79]. AZA was hypothesised to make tumour cells more vulnerable to HDAC:s, to
cause a downregulation of MYC expression, and to alter the phenotype of T cells
such that they become memory and effector cells. Based on these findings,
researchers designed a clinical study in which patients with advanced NSCLC
received escalating dosages of mocetinostat, guadecitabine, and an anti-PD1 anti-
body (NCT03220477; pembrolizumab). Numerous recent medical trials are looking
at the effectiveness of combining epigenetic medicine with immune inhibitors
checkpoint for the therapeutic effect on lung cancer [80]. The effects of decitabine
in combination with immunological check point inhibitors and tetrahydrouridine are
being studied in two-stage I/II clinical trials (NCT03233724 and NCT02664181,
respectively) including patients with NSCLC. Moreover, two clinical trials are
investigating the efficacy and safety of entinostat coupled with pembrolizumab in
patients with advanced NSCLC (NCT02909452and NCT02437136). The common
goal of all of these studies is to find a way to increase immune activation via
epigenetic change and so improve the efficiency of treatment [81, 82].

7.10 Conclusions and Future Perspectives

Epigenetic study has been a huge help in understanding the molecular processes
underlying cancer genesis, which has huge therapeutic ramifications. Epigenetic
regulation is highly organised in lung cancer and plays a role at every step of the
disease’s course, from the earliest stages of formation through treatment resistance in
the later stages. Evidence suggests that epigenetic therapies may be useful for
treating cancer. To combat haematological cancers, researchers first studied these
medicines and then altered them. Learning more about the proteins that play a role as
epigenetic regulators has led to the development of novel drugs and treatment
methods. In addition, a patient’s distinctive characteristics may be employed to
enhance the beneficial effects of a certain therapy. Tyrosine kinase inhibitors,
chemotherapy, and/or immunotherapy in combination with epigenetic drugs have
demonstrated beneficial effects in the prevention of lung cancer. The potential for
reviving latent immune responses via the use of epigenetic medications in combina-
tion with immunotherapy has far-reaching consequences for the current state of
immunotherapy. To identify successful strategies for preventing lung cancer, more
research, both preclinical and clinical, is required. Because methylation of DNA
might be specific in type of a cell, heterogeneity of cancer cell is an important
concern during sample analysis that may serve as a confounding influence when
doing epigenomics in bulk. In recent years, single-cell transcriptomics has
demonstrated its capacity to distinguish between the molecular structures of various
intratumor cell populations. Since this technology is becoming more important in
precision cancer therapy, our present knowledge of cancer biology is evolving. We
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expect that the newly advanced and refined methylation of single-cell technique will
play a crucial role in intra-tumoral dissection of heterogeneity and deliver responses
to questions concerning tumour initiation, progression, and therapy response. Less-
intrusive techniques, together with developments in molecular technology, have
showed promise for precision oncology. Lung cancer epigenetics research may
therefore make use of a wide range of human bodily fluids, not only resection
materials and biopsies, but also serum, sputum, plasma, saliva, and bronchoalveolar
lavage. Accessibility isn’t the only perk of these sources; they also let you gather
data in a logical order. Cell-free DNA in the blood has recently been revealed to
include methylation patterns that may be indicative of the origin of tumours and/or
the development of diseases.

In conclusion, the development of cutting-edge technology and the expansion of
the types and numbers of clinical trials that may be used for epigenomic research will
be vital in furthering our understanding of the biology of lung cancer. The increasing
clarity of this knowledge at the single-cell level bodes well for the progress of novel
analytical and therapeutic approaches to this particularly tenacious kind of cancer.
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Abstract

Tuberculosis (TB) is a very contagious, chronic disease caused by acid-fast bacilli
that are notoriously difficult to eradicate from the host’s surroundings. For it to
work, the host organism’s innate and adaptive immune systems must be intact.
There are several sensors for recognising patterns: when foreign pathogens or
their by-products are detected by immune cells, which then trigger an immuno-
logical response. To make the host more susceptible to infection and prime the
immune system to fight off the invading virus, epigenetic modification is essen-
tial. By altering the expression of genes, it alters the host cell’s genetic makeup.
Researchers have looked at the role of histone acetylation, ncRNA modification,
methylation of DNA, and miRNA modification in TB pathophysiology to halt its
development. While there has been a lot of study, many questions remain
unanswered. In this chapter, we will go through the immunopathophysiological
causes of TB, the basics of epigenetics, and how epigenetic research is now being
used to understand the disease’s pathophysiology and progression.

M. M. Gupta
School of Pharmacy, Faculty of Medical Sciences, The University of the West Indies, Saint
Augustine, Trinidad and Tobago

R. Gilhotra - A. A. Bhat - R. Thapa - N. Singla - R. Kulshrestha - G. Gupta (?<)
School of Pharmacy, Suresh Gyan Vihar University, Jaipur, India

D. Deopa
School of Pharmacy, Suresh Gyan Vihar University, Jaipur, India

Six Sigma Institute of Technology and Science, Rudrapur, Uttarakhand, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2023

G. Gupta et al. (eds.), Targeting Epigenetics in Inflammatory Lung Diseases,
https://doi.org/10.1007/978-981-99-4780-5_8

127


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4780-5_8&domain=pdf
https://doi.org/10.1007/978-981-99-4780-5_8#DOI

128 M. M. Gupta et al.

8.1 Introduction

Mycobacterium tuberculosis (Mtb) is a main cause of death globally, and it dispro-
portionately affects the poor. Infection rates for Mtb have risen to one-third of the
world’s population or has done so in the past [1]. Twenty-five percent of all fatalities
worldwide are caused by infectious illnesses, second only to cardiovascular
(CV) disease in terms of mortality rates. Almost two-thirds of the 8.6 million people
who get Mtb each year are male, according the World Health Organization (WHO)
[2]. Co-infection with HIV accounts for 320,000 of the 1.3 million annual deaths
among patients. There are now 84 positive Mtb smear tests per 100,000 patients each
year in India. [3-5].

The two main goals of Mtb pharmacological treatment are lesion sterilisation and
disease transmission prevention [6]. Mainstays of first-line treatment programmes
include isoniazid, rifampicin, pyrazinamide, and ethambutol; these drugs may be
used alone or in combination. There has been a 2—3% rise in infections of Mtb in the
USA in 2010, as was projected [7]. Also, one-fourth of all newly confirmed cases of
Mtb may be found in Africa, and 25% of all deaths caused by Mtb infections occur
there. Multiple mutations, even though they are often uncommon and lead to worse
results when treated with single medication [8]. Hence, the problem is addressed
when many drugs are used together. Since they work in different ways, the efficacy
of the treatments is increased while also addressing the problem of resistance [9]. For
illnesses that do not respond to many medications, however, this is not the case.
Second- and third-line drugs, which are used in addition to first-line medicines, are
more toxic, costly, and ineffectual [10]. Newer drugs like bedaquiline and delamanid
are effective against Mtb infections that have developed a resistance to many drugs.
Another method for stopping the spread of Mtb is a vaccine developed from
Mycobacterium bovis strain, which has been used since the 1930s. The BCG vaccine
boosts immunity against the disease quickly [11]. Many issues, including social
stigma, marginalisation, and less adherence to therapy due to the extended period,
impede the management of Mtb infections. The risk of infection and co-occurring
diseases is further increased by immune failure, such as HIV infection [12]
(Figure 8.1).

A variety of novel strategies are now in development as a means of addressing the
difficulties with the existing treatment. Interferon (IFN), imiquimod, interleukin
(IL)-12, granulocyte-macrophage colony-stimulating factor (GM-CSF), and levami-
sole are some other drugs being evaluated as anti-Mtb therapy [13]. Additionally,
research is being conducted on a vaccine derived from the rapidly reproducing
saprophytic Mycobacterium vaccae as a novel defence against Mtb infections;
however, first results have been contradictory [14]. The World Health Organization
(WHO) has promoted “directly observed treatment, short-course (DOTS) “monitor-
ing since the 1990s due to its enhanced treatment adherence and effectiveness. One
of the primary contributors to relapse and drug resistance, noncompliance with
prescribed therapy is the focus of this strategy [15].

Recently, individualised treatment regimens have been developed for conditions
like M. tuberculosis. Making individualised host-directed medicines may benefit
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from understanding epigenetic pathways [16]. In a few recent studies, epigenetic
changes including as miRNA-mediated DNA methylation, and histone modification
control have been connected to interaction of Mtb pathogen with host cells.
Investigating how cytokines like interferon-alpha, IL-12, and tumour necrosis
factor-alpha affect the methylation and acetylation of histone proteins may lead to
the creation of novel therapeutic strategies [17]. It will take some time until the field
of epi-therapeutics, which focuses on treating illnesses by modifying epigenetic
changes, is deemed completely established. We describe the Mtb infections
immunopathophysiology, the epigenetic alteration brought on by the pathogen of
Mtb, and the outcomes of recent in vitro and in vivo studies that have paved the way
for further study into the use of epigenetics in the creation of potent treatments
[18, 19].

8.2 Immuno-Pathophysiology of Mycobacterium Tuberculosis

The TB virus is widely dispersed in the atmosphere as an aerosol and is often
acquired via inhalation. How an infection manifests inside a host hinges on both
the effectiveness of the host’s immune system and virulence of the pathogen
[20]. The immunological-pathophysiological process may be used to explain this,
since it involves both the adaptive and innate immune responses. If the pathogen of
Mtb can overcome the host’s physical defences, the innate immune system will be
put at risk [21]. When Mtb invades a host, the innate immune system is activated and
becomes the body’s first line of defence. Macrophages are the first immune system
cells to encounter the pathogen during an Mtb infection [22]. Invading pathogens
secrete Pathogen-Associated Molecular Pattern (PAMP)s when entering a host body.
Such patterns include conserved motifs that activate host defence mechanisms by
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binding to receptors like as toll-like receptor (TLR)s. Hence, the immune system
utilises these molecular patterns to initiate an inborn response of immune system
against the attacking Mtb [22, 23] (Fig. 8.2).

Pattern recognition receptors are used to find additional ligands on the pathogen’s
surface. Surface protein A, lectin, and mannose, CD14 are some of these ligands.
The most prevalent groups of pattern recognition receptor (PRR)s are TLRs, C-type
lectin receptors (CLRs), RIG-I-like receptors (RLRs)s, complement receptors (1, 3,
and 4), mannose receptors (MR), scavenger receptors (CR), CD43 and CD14, while
additional PRRs play a role, the TLR 1-4 and 9 are especially important in the
pathogenesis of Mtb [24-26]. Both non-immune cells and immune cells express the
TLRs 14 and 9, correspondingly. Moreover, when host cells recognise molecular
patterns linked to pathogens or danger, PRRs start the inflammasome pathway via
regulating caspase-1. Mtb also robustly stimulates pertussis toxin (PTX)-3, a
42-KDa soluble PRR intricate in acute immunological responses to infection
[27]. T and B cells are examples of adaptive immune responses in infections of
Mtb. The recruitment of activated macrophages, granulocytes, and NK-cells with the
aim of eliminating the pathogen facilitates the formation of the granuloma that is
distinctive of Mtb. To make matters worse, immune cells stimulated by Mtb generate
inflammatory cytokines including IFN-g and tumor necrosis factor (TNF-ar) [18, 28].

With time, active macrophages transformed into epithelioid macrophages in
response to persistent IFN activation [29]. They work together to form the granu-
loma, which encases the lung infection. The granuloma includes large quantities of
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TNF, which inhibit infection, in addition to the core caseating necrosis, which is
surrounded by fibroblasts, lymphocytes, and epithelial macrophages [30]. Moreover,
I-a hydroxylase overexpression at the granuloma site leads to calcification of the
granuloma. If Mtb is still present inside the granuloma, it’s called latent. Once the
host’s immune system is conceded, Mtb might become active again, causing a
secondary case of tuberculosis [31]. Tregs are also present, and they employ
IL-10, IL-35, and transforming growth factor (TGF) to suppress the immune
system’s capacity to destroy mycobacteria. Hence, the immuno-pathogenesis of
Mitb is affected by Mtb-host immune cell interaction [32]. Moreover, Mtb bacillus
makes use of the host immune system’s signalling pathways to take advantage of the
double-duty nature of PE proteins, hence facilitating the pathogen’s growth and
survival within the host [33]. The PE6 proteins further the disease by facilitating the
proliferation and intracellular survival of pathogens via binding cell iron. Vitamin D
has a part in the pathophysiology of infections of Mtb, because it is required to
produce defensins and cathelicidins, that help in the removal of the bacteria [34, 35].

8.3  Tuberculosis and Epigenetic Modification and Regulations

C. H. Waddington first developed the concept of epigenetics in the 1940s to explain
a method for manipulating genes without changing the cellular sequence [36]. The
term “epigenetic regulation” refers to a little modification in gene countenance
brought on by chromosomal changes deprived of altering the coding DNA’s nucleo-
tide sequence [37]. The Mtb pathogen seizes control of the host and rewrites the
epigenome for its own defence via histone changes, miRNA-mediated regulation of
genes and methylation of DNA [38]. These changes are essential for the host
immunomodulation caused by Mtb. The TB bacilli impede epigenetic controls,
particularly those facilitated by methylation of DNA [39]. Using diverse cohorts,
different tissue types, and transcriptome analyses, it has been shown that epigenetic
modifications linked to Mtb cause oxidative stress [40]. Senescence is triggered as a
result, which accelerates cell ageing. Since these modifications caused by bacteria
may be reversed, they provide a viable therapeutic target. IFN causes the production
of human leukocyte antigen-DR (HLA-DR)/mRNA, which is suppressed by the
bacilli Mtb together with the fractional reduction of Mtb-infected macrophages
express CIITA [41]. However, Mtb infection, despite the expression of IFN regu-
latory factor-1 mRNA, remains unaffected by this condition. The transcriptional
profile of genes involved in the immune system and the contact among the infectious
pathogen and the host is regulated by epigenetic processes [42]. According to a
recent study, Mtb strains, which are resistant, induce sub-optimal immune activation
because it improves the bacilli’s ability to survive within the cells through
overexpression of genes and triggering the lipid metabolism of the host. In contrast,
sensitive Mtb strains cause immune activation sufficient for the host in order to cure
the illness [43, 44].

Both T cells and macrophages, two types of immune cells, play a significant role
in the Mtb-induced changes. When it comes to epigenetic pathogenesis, Mtb relies



132 M. M. Gupta et al.

heavily on both T helper and T effector cells [45]. The CD4 promotor leads to
epigenetic inhibition of mature CD8+ T lymphocytes. Tregs may also produce DNA
methylation and histone modifications on a variety of factors of transcription,
including FOXP3 [46]. The expression of MHC II and the subsequent activity of
CITA are profoundly prejudiced by DNA methylation and other epigenetic
changes. Additionally, macrophages are critical to the pathogenesis of Mtb. They
may undergo epigenetic changes if the histones in their host cells are
methylated [47].

8.3.1 Modifications of Histones

The nucleosome octamer is formed after 1.7 DNA rounds due to histone proteins,
also known as chromatin remodelling proteins. These histone proteins oversee
keeping the structural integrity of chromatin under check [48]. There are eight
distinct categories of histone changes that occur after translation, totalling
60 positions. Proline isomerization, acetylation, deamination, methylation, and
threonine and tyrosine phosphorylation are all examples [49]. All these
modifications occur covalently, and they are regulated by a wide variety of enzymes
including kinases, phosphatases, histone deacetylase (HDAC), histone
acetyltransferase (HAT), histone methyltransferases (HMTs), and histone
demethylases (HDMs) [50].

8.3.1.1 Methylation of Histones

Histones may be methylated at lysine or arginine, respectively, to switch on or off
genes. The three kinds of methylation—monomeric, dimeric, and trimeric—have
their own distinct consequences [51]. Ninety percent of methylation in human
somatic cells occurs at CpG cytosines. Methylation at CpG nucleotides inhibits
gene expression by blocking transcription factor binding to its specific binding
site. This is accomplished by the recruitment of co-repressors. Inhibiting chromatin
remodelling into repressor forms is one effect of this [52]. Rv1988 is a histone
demethylase that exclusively targets the arginine at position 42 on histone H3, and it
is a mycobacterial histone methyltransferase secretary protein that localises with
chromatin in the host nucleus [53]. The transcription of host genes is greatly
influenced by this activity. It is well known that Rv1988 blocks expression of
genes by modifying histone H3 at location 42. Rv2966¢, an Mtb protein has
shown the same trends. This kind of protein diminishes the host defence initially
deployed in response to infection by dampening the effect of protective-function
genes [54]. Another research found that Mtb was able to avoid death by having an
increase in H4K20mel caused by the histone methyl transferase SET8. These
methylation changes, depending on the kind, may limit gene expression, modify
host histones via influencing cell signalling, etc. When the Mtb pathogen suppresses
the KDM6B gene, for instance, the host histone protein H3K27 gets
hypermethylated [55-57].
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8.3.1.2 Acetylation of Histones

When a lysine position in DNA is modified with an acetyl group, the DNA is
expressed differently. Any substances that may add an acetyl group to host proteins
are classified as HATs [58]. To modify proteins besides histones via acetylation, the
antigenic proteins of Mtb act as HATs. Nuclear Factor-kappa B (NF-kB) p65 is a
protein that has been altered in a way other than via acetylation of histones [59]. One
host enzyme that drives the response of inflammation to the Mtb is matrix
metalloproteinase (MMP). MMP proteins acetylation allows Mtb bacilli to persist
intracellularly in the host tissue. Macrophages and monocytes infected with Mtb
secrete them alongside uninfected stromal cells [60]. Epigenetic pathways are key
factors in regulating the activity of MMPs in infectious and non-infectious diseases
like Mtb. The effects of epigenetic regulation on MMP-1/-3 synthesis, namely
histone acetylation and its association with transcriptional activation, are explored
and shown [61]. In addition, class 1 HDAC synthesis is inhibited by infection of
macrophages with M. tuberculosis. HDACs are known to have a detrimental effect
on gene expression. Therefore, MMP overexpression during Mtb infection destroys
lung tissue, and elevating MMP expression necessitates the action of the HDAC and
HATS proteins [62]. The breakdown of tissue caused by MMPs is a major contribu-
tor to immunopathology and epigenetic changes in the host. One histone alteration
responsible for the observed shifts in gene transcription at different stages of
development is methylation of arginine residues on histone H3 [63].

HDACSs include HDAC1, HDAC3, HDAC?2, and sirtuins, with HDAC3 playing a
pivotal role in Mtb infection. Another evidence [62] suggests that Mtb employs
HDACI1 to stifle IL12B expression [64]. By increasing the distances between
nucleosomes, activation of chromatin is caused by HAT-induced acetylation of
histone tails and suppresses host gene expression. Several additional proteins,
including lipoarabinomannan protein LpqH (LpgH) and early secretory antigenic
target 6 (ESAT-6), alter histones to inhibit the synthesis and presentation of antigens
via major histocompatibility complex class II (MHC-II) [65]. In addition to
preventing the production of IFN genes such as CIITA trans-activator, CD64, and,
HLA-DR, Mtb infections inhibit the normal activation of the JAK-STAT]1 signalling
cascade. Hypoacetylation of Histone at the CIITA promoter is downregulated by
INF genes, as seen with Rv3763, another mycobacterial protein [66]. It has been
shown that Rv2966¢ interacts with the epigenomic macrophage to modify methyla-
tion of non-CpG at definite locations. Upholding homeostasis for epigenetic
modifications on histones is crucial for accurate regulation of gene expression
[67, 68].

8.3.2 Modification in Non-Coding RNAs’ Expression

The types of proteins that are made because of translational activities are determined
by the coding sequences that are already present on RNA templates. As the whole
transcriptome and mammalian genome were sequenced and published, it was found
that not all RNA arrangements were replicated in the proteins. This led to their
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categorization as nc-RNAs [69]. Several different infectious diseases and immuno-
logical abnormalities are caused by improper regulation of miRNAs, since miRNAs
are principally responsible for controlling bacterial infections [70]. The cellular
activities regulated by these nc-RNAs, which are typically approximately
22 nucleotides in length, include DNA methylation, modifications of histone, and
other processes that influence about one-third of all genes in mammalian organisms.
These miRNAs act as natural gene silencers, specifically aiming at mRNA to prevent
translation from happening and therefore reducing gene expression [71, 72]. These
miRNAs regulate crucial physiological pathways including cell proliferation, angio-
genesis, and invasion in conjunction with other complex epigenetic processes like
dynamics of genome organisation and chromatin structures in the nucleus. These
gene activities are regulated by the RNA-induced silencing and mature miRNAs
complex [73]. The dendritic cells immune response of Mtb is mediated in part by
microRNAs. Recent research looked at the impact that microRNAs play in
individuals with Mtb infections and tuberculosis. Which found an elevation of
greater than 59 miRNAs in the serum of TB [74]. The infection of host macrophages
with Mtb also causes them to create a modified form of miRNA. The miRNA
modulates many signalling pathways during Mtb infection, including autophagy
and apoptosis [75]. When overexpressed, miR-708-5p and miR-1178, for example,
negatively regulate TLR-4 and inhibit the generation of mediators of inflammation
including TNF-a, IL-1, IL-6, and IFN-y. Upregulation of MiR-125a inhibits NF-kB
pathway activity, which in turn inhibits tumor necrosis factor receptor-associated
factor (TRAF)6’s ability to negatively regulate NF-kB and the generation of
proinflammatory cytokines [76, 77]. In response to Mtb infection, the TLR2/
MyD88/NF-kB pathways are activated, leading to the production of miR-27b,
which has a multiplicative effect on NF-kB and the activation of proinflammatory
genes while upregulating p53 and favourably regulating death of cell. To reduce the
immune response of T cells, miR-381-3p in Mitb-infected DCs causes
downregulation of CD1c expression [78—80].

8.3.3 Moadifications in Methylation of DNA

Mtb transfers a methyl group from the C5 position of the cytosine base to produce
5-methylcytosine with the assistance of DNA methyltransferase enzymes. In addi-
tion to being needed for processes like as differentiation, development, and
reprogramming, it is necessary for the gene silencing that underpins the genesis of
illnesses such as TB [81, 82]. DNA methylation has been shown to be a significant
epigenetic target, with overexpression of DNA methylation Mtb immunity-related
genes resulting in a diminished immune response to Mtb. Rv3263, which encodes
the adenine methyltransferase, has been shown to be the sole identifiable source of
methylation modification in the Mtb strain H37Rv [83, 84].

Methylation-controlled regulatory mechanisms have been implicated in the
lineage-specific characteristics found in several Mtb strains. Due to this, it is well
knowledge that Mtb modifies the host’s epigenome [85]. An investigation using
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genetic ontology analysis showed that genes linked to the differentially methylated
region (DMR) play a part in many immuno-biological processes, such as the
activation and control of immune cells, the cellular response to interferon, and
cytotoxicity. In contrast to histone modification, this epigenetic alteration is far
less likely to be reversed, resulting in a prolonged silencing of the gene in question.
Changes in DNA methylation have observable impacts on Mtb-infected DCs
[82, 86]. Distal regulatory or enhancer regions, as well as low CpG density sites,
show substantial changes between infected and uninfected DCs. Around 40% of
miRNAs exhibited differential expression in DCs that had been infected with Mtb
[59, 87]. Increased methylation of the IL-17 promoter is much more extreme than
that of other receptors. These changes in methylation pattern may also be influenced
by the host’s genotype as well as the Mtb strain type. ESAT-6 has a crucial function
in inhibiting methylation induced by IFN and acetylation of H3K4 at the Class II
transactivator (CIITA) pl gene [88, 89].

In addition, it was revealed that ESAT-6 mediates TLR-2-dependent type IV
CIITA expression downregulation but TLR-2-independent type I CIITA expression
inhibition. Higher levels of methylation were seen in Mtb-infected monocytes,
which also showed decreased IL-10 and greater IL-12 levels [9, 14]. This indicates
that the monocytes’ capacity to prevent lung harm from occurring due to severe
inflammation has been impaired. Mtb’s enhanced intracellular survival (Eis) protein
increases the likelihood of infected macrophage survival by acetylating histone
proteins. Hence, Mtb bacilli susceptibility is linked to methylation status, which
varies across different populations [23, 36].

8.4  Treatments for Tuberculosis That Aim at Epigenetic
Alterations in the Mycobacterium

Evidence suggests that systemic pharmacological HDAC inhibition enhances the
Anti-Mtb activity by promoting the differentiation of macrophages into a more
effective bactericidal phenotype and decreasing the cytokines production that
cause inflammation [44]. An extensively studied in vivo model, HDAC inhibition
significantly reduces the mycobacterial burden in zebrafish embryos infected by
Mycobacterium marium, and HDAC inhibition of the class Ila leads to a consider-
able bacterial growth reduction. Suberoylandilide hydroxamic acid (SAHA),
marketed under the brand names vorinostat and trichostatin A (TSA), is a kind of
HDAC inhibitor that has generated an excitement because of its capability to greatly
enhance clearance of bacteria by regulating the epigenetic Mtb-induced alterations
[1, 87]. Although they do decrease inflammation, they also inhibit macrophages’
capacity to destroy germs. This is achieved by lowering levels of nitric oxide
(NO) and reactive oxygen species (ROS) in the exposed macrophages [22]. In
combination with vitamin D, the non-specific HDAC inhibitor phenylbutyrate
dual-targets host and pathogen. It is known that SAHA causes host alveolar
macrophages and monocyte-derived macrophages to produce more IL-1 and less
IL-10, in addition to improving GM-CSF and IFN-y coproduction. These first-
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generation HDAC inhibitors target a wide variety of HDACs and have a far-reaching
effect. Nevertheless, animals treated with tubustatin, a specific HDAC-6 inhibitor,
had improved bacteraemia resolution, decreased organ damage, and a more con-
trolled stress response due to an increase in neutrophil and monocyte counts and a
reversal of lymphopenia [3, 11, 20]. It is pickier and requires more precise measures.
Unlike broad-spectrum HDAC inhibitors, tubustatin enhances the microbicidal
response induced by TLRs by macrophages, leading to greater intracellular micro-
bial clearance. These inhibitors not only prevent HDAC from working, but they also
artificially stimulate the expression of Nur77, an orphan nuclear receptor. The
tricarboxylic acid (TCA) cycle in macrophages is modulated, as is well known, to
improve anti-inflammatory activity. It has been shown that macrophages with a
deficit in Nur77 are more likely to exhibit the proinflammatory phenotype, leading to
enhanced release of cytokines such as IL-12, IL-6, and IFN-y [67, 74, 78]. Mtb
controls cytokine production to weaken the host immune system. Hence, therapeuti-
cally targeting HDACs to reduce their capacity to control transcription should be
very useful. Bactericidal actions of HDAC inhibitors may be partially explained by
their ability to regulate epigenetic processes. The upregulation of anti-Mtb activity
by macrophages requires HDAC-6 [56]. Critically, it is preserved exclusively in
macrophages which were derived from monocytes in those infected with a resistant
Mtb. HDAC-6 is also essential for infected macrophages to keep their phagosomes,
which contain Mtb, at a low pH. Since then, it has become an important new histone
deacetylase inhibitor (HDT) target against Mtb [63]. Both HDAC-6 inhibitor
(MC2780) and tubustatin A markedly suppress Mtb formation by increasing TNF,
IL-12, and IFN and decreasing IL-10, respectively. The innate immune response is
delayed because of the increased recruitment of macrophages, DCs, and neutrophils
[81]. The HDACS3 inhibitor retroviral group fusion protein (RGFP)966 has been
demonstrated to modify secretion of TNF and IL-6 by Mtb-infected macrophages,
two pro-inflammatory cytokines. The production of nitric oxide synthase (NOS)2,
cysteine-aspartic protease (CASP)1, and the M1 marker CD86 are all prompted.
Inhibiting the epigenetic process of acetylation during M. tuberculosis infection, it
has been demonstrated to be an important HDT in TB and, in combination with
vitamin D3, induces a twofold rise in cyclic adenosine monophosphate (cAMP)
[30, 89].

The Sirtuin (SIRT) or sirtuin family of NAD + -dependent HDACs is widely
acknowledged to have a role in the pathophysiology of age-related illnesses.
Inhibitors of both sirtuins and HDACs may be studied for their ability to reduce
inflammation since they target the same proteins [2]. In vitro studies have shown that
Cambinol, a selective inhibitor of SIRT-1/2, leads to decreased production of anti-
inflammatory cytokines, offering protection against endotoxic and toxic shock
[14]. As a result, SIRT-1/2 could have tremendous treatment possibilities for Mtb.
The HAT inhibitor anacardic acid may be used to create isonicotinoylhydrazones
when paired with the anti-tuberculosis drug isoniazid [90]. The Mtb-inhibiting
activity of these isonicotinoylhydrazones is quite potent. Highly conserved structural
patterns called bromodomains are associated with proteins that change chromatin,
such as histone deacetylases. Specific targeting and novel post-translational
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modifications to histones during infection and inflammation are made possible by
bromodomain inhibitors [91]. Bromodomain and Extra-Terminal domain (BET)
family members mediate communication between transcription and histone acetyla-
tion. These drugs are expected to mitigate inflammation throughout life-threatening
contaminations by activating CpG low promoters and permitting for regulation of
the maximum effective lipopolysaccharide (LPS) effects [92]. There is hope for a
more targeted approach using these medications thanks to the discovery of the
bromodomain inhibitor JQ1-BET. I-BET, a distinct kind of systemic histone,
prevents LPS-induced TNF and TLR4-stimulated mice macrophages from produc-
ing inflammatory cytokines such as IL-1b, IL-6, and IFN-a [93]. Since it creates the
cell wall containing poly-L glutamate, the enzyme glutamate synthase is linked with
Mtb’s cause of illness. In fact, when phosphorothioate-modified antisense
oligodeoxyribonucleotides were employed to target the mRNA of this enzyme, a
1.25-log drop in growth of Mtb and a 24% decrease in cell-wall L-glutamate were
observed [94]. An eightfold increase in isoniazid sensitivity was seen in Mtb patients
treated with a mixture of three Phosphorothioate Oligodeoxynucleotide (PS-ODN)s,
each of which is an RNA molecule modified with 50 and 30 hairpins and targets
mycolyl transferase transcripts. For infected macrophages, the ALD gene is the
target that was effectively suppressed by the novel antisense mRNA targeting
chemical 20-OMe PGOs, demonstrating high biological activity. Another
thiocationic lipid-based formulation that has revealed in vitro action against Mtb is
PAOs [95].

The DNA methyltransferase 1-azacytidine (DNMT1-aza) linkage is irreversible
and leads to the destruction of the enzyme, drastically decreasing the methylation
process. Andrew DiNardo et al. are investigating the efficacy of injectable
azacytidine in the therapy of Mtb in a phase Ib/Ila open label, clinical research
which is non-randomized (NCT03941496) [96]. Fifty participants will receive
subcutaneous (SQ) azacytidine for 25 days at increasing doses from 5 mg/m? to
75 mg/m* over the course of 5 days. The main purposes of the research were to
evaluate the prevalence and severity of adverse events and to determine whether they
were mediated by epigenetic mechanisms. There has been no announcement yet
about the trial’s verdict [97]. Like azacytidine, the diphosphate version of the
methylation inhibitor zebularine restores expression to silenced genes that have
integrated into the DNA, therefore blocking DNA methylation. It has not been
shown that it is effective in treating tuberculosis, although [98].

The acetylation of H3K27 at the target site is activated transcription of the target
genes when the Cas9 is complexed with an acetyltransferase. When used in con-
junction with LSD-1, the CRISPR-Cas9 system selectively targets DNA regions that
boosts the expression of several genes. Latest studies on this method have shown
promising therapeutic potential. Therapeutic use of Cas9 epigenetic effectors is a
possibility because of their potential to selectively introduce, remove, or modify a
wide range of epigenetic modifications while keeping tabs on the potential
consequences of these manipulations [90, 92, 98].
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8.5 Future Perspective

Histone modifications, changes in noncoding RNA synthesis, DNA methylation,
and miRNA alterations are all examples of epigenetic processes that are intricately
linked to one another. The induced epigenetic alterations in Mtb may be easily
reversed by administering a drug that affects epigenetic processes. There have been
promising new developments in “epi-drugs” for the epigenetic therapy of several
tumours in recent years. Epigenetics has been understudied compared to genomic
research despite its obvious importance in disease aetiology and outcome. When a
host needs protection against infection, by Mtb-primed immune cells, a comprehen-
sive knowledge of the pathogen’s transcriptomic, proteomic, genomic, epigenetic,
and vulnerabilities is required. The links between cavitation-inducing enzymes like
MMP and epigenetic processes like acetylation of histone may be the subject of
future study. Now, scientists have investigated whether the anti-Mtb drug isoniazid,
a tried-and-true treatment, may also affect epigenetics by, say, increasing the rate of
isonicotinylation at certain histone sites. Because of the alterations induced by
isoniazid, cancer development is a possible side effect. To this end, further epige-
netic research may shed light on several more pathways of side effects caused by
doctors administering anti-TB drugs. The Mtb pathogen uses many epigenetic
progressions to multiply inside the host, some of which may be therapeutic targets.
As was said before, new HDT strategies for Mtb might be developed with more
investigation into the PE6 protein mechanism.

Further research on the epigenetic developments in the pathogen of Mtb may use
a wide range of methods, including chromatin immunoprecipitation, whole-genome
bisulphite sequencing pyrosequencing, miRNA appearance, and polymerase chain
reaction (PCR). The results of these epigenetics of the host research provide light on
the workings of innate and adaptive immunity, as well as the interaction of immuno-
suppressive states with the Mtb pathogen, and may help in the development of future
vaccines and treatment strategies. Another possible biomarker and important diag-
nostic tool are a blood test for epigenetically altered products. Drugs that reduce
methylation, such as azacitidine, may be used to quiet Mtb-related genes specifi-
cally. Drugs like azacytidine are effective in targeting epigenetics; nevertheless, their
toxicity is a major drawback. It is generally agreed that drugs containing aza or
sulphur are poisonous and hence unsuitable. To avoid the potential dangers of
azacytidine, other epigenetic alterations, such as histone acetylation or methylation,
might be targeted instead. Hence, many other targets in addition to medicines
pursuing the current goals need to be studied for a new epigenetic-specific treatment
to address the disadvantages of the current therapy strategy.

8.6 Conclusion
Just a few environmental factors, such as, population density, malnutrition, genetics,

the host’s immunological state, may influence how severe an infection is. It is
difficult to pinpoint any one of these aspects as the root cause of anything since
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they are all interrelated. Investigating epigenetic pathways is essential to understand-
ing the genesis of Mtb. Many epigenetic processes, including as histone alterations,
changes in the production of non-coding RNAs, changes to methylation of DNA,
and microRNA, are interesting therapeutic targets because of the host environment’s
involvement in producing epigenetic alterations. They may also monitor a
condition’s rate of progression or how well a therapy is functioning. Moreover,
“how epigenetics” affects the activation of the infection may be a determining factor
in how latent Mtb infection is managed in infected individuals.
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Abstract

Idiopathic pulmonary fibrosis (IPF) is a fatal variation of the interstitial pulmo-
nary illness characterised by extracellular matrix deposition that leads to secretion
of inflammatory cytokines and causes fibrosis in the lungs. Further progression of
fibrosis leads to cancerous stage of lungs and death. IPF is the worst pathological
condition to be focused on and explored because of its rising prevalence, poor
prognosis, and inadequate treatment. Even though the disease’s origin is still
unknown, several genetic, environmental, and underlying pulmonary problems
could set off a number of molecular pathways which is involved in the develop-
ment of IPF. However, several genetic loci and genetic polymorphisms linked to
IPF have been examined by genome-wide association studies and whole-genome
sequencing. The newly found gene may clarify key elements in the identification,
prognosis, and treatments of IPF. Additionally IPF can result from a variety of
epigenetic alternations, including modification of histone, methylation of DNA,
and non-coding RNA. This book chapter summarises the pathogenesis of pulmo-
nary fibrosis, available treatment and the pathways that involved in IPF
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progression and may develop into lung cancer. Furthermore, this highlights
epigenetic and molecular mechanism of IPF progression.

Keywords

Idiopathic pulmonary fibrosis - Pathogenesis - Molecular Pathways - Epigenetics -
Treatment

9.1 Introduction

Idiopathic pulmonary fibrosis (IPF) is a long-term, persistent illness associated with
lungs and marked by scarred lungs and the typical interstitial pneumonia histology.
Further it is characterised by intensifying cough, dyspnoea, and worsening of life
quality [1]. Extra-cellular matrix deposition causes fibrosis in which functional tissue
is replaced by non-functional scarred tissue, affect lung function and often causes
death [2]. Among the various type of lung diseases IPF is becoming the centre of
attraction for many researchers, because its development is slow and it is resistant to
traditional treatments as well. IPF has a 3-year median life expectancy and leads to
dyspnoea and final respiratory collapse [3]. There is a considerable risk of death in
many IPF patients who encounter acute episodes of respiratory deterioration
[4]. Acute exacerbations are idiopathic acute worsening when there is no known
reason for more than 50% of these acute episodes [5]. It is believed that acute IPF
exacerbations signify an inherent speeding up of the underlying disease process,
possibly brought on by a hidden stressor like a viral infection, micro aspiration, or
ambient pollution [6]. The most prevalent form of idiopathic interstitial pneumonia
is IPF. Although the condition has been regarded as rare, its frequency of occurrence
is less than testicular, brain, and stomach cancers. Over time, the prevalence of IPF
has increased with estimates for Europe and North America ranging from 2 to
18 cases per 100,000 persons per year. Little information about global variance is
available, however, Asia and South America, where incidence is thought to be
between 0 and 42 instances per 100,000 people annually, may have lower rates.
People over the age of 50 are more susceptible to IPF, and men are more affected
than women by the disease. The typical time to survive after diagnosis is between
2 and 4 years [2]. IPF occurs between 0.09 and 1.30 and 0.33 and 4.51 out of every
10,000 people, respectively [7]. In the US, it is reported that the occurrence of IPF is
higher and increased rates of IPF-related hospital admissions and fatalities also point
to a rising disease burden [3]. Identification of the underlying cause is necessary for
the diagnosis: interstitial pneumonia histology pattern, typically with high-resolution
computerised tomography scanning; lung biopsy perhaps necessary in some
patients. The diagnostic process also requires ruling out any coexisting illnesses or
other interstitial lung disorders [1]. Comprehensive management of the patient with
IPF entails making a precise diagnosis using an interdisciplinary review that is
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meticulous; managing common comorbidities like depression, gastroesophageal
reflux disease, obstructive sleep apnea; immunising against influenza and pneumo-
coccal infection; providing education and structured exercise and through formal
pulmonary rehabilitation classes; and, in cases of severe or worsening disease,
determining whether or not lung transplantation is appropriate. All IPF patients
should be examined for clinical trials of innovative therapeutic agents in the absence
of effective treatments. Patients who do not meet the requirements for a clinical trial
should be given the option of empiric therapy with acetylcysteine or proton pump
inhibition [6]. Although pirfenidone, a new antifibrotic medication, has received
approval for usage in some countries, there are no widely accepted treatments for IPF
[6]. Pirfenidone and nintedanib are approved for the treatment of IPF because they
can halt the spread of the illness, and functional decline, but they don’t provide a
cure and have tolerability problems [4]. Notably, prednisone and immunomodula-
tory drugs like azathioprine are ineffective in treating interstitial lung disease
(Fig. 9.1). The active therapy arm of a recent randomised controlled study of
prednisone, azathioprine, and the antioxidant acetylcysteine was terminated early
due to safety and efficacy concerns. Development of drugs has focused on fibrosis
and its proliferation as a result of this lack of efficacy, and a growing number of
targeted treatments are currently undergoing early-phase clinical studies. In the
coming 10 years, it appears likely that the therapeutic environment for IPF will
undergo significant change [6]. There are more therapy options available for IPF.
However, a combination of treatment approaches with various mechanisms of action
may be necessary to target the large number of profibrotic cytokines and growth
factors implicated in disease development [4]. Building on the advances in our
understanding of IPF pathobiology, it is hoped that future research into the role of
gene variants, epigenetic changes, and other molecular biomarkers reflecting disease
activity and behaviour will help the development of innovative medications for
individualised therapy of IPF, enable earlier and more definite diagnosis, and better
disease phenotyping [5].

9.2 Involvement of Environmental Factor
in the Pathophysiology of IPF

Earlier, it was considered that the primary cause of IPF is inflammation, which later
develops into fibrosis. However, both anti-inflammatory therapy and immunosup-
pressive agent were unable to mitigate the IPF. Recent studies suggested that various
environmental factors, genetic factors, and microbial infection lead to fibrosis
development. It has been determined that progressive injury of the alveolar epithe-
lium is the primary cause of an altered healing process in which numerous lung cells
exhibit abnormal behaviours, resulting in the onset and maintenance of the fibrotic
process [5]. Fibrotic foci are the principal histological characteristics of IPF which is
triggered by alveolar epithelial damage, which also appears to stimulate fibroblast
proliferation, differentiation of myofibroblast, and collagen accumulation. This
extracellular matrix and collagen accumulation stiffens the lungs and obliterates
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Fig. 9.2 Progression of idiopathic pulmonary fibrosis to pulmonary cancer: Idiopathic pulmonary
fibrosis can proceed to lung cancer as a result of the activation of several molecular pathways that
result in genetic alterations. Abbreviations: TGF transforming growth factor, CD 90/Thy-1 cluster
of differentiation 90, SMAD 2 suppressor of mothers against decapentaplegic 2, SMAD 3 suppressor
of mothers against decapentaplegic 3, PI3K phosphoinositide 3-kinase, MEK mitogen-activated
protein kinase, mTOR mammalian target of rapamycin, ECM extracellular matrix, CAF cancer-
associated fibroblast, EMT epithelial-mesenchymal transition

the delicate lace-like structure of the alveolar gaps, leading to impairment in gaseous
exchange, and ultimately, respiratory failure and death [8]. Type 2 alveolar epithelial
cells (AEC2) are the stem cells in the pulmonary cells; persistent dysregulation of
AEC2 has been identified as the main mechanism behind the development of
fibrosis. AEC2 also involve significantly in the regeneration of AEC2 after lungs
injury. The dysregulated AEC2 and loss of AEC1 are observed in IPF tissue [2]
(Fig. 9.2).

IPF susceptibility is likely influenced by several genetic characteristics, including
gene variants and transcriptional changes that lead to epithelial integrity loss.
Currently genome-wide association studies (GWAS) found that common genetic
variations that are essential for the integrity of the epithelium have been defined as
IPF risk factors. These studies suggested that telomere biology such as Telomerase
reverse transcriptase (TERT), Telomerase RNA component (TERC), OB Fold-
containing Protein 1 (OBFC1), host defence (mucin 5B (MUCS5B), ATPase phos-
pholipid transporting 11A, and toll-interacting protein (TOLLIP)), and cellular
barrier function (desmoplakin, dipeptidyl peptidase 9) could play a role in the
development of disease. Both the GWAS identified additional common variants
linked to illness and established the promoter of the MUCS5B gene as a risk factor.
The functional gain of the promoter region of MUCSB, i.e., rs35705950, has been
established as a major risk factor for the development of sporadic IPF [5, 9]. Apart
from genetic factors, environmental exposures and microbes play significant roles in
the progression of IPF. Cigarette smoking, wood dust, metal dust, coal dust,
elements such as silicon and beryllium, asbestos, and radiation are some of the
substances which are potential risk of IPF [2, 9] (Fig.9.1). Bacterial, fungal, and viral
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(hepatitis C, Epstein-Barr, Cytomegalovirus, herpesvirus) infections also lead to the
development of IPF [9, 10].

9.3 IPF Association with Lung Cancer

There are various molecular and cellular mechanisms which are common in both
such as endoplasmic reticulum stress, and fibroblast transition proliferation, activa-
tion, and oxidative stress, along with several epigenetic markers and genetics which
make IPF patients more vulnerable to developing Lung cancer (LC) (Fig. 9.2)
[11, 12]. According to earlier research, IPF patients had more sensitivity in develop-
ing primary lung cancer (22% of patients) in comparison to the normal public [13—
17]. Similarly to this, individuals who receive lung transplants for IPF have also
become vulnerable for primary lung cancer of more than 20 times than that of the
general population [18, 19]. LC prevalence among patients with IPF reportedly
ranges between 2.7 to 48% [13]. The study also shows the overall lung cancer
occurrence in IPF. IPF cumulative incidence was reported by Ozawa et al. to be 3.3,
15.4, and 54.7% after one, five, and ten years of follow-up [14]. In a second
experiment, individuals with IPF had cumulative lung cancer occurrence rates of
41% at 1 year and 82% at 3 years [20]. Additionally identified as complicating
variables in emergence of LC in individuals having IPF are their age and smoking
history. Finger clubbing is observed in nearly all individuals with IPF and lung
cancer (95%) against around 60% of IPF patients who are alone.

Numerous research contrast IPF with pulmonary cancer to shed light on the
aetiology of these two conditions, which have poor prognoses. Homogeneity,
metastasis, and laterality of cancer are used to refute the parallels between IPF and
cancer. Furthermore, IPF exists when both lungs are affected at once. However, it is
predicated on the generally held notion that cancers usually typically grow in a single
lung before colonising and metastasising various body part. Fibrosis in IPF patients
initiate with the lower lobes and lung periphery, that are frequently the sites of lung
malignancies from an anatomical perspective [21]. Additionally, altered cell-cell
interactions, unchecked multiplication, and aberrant actuation of particular signal
transduction pathways are characteristics of these two disorders [22, 23] (Fig. 9.3).

9.3.1 Pathways Involved in the Progression of IPF into LC

9.3.1.1 Transforming Growth Factor-31

Profibrotic mediators that support the onset of IPF include platelet-derived growth
factor (PDGF), transforming growth factor p-1(TGFp-1), tumour necrosis factor
(TNF), endothelin-1, chemokine connective tissue growth factor, and osteopontin.
Since it controls the activity of myofibroblasts and the ensuing remodelling of
extracellular matrix deposition (ECM), TGFf-1 stands out among them as the
chief regulator of fibrotic development [24]. Chemotactic factors include TGF p-1
which attracts macrophages and monocytes, causing the release of PDGF from these
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Fig. 9.3 A diagrammatic representation of various risk factors and epigenetic changes that
includes DNA methylation, histone modification and non-coding RNA which lead to the develop-
ment of idiopathic pulmonary fibrosis and outlining ongoing and potential therapeutic treatments
for idiopathic pulmonary fibrosis. Abbreviations: a-SMA alpha smooth muscle actin, PTGER2
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sorts of cells, interleukin-1 (IL-1), basic Fibroblast growth factors, and TNF.
Because of this, expression of TGFf-1 has been increased in macrophages and
alveolar epithelial cells from the lung tissues of IPF patients [25]. Furthermore, in
the bleomycin mice, an in vivo IPF model [26] was demonstrated in the research
[27], which found that 9 out of 12 standardised lung tissue samples from patients
with IPF showed high membrane PD-L1 expression in alveolar macrophages. These
macrophages play a crucial part in the development of lung cancer and IPF.
Additionally, they discovered that IPF patients had considerably greater serum levels
of soluble PD-L1 (sPD-L1) than a healthy control group. Checkpoint inhibitors that
target PD-1/PD-L1 unleash antitumor T lymphocytes in cancer biology, enabling
their activation, proliferation, and tumour cell eradication. Activating the TGF f-1
receptor complex also activates downstream canonical (Suppressor of mothers
against decapentaplegic (SMAD2 and 3)) and non-canonical (PI3K, Mitogen-
activated protein kinase (MEK), mammalian target of rapamycin (mTOR), etc.)
signalling cascades, that ultimately impact the transcription of ECM proteins,
profibrotic mediators, growth factors, and microRNAs [28, 29]. Particularly,
phosphorylated SMAD2 and SMAD3 are translocated into the nucleus to modulate
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transcriptional responses as a result of activated TGFf-1 receptors. For this reason,
Zhao et al. showed that SMAD?3 deletion mice reduced bleomycin-induced pulmo-
nary fibrosis in mice [30]. The Wnt/catenin system and TGFf-1 signalling have
interactions that may promote the epithelial-mesenchymal transition and
myofibroblast activation [31]. The stimulation of Wnt/B-catenin signalling in IPF
patients’ alveolar epithelium has recently been shown to hinder lung healing and
accelerate AEC2 ageing [32]. Indeed, it has been discovered that lung fibrosis causes
the Hippo pathway’s yes-associated protein and transcriptional coactivator with
PDZ-binding motif to become activated. For this reason, YAP/TAZ, TGF-8, Wnt,
and PI3K axis activation was discovered by Xu et al. using single-cell RNA
sequencing [33, 34]. They hypothesised that mMTOR/PI3K/AKT signalling aided in
the aetiology of IPF by promoting the growth of lung fibroblasts and epithelial cells.
TGF-B1 may consequently be in charge of the hedgehog pathway (Shh), whose
activation in IPF lungs accelerates the disease’s progression with fibroblast prolifer-
ation and aberrant extracellular matrix deposition [35]. The activation of v6 integrin,
one of the additional pathways implicated in TGF-B81 synthesis by the AECs of IPF
lungs, triggers the unfolded protein response, a defence biological process attributed
to the build-up of misfolded proteins [36].

9.3.1.2 Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) function the same as myofibroblasts in IPF and
they are significant elements in the tumour microenvironment and are largely
attracted to and activated by cytokines produced by cancer cells and immune cells
that have infiltrated the tumour [37, 38]. Due to their significance in the tumour
microenvironment’s pathways of proliferation, invasion, inflammation, angiogene-
sis, and metastasis, CAFs, which make up the majority of the cells in tumour stroma,
significantly contribute to the biology of tumours. Additionally, stromal cells, which
are both malignant and non-cancerous, produce different growth factors, such as
FGF, TGF-p1, TNF, EGF, IL-1, vascular endothelial growth factor, and IL-6
[39, 40], which promote CAF trans-differentiation and activation, which also has
the effect of boosting inflammation and carcinogenesis. After accounting for every-
thing, it is possible to draw comparisons between fibrosis and LC, and among the
various growth factors, TGF-1 represents the key driving signalling for both
fibroblasts and CAFs’ trans-differentiation, that is important for tumour develop-
ment and therapeutic resistance [41, 42]. Numerous in vitro studies conducted in
recent years have demonstrated that TGF-f triggered epithelial-mesenchymal tran-
sition into non-cancerous epithelial cells by activating the mTOR and PI3K
pathways resulting in cancer cell’s resistance to apoptosis, encouraging CAFs to
transdifferentiate [43]. Furthermore, CAFs exhibit great heterogeneity, which is
most likely resulting from their liability to various tumour-secreted components,
which prompt them to communicate various molecular markers. Although they are
diverse, the molecular processes that activate CAFs and involved in the progression
of cancer may be shared by different malignancies. In addition to TGF-f, epidermal
growth factor receptor, the Wnt/B-catenin, Hippo pathways, and JAK/STAT are
other important molecular pathways for this function [44].
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By interacting with or activating a number of additional downstream pathways,
the profibrotic stimuli enhance the degree of TGFf} expression that fosters activation
of myofibroblast further which leads to the aberrant ECM accumulation and pro-
gression of IPF (such as the canonical SMAD3 pathway or non-canonical pathway
and growth factors). The LC counterpart to the myofibroblasts, the CAFs, can come
from different sources, such as cancer-associated adipocytes, and resident
fibroblasts, which can originate from circulating progenitors in the bone marrow
and are prevalent in tumour stroma [35] (Fig. 9.4).

9.3.1.3 Abnormal Cell-Cell Communication

Cxs (connexions) family made intracellular channels that connect cells metabolically
and electrically. The coordination of cell growth and tissue repair depends on Cxs
[45]. Cx43, one of them, is engaged in wound healing and tissue repair healing and is
the one that is most prevalent on fibroblast membranes. Repression of Cx43 at
wound sites aids in the healing of damaged skin tissues by promoting keratinocyte
and fibroblast migration and proliferation. Therefore, Cx43 downregulation is linked
with greater levels of TGF-f expression, collagen formation, and accelerated
myofibroblast differentiation, all of which may aid in the promotion of healing.
These modifications help explain how aberrant healing and fibrosis are characterised
by a loss of control over fibroblast growth, a decline in control of fibroblast
proliferation that distinguishes fibrosis and aberrant repair. The discovery that
keloids and hypertrophic scars exhibit lower levels of Cx43 expression than normal
skin tissues does corroborate this claim [46]. Despite the fact that human lung
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carcinoma cell lines expressing enhanced level of Cx43 demonstrated lower prolif-
eration, decrease expression of Cxs are usually linked to the onset of cancer and the
breakdown of intercellular communication [47]. Primary lung fibroblasts from IPF
patients were found to have decreased intercellular communication as well as
decreased Cx43 expression [48]. Limited cell-cell communication is frequently
observed in cancer cells and fibroblasts from IPF patients, suggesting shared
abnormalities of contact inhibition and unchecked growth [12].

9.3.1.4 Wnt/B-catenin Signalling Pathway

Matrilysin, laminin, and cyclin-D1 are a few examples of molecules that the
Whnt/B-catenin signalling pathway controls. But it might be argued that mediating
interaction with TGF-p is the Wnt/B-catenin pathway’s most significant role.
Researchers reported that this pathway is inappropriately active in some cancers
[49]. Recent research has shown that fibroproliferative disorders of the liver and
kidneys activate the Wnt/B-catenin pathway [50]. Patients with IPF have highly
active Wnt/B-catenin pathways in their lung tissues, which may be a reflection of
TGF-p activity [51]. Particularly, TGFp may activate a protein controlled by extra-
cellular signals. Apoptosis and proliferation are regulated by the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway, which is activated by the kinases
1 and 2 and target genes of this pathway. The functions of PI3K in myofibroblast
development and proliferation have been demonstrated after TGF-f stimulation
[52]. When the PI3K pathway is activated in cancer cells, the regulatory mechanisms
that regulate cell proliferation break down. Blockers of the PI3K pathway have been
utilised as therapeutic targets, and researchers are examining how they affect the
growth and survival of tumours in different types of cancer [53].

On the other hand, unnatural actions of these kinases have been linked to a variety
of cancers’ growth, development, and spread [54]. Common carcinogenic and
fibrogenic mediators include TGF-f, Platelet-derived growth factor(PDGF), Vascu-
lar endothelial growth factor(VEGF), and Fibroblast growth factors (FGF). VEGF,
in particular, may stimulate ERK1/2 and PI3K in a manner that directly or indirectly
promotes cell survival and proliferation. Accordingly, it was discovered that endo-
thelial progenitor cells (EPCs) from patients with IPF had increased VEGF mRNA
expression levels [55].

9.3.1.5 Hepatocyte Growth Factor

Mesenchymal cells produce hepatocyte growth factor (HGF), which has been found
to be an effective mitogen for mature hepatocytes. The c-Met proto-oncogene
product known as the HGF receptor is mostly expressed in different kinds of
epithelial cells. IPF patients’ bronchoalveolar lavage fluid and serum have greater
amounts of HGF than serum from healthy individuals [56, 57]. In the IPF patients
lung tissue, hyperplastic AECs and macrophages also show elevated levels of HGF
[58]. In addition, Trkb treatment stopped mice from developing lung fibrosis in the
bleomycin model [59]. In light of these findings, treatment with HGF could offer a
new way for the inhibition of lung injury with in pulmonary fibrosis patients [60].
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9.4  Several Aberrant Genes Expression Are Involved
in the Pathogenesis of IPF

Both sporadic and familial forms of pulmonary fibrosis are correlated with genetic
variations. Rare and frequent genetic variations are linked to five genes associated
with telomere biology—TERT, TERC, DKC1 (Dyskerin pseudouridine synthase 1),
TINF2 (TERF1-interacting nuclear factor 2), RTEL1 (Regulator of telomere elonga-
tion helicase 1), and PARN (Poly(A)-specific ribonuclease) as well as FIP (feline
infectious peritonitis)-related mutations connected to alveolar stability SFTPAI,
SFTPC, SFTPA2, NAF1, and ATP-binding cassette-type 3 have also been discov-
ered through familial studies. Common variations, which are minor allele
frequencies of >5%, also seem to affect the risk of FIP [61-65].

The promoter region of MUCS5B has the most frequently repeated risk mutation
(rs35705950), which was first discovered and has been tightly linked with IPF and
familial IPF in a combined linkage and association analysis. In pulmonary fibrosis,
there have been two substantial GWAS of IPF individuals (both familial and
sporadic) with controls. Along with confirming TERT’s function at 5p15, MUC5B
at 11pl5, and the 3q26 area close to TERC, the seven novel linked loci were
discovered by GWAS, including DSP (6q24), FAM13A(4q22), ATP11A (13q34),
OBFC1 (10g24), DPP9(19q13), and the chromosomal regions 7q22 and 15q14-15,
respectively, those who have nominally coupled with others. In contrast, common
variations typically have a smaller effect magnitude, but they occur more frequently,
particularly together, and may increase the percentage of disease risk [66].

9.4.1 Surfactant Protein-C (SFTPC)

According to numerous reports, SFTPC is linked with IPF. The gene SFTPC, which
has gene ID 6440, is found on the short arm of chromosome 8 and codes for a
197 amino acid precursor protein through six exons. The first example of newborn
ILD having a heterozygous change from A to G in the intron 4 splice donor site was
described by Nogee et al. in 2001 [67]. This nucleotide mutation resulted in the
protein precursor’s C-terminal region losing 37 amino acids and bypassing exon
4. As aresult, the lung was deficient in mature surfactant protein C (SP-C) tissue and
fluid from bronchoalveolar lavage. Afterwards, two more Leul88 to Gln (L188Q), a
heterozygous mutation, and Ile73 were found in the SFTPC gene and correspond to
Thr (I73T) [68, 69]. Prosurfactant protein C (pro-SP-C) builds up within alveoli and
altered protein intracellular trafficking are potential effects of these two mutations.
The mature 35-residue hydrophobic protein (SP-C), which is encoded by the
SFTPC, is created by many rounds of proteolytic cleavage of the pro-SP-C. SP-C
is subsequently secreted into the alveolar space. The SP-C is crucial for preserving
alveolar stability, along with surfactant phospholipids and other surfactant proteins
[70]. The aberrant SP-C proteins produced by SFTPC mutations can activate
apoptotic pathways, instigate ER stress, and block the ubiquitin/proteasome system
[71]. When SFTPCL188Q was transfected into cultured type II alveolar epithelial
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cells (AECII), aberrant lamellar structures, ER stress, and an unfolded protein
response appeared [72]. Pro-SP-BRICHOS C’s domain, a unique domain identified
in 12 protein families with a variety of functions and illness correlations, has been
revealed to include certain fatal mutations [73]. When SP-C is made from the
pro-SP-C, the BRICHOS domain acts as a chaperone. It is essential for the matura-
tion of pro-SP-C, the precise folding procedure, and the correct packaging before it
joins other surfactant components in the lamellar bodies for exocytosis. This mech-
anism may explain why infant/adult respiratory distress is not the same as pulmonary
fibrosis, which is a condition caused by unfolded pro-SP-C but not a deficit. It has
also been demonstrated that pulmonary fibrosis and the process of collagen deposi-
tion in the alveolus wall both include epithelial-to-mesenchymal transition (EMT).
In A549 cells, targeted expression of SFTPCL188Q led to reduced zonula occludin-I
and E-cadherin expression enhanced smooth mesenchymal marker expression mus-
cle actin, demonstrating the connection between the variations of EMT and SFTPC
[74]. In humans, SP-C makes up 10% of the protein components of pulmonary
surfactants together with SP-A, SP-B, and SP-D, with lipids making up the
remaining 90%. The main function of surfactants is to reduce surface tension at
the air-water interface and prevent alveolar collapse. The surfactant-related genetic
and acquired disorders attracted attention in the aetiology study of IPF since they had
been linked in the pathophysiology of IPF together with surfactant modifications and
alveolar type II cell death [75].

9.4.2 Telomerase Reverse Transcriptase and Telomerase RNA
Component

Chromosome ends have telomeres, which are repeating nucleotide sequences that
prevent the chromosomes from gradually shrinking when cells replicate normally.
Telomere length is restored by telomerases’ two primary components, telomerase
RNA (encoded by TERC) and telomerase reverse transcriptase (encoded by TERT).
Oral leukoplakia, unusual skin darkening, and dystrophic nails are the hallmarks of
the rare inherited telomere shortening condition known as dyskeratosis congenita
(DKC). About 20% of individuals have lung fibrosis, and DKC complications
including bone marrow failure can also occur. DKC served as the setting for the
initial discovery of telomerase component mutations. More recent studies have
found associations between FIP and a number of telomerase maintenance pathway
genes, including those implicated in telomere stabilisation (DKC1, PARN, and
RTELI) and catalytic activity (TERT and TERC) [76].

In peripheral blood and the lung, these pathogenic mutations promote telomere
shortening by impairing telomerase activity. TERT variations have so far been found
in 15% of FIP cases and 1-3% of sporadic cases, making them the uncommon
variants associated with pulmonary fibrosis. TERT, RTELI1, and PARN variations
were previously identified by a study associated with occasional IPF being linked to
FIP, further supporting the pathophysiology of IPF in which telomere dysfunction
plays a role as well as emphasising the genetic similarities between FIP and IPF
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sporadic. Further research has linked IPF to telomere dysfunction as there is evi-
dence that telomere length is not the only connected to rare variant mutations in
telomerase. A study discovered that without known mutations for TERT or TERC,
short telomeres were present in 25% of sporadic IPF participants and 24% of familial
IPF participants. Additionally, all participants in this study who had pulmonary
fibrosis and those with TERC or TERT mutations also showed short telomeres.
Uncertainty exists regarding the exact processes through which lung disease is
brought on by telomere abnormalities. Epithelial cell senescence and a reduced
ability to respond to epithelial damage have both been linked to defects in telomere
maintenance. Telomere shortening happens throughout subsequent cycles of cell
division and eventually triggers DNA damage pathways that result in apoptosis or
senescence. Although early senescence can disrupt lung epithelial homeostasis and
cause a remodelling response that leads to fibrotic lesions, cellular senescence is
sometimes acceptable [66].

9.4.3 Pulmonary-Surfactant Associated Proteins (SFTPA2)
Mutations

Researchers thought that mutations in the other surfactant proteins (A, B, and D)
might also be discovered after discovering SFTPC mutations in FIP. The discovery
of two families with FIP caused by mutations in SFTPA2 was reported by Wang
et al. in 2009. Neighbouring genes encode two SPA isoforms (SFTPA1 and
SFTPA2) and Wang et al. used whole genome linkage on a family of 15 individuals
who had FIP, bronchoalveolar cell carcinoma, or unspecified lung disease and were
connected to an area around SFTPA1 and SFTPA2 [63].

9.4.4 Mucin 5B (MUC5B)

A genome-wide linkage study was conducted in 2011 and discovered a locus on
chromosome 11 that was strongly connected to the possibility of IPF [77]. After
resequencing this region, a frequent single nucleotide polymorphism (rs35705950)
in the promoter of the mucin SB (Muc5B) gene was discovered, and it was connected
to a six- to eightfold increased risk for IPF. Additional independent cohorts have
now verified the link between this MUCS5B promoter polymorphism and IPF, mostly
made up of Caucasians [78]. It’s interesting to note that the MUCS5B SNP appears to
be frequent in cases of FIP and sporadic IPF [77]. The results reveal that rs35705950
did not raise the risk of scleroderma-related interstitial lung diseases or sarcoidosis.
However, 1535705950 was discovered to be uncommon in the Korean population.
This connection between rs35705950 and IPF was verified in a cohort of Mexican
patients [79]. Similar to this, rs35705950 was uncommon in IPF patients in a
Chinese community, while various MUC5B polymorphisms were linked to the
condition [80].
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MUCSB expression was uniformly higher in patients of IPF lungs compared with
controls, despite the MUCS5B SNP being present, despite the rs35705950 MUCS5B
SNP being linked with increased MUCSB mRNA expression in control people’s
lungs. This result is in line with individuals with IPF having more MUCS5B-
expressing cells in the distal airways [81]. In the Framingham cohort, MUC5B
rs35705950 has also been identified as a risk factor for asymptomatic interstitial
lung abnormalities detected on CT scans in persons over 50. Uncommonly, those
with the minor allele of rs35705950 are more likely to experience the syndrome,
despite the fact that IPF patients who have the risk allele appear to have increased
mortality in comparison to non-carriers. According to past animal studies, MUC5B
may alter airway host defence [82], despite the fact that it is not yet known how
MUCSB influences fibrotic remodelling [83].

9.4.5 Toll-Like Receptor

TLR signalling disruption has been identified in patients with IPF as a bridge
between innate and adaptive immune responses [84]. Yet, the precise role of these
signalling cascades in the fibroproliferative response is still largely unknown. There
are ten functioning TLRs in humans, each of which has a unique receptor-ligand
relationship. To recognise distinct external and intracellular signals, the [85] TLRs
are either localised to the cell membrane (TLRI1, 2, 4, 5, 6) or endosomal
compartments (TLR3, 7, 8, 9), correspondingly. The majority of TLRs signal via a
MyD88-dependent pathway, which ultimately leads to NF-kB activation and tran-
scription of proinflammatory cytokine genes. A MyD88-independent mechanism
underlies TLR3 and alternative TLR4 signalling, with TRIF recruitment ultimately
leading to IRF3 or IRF7 transcription of type I interferon (IFN) genes [85].

Below is a description of the genetic risk mutations influencing TLR family
signalling that are linked to IPF. GWAS results revealed three typical variations
(rs111521887, 1s5743894, 1s574389) which were found in the toll-interacting pro-
tein gene connected with IPF. There has been conflicting research regarding whether
these variations are providing separate associations with IPF or are in linkage
disequilibrium. However, the IL-1 receptor-associated kinase inhibition (IRAK)
phosphorylation of TLRs, notably TLR2 and TLR4, have been shown to limit
TLR activity [86]. It is reported that IPF epithelia have increased levels of TLR2
and TLR4 activation, possibly as a result of continuous exposure to pathogenic
microorganisms [86]. It has been demonstrated that decreased toll-interacting protein
(TOLLIP) expression causes macrophages to secrete more pro-inflammatory
cytokines as a result of TLR activation [87]. Through TLR4-dependent signalling,
TOLLIP stimulates the production of IL-10, which protects mice from a fibrosis
model caused by bleomycin. Additionally, TOLLIP inhibits TGF-f signalling by
destroying TGF-B1 receptors via interactions with SMAD7. These findings collec-
tively imply that TOLLIP expression may protect against IPF by reducing
pro-inflammatory and profibrotic pathways [88]. The rs1278769 variation in
ATP11A discovered in the GWAS, however, less functionally characterised,



9 Epigenetics of Idiopathic Pulmonary Fibrosis 159

might affect TLR4 signalling. It has been demonstrated that the gene 13 ATP11A,
which codes for a phospholipid flippase, increases MyD88-dependent NF-kB acti-
vation and the generation of proinflammatory cytokines by inhibiting TLR4
endocytosis [89].

Dysregulated TLR9 activation encourages fibroblast-to-myofibroblast differenti-
ation and has been associated with a more aggressive IPF phenotype. In most cases,
microbial genetic material contains hypomethylated CpG nucleotides [90]. Since
TLR9Y also recognises mitochondrial DNA released from wounded cells, it’s con-
ceivable that the cell deterioration and non-apoptotic cell death observed in the IPF
distal airway may likewise play a substantial role in TLR9-mediated fibrosis. ILIRN
gene (rs408392 and rs419598) was considerably connected to the IPF condition
[91]. These risk alleles cause a decrease in IL-1Ra expression, which results in
unrestricted IL-1R activation in innate immune cells and airway/alveolar epithelial
cells. In contrast to the conventional bleomycin model, adenoviral-mediated IL-1
overexpression is employed to study the role of IL-1R signalling in animal models of
pulmonary fibrosis [92, 93].

IPF patients’ alveolar macrophages exhibit an increased IL-1:IL-1Ra ratio
indicating this pro-inflammatory condition. It is reported that the IL-1R/MyD88
axis reduces fibrosis in bleomycin and silica-induced fibrosis through genetic and
pharmaceutical targeting. Both non-pathogenic and pathogenic bacterial signals are
directly responsive to many of these hyperactive TLR signalling pathways, including
TLR2 and TLR4 [94].

9.4.6 Adenosine Triphosphate-Binding Cassette Transporter
A3(ABCA3)

The protein ABCA3 has been discovered in children with ILD or newborns with
respiratory distress syndrome. The transfer of lipids across plasma membranes is
facilitated by this transporter protein, which is mostly expressed in the AECII. The
ABCA3 gene results in the production of a 1704 amino acid protein which can be
found on the surfactant secretory vesicle on the limiting membrane of lamellar
bodies, indicating that it may be involved in the metabolism and transport of
surfactant. The ABCA3 gene has a large range of variations, and the genetic defects
in surfactant metabolism that result in neonatal respiratory distress and paediatric
ILD have been linked to 150 different mutations [95-97].

9.5 Epigenetic and Genetic Abnormalities

For the majority of cancers, documented pathogenic mechanisms include hypo-
methylation of oncogenes and methylation of tumour suppressor genes. Patients
with IPF have recently been found to exhibit epigenetic responses to environmental
exposures, such as smoking and nutritional variables, as well as ageing. Addition-
ally, current research has shown that individuals with IPF experience global
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methylation pattern changes that are similar to those in lung cancer patients
[98]. Hypermethylation of the CD90/Thy-1 promoter region reduces the expression
of the glycoprotein Thy-1, which is generally produced by fibroblasts, in the context
of IPF [99, 100]. In addition, the conversion of fibroblasts into myofibroblasts and
the invasive nature of malignancies are linked to the absence of this molecule in IPF
patients. This suggests a unique therapeutic approach for this condition: pharmaco-
logical inhibition of Thy-1 gene methylation may restore Thy-1 production. In
addition, particular gene changes have been implicated in the occurrence and
progression of cancer [101]. Similarly, the oncogene p53 was expressed in almost
half of the cases of IPF, along with fragile histidine triads, microsatellite instability,
and loss of heterozygosity, commonly in the peripheral honeycombed lung areas that
are unique to idiopathic pulmonary fibrosis [101-104]. Also, familial IPF has been
linked to mutations that are typically linked to the occurrence and progression of
cancer, such as those that influence telomere shortening and telomerase production
[105, 106]. Recent studies have looked at circulating and cell-free DNA as a cancer
biomarker for diagnosis and prognosis. In these studies, individuals with cancer and
IPF had higher free circulating DNA concentrations than those with other fibrotic
lung illnesses. The pathophysiology of both disorders was linked to aberrant expres-
sion levels of mRINA in addition to circulating DNA. According to these findings,
short non-protein-coding RNAs control genes relevant to carcinogenesis, which are
implicated in the growth, invasion, and metastasis of cancer cells [98, 107,
108]. According to recent studies, 10% of mRNAs are expressed abnormally in
IPF patients. Among them, miR-21 and miR-155 were upregulated, whereas lethal-7
(let-7), miR-29, miR-30, and miR-200 were downregulated. These alterations
correlated with gene families involved in apoptosis, ECM modulation, fibrosis,
and the formation of epithelial-to-mesenchymal transition (EMT). Some of these
mRNAs might affect TGF-f expression and be affected by it, hastening the func-
tional loss in IPF patients [109—111].

9.6 Epigenetic Regulation of Gene Expression

The chromatin regulation, expression of genes, and particular cell type activity
which participates in disease pathophysiology are mediated by various environmen-
tal exposures which have been translated by epigenetic processes that is linked to the
incidence of disease. Environmental factors lead to change in non-inherent epige-
netic marks, which are more dynamic than inheritable epigenetic marks [112]. Meth-
ylation of DNA, modification of histones, and long-chain non-coding RNAs are the
processes which are part of the epigenome (Table 9.1).

Epigenetic factors are influenced by environmental exposure, ageing, and the diet
of an individual. The progression of IPF depends upon a complex interaction
between various environmental and genetic factors [113]. Inhalation of several
environmental factors like metal dust, wood dust, industries, and dust from textile,
and cigarette smoking affects the genetic and epigenetic marks. Several studies show
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Table 9.1 Various epigenetic modifications and their consequences on genes and protein
translation

S. no. | Epigenetic process Modification Consequences
1. DNA methylation of CpG Hyper methylation Gene silencing
dinucleotide Hypo-methylation Active transcription
2. Histone methylation H3K4 trimethylation Transcriptional
activation
H3K27 trimethylation Gene silencing
3. Histone acetylation Histone tail acetylation by Active gene
HATs transcription
Histone tail deacetylation Gene silencing
by HDACs
4. miRNA leading mRNA Binding to 3’ UTR of Inhibition of protein
degradation mRNA translation

that modulation of epigenetic factors regulates the expressions of genes which are
involved in the occurrence of IPF.

The link between DNA methylation and histone alterations is an emerging model
for epigenetic control of gene expression. One illustration of these relationships is
the association of the regulatory component DNMT (DNA methyltransferases) 3L
with the N-terminal of the histone H3 tail, which is linked in sequence to the
mammalian new genetic methyltransferases like DNMT3A and DNMT3B. These
data support the notion that the histone H3 tail’s unmethylated lysine 4 serves as a
chromatin regulator of DNA methylation. DNMT3L identifies unmethylated histone
H3 tails at lysine 4 and triggers de novo methylation of DNA by recruiting or
activating DNA methyltransferase3A2. DNA methyltransferases similarly favour
targeting nucleosome-bound DNA [114].

It is already evident that epigenetic marks which are related to the progression of
IPF are also being regulated by environmental exposure [115] such as wood dust,
textile dust, metal dust, silica, cigarette smoking, and many more [112, 115]. Out of
all the environmental exposures, cigarette smoking is one of the major causes which
has been linked to the development of IPF. Some studies related with case control
have shown a link between cigarette smoking [116], occupational exposure, and the
progression of IPF [115]. Various epigenome-wide association studies have con-
firmed that cigarette smoke can alter the DNA methylation at multiple CpG sites, and
it can also regulate the miRNA expression in epithelial cells of bronchioles
[117]. Cigarette smoking also involves in the methylation of Wnt7a, which is a
specific promoter of a gene that is involved in progression of IPF [112]. Diet and
ageing are also an equal contributors in the alteration of epigenomes. The pathobiol-
ogy of ageing includes abnormal telomere shortening and dysfunction which is also
linked to the development of IPF [10]. Other ageing-associated alterations, like the
dysfunctioning of mitochondria and changed proteostasis enhance cell senescence.
Persistent deposition of senescent cells is found in IPF lungs and it is responsible for
stem cell dysfunctioning and produces pro-inflammatory cytokines such as IL-6,
TGF-B, and metalloproteases which may cause fibrosis [118]. Exposure to fine
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particulate matter 2.5 (PM2.5), pesticides, and fungicides can also lead to the
methylation of DNA [115]. The initiation and progression of IPF can also be a result
of viral infection. A meta-analysis including 634 IPF patients, 653 control and
19 virus species (such as Epstein-Barr Virus, CHV, Human herpesvirus), suggested
that viral infection is strongly associated with higher risk of IPF development
[118]. Many case control studies have suggested that the exposure of cigarette
smoke can lead to the development and progression of IPF, however, there is still
need of evident result to confirm the linkage and exposure of smoking and
epigenomic of IPF (Fig. 9.3).

9.6.1 DNA Methylation

In numerous targeted studies, it is already shown that modulation of epigenetics
controls the expression of genes which are involved in the development and pro-
gression of IPF. Likewise, Thy-1(CD90) is a glycosylphosphatidylinositol-linked
membranous (outer) glycoprotein and is a major regulator of cell-matrix and cell-cell
interactions [119] but in IPF patients, its expression is absent in fibroblastic foci and
myofibroblasts [112]. Thy-1 suppresses myofibroblast differentiation and its expres-
sion is downregulated by hypermethylation of promoter gene DNA in rat lung
fibroblast [119] and also by histone modification [115]. The expression of the
a-smooth muscle actin (a-SMA) gene varies depending on the degree of methylation
of three CpG islands in the promoter of the a-SMA gene in fibroblasts,
myofibroblasts, and alveolar epithelial type II cells. Inhibition of DNMT by
siRNA induces the expression of a-SMA while its overexpression downregulates
the a-SMA expression [120]. pl4 (ARF) and prostaglandin E receptor 2 gene
(PTGER2) are two examples of genes involved in fibroblast apoptosis whose
expression was reduced in IPF lung fibroblasts due to hypermethylation of their
promoters. It has been seen that prostaglandin E2 increases the DNMT3a activity,
which leads to global hypermethylation and also results in the upregulation of those
genes which are responsible for the suppression of cell proliferation in pulmonary
fibroblast [121]. In IPF patients, TPS3INP1 protein, which is a cell stress response
protein induced by p53, is the most hypomethylated and upregulated gene [121].

9.6.2 Histone Modification

Histone deacetylases are the enzymes that deacetylase specific non-histone and
histone proteins at particular locations [122]. In the process of deacetylation, histone
deacetylases remove the acetyl group from lysine and retain the positive charge of
histone, which results in the development of dense chromatin, hence inhibiting gene
expression. On the other hand, histone acetyltransferases, i.e., HATs are another
enzymes that acetylate the amino acids having conserved lysine by transferring the
acetyl group from acetyl coenzyme A to form e-N-acetyl-lysine, that attach with
positive charged histone lysine and increases hydrophobicity. This binding leads to
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the emergence of a loose chromatin structure that promotes the transcription of
uncoiled DNA [123]. Defects in the acetylation of histone can lead to the repression
of expression of two genes which are antifibrotic, COX2 (cyclooxygenase-2), and
chemokine IP-10 [115, 124]. C-X-C motif chemokine 10 is an antifibrotic molecule,
produced by lung fibroblast, as a counterregulatory factor. It has been shown that the
methylation of histone H3 lysine 27 by histone lysine methyltransferases (EZH2,
G9a, G9a-like protein) represses the CXCL10 gene [124].

Recent studies demonstrated the suppression of the caveolin (Cav-1) gene by
TGF-p leads to fibroblast proliferation and attains anti-apoptotic tendency. Cav-1 is
constitutively repressed in IPF and the repression of the Cav-1 gene is regulated by
histone modification (trimethylation of H3 lysine 4) [125]. It has been also reported
that class IIT histone deacetylase, sirtuin, encourages proteasomal degradation of p21
to lessen the senescence brought on by TGF-f in human bronchial epithelial
cells [121].

9.6.3 Non-Coding RNA Regulation

After exploring global miRNA profiles in lung tissue of IPF patients, epigenetic
regulators of fibroproliferation, miR-29, and let-7d have been recognised while
miR-155, miR-154, and miR-21 were found to be upregulated [114, 121]. The
analysis of the lung fibrosis model of murine shows that let-7d has a protective
role through the restriction of SMAD-3-dependent EMT. According to a subsequent
investigation, in IPF lungs, miR-154 was one of the miRs that was most highly
elevated. miR-154 appears to be a viable therapeutic target since transfection of
primary fibroblasts with it led to substantial increases in cell migration and prolifer-
ation by activating a Wnt pathway [121]. A study reported that in IPF patients’ lung
tissue, the miR17~92 clusters were reduced, while DNA methylation of its
promoters’ region by DNMT1 was increased [112, 126]. miR17~92 is crucial in
the development of lung epithelial cells and targets essential fibrotic genes [126]. A
short non-coding RNA, miR-29 has also shown antifibrotic action in lung fibrosis,
and it is majorly expressed during the fibrosis of various tissues. miR-21 has been
demonstrated to be increased in the lungs of individuals with IPF and an experimen-
tal model of pulmonary fibrosis, primarily in fibroblastic foci [121].

9.7 Treatment of Idiopathic Pulmonary Fibrosis

Since delayed access to care and treatment is independently related to a higher risk of
mortality, it is indicated that patients with known or suspected IPF be sent as soon as
possible to a facility with experience in providing care for the condition [127]. The
step-by-step treatment approach should be followed in the management of patients
with IPF (Fig. 9.4). There is currently no cure for IPF, although nintedanib and
pirfenidone are two drugs that work to delay the disease’s development and reduce
mortality. The patient’s tolerance for side effects will determine which medicine is
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preferred because, based on the available evidence, none is more effective than the
other [128]. Pirfenidone, a pyridone, is an orally available, small molecule having
multiple effects such as anti-inflammatory, antioxidant and antifibrotic
[8, 123]. Pirfenidone inhibits ECM production and fibrogenesis by suppressing the
transcription of profibrotic and procollagen factors, such as TGF-f and PGDF, and it
also suppresses the production of reactive oxygen species [123]. Pirfenidone also
inhibits the proliferation of fibroblasts [128].

Nintedanib, a tyrosine kinase inhibitor, was developed for use in cancer treatment
because it inhibits the proangiogenic factors [8]. Nintedanib targets platelet-derived
growth factor receptors, receptor, and vascular endothelial growth factor receptor,
that are highly upregulated in the lung tissue of IPF patients [123]. In a phase 2 study
of patients with IPF, nintedanib showed a dose-dependent tendency to slow the loss
of lung function and lower the frequency of acute exacerbations. In two additional
phase 3 studies, nintedanib was compared to a placebo. For inclusion, the forced
vital capacity had to be larger than or equal to 50% of the expected value, and the
predicted lung carbon monoxide diffusion capacity had to be between 30 and 79%.
In both studies, the relative fall in forced vital capacity after 52 weeks was 47.9 and
55.1% lower in the treatment group compared to the control group [2]. Both the
above drugs have the same effect on the rate of decrement in forced vital capacity.
Till date, none of the drugs, whether it is nintedanib or pirfenidone, has shown a
survival benefit in clinical trials. However, these drugs have proven their effect on
decreasing the mortality of IPF patients [2]. Various studies had been done using
different drugs to treat IPF. However, none of them proved to be an effective and a
reliable treatment therapy. Drugs, such as ambrisentan, everolimus, prednisolone,
azathioprine, acetylcysteine, and warfarin had been identified as potentially harmful
therapies in clinical trials. However, some therapies were potentially ineffective such
as bosentan, imatinib, macitentan, and sildenafil [2]. Further, several drugs were
tried and under clinical trials unfortunately no success has been achieved (Table 9.2).

9.7.1 Symptom-Focused Therapy

Due to the significant symptom load of IPF, including dyspnoea and cough, adjunc-
tive symptom-based therapy is crucial. Corticosteroids and opiates might help in
reducing chronic cough, anxiety, dyspnoea respectively [2]. Further, studies have
demonstrated that pulmonary rehabilitation can reduce these symptoms, enhancing
the quality of life. Moreover, LTOT (long-term oxygen therapy) is a necessary
treatment in patients with IPF suffering from disease progression [128]. To treat
low oxygen levels in IPF patients, supplemental oxygen therapy should be
considered [2].
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Table 9.2 Various drugs which have been terminated due to adverse events and ineffectiveness
during clinical trials on IPF patients

Study
S.no. | Compound Category phase | Results References
1. Warfarin anticoagulant Phase | Increased mortality, study | [129]
11 terminated
2. Everolimus mTOR inhibitor | Phase High adverse events and [130]
I increased disease
progression
3. Bosentan Dual endothelin | Phase | No significant changes in | [131]
receptor I treatment group
antagonist
4. Ambrisentan | Type A Phase | Terminated due to lack of | [132]
endothelin 11 efficacy and increased
receptor disease progression
antagonist
5. Macitentan Dual endothelin | Phase | No significant changes in | [133]
receptor I treatment and control
antagonist group
6. Sildenafil PDE-5 inhibitor | Phase | No significant changes in | [134]
I treatment and control
group
7. Etanercept Recombinant Phase | No significant difference [135]
soluble human 1T in primary end points
TNF-a receptor
8. Imatinib Tyrosine kinase Phase No difference in survival [136]
inhibitor 1I or lung function
between treatment
groups

9.8 Future Perspective of IPF Treatments

There are several approaches that should be considered in the treatment of IPF such
as alveolar epithelial injury prevention, targeting the coagulation cascade, boosting
epithelial proliferation and collagen synthesis, preventing fibroblast proliferation and
extracellular matrix direct targeting, inhibiting TGF-f and other profibrotic
cytokines, and increasing epithelial resistance to injury [8]. The drugs which are in
advanced stages in clinical trials are Simtuzumab (monoclonal antibody against lysyl
oxidase-like 2), Lebrikizumab (monoclonal antibody against IL-13), and STX-100
[8]. An approach to combating telomere shortening, a known contributor to epithe-
lial senescence is an appealing therapeutic approach for the treatment of IPF. h\TERT
administered by using an adenoviral vector has shown the potential treatment to
express enzyme telomerase in other human diseases. Additionally, by inhibiting the
development of senescent cells as a result of mitochondrial malfunction, treating
lung fibrosis may be possible by enhancing mitochondrial biogenesis or mitophagy
by utilising activators of PINK1 or SIRT3 [118]. Brd4 inhibitor JQ1 and HDAC
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inhibitors such as Spiruchostatin A (SpA), and Suberoylanilide hydroxamic acid
(SAHA) have shown the reversal of profibrotic phenotype in primary fibroblasts and
bleomycin mouse model [137].

9.9 Conclusion

In the last 15 years, the perspective of IPF has been changed enormously. Earlier IPF
was considered idiopathic, but series of findings such as genetic polymorphisms,
ageing, epigenetic alterations put the light on various pathogenesis through which
IPF is characterised, that are ECM deposition, inflammation, and fibrosis. Several
studies have also shown that alteration in epigenetics leads to the progression of IPF.
Some animal studies have shown effectiveness in mitigating the IPF by targeting
these epigenetic alterations. So far, the management of IPF relies on two newly
approved drugs, that are pirfenidone and nintedanib as they have shown effect in
reducing the IPF severity, yet these two are unable to prove efficiency in reducing
mortality of IPF patients. Some drugs, like Simtuzumab, which is a monoclonal
antibody, Lebrikizumab, monoclonal antibody against IL-13, and STX-100 are in
advanced stage of clinical trials. Apart from these drugs, various other drugs were
proved ineffective and hazardous during clinical trials. Other approaches should also
be considered in the therapy of IPF, such as alveolar epithelial injury prevention,
preventing fibroblast proliferation, ECM accumulation, and inhibiting profibrotic
and TGF-p. Targeting telomere shortening by administration of hTERT has potential
to combat IPF. Due to the significant symptom load of idiopathic pulmonary fibrosis,
including dyspnoea and cough, adjunctive symptom-based therapy is crucial. Con-
sider probable contributory comorbidities in individuals with persistent cough, such
as gastroesophageal reflux disease. Corticosteroids and opiates might help in reduc-
ing chronic cough, anxiety, dyspnoea, respectively. Supplemental Oxygen for long-
term is also a necessary treatment in patients with IPF suffering disease progression.
To treat low oxygen level in IPF patients, supplemental oxygen therapy should be
considered. Altogether, IPF is a disease of concern as till date no effective treatment
is available and targeting root cause of disease such as epigenetic alterations is a
crucial approach to mitigate the disease.
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Abstract

With advancements in science and technology, an equivalent growth in diseases
has also been observed. A disease that has remained prevalent for decades,
showing an almost incomparable persistence and adaptability is influenza. With
increasing research on DNA, we now know that external influences, like influ-
enza, can successfully alter gene expression with lasting effects through
epigenetics. In this chapter, the possible role that both influenza and its host
play on an epigenetic level to alter each other’s gene expression will be explored
along with the possible effects these epigenetic changes have on virulence, the
immune system, and other cellular mechanisms.

10.1 Introduction

While cells in a multicellular organism have the same genetic sequences, their
phenotypes may differ greatly. The core of epi-(above)-genetics is this nongenetic
cellular memory, which accumulates developmental and environmental signals
[1]. The term “epigenetics” was coined to describe the poorly understood processes
that led to the development of a fertilised zygote into a complex, mature organism.
Due to the realization that all cells in an organism carry the same DNA and an
improved understanding of gene expression mechanisms, the definition was revised
to place more emphasis on the ways in which heritable traits can be connected to
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modification of DNA or the structural and regulatory proteins bound to it, rather than
changes in nucleotide sequence. It may be beneficial to return to the definition of
epigenetics as it originally existed, according to recent research into how these
systems operate throughout embryonic development [2]. The network of functional
linkages between the influenza virus and its hosts depends on epigenetic changes
[2]. The influenza virus, of the Orthomyxoviridae family, is composed of influenza
subtypes A, B, and C and has existed since ancient times, wreaking havoc through
history, and killing millions [3, 4]. This spherical virus is encapsulated in a capsid
and protected by a mix of surface proteins; neuraminidase (N), responsible for the
destruction of infected cells to release the viral particles letting them infect more
cells, and hemagglutinin (H), allows identification and aggregation of the viral
fragments, and holds eight segments of single-stranded RNA (ssRNA) [5]. Eighteen
hemagglutinin and nine neuraminidase proteins exist in influenza A, with H1/2/3
and N1/2 commonly known to impact human hosts [6]. This single-stranded RNA is
what transfers itself into the host’s nucleus through endocytosis, replicates using
nuclear replicative machinery, and releases itself to infect neighbouring respiratory
epithelial cells after an almost 6-h maturation period [7]. This exchange of nucleic
acids offers an intimate point of contact, that many studies now confirm induces a
change in gene regulation of both the host and the virus, engendering an amalgam of
modifications [6, 8].

On the other hand, the chromatin structure of the eukaryotic genome is composed
of a nucleosome, made up of an amalgamation of histones: H4, H3, H2B, and H2A
[9]. Two of each of these histones come together to engender an octamer around
which the 147 base pair (bp) DNA is wound, giving rise to a nucleosome [9]. Along-
side the H1 histone, the nucleosome can coil to form a compact structure, which is
then further altered through posttranslational changes to regulate cellular
mechanisms [10].

10.1.1 An Introduction to Epigenetics

The DNA of an organism or an individual is pre-ordained at birth and remains
consistent throughout their lifetime, or so we thought. Epigenetics is a new study that
explores the various effects or alterations that may take place due to various factors
like stress, diet, or exercise. These changes not only affect the way DNA/genes are
expressed within the body but also may alter the genes of future offspring. These
changes usually evolve because of modifications in histones (phosphorylation,
methylation, ubiquitination, or acetylation)), DNA methylation, or through
non-coding microRNAs (miRNAs). Phosphorylation refers to the addition of phos-
phate molecules to activate (or deactivate) enzymes; methylation refers to the
addition of methyl groups to alter gene expression; ubiquitination includes the
addition of ubiquitin molecules which allows the degradation of specific protein
molecules; and lastly, acetylation includes the addition of acetyl molecules to allow
transcription [11]. These epigenetic changes may be positive or negative according
to the change they induce and their long-term influence. For example, Colorectal
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cancer patients who had experienced severe famine in the Dutch famine
(1944-1945) were less likely to develop tumours labelled with a CpG island
methylator phenotype (CIMP) [12]. In addition, increased B6 vitamin intake was
proportional to methylation of MutL homolog 1's (MLH1), a gene involved in
repairing DNA damage, promoter in men [13]. Additionally, even regular exercise
has been reported to induce major changes in DNA methylation, affecting vulnera-
bility to disease and metabolic phenotype [14].

Recently, research has shown that even external factors like diseases can lead to
significant epigenetic changes. Viral particles hijack the cell’s molecular mechanism
and affect both the host’s immune response to the virus, as well as the virus’
pathogenicity. This same perspective can also be reversed to see the effect of the
host on the virus’ genome, histone modifications, and other structural changes.

10.1.2 Epigenetics and Viruses

The influence of virus on epigenetics is a serious concern as it may lead to increased
vulnerability of the host, or additional pathogenicity of the virus. Many diseases like
cancer, influenza, hepatitis, tuberculosis, etc. have been reported to play their part in
influencing the genome through epigenetics. For example, in the human immunode-
ficiency virus (HIV) significant changes in gene promoter regions were observed that
resulted in alterations in H3K9ac and H3K4me3 signalling consequently playing a
role in HIV latency. Moreover, for instance an increase in methyl groups in the Class
I major histocompatibility complex transactivator (CIITA) gene promoter’s CpG
islands results in a more persistent case of hepatitis B virus [15]. As another example,
tuberculosis (TB) methylation profiles showed a distinct difference in macrophage
methylation between active and latent TB [16]. Similarly, here we will highlight the
epigenetic changes enforced by and on to the influenza virus by the host.

10.2 Influenza and its Epigenetic Changes on the Host

The influenza virus is an RNA-based virus with no histones of its own. However, its
interactions with its host leave an imprint, some of which are epigenetic. Here we
will explore the epigenetic changes that the influenza virus inflicts on its host. These
effects may range from changes to the host’s immune system and cellular mecha-
nism, to changes that help the virus’ infection into the host and pathogenicity. The
influenza virus infects the respiratory tract, causing a robust pro-inflammatory
response but also compromising response of host immune system, increasing vul-
nerability to secondary infections [17, 18]. Opportunistic bacterial infections follow-
ing the primary influenza virus are a common complication that accounts for a
majority of deaths during pandemics [18]. Research has shown that there may be a
higher risk of a secondary bacterial infection even after viral clearance. These
illnesses often manifest themselves within a week after contracting the influenza
virus [19]. Influenza virus infection, especially HSN1 and pathogenic HINI, acute
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Fig. 10.1 Mechanisms of immunity’s epigenetic remodelling during influenza virus
contamination [8]

inflammation brought on by increased cytokine release has been seen. It has been
demonstrated that increased cytokine release during infection of influenza virus
caused by inflammatory gene promoter DNA by change in methylation. Addition-
ally, the pathogenicity of the influenza virus strain and its variation has a significant
impact on the change in methylation level. With highly pathogenic H5SN1 influenza
viruses, studies have seen the most substantial alterations in the DNA methylation of
inflammatory genes [20]. Fig. 10.1 shows the epigenetic modifications of the
immunity that occur due to influenza virus A.

10.2.1 Influenza’s Effects on the Body’s Inbuilt Inmune System

The body’s immune system is at the forefront of any battle that takes place against
intruders. Therefore, it is expected that an intruder would be most likely to affect it in
some way. A study reported in 2018 had concluded that although they found little
epigenetic alterations in the DNA methylation, they did find a decrease in acetylation
of histones, which meant that the host’s transcriptional system was impaired
[11]. Moreover, they found a unique player—Ilysine 79 of histone 3 (H3K79)—
which plays a role in regulating the cell cycle and repairing damaged DNA. H3K79
when methylated by disruptor of telomeric silencing 1-like (DotlL), a histone
methyltransferase enzyme, instigated interferon signals, leading to metabolic
changes, that worked towards counteracting the viral infection [21]. Therefore,
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through decreased methylation of H3K79, the antiviral response is subdued and viral
replication increases [11]. Moreover, the influenza virus is known to quell antigen
presentation in host by epigenetically downregulating antigen presentation genes
[22]. This downregulation was found to possibly vary according to the type of virus:
Middle East respiratory syndrome coronavirus (MERS-CoV), relies on DNA meth-
ylation, while the HS5NI1 influenza infection relies on a mix of epigenetic
mechanisms to affect antigen presentation [22]. The influenza virus has long-term
repercussions too as it damages neutrophil’s—a common white blood cell involved
in fighting infections—performance and decreases the host’s defence against sec-
ondary bacterial infections after the virus’ exposure [23]. Its immunosuppressive
condition is achieved through the activation of IFN-B (beta interferon) and
chemokine’s transcriptional regulation [23]. As part of the innate immunity, the
Interferon Regulatory Factor 7, 3, and transcription factors NF-kB of activated B
cells are triggered when host pathogen recognition receptors detect influenza A virus
(IAV) infection intracellularly. The pattern recognition receptors (PRRs) comprise
melanoma differentiation-associated gene 5, retinoic acid-inducible gene-I protein,
and Toll-like receptors (TLRs). The type I and type III IFNs expression is then
induced by these active transcription factors. The interaction between IFNs released
by infected cells and their receptors activates the JAK-STAT signalling pathway,
which controls the production of numerous genes that stimulate IFN as shown in
Fig. 10.2 [8, 24].

10.2.2 Influenza’s Effect on Host’s Cellular Mechanism

Upon infection, influenza carries out a series of events that damage and initiate chaos
in the cell’s routine. One of these instigated changes includes a disruption of the
host’s mRNA splicing function [25]. Studies have shown that following an infection,
hundreds of genes in the host reveal changed alternative splicing [25]. A possible
reason behind this may be its manipulation of the splicing machinery of the host, or
perhaps that the non-structural protein 1 (NS1) protein of the influenza virus shows a
tendency to bind to intronic regions, contributing to a higher intron retention and
altered splicing [26]. In addition, it has also been shown that defective termination of
the transcription process takes place post-infection [27-29]. Influenza’s unwanted
interactions with its host do not stop there. The virus goes on to interfere with the
host’s long non-coding RNAs, specifically upregulating PSMBS8-ASI in infected
cells [30]. This increase is in direct proportion to the increase in viral genes—NS1
and NP—and protein expression—NS1, PB1(polymerase basic protein 1), and
NP (nucleoprotein) [30]. Overall, it has been reported in an experiment that 1913
long noncoding RNAs were altered in A549 cells after they were inoculated with the
influenza A virus [30].
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Fig. 10.2 Diagram of the innate immune system’s defence against infection by the influenza A
virus (IAV) [24]
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10.2.3 Epigenetics Effect on Pathogenesis and Progression

Influenza, without a doubt induces epigenetic changes into the host. Some of these
changes inevitably result in favour of the infectivity of virus. In a study observing
mouse lung cells infected with influenza, they uncovered that by deleting the histone
methylation gene it is possible to affect replication and pathology of the virus
[31]. Additionally, the study highlights that the influenza virus interferes with the
gene silencing mechanism, regulated by histone methyltransferase, to activate con-
trolled genes [31]. These genes are unique because once activated they allow viral
replication to occur [31]. Additionally, the influenza virus, specifically H3N2 sub-
type, contains a special non-structural protein 1 (NS1) protein which works as a
histone mimic, similar to H3 histone tail of host, hampering the cell’s antiviral
response [32]. NS1 does this by binding to human PAF1 transcription elongation
complex (hPAF1C), responsible for decreasing the force of influenza infection, and
suppressing its expression leading to increased susceptibility and reduced antiviral
response [32].

It has often been demonstrated that HIN1 influenza patients who experience a
catastrophic illness outcome have CRP (C-reactive protein) levels that are noticeably
higher. The findings of this study indicate that serum CRP, together with other
biomarkers, may be used to predict the complications of HIN1 influenza [33]. A
baseline rise in numerous biomarkers related to inflammation, coagulation, or
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immunological function in individuals with infection of HIN1 pdm09 virus of
different severity clearly predicted a higher risk of illness development.
Interventions intended to lower these baseline increases could potentially have an
impact on how a disease develops [34]. A novel technique for diagnosis of early
influenza has been made possible by the findings of miRNA and its distinct flu
sufferers’ expression profiles. Additionally, we showed a correlation between throat
swab miRNA indicators and influenza virus infection. miR-449b-5p, miR-205-5p,
miR-181a-5p, miR-34c-3p, miR-34b-5p, miR-30c-5p, and miR-29a-3p are some
examples of these biomarkers. They could be utilised to distinguish patients having
infA and infB from unaffected healthy individuals. Additionally, they can be used to
diagnose HIN1 and H3N2 infections. We anticipate that in the near future, this
non-invasive method employing the miRNAs from throat swabs will be a reliable
method for diagnosing influenza [35]. Infection with the influenza virus usually has
more severe side effects in people over 65 (the elderly). Immunosenescence makes
people more susceptible to viral infections and reduces the effectiveness of immuni-
zation. Designing preventative and immunomodulatory techniques to lower mortal-
ity and morbidity in the old age requires a thorough understanding of age-related
immune system variations [36].

10.3 Epigenetic Changes Induced by Host on Influenza Virus

The influenza virus is significantly dependent on post-translational modifications,
ubiquitination, acetylation, phosphorylation, and SUMOylation (attachment of
SUMO proteins to lysine residues in proteins), to maintain normal viral protein
structure and function [37]. Like the long list of changes that the influenza virus
imparts onto the host, the host too plays a role in impacting the infecting virus. The
host holds special enzymes called acetyl transferases which shift an acetyl group
from an acetyl-CoA to a histone’s lysine amino acids to relax and open coiled
chromatin structure and allow transcription. The host body uses PCAF (P300/
CBP-associated factor) and GCNS5 (general control non-derepressible 5), two special
acetyltransferases, to attach acetyl groups on the virus’ Lys-90 and Lys-31 on the
nucleoprotein (NP) which then impacts the polymerase activity of the virus
[38]. Interestingly, the study mentioned that by silencing PCAF, viral polymerase
became more active but with the silencing of GCNS5, the viral polymerase activity
decreased; showing that acetylation of both lysine residues has an opposite effect on
the virus’ replication [38]. In another study, they found that H3K4 (histone 3, lysine)
methylation decreases playing a possible role in body’s defence against virus.
Moreover, they found that seasonal viral flu caused fewer changes in DNA methyl-
ation as compared to the virus in hens or A549 cells [39].

The host’s fight against influenza can also instigate antiviral response but also
stifle the virus’ normal mechanism. For instance, on viral entry, demethylation of the
IL-6 promoter leads to increased IL-6 expression resulting in cytokine secretion and
the launch of an immune response [40]. Additionally, an influenza infection
instigates the expression of miRNA-29 through epigenetic changes, resulting in an
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increase in DNA methyltransferase (DNMT) expression that induces
cyclooxygenase-2 (COX-2) expression and an accumulation of COX2-derived
prostaglandin E2 (PGE2) [41]. This then promotes an inflammatory cascade, playing
a role in the body’s antiviral programme [41]. Moreover, in an influenza infection
study on mice, eosinophils, blood defence white blood cells, show a decreased
activity alongside a viral recognition protein transcription and T-box transcription
factor (Tbx21) promoter’s CpG methylation [42]. In an example of a more direct
impact of the host on the virus, epigenetic modifications in the Interleukin 32 (IL32)
promoter increase its transcription, effectively hampering viral replication [43]. This
is done when the influenza virus instigates the CpG demethylation at the CREB,
cAMP-response element binding protein binding point, increasing the binding of
IL32 promoter and CREB, and increasing IL.32 transcription [43]. Therefore, the
host succeeds in not only launching its own immune response but also hinders the
viral virulence.

10.4 Summary
Due to the constraints of space, the emphasis of this review was on the impact that
histone changes have on the expression of viral genes and the replication of

viruses—Interactions Between Hosts and Viruses: Looking at Things Through the
Lens of Epigenetics.
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Abstract

Epigenetics is a moderately novel field that explores the genetic and non-genetic
components of transmissible phenotypic changes, which are commonly caused
by ecological and metabolic factors. The epigenetic machinery of the host may
employ changes like methylation of histone and acetylation, methylation of
DNA and RNA, remodelling of chromatin, and non-coding RNAs to regulate
gene expression. One of the most infectious and potentially lethal types of
viruses is the rhinovirus. Here, we’ll provide you a high-level introduction to
rhinovirus epigenetics. A rhinovirus is a kind of very dangerous respiratory
RNA virus. There is mounting sign that epigenetic alterations play an important
role in the progress of rhinovirus diseases. A more active vaccine or safer
chemotherapeutical treatments, such as epigenetic pharmaceuticals, are needed
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11.1 Introduction

Human rhinoviruses (HRVs) are a kind of respiratory virus that belongs to the genus
Enterovirus and the family Picornaviridae. Human rhinoviruses (HRVs) were fore-
most identified in the 1950s and are responsible for the vast majority of upper
respiratory tract infections. Human rhinovirus (HRV) is the leading cause of the
common cold and the associated loss of work and medical expenses [1]. More than
$60 billion a year is thought to be spent on treating HRV infections. Although
human rhinovirus infections may happen at any period of the year and in any part of
the world, they tend to peak in the early spring and late autumn. In addition to
causing lung infections, HRV has been connected to the aetiology of asthma and has
been shown to aggravate asthma. The demand for an HRV vaccine is increasing in
tandem with the rising HRV health burden. Unfortunately, there have been several
roadblocks to the creation of an efficient vaccine [2, 3] (Fig. 11.1).

Rhinoviruses are amid the furthermost common types of viruses that infect
humans. About half of all occurrences of upper respiratory infection in children
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younger than three are caused by HRVs. This may result in as many as 8—12 sick
days per year [4]. A human rhinovirus infection has a 2-day incubation period and
often causes symptoms for 1-2 weeks. Nasopharyngeal infections caused by
rhinoviruses are often asymptomatic in very young infants. Upper respiratory tract
infections have comparable symptoms to the typical cold, including coughing, nasal
congestion, sore throat, sneezing, rhinorrhea, and an overall feeling of malaise [5]. In
accumulation to the common cold, infections of rhinovirus have been related to
severe otitis media and rhinosinusitis, both of which are often associated with
bacterial co-contamination. Human rhinoviruses (HRVs) are most at home in the
somewhat colder surfaces (32—33 °C) of the respiratory tract for reproduction, but
they have also been linked to lower respiratory tract infections such as pneumonia,
bronchitis, bronchiolitis, and exacerbations of asthma [6]. Childhood infections with
human rhinovirus (HRV) cause wheezing, which is linked to an uptick in the chance
of developing asthma in later life. An HRV infection may be the underlying cause of
more than half of all occurrences of asthma exacerbation. Ninety percent of
hospitalised children with severe asthma attacks showed detectable HRV [7]. In
addition, over half of hospitalised children and adolescents (3—18 years old) with
wheeze tested positive for HRV. Although HRV does not often consist of a pathogen
with high mortality, our results demonstrate that it has great latent for severe
respiratory illness and the ability to generate or intensify long-lasting respiratory
health concerns [8, 9]. Rhinoviruses in humans are often transmitted by direct
human-to-human contact, fomite transmission, or the inhalation of infected droplets
in the air. Because rhinoviruses may live for hours on inanimate surfaces, they pose a
serious threat of transferring from person to person [10]. There is a correlation
between a poor interferon (IFN) response, the presence of allergies or asthma,
contact to air pollutants like cigarette smoke, an unhealthy diet, and stress, and an
increased risk of getting and recovering from severe illnesses. Reinfection rates with
certain HRV types provide evidence in HRV infection cases, immunity competent
does not grow or is not maintained [11].

11.2 HRV Structure and Biology

The HRV has a 7.2 kb positive-sense single-stranded RNA (+ssRNA) that encrypts
11 proteins. The viral capsid of a HRV consists of four viral proteins (VPs): VP3,
VP2, VPI, and VP4. The virus cannot multiply without the further virus-related
proteins, which are accountable for reassembling the virus [12]. Antigenic variability
across HRV types is due to differences in the surface expression of VP2, VP1, and
VP3, whereas VP4 is critical for RNA packing throughout assembly. There is more
antigenic diversity in the HRV capsid proteins because of their higher degree of
heterogeneity. The research of neutralising antibodies’ binding to antigens has
shown a number of antigenic sites for HRV strains [13]. However, in many instances
the specific sites of these markers have been lost. VP1 aids in attachment to the cell
surface by connecting to several receptors there. Previous research suggested that the
common HRV types bound to the intercellular adhesion molecule (ICAM)-1
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receptor and that only a small fraction of HRV types bound to the low-density
lipoprotein receptor (LDLR). Given the diversity of circulating HRV variations, it is
plausible that other, as-yet-unidentified receptors exist despite the recent discovery
of one form of cadherin-related family member (CDHR)3 as the primary receptor for
HRYV C species [14]. The entrance of HRV into cells has been speculated to occur by
a variety of pathways, like as macropinocytosis, endocytosis of clathrin-dependent,
and clathrin-independent endocytosis. After the viral genome has been translated
after entry and uncoating, the virus-encoded proteases3c and 2a process it. A total of
60 copies of each protein capsid are needed to form the icosahedral shape required
for virion assembly and genomic packaging, with one copy of each capsid protein
present on each face [15].

11.3 Epigenetics

Scientists studying epigenetics try to determine whether or not alterations to chro-
matin structural/activation states may reliably alter phenotype in the absence of
changes to the DNA’s fundamental nucleotide sequence. Epigenomics (the study
of genome epigenetics) has allowed us to get a functional understanding of the
machinery of epigenetic that regulates the whole genome [16]. A large body of
evidence has collected over the last several eras showing epigenetics plays a vital
role in the inception and course of many common diseases, notably age-related
ailments (ARD). Additionally, gene expression patterns is determined by epigenetic
molecular marks produced through expansion influence of human vulnerability to
numerous disorders, like viral infections [17]. Unlike mutations, which alter DNA
sequences directly, epigenetic alterations only alter the structure of chromatin or
nucleic acids’ chemical properties. Because of this feature, alterations of epigenetic
are reversible, versatile, and receptive to environmental and other experiences. In
humans, revelation to fluctuating metabolic situations may have long-term impacts
on cellular epigenetics [18, 19]. Epigenetic activities such as regulating gene expres-
sion aid in maintaining metabolic data consistency. Methylation of DNA and
modifications of histone, in conjunction with protein modifications (prions, sirtuins,
etc.) and non-coding RNA, remodel chromatin and provide entree to proteins that
help in DNA transcription regulation and, by extension, protein synthesis and RNA.
The epigenome represents the condition of chromatin with regard to gene activation,
since it contains information on the placement and function of gene-specific activa-
tion switches in the genome [20]. The nucleosome is the fundamental unit of
chromatin, which is a protein-and-DNA complex. Two of each of the four main
histones make up a nucleosome (H3, H4, H2A, and H2B). Because of its distinctive
chemical composition, the histone octamer regulates DNA accessibility for gene
transcription and is encircled by the DNA helicase. Chromatin remodelling, which
includes alterations to histones and DNA that may be reversed, controls several
epigenetic events [21]. Amongst the 100 of enzymes intricate in regulation of
epigenetic, histone methyltransferases (HMTs), histone deacetylases (HDACsS),
histone acetyltransferases (HATSs), and histone kinases (HKs) are of particular



11 Epigenetics of Rhinovirus 189

relevance here. The work of enzymes is to create precise outlines that produce
affinity for proteins chromatin-associated, which contributes to transitions of
dynamic between active transcriptionally and chromatin silent states, which in turn
contribute to cellular developmental plasticity and, in some contexts, pathological
conclusions [22]. Furthermore, non-coding RNAs play a vital role in expression of
genes and post-transcriptional genes by creating or regulating epigenetic procedures,
including, for example, muzzling or energising genes/transcripts via diverse
methods of accomplishment. There is evidence to imply that non-coding RNAs
(ncRNAs) operate as messengers between cells and even control biological pro-
cesses [23]. Further, IncRNAs, depending on their subcellular localisation, may
attach to junctions of pre-mRNA exon/intron and affect the process of splicing, or
they may imitate binding factor sites of transcription and function as a decoy.
No6-adenosine methyltransferase-like 3 methylates adenine at position 6 in RNA
molecules, which is only one of several examples of RNA modifications that have
recently been uncovered [24]. This is especially true when m6A is present at the
5’-AGG (m6) AC-3’ consensus arrangement, where it reduces the efficiency with
which mRNAs are translated. Like 5-methylcytosine, RNA of m6A may be oxidised
into N6-formyladenosine (f6A), and N6-hydroximethyladenosine (hm6A)
demethylating it. This may lead to a dissimilar interaction of RNA-protein and,
therefore, a different pattern of gene regulation. The FTO protein, which has been
linked to obesity and fat accumulation, catalyses these processes by binding to RNA.
In particular, RNA methyltransferases like domain family members of NOP2/Sun
and methyltransferase of DNA type 2 may methylate ribocytidines [25-27].

Enzymes called tRNA elongation factors (TEFs) play a role in both DNA and
RNA translation by modifying RNA 5SmC into 5-hydroxymethylcytosine (ShmC). In
7-methylguanosine (m7G), a methyl group has been added to the guanine at position
7 of riboguanosine. This modification on topped and recapitulated mRNAs is
arbitrated by canonical mRNA overlaying methyltransferase to control protein
synthesis from mRNA [28]. With the start of following generation sequencing
technology, high-resolution epigenome maps of both healthy and sick cells can be
generated, allowing for the immediate study of genomic and epigenetic
modifications, as well as genome-wide association study (GWAS) and epigenome-
wide association study (EWAS) [29].

11.4 Epigenetic Landscape Alteration by Viral Infection

Monitoring changes of epigenetic in pathologic situations, for example, may provide
auseful window into understanding how to direct the host immune response. Viruses
like the corona and influenza viruses cannot directly alter the genetic sequence of
their hosts, but they may modify the epigenome [30]. Recent research has focused on
the epigenetic machinery due to speculation that it plays a role in the beginning,
spread, and maintenance of viral infections. New high throughput technologies have
also made it probable to assess the epigenetic site on a scale that can be applied to the
whole human genome [31]. The rhino may use an epigenetic approach similar to that
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of other virus families that have been proven to inhibit the immune system. More-
over, some reports have shown that viral interference with the regulation of the
host’s epigenetic network may have an effect on the host’s immunological response.
Using the highly infective H3N2 influenza virus as an example [32], the host’s
response of innate immunity is suppressed when viruses interfere with epigenetic
control of gene expression. This protein may use histone mimicry, since the non-
structural protein NS1 of H3N2 carboxy-terminus has been demonstrated to contain
homolog systems with the histone H3 tail of the amino-terminus [33]. The viral
protein of NS1 disrupts the function of the antiviral gene by transcription complex
interaction, which typically H3K4 docks mark to inductee transcription. Proteins
from both hepatitis C virus (HCV) and adenoviruses interfere with epigenetic
functions, which in turn weakens the immune system worldwide. The restrictive
histone modification is shown to physically inhibit transcription of these genes even
in the presence of active transcription factors and signalling pathways, as revealed by
the 2014 finding of Baric’s lab [34, 35]. Downregulation of interferon (IFN)-
stimulated genes (ISGs) is linked to histone 3-lysine 27 trimethylation
(H3K27me3) after infection with influenza virus A/influenza/Vietnam/1203/2004.
Histone methylation in HSN1 was also shown to be functionally linked to NS1’s
ability to suppress an immune response. Furthermore, their sequencing data revealed
that methylation is specifically aimed at other regions of the genome, regions that
may include crucial genes involved in viral antagonism [36]. DNA methylation was
considered to be the main factor in the downregulation presentation of antigen
molecules equally in diseases. They theorised that the novel viruses may exhibit
characteristics similar to those of HIV-1 and herpes virus. Interferons are already
critical as intermediaries of antiviral effects and as inventers immune responses of
pathogen-driven, but they may become much more so if viruses acquire mechanisms
of antagonistic to resist certain effectors of ISG [37]. As a matter of fact, specific
epigenetic marks regulate IFN and innate immune responses during infection by
modulating enzyme activity of epigenetic and generating chromatin remodelling
complexes. The machinery of epigenetic serves not only to reliably regulate host
responses but also to prime and remember them [38]. Fang et al. found an association
between the amount of H3K9me2 and in vitro IFN expression. Heterochromatin
formation and DNA methylation are both controlled by the restrictive histone mark
H3K9me2. By recruiting members of the heterochromatin protein 1 family, the
H3K9me?2 mark blocks acetylation in a targeted manner. The levels of H3K9me2
mark in the agent section of type I interferon are inversely linked with the generation
of ISGs in dendritic cells, establishing modification of histone as a major IFN
response regulator [39, 40]. However, the H3K4me3 mark is often seen in vigorous
promoters, and is concentrated in Toll-like receptor (TLR) promoter regions. The
stimulus of dendritic cells and macrophages with lipopolysaccharide (LPS) leads to
an increase in global histone acetylation and polymerase II (Pol II) binding to
particular promoters. These results provide more evidence for the hypothesis that
the activation of the distinctive immune retort is regulated in a targeted fashion by
epigenetic mechanisms. By using ChIP-PCR, Schifer et al. found that during HIN1
and rhino infection, the supporter regions of ISG genes had a higher concentration of
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histones with the dynamic mark of H3K4 than the exploitive H3K27me3 mark, open
chromatin favouring and endorsing active transcription and expression of ISG
[41, 42]. The promoter area of several particular ISGs subsets had increased
H3K27me3 and reduced H3K4me3 in rhino-infected cells, however these ISGs
were not elevated, as discovered by Menachery et al. These findings demonstrated
that viruses have developed defences to avoid being attacked by the body’s natural
IFN response. As expected, RNA-type viruses like rhinovirus have robust
relationships with RNA alterations. For instance, adenosine nucleotide modifications
such as N6,2-methyladenosine (m6A) and N6,2’-O-dimethyladenosine (m6Am)
have been linked to significant roles in viral replication [43]. They could alter the
virus’ ability to replicate, the innate immune response of host’s, and some innate
sensing pathways. Viral and cellular transcripts both undergo m6A RNA methyla-
tion, which controls a number of biological functions. When it comes to eukaryotic
mRNAs, this modification is by far the most prevalent epitranscriptomic modifica-
tion [44]. Hepatitis B (HBV) DNA virus replication concludes with the production
of a pregenomic RNA intermediate, which Imam and colleagues hypothesised is
regulated by m6A and associated machinery (pgRNA). These findings suggest that
regulation of m6A, HBV expression of gene and reverse transcription. After
inhibiting the methylase is responsible for adding the m6A alteration to the RNA,
the expression levels of HBV protein rose but reverse transcription of pgRNA
seemed to fall [45]. The preserved m6A accords idea in the epsilon stalk loop
assembly as the site of m6A in HBV RNA. This circle is present at the 5’- and
3’-termini of the pgRNA and 3’-terminus of all HBV mRNAs. The existence of 5’
epsilon stem loop of pgRNA in the site of m6A, proves the need of m6A for effectual
reverse transcription of pgRNA [46]. In addition, they found that methylation of
mo6A of the 3’ epsilon stem loop rendered transcripts HBV unstable, providing
further evidence for a dual regulatory function for m6A in HBV RNA. The viral
and cellular epitranscriptomes of m6A/m during kaposi’s sarcoma-associated her-
pesvirus (KSHYV) infection of latent and lytic, providing indication that messengers
RNA of m6A and m6Am affect unique functions of cells [47]. High numbers of
mO6A/m changes are characteristic of KSHV transcripts, which are acquired through
concealed and replication of lytic and are maintained throughout infection of diverse
types of cell. Tan et al. showed that lytic replication is impaired when the
N6-methyladenosine YTH RNA binding protein 2 (YTHDF2) is knocked down.
The stability of viral RNA is altered by YTHDF?2 interactions, which vary depending
on the virus [48]. In addition, they discovered that KSHV latent infection might alter
the host epitranscriptome by causing hypomethylation of the 5" untranslated region
(UTR) and hypermethylation of the 3’ UTR. This, in turn, affects epithelial-
mesenchymal and oncogenic transition processes. Also, the KSHV epitranscriptome
undergoes an active reprogramming when the virus undergoes lytic replication
[49]. At last, Marz’s group established that rhinovirus RNA always exhibited the
identical 5SmC methylation signature. They found that various RNAs had a tendency
to be methylated in the same genomic places by comparing their SmC contents; this
led them to conclude that RNA methylation in rhinoviruses is sequence-specific or
measured by RNA basic features [50].
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11.5 Epigenetic Implication in Rhinovirus Infection
and Therapy

There is much deeper and more nuanced knowledge of the mechanisms at work in
inheritance, memory, and maturation because of the fast growth of the area of
epigenetics in recent years. Scientists studying cancer, immunity, and infectious
diseases are becoming more interested in studies of the human epigenome
[51]. Undeniably, through the past era, research of epigenetic has revealed indication
that DNA and RNA viruses have settled traits that counteract the monitoring system
of the host epigenome by varying the metabolism of host’s and expression of gene,
so enabling viral reproduction and dispersion [52]. Changes in the host epigenome as
a result of ageing have been found to have negative effects on immune cell
composition and function, which in turn limits the body’s capacity to generate an
efficient immune response against viruses, particularly the adaptive immunological
response. Rhinoviruses have been linked to epigenetic alterations, namely those that
prevent presentation of antigen host or that trigger genes of interferon-response
[53]. Through the analysis of DNA methylation in various blood cell types, includ-
ing protected cells and other cell types, before, during, and after infection, we can
gain a deeper understanding of how the aging epigenome influences disease severity
and how the virus affects the aging epigenome [54]. Increased susceptibility to
rhinovirus has been seen in the elderly, and it is possible that epigenetic influences
on viral entry are a factor in this phenomenon. Cell surface activation of this
mechanism is mediated by the virus-related protein of spike glycoprotein receptor
ACE?2 and the dipeptidyl peptidase-4 co-receptor (DPP4). The treatment of RHINO-
VIRUS infections is now limited to avoidance and supportive care since neither a
vaccine nor specialised antiviral drugs are available [55]. Despite the fact that many
alternative treatment routes are being investigated, further research is necessary to
classify actual serums and harmless medications for treating RHINOVIRUS
contaminations in order to create pre- and post-exposure therapy against the virus.
Though the primary objective would be to develop vaccines against rhinovirus based
on the S subtype that contains conserved epitopes and can elicit broadly neutralising
antibodies or responses of virus-specific T cell, it is also significant to find and
change drugs that can prevent rhinovirus from entering and replicating. Studying
epigenetics may help achieve these aims by shedding light on the mechanisms
behind viral chromatin change in viruses of lytic and interactions with host-virus,
such as factors of genes that underwrite to defensive or detrimental host responses
[56, 57]. Reducing viral replication and regulating the host immune response is
thought to be aided by clinical research, epigenetic-targeted therapies licenced by the
FDA, and combination therapy with antiviral treatments. New evidence reveals that
epigenetic control may also affect the pharmacokinetic and pharmacodynamic
properties of antivirals, which may have substantial implications for the treatment
of rhinovirus infection. Multiple epigenetic mechanisms linked to rhinovirus
infections have been studied by El Baba and colleagues, allowing them to identify
potential treatment targets. Since HDACs regulate numerous proteins of nonstruc-
tural viral transcription involvement, duplication, and maturation, HDAC inhibitors
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like Vorinostat or SAHA in conjunction with antivirals may be important parapher-
nalia to affect with these methods [58]. Expression of ACE2 is regulated by
methylation of DNA and changes of histone. Here, epigenetic enzymes including
histone deacetylase 2 (HDAC2), histone acetyltransferase 1 (HAT1), DNA
methyltransferase 1 (DNMT1), and lysine demethylase 5B (KDMS5B) become
promising therapeutic marks for regulating the immune response of host. Since
viruses utilise host epigenetic machinery, there is hope that the epigenetic
medications now used in cancer treatment may be harnessed for wide-ranging
antiviral accomplishment and inflammatory management [59]. There is data
showing that RHINOVIRUS-related mortality is mostly due to the storm of cyto-
kine, which is characterised by an unrestrained overproduction of solvable indicators
of inflammation. Decitabine is a nucleoside-based DNMT blocker often used to
decrease inflammation and interferon (IFN) retort in macrophages. It is also known
as 5-azadC. In particular, Decitabine has been the subject of a clinical trial for the
treatment of RHINOVIRUS pneumonia-acute respiratory distress syndrome
(ARDS) [60, 61]. H3K27me3 enrichment is a mechanism by which the repressive
polycomb complex 2 represses transcription and may act on certain I[FN-stimulated
genes. PRC2 Inhibitors that are now in progressive clinical research for the treatment
of cancer may be useful for RHINOVIRUS patients. Recent studies have shown that
usual executioner cells and lung-inborn lymphoid cell group 2 share epigenetic
pathways that sustain the enhanced innate immune response over time, a phenome-
non known as trained immunity (TRIM) [62]. Cells that are exposed to a stimulus
undergo metabolic, mitochondrial, and epigenetic reprogramming in response,
making them more able to react to a future heterologous stimulus. The immunologi-
cal dysregulation and cytokine storm caused by RHINOVIRUS are also examined,
and the potential effects of glucan on these phenomena are evaluated. Their results
demonstrated that -glucan-driven TRIM is in charge of defining different epigenetic
modifications, indicating that it might be a potential therapeutic target for RHINO-
VIRUS. Recent studies suggest that vitamin supplementation and the use of natural
treatments may act as epigenetic modifiers, boosting immunity and reducing inflam-
mation in RHINOVIRUS patients [63]. Vitamin D and quercetin may be attractive
for reducing rhinovirus severity because they inhibit ACE2 expression and its
hypothesised effect in lowering the storm of cytokine linked with death in RHINO-
VIRUS patients. Research is also needed into another epigenetic strategy:
RNA-based antiviral therapies. RHINOVIRUS might be prevented and treated
with the use of novel techniques that utilise siRNAs, miRNAs, and LNA or
GapmeRs to target, for example, the 5S'URT or sections of the Spike protein
[64]. Miravirsen is an antisense oligonucleotide being studied for the treatment of
hepatitis C virus (HCV) that might be utilised to scavenge miRNAs important in
viral replication. Results from these investigations point to the potential for
optimising and using RNA-based medicines to impede rhinovirus replication and
transcription. Notably, advanced bioinformatics software has allowed us to visualise
and interpret the epigenomic data, revealing cellular-specific insights into an
individual’s genetic and epigenetic predispositions and providing an explanation
for how environmental factors affect gene function by leaving permanent symbols
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on the genome [65]. Mapping of epigenome, along with GWAS and EWAS
investigations, gives us paraphernalia in the identification of numerous communal
human illnesses, suggesting that these findings may be used for separate analysis and
individualised therapy: to therapeutically avoid, decrease, or converse the epigenetic
modifications, to build and actualise specialised pharmacological apparatuses, and
when/where to arbitrate by studying the epigenetic impacts of metabolism at every
level, from genetic factor to pathways to genomes. The epigenetic enzymes answer-
able for the alterations also provide a novel and exciting target for therapeutic
development [66, 67].

11.6 Conclusion

In terms of global health, the RHINOVIRUS is an important concern in the contem-
porary period. The occurrence of the virus-induced storm of cytokine that
exacerbates ARDS symptoms may lead to failure of multi-organ and death. Rhino-
virus infection may alter the expression of inflammatory cytokines by interacting
with the host’s epigenetic machinery, like interleukin (IL)-6, IFN-, IL-18, IL-1, and
tumor necrosis factor (TNF)-a. By studying specific epigenetic modifiers and
exploring innovative chromatin-based therapies related to various viruses, including
rhinovirus, epigenomic research can pave the way for the development of antiviral
drugs and reveal crucial new insights into virus-host interactions and their impact on
disease severity. Previous studies isolated one or two epigenetic pathways to exam-
ine. In this chapter, we have taken a quick look at what is known so far regarding the
epigenetic features of rhinovirus infection and how these studies can guide future
therapies. More specifically, our findings suggest that empathetic regulation of
epigenetic underlying the immune response to rhinovirus may aid in the develop-
ment of novel, targeted strategies for preventing and treating the infection.
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The study of genetic differences in gene activity without alterations to DNA
sequences is referred to as “epigenetics.” The focus of this extremely new field of
research is on the genetic and non-genetic elements of genetic phenotypic
variations. The identification of genetic risk factors for the COVID-19 pandemic
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outbreak. Since the COVID-19 pass in cells of host through the ACE2 receptor, it
is suspected that the ACE2 gene serves as a gene-related risk factor for COVID-
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person’s vulnerability to COVID-19 disease and infection prognosis.
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12.1 Introduction

Coronaviruses are a distinct category of human and animal diseases that include
types such as the SARS-CoV and MERS-CoV. The extremely infectious coronavi-
rus that caused the COVID-2019 epidemic in December 2019, in Wuhan, China,
was also the cause of 543,902 mortality globally as of 8 July 2020, according to the
WHO [1]. The family Coronaviridae in the Nidovirales order is where COVID are
classified. They are tiny 65—-125 nanometer in diameter and made of single-stranded
ribonucleic acid (RNA) that is between 26 and 32 kb long [2]. The coronavirus
family is divided into four subgroups: a, 8, ¥, and A coronaviruses. The coronavirus
genus includes COVID-19. CoVs are enclosed positive-stranded ribonucleic acid
viruses with a genome that is nearly 30 kb in size. Coronaviruses are single-stranded
RNA viruses with an envelope that can infect humans and animals and cause
respiratory, gastrointestinal, and cardiovascular disorders [3]. The viral genome’s
5’ section contains the ORFla and ORF1b coding. The la and 1b polyproteins
interpret them. Viral and cellular proteases break these polypeptides into a group of
non-structural proteins (Nsp). Coronaviruses in general contain the membrane (M),
envelope (E), nucleocapsid (N), and structural proteins spike (S) [4]. Through the S1
receptor-binding domain and the S2 subunit, the spike protein, a glycoprotein,
oversees virus adherence to the receptor and integration with the cell membrane.
In order to create the ribonucleoprotein, the N protein binds with the viral RNA
during genome replication [5]. The membrane-bound ACE2 receptor is used by the
COVID-19 to bind and infect the host cells. After the virus adheres to the receptor
and penetrates the cell, viral replicases aid in ribonucleic acid replication, capping,
and viral particle synthesis. Since on host cells the ACE2 receptor acts as a point of
entry for the virus, it is assumed that the ACE2 gene represents a hereditary risk
factor for COVID-19 infection [6]. In this context, ACE2 variations that have earlier
been linked to conditions including hypertension and other cardiovascular diseases
offer potential possibilities for genetic factors. A person’s vulnerability to COVID-
19 may also be considerably influenced by variations in ACE2 expression and
related epigenetic variables [4, 7]. It is known that the extremely varied DNA
methylation signatures on the promoter of the angiotensin-converting enzyme
2 gene result in varied ACE2 expression in epithelial cells, which may be the main
factor influencing the diverse levels of infection in different people. The term
“epigenetics” relates to heritable variations in gene activity that do not need a
modification in deoxyribonucleic acid sequence [8]. The biochemical modifications
of histones and the methylation of cytosine in the DNA sequence are two essential
mechanisms in epigenetics that play a significant role in gene regulation and
differentiation. Epigenetic variations that regulate chromatin conformation have a
considerable impact on genomic stability and cellular homoeostasis, and these
modifications have been associated to the pathophysiology of virus infection [9, 10].
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12.2 Variation in the Genes Affecting SARS-CoV-2 Entrance
Genetically and Epigenetically

12.2.1 SARS-CoV-2 Entry Mechanism-Related Genes

12.2.1.1 Angiotensin-Converting Enzyme 2 (ACE2) Receptor

The ACE2 receptor located on pulmonary epithelial cells allows the highly fatal
severe COVID-19 to enter the human system more easily. In lungs ACE2 levels are
increased when compared to other organs, lung squamous cell carcinoma
(LUSC) and lung adenocarcinoma (LUAD) exhibit much higher levels of ACE2
activity [11]. ACE2 receptors were discovered on a variety of tissues, including
enterocytes of the small intestine, alveolar cells, arterial smooth muscle cells, and
venous and arterial endothelial cells. Subgenomic RNAs that code for the spike
protein (S), an envelope protein (E), a membrane protein (M), and a nucleocapsid
protein were generated from the genomic RNA once the virus entered the host cell
(N) [12]. A functional receptor for the human coronaviruses SARS and SARS-CoV-
2 was generated by this protein. While the SARS-CoV-1 and SARS-CoV-2 viruses
have identical attachment methods and enter epithelial cells through the same ACE2
receptor, the severity of the diseases and mortality rate vary among SARS-CoV-
2 infected people [13]. It is hypothesized that the existence of furin-like protease
cleavage sites in the receptor binding domain accounts for SARS-higher CoV-2’s
infectivity than other SARS viruses [14]. While the SARS-CoV-1 and SARS-CoV-
2 viruses have identical attachment methods and enter epithelial cells through the
same ACE2 receptor, the severity of the diseases and mortality rate vary among
SARS-CoV-2 infected people [15].

12.2.1.2 Transmembrane Protease Serine 2 [TMPRSS2]

The TMPRSS2 gene, which is found on chromosome 21, encodes a member of the
serine protease family and is essential for viral entry. TMPRSS?2 plays an essential
role in stimulating the S protein of SARS-CoV2 and its enzymatic degradation in
order to infect target cell [16]. The TMPRSS2 protein is produced by the globally
maintained TMPRSS2 gene. Since during infection, this protease cut and activated
viral envelope glycoproteins, the probability of developing chronic COVID-19 was
raised by TMPRSS2 polymorphisms [17]. It was postulated that because TMPRSS2
is an androgen-responsive serine protease, males may express more of it in their
lungs, which aids in the pathogenesis of SARS-CoV2 and accounts for their greater
fatality rate [18]. In humans, TMPRSS2 expression is modulated during develop-
ment and has a linear relationship with age. Various analyses have been taken up to
examine the role of these proteins in the creation of infection and severity in the case
of coronavirus [19].

FURIN

FURIN is important for SARS-CoV-2 access into human airway cells and proteo-
Iytic activation., and the FURIN gene was found to be placed on chromosome
15926.1. For SARS-CoV-2 infection and disease, the spike protein’s FURIN degra-
dation site is crucial [20]. This FURIN breakage site contains a special insertion that



202 S. Rawat et al.

SARS-CoV-2
spike(S) "=,

Membrane (M) L W

Envelope (E)
1
Nucleocapsid (N)

ACE2 TMPRSS2

RMA viral genome

(A) ®
SARS-CoV-2 b=,
P 1S g - -
F 4 1 r
i % % [ g-rk‘,r it ®
- 4\ k\ @;} &
A % S e, 0
-‘U ' -4 &
S P S n
o {O* £ e 7
. ! = ‘%(j n ) C -
s2 szsrle\"n'_‘_\ -\’ g\.j ~ i [\h;?."j 7
3 A Ry
s1/52 ¥ -~ £y &
si{ —>  site H o ’4. JZJ“’} 7
Activated S2 | s
Target cell ACE2 TMPRSS2 protease

(c)

Fig. 12.1 (a) Human coronavirus structure. (b) Severe acute respiratory syndrome coronavirus-
2 binding to ACE-2 receptor. (¢) Mechanism of COVID-19 viral entry (1—Cleavage of SARS-
CoV-2 S protein; 2—Activation of S2 Domain; 3—Fusion of viral and host membranes)

allows it to only cleave the spike protein of the SARS-CoV-2 coronavirus and not
the closely related SARS-CoV-1 [21]. FURIN suppression has been identified as a
method to reduce SARS-CoV-2 infection as a result of this information. Six
inherited variants of the FURIN gene were discovered in a small cohort of Covid-
19, but none of them were connected to the disease. Thirteen nonsense variants for
the FURIN gene have been found that may relate to virus sensitivity, with seven of
them shown to reduce the possibility of SARS-CoV-2 development in individuals
[15, 22, 23] (Fig. 12.1).

12.3 Epigenetic Control of the Cytokines Storm in SARS-CoV-2

A “cytokine storm,” or an increased production of proinflammatory proteins that
causes increased systemic inflammation, is a common feature of serious coronavirus.
If the immune system’s abnormal or increased response is left uncontrolled, it might



12 Epigenetics of SARS-CoV2 (COVID-19) 203

result in serious disease [24]. The severe inflammatory response called as cytokine
storm, often referred as CSS, which is defined by the production of a considerable
amount of proinflammatory cytokines, is one of the major suspected causes of
mortality linked to coronavirus [25]. Tumor necrosis factor (TNF) and interferon
(IFN) act together to create the cytokine storm that COVID-19 uses to organize the
three different cell death pathways—pyroptosis, apoptosis, and necroptosis, collec-
tively termed as PANoptosis [26]. Additionally, earlier research revealed that the
DNA methylation of the gene’s promoter controls the interleukin (IL)-6 expression,
another significant member in the “cytokine storm” that affects the extremely serious
patients diagnosed with COVID-19. It has also been discovered that oxidative stress
caused by COVID-19 infection, might block the functioning of DNA
methyltransferase (DNMT)1, increasing the methylation abnormalities of DNA
[27, 28].

12.4 Severe Acute Respiratory Syndrome Coronavirus-2
Infection and Genetic Modifications

In order to maintain cellular homeostasis and genome integrity during viral
infections, epigenetic processes are essential. By modifying the chromatin structure,
epigenetic modifications function as immune system silent modulators that can
affect the strength of the host response as well as the synthesis of chemical mediators
of inflammation [29]. According to several studies, the results of host-pathogen
interactions during COVID-19 infection are determined by a variety of epigenetic
mechanisms, including non-coding RNA-mediated regulatory events, histone
modifications, and DNA methylation [30].

12.4.1 DNA Methylation

One of the vital epigenetic changes that alter the chromatin structure is DNA
methylation. DNA methylation is an inherited underlying genetic process in which
DNMTs repair DNA at the C-5 position of the cytosine ring [31]. DNMT govern
methylation of DNA. Generally, methylation of DNA is related to transcriptional
gene repression, whereas DNA demethylation is linked to transcriptional gene
activation [32]. In genetic alterations, CpG sites or the CpG islands are the main
targets for DNA methylation [33]. CpG islands are linked to the proximal regulators
of many genes in the human genome. DNA methyltransferases (MTase), which
methylate CpG islands, affect chromatin condensation by forming methyl-binding
proteins. CpG-island methylation in promoter areas is therefore generally linked to
gene suppression [34].
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12.4.2 Histone Modification

Core histone proteins are subject to significant acetylation, methylation, phosphoryla-
tion, and ubiquitination changes that either directly or indirectly affect chromatin
structure [35]. The numerous possible histone alterations add an additional layer of
complexity to the precise control of chromatin structure [36]. However, a potent
epigenetic mechanism that can change chromatin structure is post-translational modi-
fication of histone proteins. It has been reported that H3K4me3 and H3K9me? are the
primary controllers of histone modification that could enhance IFN production in
response to COVID-19 infection [37]. IL-6 is other cytokine whose production during
COVID-19 may be influenced by histone modification and cis/trans-factor linkages.
Patients infected with COVID-19 have enhanced levels of positive histone modifica-
tion indicators in the regions of genes producing ACE2 and IL-6 [38].

12.4.3 Non-Coding RNAs

Non-coding RNAs (ribonucleic acid) are RNA molecules with important functional
properties, but often lack in functional protein coding regions. Non-coding RNAs
exist in a variety of forms, including transfer RNAs, ribosomal RNAs, microRNAs,
and short interfering RNAs (siRNAs) [39]. By interacting with DNA, other RNAs,
and proteins, non-coding RNAs have the potential to serve as epigenetic regulators.
MiRNAs may have significantly inhibiting effects on cytokine storm, as non-coding
miRNAs are engaged in immune system cytokine regulation [40]. As such, miRNAs
are unique and developing targets for therapeutic treatment against SARS-CoV-2.
Yet, miRNAs have been demonstrated to affect inflammation in the same way that
IncRNAs do [41]. MiRNAs that induce inflammation include miR-1307, miR-421,
miR-155, miR-106a, miR-15b, and miR-20a, while miRNAs that decrease inflam-
mation include miR-223, miR-181, miR-146a, miR-124, miR-24, and miR-10a
[42]. According to study, miR-1307 has the strongest binding for the COVID-19
genome [43]. This pathogenic miRNA has been linked to cause inflammation and
has also been linked to a poor life span among patients with lung cancer. According
to an in-silico study, the miR-29 family of miRNAs showed the highest binding
affinity (11 locations) on the COVID-19 genome [44, 45]. A study conducted with
the help of theoretical technique reported that interactions between miRNAs and
seven human coronavirus RNAs, the most likely miRNA to connect to human
coronavirus RNAs is miR-21, which may result in massively increased production
in human lungs after infected with COVID-19 infection [46, 47].

12.5 Nutritional Epigenetics and Prognosis of the COVID-19
lliness

It was shown that SARS-CoV-2 affected people with weak immune systems and
preexisting severe conditions had a higher mortality rate. In co-morbid situations,
complementing nutritious meals and taking the right amounts of vitamins might
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result in more successful and individualized therapy [48, 49]. Diet and nutrition are a
major factor in the chronic modifications in methylation of DNA sequences on
chromosomes which affect age and health-related diseases. The misregulation of
numerous epigenetic enzymes in cells, including DNA methyltransferases and
histone acetyltransferases, by nutrients and their metabolites can lead to alterations
in the transcription of crucial genes, further affecting general health and lifespan
[50]. Folate is a well-known water-soluble vitamin, and studies have shown that its
digestion and epigenetic modifications are closely related [51]. Additionally, it has
been noted that vitamin deficiencies affect the immune system, which enhances
death in people with chronic illnesses. The difference between dietary supplements
and overweight has a significant impact on the intensity of COVID-19 [52]. These
variables may have an impact on host epigenetic factors either directly or indirectly,
and they may also deregulate gene expression. Therefore, a balanced dietary supple-
ment is crucial for helping people with chronic conditions to control the COVID-19-
related problems [53].

12.6 Conclusion

The COVID-19 pandemic is one of the most serious risks to the global health in the
twenty-first century. The so-called cytokine storm carried on by the virus causes
broad tissue damage and multi-organ failure as well as mortality. Epigenetic
modifications affect a wide range of healthy and disease-related processes, such as
cancer, epigenetic disorders, obesity, and viral infections. COVID-19 is notably
more communicable than MERS-CoV and SARS-CoV-1 viruses. SARS-CoV-
2 COVID-19 infected people have a lower mortality rate than MERS-CoV virus;
however, co-morbid COVID-19 infected people have a greater mortality rate.
Studies have shown that COVID-19 changes the host’s genetic sequence in a variety
of ways. There could be several causes for this broad range of medical symptoms,
one of which being the processes linked with the entrance of the COVID-19. ACE2,
which is mostly located on pulmonary cells, is the most important receptor for the
COVID-19 spike protein. The ACE2, TMPRSS2, and FURIN genes have undergone
major genetic and epigenetic changes, resulting in a major impact on COVID-19 cell
pass into the host and disease severity. According to this perspective, the reversible
nature of epigenetic alterations offers hope for future research that could prevent the
virus from being able to infect cells. Depending on worldwide information of
COVID-19 and new information regarding ways to handle medical symptoms, we
concluded that the Delta variant was the most serious phase of COVID-19, with
significant death globally. However, information from the Omicron phase is insuffi-
cient to assess the intensity of this variation. The formation of a successful vaccina-
tion has been one of the most critical tasks confronting COVID-19. And over
20 vaccinations have been validated thus far. The data on the effectiveness of
these vaccines varies by study; nevertheless, the overall efficacy of mRNA vaccines,
notably the Pfizer-BioNTech product, appears to be higher when compared to others.
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Abstract

Pathogenic bacterial strains that have adapted to solely infect humans need to go
through a constant cycle of host changing, colonization, and transmission. Any
population incapable of doing this might be experiencing an evolutionary dead
end. An enormous amount of pressure has been placed on the creation of
extraordinarily effective methods to circumvent the human innate and adaptive
immunity by the ongoing selection process that occurs across several distinct
cycles of transmission via various human hosts. Bacteria that have evolved to live
in human surroundings as pathogens frequently exhibit the phase variation of
virulence-linked genes. While homologous recombination is one possible method
for this kind of random, high-frequency switching of gene expression, simple
tandem DNA repeating sequences are also capable of mediating phase variation.
Because of the innate instability of these DNA repeats, individuals within the
bacterial population showed diversity in the expressing virulence-associated
genes as a result of the regular loss or gain of repeated units in the promoter
regions or the open reading frames of these genes. A population of bacteria with a
diverse range of cells that have already reacted to various environmental, intra-,
and inter-host constraints can be produced using a very effective contingency
method called phase variation. More studies have been done on restriction
modification systems with phase-variable expression. Global modifications in
DNA methylation result from phase variation in these systems. Multiple

N. Verma () - G. Kaur - K. Thapa - N. Kanojia - L. Rani - P. Sood
Chitkara University School of Pharmacy, Chitkara University, Baddi, India
e-mail: nitin.verma@chitkarauniversity.edu.in

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

© The Author(s), under exclusive license to Springer Nature Singapore Pte 209
Ltd. 2023

G. Gupta et al. (eds.), Targeting Epigenetics in Inflammatory Lung Diseases,
https://doi.org/10.1007/978-981-99-4780-5_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4780-5_13&domain=pdf
mailto:nitin.verma@chitkarauniversity.edu.in
https://doi.org/10.1007/978-981-99-4780-5_13#DOI

210 N. Verma et al.

human-adapted bacterial diseases have Type III restriction-modification systems,
which show how global alterations in methylation affect numerous gene
expressions. Phasevarion switching aids infections in evading the human immune
system by altering virulence features. The most prominent human Haemophilus
influenzae bacterial infection is examined in this chapter with regard to the
significance of phasevarions in pathogenesis and immunological resistance.

Keywords

Haemophilus influenzae - Phase varion - Immune system - DNA methylation

13.1 Introduction

Throughout the bacterial kingdom, restriction-modification (R-M) systems play a
significant part in defending bacterial cells from DNA invasion. Basically, a R-M
system is constituted by two of the enzymes that are restriction endonuclease and
methyltransferase. Self-DNA is recognized by the methyltransferase, which also
facilitates the transfer of methyl group at a particular DNA recognition region,
resulting in resistance to cleavage [1, 2]. Moreover, restriction endonuclease enzyme
splits into two strands of DNA that have not been methylated [3, 4]. A population of
bacteria that have previously adapted to various environmental variables both within
the host and between various individuals of the host can be created using the
extremely efficient contingency approach known as phase variation [5]. Switching
expression commonly involves genes that encode surface-expressed virulence
markers and enables the emergence of a population of cells with a variety of
phenotypes, among which some are better suited for survival. A variety of theories
have been advanced regarding the potential of Phase variable type III R-M
frameworks but none of them have received experimental support [6—8].

R-M systems have historically been assumed to offer defense against foreign
DNA or bacteriophages obtained through spontaneous transformation. In this situa-
tion, phase variation might make it possible to temporarily remove this barrier,
enabling the attainment of foreign DNA molecules with potential benefits [9]. How-
ever, a gene encoding a DNA methyltransferase that is localized in the cytoplasm
was shown to include simple tandem DNA repeats in 2005. A regulon of genes
undergoes phase variation as a result of the randomized switching of this gene [10],
thus dividing the bacterial cell into two halves of alternate expression owing to a
wide range of phenotypic changes. Phase variations are frequently used by bacteria
as a backup plan, as shown by recent analysis of accessible genomes, which
identified evidence of potential phase variations in both Types I and III restriction-
modification processes in an extensive range of pathogen and non-pathogen species
of bacteria [11, 12]. Heterogeneous methylation of the genomic series is one
potential mechanism through which phase variable methyltransferases are employed
to control genes [13]. There were no examples where the methyltransferase itself had
a phase-varying expression pattern, though. DNA methylation has been found to
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exhibit to have an impact on gene expressing phenomenona in a number of systems
in the past such as Dam methylation [14].

13.2 Bacterial DNA Methyltransferases

DNA methylation, which is accomplished by DNA methyltransferases, is one of the
epigenetic regulatory mechanisms in bacteria that has received the most attention
from researchers. Methyl groups are transferred from S-adenosyl-L-methionine to
adenosine and cytosine bases with the help of these enzymes [15]. Both prokaryotic
and eukaryotic categories undergo methylation process of adenine and cytosine
bases, though cytosine methylation has been found to have a stronger effect on the
regulation of gene expression in eukaryotes whereas methylation of adenine seems
to have a higher regulatory role in bacteria [16]. The purpose of bacterial restriction-
modification (R-M) systems is to provide defense against phage DNA, which led to
the initial investigation of DNA methyltransferases of bacteria and related restriction
endonucleases [17, 18].

13.2.1 Types of DNA Methyltransferases

The bulk of restriction-modification systems is connected to bacterial DNA
methyltransferases. Systems for modifying restrictions serve two primary purposes:
DNA cleavage caused by an endonuclease with a specified target sequence [19], and
amendment at a particular region of DNA by a DNA methyltransferase that causes
the inhibition of endonuclease activity to prevent the degradation of endogenous
self-replicated DNA [20]. Escherichia coli bacteria got identified Deoxyadenosine
methyltransferase (Dam) as the first orphan DNA. Adenine methylation by E. coli
was demonstrated. Normally, both DNA strands of the E. coli chromosome are fully
methylated, with the exception of the brief period following DNA replication
[21, 22]. Because DNA replication is semi-conservative, hemimethylated DNA is
produced when one DNA strand is methylated but not the other. Both DNA strands
are unmethylated in dam mutants [23]. Escherichia coli cells without the dam gene
were discovered to be alive but had a higher rate of spontaneous mutations, pointing
to a function for methylation in DNA repair [24]. Furthermore, it was discovered that
dam mutants lacked coordination during the initiation of chromosomal replication.
Other methyltransferases separate from DNA after one catalytic cycle [25-27].
Restriction-modification processes function as a nucleic acid phase immune
system to defend bacterium toward phage. Type 1 and Type 3 processes are the
main processes or systems significant to phasevarions. Restriction (HsdR), Specific-
ity (HsdS) and modification (HsdM), constituents are included in Type 1 restriction-
modification processes [28]. The restriction endonuclease as well as
methyltransferase, correspondingly are composed of the hsdM and hsdR genes.
Every hsdS gene has 2 half-target recognition areas, every portion of which
constitutes one-half of the coded HsdS proteins, particularly with specific methyl
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structure [29]. R2M2S is a pentamer composed of HsdM, HsdR, and HsdS, required
for useful restriction activity whereas M2S is a trimer works as a standalone
methyltransferase [30-32]. DNA methyltransferase and restriction endonuclease
(Res) are the two main constituents of type 3 process (Mod). DNA can be methylated
by Mod except for the utilization of Res. To break DNA at the target point, a tetramer
complex of Mod and Res (R2M2) is required [33]. Solely the Mod subunit works as
a DNA recognition constituent in Type 1 process [34].

13.2.2 Processes of Phase Variation in DNA Methyltransferases

In the bacterial restriction-modification process, phase variation has been seen to
begin through two different mechanisms [35]. The larger part of Type 1 processes
have been proved to phase variate by homologous recombination. This process
advances swapping among different target sites of methylation instead of intervening
ON/OFF changing of methylation [36]. The damage and benefit of a repeat unit in
Type 1 process having direct progression repeats might effects frameshift mutation
that makes the gene ON or OFF. All Type 3 systems show phase variation via the
occurrence of direct sequence chains [37] (Fig. 13.1).

13.3 Phase-Variable Type Ill Restriction-Modification Process

H. influenzae of non-typeable strain (NTHi) is the main causative microorganism of
some pulmonary-related disorders including middle ear infection [38], exacerbations
of chronic obstructive pulmonary disease [39], and community-acquired pneumonia
[40]. NTHi-related cancer rates have skyrocketed since the introduction of a vaccine
against H. influenzae serotype b [41].

In a post-genomic examination of the primary gene of a free-living bacterium,
ModA is among one of the earliest instances of a phasevarion discovery that
occurred in a strain of H. influenzae Rd. [42]. From this point of view, the DNA
methyltransferase was a part kind 3 process and consists of the gene’s coding
sequence having 5-AGCC-3 chains. Sixteen genes, comprising heat shock proteins,
were differentially regulated as a result of ModA 1 methyltransferase phase variation
[43]. Although H. influenzae strain Rd. had a significant role in the development of
the rationale of phasevarions, NTHi now accounts for the majority of individual
sickness. Additionally, other investigations demonstrated that NTHi has a broad
variety of phase variations [44]. Reports demonstrated that the innermost portion of
ModA which comprises the target identification area is extremely uneven among
strains having almost 21 discrete methylation target progressions (5, 22). In an
investigation, one of the co-workers reported five main commonly established
ModA alleles such as Mod A2, 4, 5, 9, and 10 depicting almost two-thirds of each
NTHi therapeutic segregates investigated, single real-time (SMRT) steps and
methylome study showed that the diverse active identification domains definitely
undergoes methylation of varied chains [45].
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Fig. 13.1 Representation of epigenetic mechanisms of influenza H virus infection. Virus induces
the modification of histones and demethylation of host DNA that results in the suppression of
antiviral response in the host

Consequently, every chromosome methylates a specific DNA target-based
sequence, an investigation of the expression profiles of ModA activated and
inactivated strains that shows the identical allele set of allele demonstrated that
every strain regulates a specific phasevarion of genes [46]. Varied resistance patterns
of resistence to the drugs such as erythromycin, ampicillin, and gentamicin were
demonstrated by the ModA2, ModAS, and ModA10 alleles, correspondingly
[47]. High-molecular weight external membrane protein shown to exhibit
phasevarion-dependent expression in ModA4 types. The specific resilience of
ModA4-activated strains which showed lesser concentrations of HMW was
exhibited by opsonophagocytic killing experiments utilizing HMW-specific serum,
which is adaptable through ModA4 advancing exit from an adaptive immune
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response. ModA2 also regulated film-forming capacity and tolerance to oxidative
stress, in addition to antibiotic resistance. The chinchilla OM model was found to
prefer the activated over the inactive termination of modA?2 in in vivo studies.
Together, these findings indicate that ModA phasevarions are two-stage epigenetic
alternatives with regulatory potential in immune function, pathogenicity, and niche
adaptability in vivo [48].

13.3.1 Methodology

13.3.1.1 Bacterial Growth Condition of H. influenzae

Both Hemin in the concentration of 10 mg/ml and NAD in 2 mg/ml-supplemented
brain heart infusion (BHI) broth were employed to cultivate Haemophilus influenzae
at a temperature of 37 °C. Brain heart infusion (BHI) agar plates were made
employing 10% (v/v) Levinthal base, 1% (v/v) agar, and, if required, tetracycline
(5 mg/ml) as well as kanamycin (10 mg/ml) supplements [49].

13.3.1.2 Fabrication of Mod and Res Types Mutant Strains
of H. influenzae

The uncharacteristic H. influenzae segregates R2866, as well as 162, were converted
utilizing the MIV methodology employing trimmed DNA gene sequences obtained
from the Rdmod::kan altered strain [50]. Resting on BHI plates with
kanamycin, Mod::kan transformants were selected, and their assessment by PCR
and Southern blot examinations was performed successfully. Employing the primers
ResR and ResF, the res gene was enlarged by employing PCR. The PCR by-product
was franked with Hind III digestion, Klenow polymerase (New England Biolabs),
and cloning into the pGEM-Teasy vector (Promega) [51]. Among the pUC4K vector
(Pharmacia), the Tn903 kanamycin resistance cassette was removed employing
Hincll and situated into the frank Hind 3 spot. After being linearized through Ncol
digestion, the resultant plasmid, pGEMres::kan, was employed to execute the MIV
methodology conversion on 162 non-typeable H. influenzae isolates [52].

13.3.1.3 Transformation of H. influenzae

After being homogenized in a 20-ml quantity of chilled sterile water having
272 millimoles sucrose (pH 7.4) and 15% glycerol, the bacteria were collected
from five of the media plates of simultanecous growth on brain heart infusion
(BHI) agar medium assisted with Levinthal base. Following centrifuging for 2 min
at 13,000 rpm, the bacteria were mixed with 1 cc of sterile water. The process was
repeated four or five times, with the cells remaining on the ice between spins. After
measuring and standardizing the cell suspension optical density at 600 nm was found
to be 10. The cells got one microgram of additional DNA before proceeding for
incubation on ice for another 2 min. After isolating the cells by electrophoresis, they
were immediately cultured in BHI broth. After incubation for 90 min at 378 °C with
frequent swirling, cells were coated with tetracycline on brain heart infusion (BHI)
agar. Multiple communities were selected after an overnight growth period, cultured
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in broth, and plasmids were formed with the use of a Qiagen Plasmid Midi Kit.
Various substrates were estimated quantitatively. After selecting 12 communities to
track the expansion of the mod repeat tract, a cell population sample was created to
measure blunt size using the Gene Scan method, as was previously described
[53]. Colony counts per milligram of DNA were used to derive the conversion
efficiency. By examination of fragment size, the ratio of stimulated to unstimulated
cells in the mod ON inheritor cell was examined prior to and after the transformation
and was confirmed to be unaffected [51].

13.3.1.4 DNA Formation, Manipulation, and Analysis

The Sigma Proligo primers have been used in a PCR. Whole enzymes are purchased
from “New England Biolabs.” Primer pairs him6A and 11 were exploited to replicate
the mutable region of the mod gene, whereas primer pairs himl, 3, 4, 5, as well as
HI1059for and HI1052rev, were also utilized for replication of mod repeated tract
and the mod/res region, respectively [54]. Primer pairs HI1054for and HI1054rev, as
well as HI1054for2 and HI1054rev2, were used to amplify the area of the res gene
containing well-known frameshift mutagenic alterations [55]. A Big-Dye sequenc-
ing kit and PCR procedure were used to generate the sequenced experiments (Perkin
Elmer) [53].

13.3.2 Analysis of Mutant Strains of H. influenzae

13.3.2.1 Apol Cleavage Assay

The Qiagen Plasmid Midi Kit can be used to generate H. influenzae strains with
Rd. mod ON gene and mod::kan cells. According to the manufacturer’s instructions,
overnight Apol digestion has been carried out on 1 pg of each plasmid. After that, the
fragments were separated using TBE at 70 V for 2 h on a 2% higher-resolution
agarose gel and scrutinized under UV light. Digests were performed in a manner
akin to this utilizing Taql [54].

13.3.2.2 South Western Analysis

After the membrane had been exposed to UV light to cross-link the DNA to it, it had
been three times washed in “TBST” (plasmid pH Stet was retrieved employing
100 mM Tris H). The repeat tract was sequenced in order to confirm Mod ON cells.
According to the manufacturer’s recommendations, 5 pg of every plasmid was
digested with Dpnl overnight. The resulting fragments were then resolved for 2 h
with TBE at 70 V on just a 1.5% elevated agarose gel. The extracted DNA fragments
were deposited onto a nitrocellulose membrane through overnight capillary transfer
method. Stir Hydrochloric acid of pH 8, 200 mM NaCl, 1 mM EDTA, and 0.5%
Tween 20 solution was stirred gently for 5 min. After blocking in 3% BSA in TBST
for 1 h, the membrane was incubated with a 1000th dilution for rabbit isolated
N6-methyl-adenine monoclonal antibody at room temperature with moderate agita-
tion. After being treated with a blocking solution that contains a goat anti-rabbit
Immunoglobulin G alkaline phosphatase conjugate antibody for an additional hour,
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washing of the membrane was accomplished thrice for 5 min in TBST. After three
further washes [55], the membrane was totally absorbed in 10 ml of Sigma FAST
BCIP/NBT substrate.

13.3.2.3 5’-CGAAT-3’ as Rd. Mod Recognition Site in H. influenzae

In the past, studies of Rf DNA constraint systems in the H. influenzae strain revealed
that the recognition sequence 50-CGAAT-30 was unique to type III R-M systems
[56]. The mod and res genes, which are encoded by a single R-M system in the
H. influenzae strain Rd. genomic sequence, have similarities to type III systems. A
50-AGTC-30 tetranucleotide repeat tract located within the open reading frame of
the mod gene makes it phase variable in expression [57, 58]. To investigate if the
Hinf-IIT and Mod recognition sequences are the same in strain Rd., plasmid pHStet
has been produced in strain Rd. mod ON and strain Rdmod::kan cells. The generated
plasmids were either in methylated or unmethylated state and then cleaved with an
enzyme for whom the recognition sequence is a perfect match for the predicted
methylation sequence. Protein digestion by Apol is inhibited by the methylation of
any adenine moiety in the Hinf-IIT region. While pHStet has many Apol sites, only
one of them coincides with a “Hinf-III” domain, suggesting that its activity could be
blocked by methylation [59]. Mod’s methylation of the DNA inhibited “Apol”
digestion of the plasmid, as this band was not observed in the non-methylated
plasmid digested from the Rdmod::kan cells. Based on our findings, we conclude
that Hinf-III and Mod Rd. share comparable site preferences like 50-CGAAT-30.
Additionally, it was demonstrated that the adenine located at second position in the
“Hinf-III" sequence is methylated. This is demonstrated by the fact that Taql
successfully degrades pHStet [60]. The Taql recognition site begins at the same
adenine as the first adenine in the Hinf-1II sequence (50-TCGA-30). The fact that the
Tagql cleavage pattern for pH Stet is the same when it is taken from “Rd mod ON
and mod::kan cells” demonstrates that this base is not methylated by Mod. This lends
credence to previous studies that demonstrated DNA methylation via the “Hinf-III"
enzyme isolated from H. pylori, i.e., S-[methyl-3 H] adenosyl methionine was
utilized along Taql to cleave influenza strain Rf [61].

13.3.2.4 Distinction of Mod Recognition Site in Various Strains
of H. influenzae

Aligning of the four mod gene sequences isolated from four different H. influenzae
strains are accomplished. Genomes of influenza have been sequenced and made
available, along with the discovery of the fact that mod gene sequence was seg-
mented into 3 domains, as is distinctive characteristic of mod genes of type III R-M
framework [62]. The amino and carboxy terminus of the peptide chain exhibited
around 90-96% and 29-31% sequence homology, respectively, among the genome
sequenced strains, but the “core domain” of the protein reveals just 29-30% similar-
ity. This is reliable with previous studies signifying that Mod proteins display
significant conservation only in the N- and C-terminal points of the protein [63],
while the central region shows much lower preservation. It has been suggested that
this core region of the protein functions in the recognition and binding of target



13 Epigenetics of Haemophilus influenzae 217

sequences as well as the binding of the donor of methyl [64]. The conserved areas are
thought to be involved in Mod and Res’ protein—protein interactions. The fact that
the antisera were able to bind to every piece of the fragmented DNA showed that the
plasmid’s numerous sites were being methylated by endogenous methylases. One of
the DNA fragments was found to exhibit differential antiserum binding to plasmid
recovered from R2866 mod ON and mod::kan cells, displaying that this DNA
segment includes several Mod methylation sites that cause this detectable variation
in antiserum binding between same genus strains. The dissimilarity in antisera
binding between mod mutant and wild-type strains proves that mod is an efficient
methyltransferase in this strain [65].

13.3.2.5 Differences in the Mod Gene Sequence Classify 15 Distinct
Clusters of H. influenzae

H. influenzae-derived mod gene is analyzed phylogenetically to observe its
heterogenic sequencing that exists in genome-sequenced isolates of H. influenzae.
Moreover, experimental data support the proportionality of recognition site specific-
ity and mod gene sequences. Non-typeable H. influenzae (NTHi) causes otitis media
and respiratory problems, while encapsulated strains are linked to more severe
illnesses such as meningitis and pneumonia [66]. Significant variability was seen
in the mod repeat tract. The H. influenzae survey acknowledged 15 mod sequence
groupings, wherein the variable region sequence was >95% identical amino acids
within a group. The differential region of proteins presented only a 29-38%
sequence similarity between groups. There is a connection between the type of
mod sequence and the capsular serotype. With the exception of the ATCC 9833
strain, all members of a given capsular serotype have the same mod sequence type.
Every single one of the capsular-typed strains has its own one-of-a-kind mod
sequence type [67]. Both capsular types e and f have a unique mod sequence type
that cannot be found in any other strain whether it is a capsular or non-typeable one.
There was no evidence of the mod or res genes, suggesting that these strains either
never had them or never picked up the R-M system. The absence of these genes was
validated by a Southern blot analysis using a probe specific to the 30 variable regions
of the mod. It has also been established that the length of a mod repeat is related to
the sequence family from which it was derived. A repeat tract in the mod gene has
only been found in three of these 15 sequence variations. Isolates 6 and 7 are
completely NTHi, while Isolates 8 include both capsular types e and f. Phase
variability at the identified mod gene is not anticipated from them. Previous studies
have linked the occurrence of mod phase fluctuations to the length of the repeat
section in strain Rd. The fact that different mod alleles have different functional
effects [68] may explain the variations occurring in different phases of mod gene
expression and the regulating the pace at which this develops. In our analysis, nil
correlation was found to exist among mod sequence groups or its length and
phenotypic characteristics of disease. Given the great degree of preserving sequence
of mod gene among strains of H. influenzae and Neisseria, the homology in the DNA
repeated strands involved for phase variation, and the genetic similarity via horizon-
tal gene transfer, the naming convention has been proposed [69]. Genes are labeled
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with the letter modA followed by a number that identifies their place in the mod
grouping generated on the basis of the allele DNA recognition marker. The ability to
recognize specific DNA sequences is crucial [70].

13.3.2.6 Multiple Strains Carry res Gene Mutations That Render It
Inactive

Res sequence existing in between Rd. and NTHi genes is pretty much conserved
than the mod gene sequencing of H. influenzae strains. The protein length predicted
by the res ORF differed widely between strains 86-028NP (722 aa) and Rd. (930 aa).
Res gene of Rd. Strain produces a protein that is composed of 930 amino acids, while
strains R2866 and R2846 produce proteins that are 929 aa in length [71]. Only in
strain 86-028NP, a single base pair deletion resulted in a frameshift mutation
involving 207 amino acids at the carboxy terminus of the res gene, bringing it closer
to the full-length genetic sequence. The subunit Res present in type III R-M
networks shares so much resemblance in sequence to that of RNA and DNA
helicases superfamily II [72]. An ATP-binding site is an example of a conserved
motif (TGxGKT). Metal binding in this region of the protein is essential for the
DNA-cleaving activity of a number of restriction enzymes. It was found that the res
gene was deleted at location-1 in mod group 2 strains as well. For whatever reason,
the res genes of four strains in mod group 2 were missing a specific number of
nucleotide base pairs. This alteration resulted in a frameshift that severed further
amino acids from the peptide’s carboxy terminus, shortening it to 495 in total [73].

13.3.2.7 Experiments on Type Ill Restriction Activity by Transformation
with Methylation or Unmethylated Plasmids Created by Mod
Mod plasmids were tested for their ability to convert H. influenzae strain
Rd. 162 with and without methylation obtained from ON: mod or Kan: mod cells,
respectively, to determine the efficacy of the type III Restriction Mononucleases
framework. Since the mod is constitutively generated in strain 162, it was not
essential to analyze the methylated derivative of plasmids derived from strain
Rd. using the Apo protein-I inhibitory assay and by scanning the mod repetition
tract prior to transformation. When a plasmid that had not been methylated was put
into a homologous strain, transformation efficiency plummeted (mod ON cells of
strain Rd. 162). There were just twice as many successful plasmid conversions using
the Mod modified plasmids as there were using the non-methylated plasmids. Type
III R-M system function alone accounts for the observed variance in transformation
efficiency [74], in contrast to the other R-M systems which are unaffected in the wild
type or mod::kan strain combinations that are mostly isogenic in nature. Changes in
methylation systems apart from those involved in type III recombination account for
the substantial variation in transformation efficiency between these two strains.
Evaluating the ability to convert unmethylated plasmids is one way to determine
the contribution of the Mod-Res system toward the restriction blockade
[75]. Although the transformation efficiency is drastically lower than that of
Mod-methylated plasmids, only 43% of the plasmids are successful in transforming
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the cells. These results suggest that type III R-M systems contribute only marginally
to the cellular defense mechanism against foreign DNA.

13.4 Future Perspectives of Epigenetics

Both oral infections and the host may employ epigenetic pathways to modulate the
immune response. Because infectious diseases are so intricate and multifaceted, it is
reasonable to think that epigenetic events might have a role in either the onset or the
development of the disease. Research in this area has the potential to advance our
understanding of the pathogenesis of influenzae bacterial infection because epige-
netic pathways have been shown to affect our understanding of inflammatory
illnesses.
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Abstract

Pulmonary arterial hypertension (PAH) is a fatal and enigmatic disease of the
pulmonary circulatory system for which there is currently no cure. The intricate
pathogenesis of PAH poses a barrier to identifying novel therapeutic targets,
resulting in high morbidity and mortality rates. To identify potential drugs or
biomarkers from the bench to the bedside, there is a need to expand the current
knowledge of the pathogenesis of PAH. Alternative therapies and treatment
strategies may slow down the progression of this disease, but a complete cure
requires uncovering the underlying novel mechanisms. Emerging epigenetics-
based studies are paving the way for understanding the pathophysiology of
several complicated disorders, such as cancer, peripheral hypertension, and
asthma. Thus, epigenetic studies may help to comprehend the multifaceted nature
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of PAH. This chapter compiles the current knowledge and emerging therapeutic
and biomarker potential of epigenetic factors, such as DNA methylation, histone
modifications, and noncoding RNAs, in PAH. As no animal models can fully
recapitulate human PAH features, we highlight the emerging microfluidic lab-on-
a-chip (LoC) technology as an excellent model for the disease and testing
therapeutics.

Keywords

Pulmonary arterial hypertension - Epigenetics - DNA methylation - Noncoding
RNAs - Microfluidics - Lab-on-a-chip
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ABCALI ATP binding cassette 1
APOA4 Apolipoprotein A4

BER Base excision repair

BMPR2 Bone morphogenetic protein type II receptor
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CAP Concentrated ambient particles

ChIP Chromatin immunoprecipitation
COPD Chronic obstructive pulmonary disease
DNMT DNA methyltransferase
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HDAC Histone deacetyl transferases
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MBD Methyl CpG binding
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TET Ten-eleven translocation

TGF Transforming growth factor
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TNF Tumor necrosis factor

UHRF Ubiquitin-like, containing PHD and RING finger domain
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14.1 Introduction

Pulmonary arterial hypertension (PAH) is a chronic cardiovascular condition
characterized by vascular remodeling that ultimately results in right heart failure
and death [1, 2]. Current therapeutics have primarily concentrated on addressing
issues with the pulmonary vasculature and abnormal signaling pathways such as
those involving prostacyclin, endothelin 1, and nitric oxide. The goal of these
therapies is to alleviate the burden on the right side of the heart by reducing afterload
[3, 4], yet a universally effective drug is under investigation. The leading causes of
PAH are multifactorial and intricate, such as endothelial cell dysfunction [5], smooth
muscle cell hyperproliferation [6], vascular inflammation, and immune
dysregulation [7], germline mutations [8], and many others. Existing combination
therapies can slow down the progression of the disease, but remain incurable
[9]. Thus, there is an unmet need to understand this disease mechanism to discover
effective drugs for therapeutic purposes.

Pathobiological research, diagnostic, and treatment strategies for PAH have
advanced significantly, although the most precise mechanism is still enigmatic
[10]. The involvement of aberrant cell signaling, genetics (mutations), and environ-
mental variables, such as hypoxia, viral infections, and anorectic agents in the
pathogenesis of PAH has been the subject of much exploration. But less emphasis
has been paid to the relationship between epigenetics and PAH [11]. Epigenetics
may be a potential pharmacological target since compelling data indicates that
epigenetic mechanisms play a critical role in the pathogenesis of PAH [11-
14]. Therefore, targeting epigenetic processes may offer a promising avenue for
pharmacological interventions. However, the field of epigenetics investigates
alterations in gene expression that can be inherited without changes to the DNA
sequence [15]. The three primary mechanisms of epigenetics are DNA methylation,
histone modification, and microRNA (miRNA) regulation. These processes play
significant roles in modulating gene expression and regulating cellular activity
[16]. Some miRNAs including miR-34a [17], miR-17-92 [18], and miR-212-5p
[19] were identified as potential therapeutic targets in PAH. Despite the crucial role
of epigenetics in the pathogenesis of PAH, the role of histone modification and DNA



226 K. M. T. Rahman et al.

methylation in this condition has received relatively little research attention
[11]. Moreover, a new class of RNAs called circular RNAs (CircRNAs) is emerging
as diagnostic and therapeutic agents in various diseases including PAH [20]. Thus,
targeting epigenetics in PAH could open the door to addressing many unanswered
questions. However, understanding disease mechanisms and evaluating therapeutic
effectiveness rely heavily on the fidelity of animal models. Unfortunately, no animal
models have been identified that can replicate fully the pathophysiology of PAH in
humans [21]. Modern scientific advancements have produced a rapid and resilient
microfluidics-based technology that has the potential to connect traditional cell
cultures, animal models, and human subjects, thereby bridging the gap between
them [22]. One of the most promising advancements in this field is the lab-on-a-chip
(LoC) technology, combined with tissue engineering and organ-on-a-chip (OoC)
technology [23]. Together, these technologies can accurately emulate human patho-
biology and evaluate the efficacy of drugs [24, 25]. In concert with a state-of-the-art
microscope imaging system, this might be a revolutionary approach for unraveling
the mystery of a putative PAH mechanism in humans. This chapter aims to provide
an overview of the functions and mechanisms of epigenetic regulators in the
development of PAH, and their potential therapeutic targets. Furthermore, this
chapter will discuss the potential of microfluidics-based lab-on-a-chip (LoC)
technologies for PAH research.

mature miRNA

DNA methylation Histon modification RNA regulations

RISC
TET— DNMT
IIﬂT IIJ.‘C TalgEtn‘lRNﬁ iaple g pppanjan

(e \) % “““,t’”ﬁ“

Acetylation Methylanon Phosphgrylanon mRNA degradation

Gene expression changes in - PAEC PASMC and Fibroblast
Vascular remodeling and vasoconstriction

Phenotype alterations:
Hyperproliferation of PASMC, apoptosis resistance, migration of
SMC, endothelial-mesenchymal transition, extracellular matrix
stiffness, thrombosis and inflammation

v

Pulmonary hypertension

Fig. 14.1 The role of epigenetic mechanisms in the pathogenesis of PH
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14.2 Targeting Epigenetics in PAH

Epigenetics refers to the investigation of heritable changes in phenotype that do not
involve changes in DNA sequences. There are three primary epigenetic mechanisms:
histone modifications (such as acetylation and methylation), noncoding RNA
(including microRNA and long noncoding RNA), and DNA methylation, all of
which can activate or deactivate genes [26, 27]. A brief overview of these three
mechanisms will be discussed later in this chapter.

We depicted the role of epigenetic mechanisms in the pathogenesis of PH in
Fig. 14.1. DNMT (DNA methyltransferase) is used to catalyze and maintain DNA
methylation. The TET (ten-eleven translocation) proteins can block DNMT.
Histones found in the nucleosome’s N-terminal tails can be acetylated, deacetylated,
methylated, and other posttranslational changes. The epigenetic reader BRD4
(bromodomain-containing protein 4) can identify the acetylated lysine residues on
histone tails. Mature miRNA is incorporated into the RISC (RNA-induced silencing
complex) to mediate target mRNA destruction or translation inhibition. These three
epigenetic variables have a significant impact on PAH and pulmonary vascular
remodeling (dysfunction of key vascular cells such as pulmonary artery endothelial
cells (PAECs), smooth muscle cells (PASMCs), and fibroblasts). PAECs play a
critical role in regulating thrombosis and inflammation. PASMCs contribute to
increase in vascular resistance in pulmonary hypertension [27, 28]. Besides, vascular
extracellular matrix (ECM) remodeling and homeostasis are regulated by
fibroblasts [29].

14.2.1 DNA Methylation

In 1948, the major epigenetic DNA methylation was first discovered by Rollin
Hotchkiss while preparing calf thymus. He found a modified version of the nucleo-
tide cytosine and stated that it existed naturally in DNA [30]. This finding led to the
hypothesis that this fragment of the DNA was 5-methylcytosine (5 mC) [30]. In
1980s, numerous studies showed that DNA methylation, which involves a methyl
group addition to the DNA molecule at the fifth carbon of the cytosine ring in a CpG
dinucleotide sequence, is a critical mechanism for gene regulation and a major
epigenetic factor controlling gene activities in eukaryotes [31]. The process of
DNA methylation is catalyzed by a family of enzyme known as DNA
methyltransferases (DNMTs), during which a methyl group from S-adenyl methio-
nine (SAM) is transferred to fifth carbon of cytosine [32]. The enzymes DNMT3a
and DNMT?3b are known as de novo DNMT as these can transfer the methyl group
into a naked DNA molecule while the DNMT 1 functions by copying the methylation
pattern of the DNA during replication [33]. There are three classes of enzymes
known as writers, erasers, and readers, which are involved in establishment, recog-
nition, and removal of DNA methylation, respectively. The addition of methyl
groups to cytosine residues is catalyzed by writers, whereas the modifications and
removal events are done by erasers, and lastly, readers are responsible for
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recognizing and binding these methyl groups to induce subsequent gene expressions
[33]. The three DNMT members (DNMT1, DNMT3a, and DNMT3b) catalyze the
methylation event. These enzymes have unique expression patterns even though
they are structurally similar [34]. The native DNA methylation pattern is conserved
by DNMT1, often referred to as the maintenance DNMT. During DNA replication,
DNMT1 binds to the replication fork and localizes to the newly synthesized
hemimethylated DNA strand, where it mimics the original methylation pattern
[35, 36]. DNMT3a and DNMT3b are unique when compared to DNMT]1, as these
when overexpressed can methylate both the synthetic and native DNA [37], and thus
they are also known as de novo DNMT due to their capability of methylating naked
DNA. The key property that differentiates DNMT3a from DNMT3b is the pattern of
their gene expression [33]. DNA demethylation can be categorized into either
passive or active forms. During cell division, inhibition of the DNMTI leads to
low levels of methylation overall, as the newly synthesized cytosine residues remain
unmethylated [33]. However, active demethylation can occur in both dividing and
non-dividing cells, where the SmC is regressed back to a naked cytosine by enzy-
matic reactions [38, 39]. During demethylation, a series of enzymatically catalyzed
chemical reactions occur, with subsequent oxidation or deamination of the SmC to a
product, which is further identified by the base excision repair (BER) pathway
[40]. There are some other proposed mechanisms of active demethylation, for
example, one of the suggested mechanisms is driven by the TET enzymes, in
which these enzymes catalyze the addition of a hydroxyl group to the methyl
group of 5 mC forming 5 hmC [41, 42], which is reverted back to a naked cytosine
by two other separate processes such as iterative oxidation of 5 hmC or 5 hmC
deamination by AID/APOBE complex (activation-induced cytidine deaminase/apo-
lipoprotein B mRNA-editing enzyme) [43].

There are three different protein families known as the MBD protein, the UHRF
(ubiquitin-like, containing PHD and RING finger domain) proteins and the zinc-
finger proteins that can recognize DNA methylation. Some of the proteins of the
MBD family are the MBD1, MBD2, MBD3, MBD4, and MeCP2 [44]. There is a
methyl CpG binding (MBD) domain conserved in the MBD proteins. This domain
has a high affinity for single methylated CpG sites [45]. MBD3 and MBD4 exhibit
atypical characteristics among the MBD proteins. MBD3 lacks the ability to directly
bind to DNA due to a mutation in the MBD domain [46], while MBD4 binds when it
recognizes a mismatched guanine residue with thymine, uracil, or 5-fluorouracil
[47-49]. Conversely, MeCP2 plays a double function by acting as both a transcrip-
tional repressor and participating in the maintenance of DNA methylation [33]. The
UHREF family has multi-domain proteins such as UHRF1 and UHRF2 which uses a
SET- and RING-connected DNA binding domain to bind the methylated cytosine
residues [50]. During DNA replication, this protein family primarily binds to the
DNMT1 and maintains DNA methylation by projection it to a hemimethylated DNA
[51, 52]. The final set of methyl binding proteins uses a zinc-finger domain to bind
the methylated DNA. This family consists of Kaiso, ZBTB4, and ZBTB38
[53, 54]. These domains are unique as both Kaiso and ZBTB4 have binding affinities
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for a sequence motif that lacks methylcytosine [55], where Kaiso can also bind to
two successive methylated CpG sites [56].

DNA methylation plays a crucial role in gene regulation and transcriptional
silencing [57]. In particular, when DNA is hypermethylated in regions of the genome
that contain a high density of CpG sites (known as CpG islands), this is often
associated with transcriptional repression [58]. In a study of PH, where the pulmo-
nary arterial smooth muscle cells (PASMCs) were isolated from fawn hooded rats, a
diminish in the SOD2 gene expression was observed. These observations were also
seen in the plexiform lesions of PH [14, 16]. It was later demonstrated that when
CpG islands are selectively hypermethylated in both the promoter and the intronic
regions of the SOD2 gene, the expression is reduced by approximately 50%
[14]. Another study claimed that epigenetic regulation was influenced by the
hypermethylation of the GNLY genes, specifically in the case of pulmonary veno-
occlusive disease (PVOD) [59]. Some of the key biological pathways, where DNA
methylation is involved in epigenetic regulations are the sympathetic nervous system
(SNS), renin—angiotensin—aldosterone system (RAAS), and renal sodium retention
system (RSRS) [60]. The SNS system plays a key role in the pathophysiology and
pathogenesis of hypertension [61], whereas the RAAS contributes to the occurrence
of the disease [62].

A vast amount of data suggests that DNA methylation has an integral contribution
in pulmonary vascular remodeling in PAH. In a study, where some of the genes such
as the ATP binding cassette 1 (ABCA1), adiponectin (ADIPOQ), and apolipoprotein
A4 (APOA4) were detected in PAH patients, the authors saw that ABCA1 was
majorly hypermethylated, indicating that the metabolism of cholesterol might be
related with PAH [63]. Some of the key genetic risk factors of heritable PAH
(HPAH) is the heterozygous loss of function (LOF) mutation in the BMPR2 gene
[64]. A study performed bisulfite sequencing to determine the DNA methylation
profile of the BMPR2 gene and found that this gene was hypermethylated in the
HPAH patients, whereas the wild type allele was more hypermethylated when
compared to the aberrant allele [64]. In another study, a group investigated and
demonstrated that when rodents with PAH were administered with monocrotaline or
exposed to hypoxia, the global DNA methylation increased in their lungs [65]. Their
data shows the upregulation of the enzyme DNMT3b in both rodent models and
PAH patients. Also, the authors showed that knockout DNMT3b '~ rats, suffered
from severe pulmonary vascular remodeling and regular inhibition of DNMT3b
caused proliferation of PASMCs as a response to deprivation of the platelet-derived
growth factor-BB. Overall, their study reveals that DNMT3b mediates the patho-
genesis of PAH coupling epigenetic regulations with vascular remodeling [65].

Pulmonary hypertension shares common risk factors with hypertension, such as
age, obesity, alcohol consumption, drugs, etc. Evidence suggests that variations
DNA methylation is associated with these factors [66, 67]. A study demonstrated
that alcohol consumption enhances the DNA methylation of the ADD1 gene pro-
moter, thus increasing the hypertension susceptibility [68]. Furthermore, a study
claimed that differential variability in methylation can influence obesity. After
analyzing genome wide methylation profiles of CpG sites in both obese and lean
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individuals, the authors found a significant number of differential methylated CpG in
obese cases [66]. Age is also a common risk factor in both PH and hypertension, and
genome wide methylation studies of CpG sites showed that approximately 28.8% of
the CpG sites were associated with age and around 7.9% CpG sites were capable to
predict age, making this association between DNA methylation strong and ubiqui-
tous [67]. In addition, a cross-over trial, with human exposure to concentrated
ambient particles (CAP) showed that these particles diminished methylation of
toll-like receptors (TLR4) and Alu [69].

14.2.2 Histone Modification

Histones are protein that is basic in nature and contains high abundance of arginine
and lysine residues, located in nuclei of eukaryotes [70]. These proteins play
essential roles in protecting DNA from becoming tangled and in process being
damaged [71]. There are five known histone proteins, among which H1 and H5
are the linker histones, while H2, H3, and H4 are core histones [70]. Nucleosomes
are higher order structures that wrap 146 base pairs of DNA around core histone
proteins [16]. Histones are key proteins that maintain the chromatin structure and
influence long-term gene regulations [72]. Even though the chromatin exhibits a
compact structure, histone modifications result in the chromatin losing its compact-
ness [73]. Histone acetylation, ubiquitylation, and histone methylation process take
place at the N-terminal where acetylation and methylation processes are carried out
by acetyltransferases and methyltransferases, respectively [73]. The discovery of
histone H1 and histone H3 phosphorylation was made in regard to the condensation
of the chromosomes during meiosis [73].

Histone modifying enzymes (HME) carry out the posttranslational modifications
of histone tails and thus can regulate gene expression. These enzymes (Table 14.1)
can be categorized in two ways, as writers (induce modifications) and as erasers
(revert modifications). Apart from the common modifications stated above, some of

Table 14.1 Some of the known histone modifying enzymes

Process of

modification Writer Eraser

Methylation Histone methyltransferase Histone demethylase

Ubiquitination Ubiquitin ligase Deubiquitinating enzyme

Phosphorylation Protein kinase Protein phosphatase

Acetylation Histone acetyltransferase Histone deacetylase

ADP ribosylation Poly ADP-ribose (ADP-ribosyl) hydrolases ARH-1&
polymerase ARH3

Proline isomerization | Fpr4 Fprd

Sumoylation E3 sumo ligase Sumo specific protease

0O-GlcNAcylation O-GlcNAc transferase O-GIcNAcase
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the other histone modifications including SUMOylation, ADP ribosylation,
O-GIcNAcylation, and proline isomerization [74—77].

In epigenetic mechanisms, it is integral for the HMEs to collaborate with other
cofactors which involve numerous protein—protein interactions (PPI). Furthermore,
these histone modifying enzymes can form functional complexes by interacting with
non-histone proteins [78]. The activity of these enzymes is crucial, as any imbalance
in their activity along with the change in the compactness of the chromatin is
associated with several diseases including the vascular remodeling in pulmonary
arterial hypertension [79]. Some of these enzymes can also be used as potential drug
targets against PAH. For example, SAHA, a broad spectrum histone deacetylase
(HDAC) inhibitor drug, has demonstrated the ability to decrease the migration of
monocyte induced by fibroblasts, suggesting that such HDAC inhibiting drugs
reduce vascular inflammation [13].

Amongst the five histone proteins, H3 maintains the chromatin structure in
eukaryotes. Modifications of the N-terminal H3 tail by adding acetyl or methyl
groups to arginine or lysine residues can be done post-translations. Also, phosphor-
ylation of the serine or threonine residues is possible [72]. Gene expression can
affect the methylation pattern of lysine-9, as this residue is hypermethylated when
the gene expression decreases while it gets monomethylated when the gene gets
activated [65]. The acetylation of H3 lysine residues is carried out by the enzyme
histone acetyltransferase. Such acetylation events may associate with hypertension
as they induce the glial cell line-derived neurotrophic factor [80]. This factor is key
for the survival of dopaminergic neurons and can be followed up with melatonin
treatment [80]. The neurons expressing melatonin can give input to the neurons of
the rostral ventrolateral medulla (RVLM), which can regulate the sympathetic
outflow to blood vessels. In humans, a dysfunctional RVLM can act as a mechanism
to promote hypertension [81]. Post acetylation, the histone proteins are more acces-
sible to the RNA polymerase due to losing structural compactness [82]. Thus, this
enables the adjacent genes to get transcribed. Furthermore, bromodomain-containing
proteins (BRDPs) can bind with these acetylated histones and recruit chromatin-
modifying factors and induce transcription [83].

There are three families of enzymes that regulate histone modifications, out of
which the histone deacetyl transferases (HDACs) family is the most researched in
regard to PAH [84]. This enzyme family contains a highly conserved domain and
maintains the equilibrium of lysine acetylation by removing acetyl groups in
histones. One of the very first studies on HDACs and their association with PAH
reported that when PAH was induced by hypoxia in bovine models, the phenotype of
the pulmonary adventitial fibroblasts showed abnormality in the activity of class I
HDAC:S. The authors also reported that these fibroblasts had an increased levels of
proteins due to an elevation in the activity of the class I HDAC [85]. In another
study, observation of the human idiopathic PAH lung homogenates showed that out
of six screened HDAC:s, the expression levels of HDACI and HDACS were elevated
[13]. Boucherat and colleagues demonstrated that in PAH patients, the HDAC6 gene
is upregulated in the lungs, in the pulmonary endothelial cells, distal pulmonary
arteries, and PASMCs [86]. The MEF2 transcription factor family is known to be



232 K. M. T. Rahman et al.

linked with class I HDACs and plays a crucial part in cardiovascular development,
wherein HDACs maintain transcriptional inactivity of MEF2s [87]. In PAH, the
nucleus of pulmonary arterial endothelial cells experiences an abundant accumula-
tion of HDAC4 and HDACS, which causes a suppression of MEF2’s transcriptional
activity [88].

14.2.3 Crosstalk of DNA Methylation with Histone Modification

It is difficult to find concrete data on how epigenetic mechanisms influence pulmo-
nary hypertension (PH), but several hypotheses claim that they have substantial roles
in initiation, advancement, and establishment stages of PH [89]. Usually, in case of
eukaryotes, histone proteins are bound with DNA to help package the molecule into
small nuclear pockets. The N-terminal of the amino acids in the histones is chemi-
cally modified by process like acetylation, methylation, phosphorylation, and
ubiquitination [33]. The DNMTs usually target the CpG sites and methylate the
DNA to repress gene expression [33]. The histone modifications that lead to tighter
packaging of DNA induce gene repression. DNMT1 and DNMT3a enzymes are
associated with the histone methyltransferase SUV39HI1 that inhibits gene
expressions [90], while DNMT1 and DNMT3b interact with histone deacetylases
to condense the DNA more tightly represses transcription [91]. In areas with active
transcription, DNA methylation is removed by the TET enzyme, and inhibition of
DNMT binding to the unmethylated CpG sites is done by the histone tails containing
H3K4me® [33]. DNA methylation and histone modifications are crucial epigenetic
mechanisms involved in the development of PAH. The subsequent section provides
a detailed explanation of their roles in this context.

14.2.4 DNA Methylation and Histone Modifications as Therapeutic
Targets of PAH

PAH becomes severe as it progresses, eventually causing right ventricular failure
and death. The therapies available at present are not effective enough to reverse the
disease and therefore result in high mortality and morbidity [92]. Hence, it is an
utmost challenge and requirement to develop newer therapeutics for treating PAH.
There are several therapeutic targets to treat PAH, such as drugs targeting estrogen
signaling, drugs against growth factors, or even drugs targeting properties like
epigenetic modifications and DNA damage [92]. PAH can influence DNA damage
as it is associated with oxidative stress and inflammation [93]. Recently, the drug
Olaparib which is approved for ovarian cancer has been in clinical trials to treat PAH
[92]. This study is sponsored by Laval University, and their drug is under a
preclinical study targeting to inhibit DNA damage and poly (ADP-ribose)
polymerases (PARP) where they have claimed that PARP1 inhibition is cardio
protective and can also reverse PAH disease conditions in an animal model [94]. It
has been reported that PARPI expression and activation levels are elevated in
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PAH-PASMCs and PAH distal PAs [95]. This particular study also showed that in
PH rats induced with both hypoxia and MCT, the PARP1 inhibiting drug veliparib
was successful in reversing the PAH conditions [95]. Another drug that is being
clinically studied is Apabetalone, which targets epigenetic modifications. This drug
targets the inhibition of bromodomain-containing protein 4 (BRD4), which plays a
significant role in the pathogenesis of PAH. Their results indicate that BRD4
inhibition can also reverse the disease conditions in animal models [96]. According
to a study conducted in 2015, patients with PAH have more expression of the BRD4
gene in their distal PAs and PASMCs [97]. They also claimed that such
overexpression of the BRD4 gene results in multiplication of the PASMC [97].

14.2.5 MicroRNAs (miRNAs)

MicroRNAs (miRNAs), firstly discovered in 1990s, are type of small regulatory
molecules consisting of 18 to 24 nucleotides [98, 99]. The involvement of miRNAs
in development and diseases is being perceived firmly over time due to their gene
regulatory roles, conservation among species, and clear understanding of their
mechanism of functions based on sequence complementarity [100—102]. The devel-
opment of high-throughput technologies, computational methods, and experimental
techniques enhanced the discovery process of miRNAs [98]. According to an
estimation, there is around 1000 miRNAs in human genome with targeting potency
of one-third of the entire human genes [103, 104]. MiRNAs can be generated singly
or as a cluster from any part of the human genome through transcriptional machin-
ery, irrespective of coding or noncoding regions [98]. A single miRNA can have
multiple targets while sometimes multiple miRNAs can work together to regulate the
same target, indicating their gene regulatory network attribute [98]. MiRNAs are
generated and processed in a multi-step fashion, taking together several molecular
players [105]. After originating from nucleus, miRNAs come to the cytoplasm and
exert their functions [105]. MiRNAs are known to play a role in the development and
progression of various human diseases, such as different types of cancers, neuronal
development disorders, cardiovascular diseases, and skin diseases. Particularly,
miRNAs have been widely studied in pulmonary hypertension [106—108].
MicroRNAs are associated with PAH [109, 110]. Aberrant miRNA expressions
contribute to the abnormal remodeling of vascular cells, including adventitial fibro-
blast (AdvFB) migration, PASMC proliferation, and PAEC dysfunction in PAH
[111]. Incomprehension of miRNAs role in complex cellular networks blocks the
way to developing new drugs targeting pathological pathways [112]. The miRNA,
miR-34a is a promising candidate for regulating the development of PAH. Reducing
of its expression leads to elevated proliferation of PASMC, while overexpression
produces the opposite effect [17]. Silencing of the miR-17-92 in smooth muscle
cells (SMCs) induces PAH in mice [18]. Recently, miR-212-5p, an anti-proliferative
miRNA, was suggested as a potential therapeutic target. Here, miR-212-5p was
shown to be consistently and selectively elevated in both animal and human models
of PAH [19]. Another study reported that miR-30a could be a promising miRNA for
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therapeutic targets [113]. Overexpression of miR-483 can suppress the PAH gene,
resulting in the development of PAH. This finding indicates that miR-483 may serve
as a potential disease biomarker and a target for therapeutic interventions [114]. In a
recent review, it was found that miR-29, miR-124, miR-140, and miR-204 are
crucial miRNAs that share a common expression pattern in both human and animal
models [112]. However, several studies have previously documented the list of
miRNAs that are dysregulated in PAH [106, 112, 115-117].

14.2.5.1 MiRNAs as a Therapeutic Target for PAH

In PAH, miRNA-based therapy is still in its infancy due to several limitations, such
as miRNA mimics/antagonist, animal models, and instability of RNA molecules
[117, 118]. However, miRNAs have a shorter length with known and conserved
sequences and can target multiple genes within a network. Also, miRNAs have
potential preclinical evidence against human diseases. So miRNA could be a
promising therapeutic target molecule [106, 112]. Currently, four clinical trials
related to miRNA and PAH studies have been discovered while searching https://
clinicaltrials.gov/ (searched on November 9, 2022). The study (NCT00806312,
completed) evaluated the expression and implications of miRNA profiles and
inflammation markers in PAH patients. The study (NCT04489251, recruiting)
looked into the miRNA and TGF pathways in pediatric PAH patients. The results
of the other two studies were either withheld or unknown.

14.2.6 Long Noncoding RNAs (IncRNAs)

In the past, some DNA was regarded as “junk DNA” because it was ubiquitously
transcribed but did not encode proteins; its functions were also unknown [119]. With
the advent of the human genome project, however, the activities of these proteins
were uncovered. This essential protein is referred to as “non-coding RNAs”
(ncRNAs), which play a key role in protein-coding gene expression as well as
several complex biological processes and disease progressions [120]. However,
ncRNAs have been classified into two heterogenous subclasses: small ncRNAs
with 15-200 nucleotides (nt) and long ncRNAs (IncRNAs) >200 nt long. There
are thousands of ncRNA have been identified in the eukaryotic genome [121-
123]. This section will give an overview of IncRNAs, what role they play in PAH,
and how they might be used to find potential therapeutic targets. In the 1990s, the
first IncRNAs were discovered using deep-sequencing and microarray technology.
The importance of understanding the role of IncRNAs in epigenetic silencing and the
evolution of multicellular organisms readily became increasingly apparent
[124]. LncRNAs vary in size, structure (which resembles a flexible scaffold), and
functions [125]. Their synthesis takes place in the nucleus via similar processes to
mRNA transcription. LncRNAs are transcribed mostly by RNA polymerase II, but
also by other polymerases [126]. Interestingly, IncRNAs can act in either the nucleus
or the cytoplasm; hence, they are also classed as nuclear or cytoplasmic
IncRNAs [127].
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Based on recent classification, IncRNAs include long intergenic noncoding
RNAs (lincRNAs) [128], natural antisense transcripts (NATs) [129], intronic
IncRNAs, bidirectional transcripts [130, 131], sense IncRNA, enhancer RNA
(eRNA) [132], and circular RNA (circRNAs) [133]. Nearly all recognized IncRNAs
are similar to mRNA, but they have fewer exons, are less abundant, are nuclear-
localized, and are not evolutionarily conserved [134-136]. They are capable to
interact with DNA, RNA, and proteins [127]. Recent research has demonstrated
that IncRNAs play a wide range of functions in cellular processes, including
regulation of mRNA stability/turnover, chromatic architecture, and interference
with posttranslational modification in the cytoplasm [137]; some of them can also
translate into short polypeptides [138, 139]. A recent study also indicated that
IncRNAs have a role in the development of various human diseases, including
neurological, cancerous, and cardiovascular disorder [140].

14.2.6.1 LncRNAs in PAH
The pathogenesis of PAH is significantly influenced by IncRNAs, which exhibit
differential expression patterns in pulmonary vascular cells such as PAECs and
PASMCs. This differential expression leads to vascular remodeling and the
subsequent development of PAH [141]. PASMC dysfunction is primarily attributed
to various signaling pathways, including but not limited to PDGF, TGF-§, Wat,
hedgehog, estrogen, Notch, PI3K/AKT/mTOR, and MAPK signaling, as well as
apoptotic pathways, hypoxia, and the influence of noncoding RNAs (IncRNAs and
miRNAs) [142]. The platelet-derived growth factor B (PDGF-BB), a
pro-inflammatory cytokine, was shown to be elevated in the lungs of PAH patients
[143, 144]. Intriguingly, PDGF has a strong link with PASMCs proliferation
[145]. However, IncRNA H19, a highly evolutionarily conserved maternally tran-
scribed IncRNA, has been observed to be overexpressed in cancer patients cells
when stimulated by TNF- «, IL-1, IL-6, TGF-1, and PDGF-BB [146, 147]. Several
studies suggest that H19 plays a crucial role in the origin of PAH by increasing the
proliferation of PASMCs, whereas decreasing H19 expression inhibits the develop-
ment of PAH [148]. How precisely PDGF modulates H19 is currently unknown.
Therefore, additional research is required to establish H19 as an efficacious PAH
therapeutic target [141].

PAH’s pathogenesis also involves endothelial dysfunction, where IncRNAs play
a crucial role in the dysregulation process. In particular, dysregulation of IncRNAs
has been implicated in the pathogenesis of chronic thromboembolic pulmonary
hypertension (CTEPH), a subtype of PAH that is caused by chronic pulmonary
embolism. Analysis of microarrays has identified 185 differentially expressed
IncRNAs in CTEPH tissue when compared to healthy controls. Among these
IncRNAs, NR_001284, NR_036693, NR_033766, and NR_027783 were signifi-
cantly altered [149]. The MIR22 host gene (MIR22HG), MIR210HG, HI19,
MALATI, and MEG9 IncRNAs were differentially expressed in endothelial cells
in response to hypoxia, based on NGS studies [150]. Another IncRNA (TYKRIL)
can stimulate the growth of PASMC. An ex vivo study using precision-cut lung
slices (PCLS) demonstrated that TYKRIL knockdown can reverse pulmonary
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vascular remodeling. These findings suggest that TYKRIL may serve as a promising
therapeutic candidate [151]. Smooth muscle enriched long noncoding RNA
(SMILR) was also identified as a promising treatment target, as it is substantially
expressed in PAH patients [152]. However, understanding the role of IncRNAs in
the pathogenesis of PAH and CTEPH may lead to the identification of new diagnos-
tic and therapeutic targets for these conditions. However, further research is needed
to fully elucidate the molecular mechanisms underlying the dysregulation of
IncRNAs in these diseases.

14.2.6.2 Therapeutic Application of IncRNAs in PAH

LncRNAs have a functional correlation with many human diseases, in particular
PAH. Dysregulation of IncRNAs induces cell proliferation, leading to disease
formation. As a result, this could be used as a promising biomarker or as a tool for
personalized disease treatment. A study reported that, in the Chinese population,
IncRNA MALATI (rs619586 A > G) has been found to be associated with a
reduced risk of developing PAH, indicating its potential as a biomarker [153]. Stud-
ies have reported that BC-819 (BioCancell Therapeutics Inc.), which is a double-
stranded DNA plasmid containing diphtheria toxin under the H19 gene promoter
regulation, can decrease the size of bladder tumors in mice [154].

A phase II clinical study involving patients with non-muscle-invasive bladder
cancer reported that combining BC-819 with Bacillus Calmette-Guerin (BCG) led to
an improvement in patient condition [141]. However, there are some potential
drawbacks to studying IncRNAs as a promising drug target identification for cardio-
vascular diseases, specifically PAH. Although much research has been implemented
in search of potential IncRNAs, therapeutic development is still in the early phases.
RNA-based drug stability, an effective mode of delivery, establishing the secondary
structure of IncRNAs, regulating off-target effects, and altering patient-specific
dosages are typical challenges [155].

14.2.7 Circular RNAs (circRNAs)

The earliest evidence of any form of circular RNA (circRNA) molecule was reported
when Diener found genome of viroids causing disease in potato plants in 1971
[156, 157]. The viroids, consisting of single-stranded and closed RNA molecules,
were further confirmed by several studies in the 1970s. Interestingly, various types
of circular RNAs were reported so far across different life forms (from plant viruses
to humans) [158]. Nigro et al. confirmed a type of circular RNA transcript in human
cells for the very first time while studying a tumor suppressor gene [159]. As
experimental and computational challenges existed during the earlier studies,
circRNAs coming from transcription process were thought to be splicing artifacts
in most of the cases [160]. But the advancement of next-generation sequencing
technologies and bioinformatics tools in the recent times made it possible to identify
large numbers of circRNAs in different species [20, 158, 160]. Salzman et al. were
the first to apply high-throughput RNA sequencing technology (RNA-seq) to detect
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circRNAs in the human body in 2012 [133]. These current approaches of circRNA
discovery are further equipped with advanced experimental techniques for valida-
tion, functional characterization, and mechanistic study of circRNAs [20].

CircRNAs, unlike their linear counterparts, have covalently closed loop and
single-stranded structure generated from a kind of non-canonical splicing called
back splicing [20, 158, 160]. Majority of these circRNAs are widely and abundantly
expressed in eukaryotes including humans and other mammals [161, 162]. This
circularized chemical structure also provide higher stability, causing greater abun-
dance compared to the linear mRNAs [163]. CircRNAs are mainly endogenous and
show high level of conservation and specificity in tissue types and development
stages [164—168]. Circular RNAs are classified into three primary categories based
on the biochemical processes involved in their formation: exonic circRNAs
(EcircRNAs), intronic circRNAs (CiRNAs), and exon-intron circRNAs
(EIciRNAs). The major biogenesis mechanisms include intron pairing-driven circu-
larization, lariat-driven circularization, RBP/trans-factor-driven circularization,
cis-regulation based on variable circularization [133, 162, 167-175]. Though
EcircRNAs are found mostly in cytoplasm, EIciRNAs and CiRNAs are predomi-
nantly reside in nucleus [20, 158, 173, 176]. Several groups also studied circRNAs
degradation mechanisms in the recent times [176—180]. CircRNAs act as a novel
class of genomic regulators by playing significant roles in various biological and
physiological processes [20, 158, 160]. The most predominant function of circRNAs
is to regulate target gene expression by competing with a type of noncoding RNA
called micro RNAs (miRNAs) [165, 181]. Moreover, they can interact with RNA
binding proteins (RBP) or other proteins; work as translational regulators or protein
scaffolds, regulate transcription, post transcription or alternate splicing; participate in
translation of peptides or proteins; and involve in N6-methyladenosine (m6A)
modification of RNAs [20, 160, 182, 183].

14.2.7.1 CircRNAs in PAH

The dysregulated expression of circRNAs has been linked to the pathogenesis,
progression, and development of numerous human diseases, including cancer,
diabetes, neurodegenerative disorders, and cardiovascular diseases [20, 157,
183]. Specifically, circRNAs showed significant level of involvement in different
forms of pulmonary hypertension (PH), e.g., pulmonary arterial hypertension
(PAH), idiopathic pulmonary arterial hypertension (IPAH), hypoxia-induced pul-
monary hypertension (HPH), and chronic thromboembolic pulmonary hypertension
(CTEPH). CircRNA profiling studies have been conducted on clinical samples such
as blood and lungs of PH patients, as well as PH rodent and in vitro models, resulting
in identification of some differentially expressed circRNAs related to PH [184—
191]. Pulmonary vascular cells, e.g., PASMCs, are impacted by regulatory effects of
circRNAs which eventually lead to pulmonary vascular remodeling [187-198]. Fur-
thermore, circRNAs have been shown to cause functional abnormalities in PAECs
and result in right ventricular (RV) remodeling in PH [20, 158, 160]. CircRNAs are
found to be overexpressed in PH condition in most of the instances leading to
mechanistic effects at molecular level [20, 158, 160]. One example of a differentially
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expressed circRNA related to PH is circ-CALM4, which has been found to be
upregulated in the lungs of HPH mice. It regulates PASMC pyroptosis induced by
hypoxia through circ-Calm4/miR-1243p/programmed cell death protein 6 signaling
and also regulates the proliferative properties of PASMCs through the miR-337-3p/
Myo10 signaling axis [192, 196]. Another circRNA, hsa_circ_0016070, has been
found to be overexpressed in the lungs of COPD-PAH patients and enhances
PASMC proliferation through miR-942/CCND1 [197]. In contrast,
hsa_circNFXL1_009 is downregulated in blood samples of COPD-PAH patients
and hypoxic PASMCs and has been shown to play regulatory roles in the prolifera-
tion, migration, apoptosis, and potassium channel activation of PASMCs
[199]. Additionally, hsa_circ_0046159 is upregulated in the blood of CTEPH
patients and exerts regulatory roles through the predicted mechanism of the
hsa_circ_0046159/miR-1226-3p/ATP2A2 axis. Circ-GSAP has been demonstrated
to be linked with the development and unfavorable outcomes of IPAH and is
downregulated in PBMCs and lung tissues of IPAH patients, as well as in lung
tissues of monocrotaline-PAH rats, SU5416/hypoxia-induced PAH rats, and hyp-
oxic PMECs [195].

CircRNAs are considered promising biomarkers in different disease conditions
due to their stability and abundance [20]. Circ-006848 and circ-GSAP are examples
of circRNAs that have been identified as potential diagnostic biomarkers for PH. For
instance, Circ-006848 is overexpressed in PAH patients serum and has been shown
to be a useful tool in predicting the diagnosis of right ventricular hypertrophy (RVH)
in these patients [200]. RVH is a common complication of PAH and is associated
with a poor prognosis. Therefore, identifying biomarkers that can accurately predict
RVH in PAH patients is important for early diagnosis and management of the
disease. On the other hand, circ-GSAP is downregulated in the PBMCs of IPAH
patients, and this has been found to correlate with the development of IPAH as well
as poor clinical outcomes associated with IPAH [195]. IPAH is a severe form of
PAH, identifying diagnostic and prognostic biomarkers for IPAH is crucial for early
diagnosis, appropriate treatment, and improved outcomes. Current progress in the
field of RNA therapeutics and the relevant attractive properties (stability, conserva-
tion, specificity, and abundance) make circRNAs a very promising group of thera-
peutically potential molecules [20, 158, 160]. Though there is still no evidence of
any clinical trials regarding circRNA therapeutics, this promise is being further
strengthened by different layers of studies (in vitro, in vivo, and clinical) [20].

14.2.8 Microfluidic Based LoC Technology

Uncovering disease mechanisms is key to developing diagnostic tools and new
therapeutic targets. Rapid and resilient technology is needed to simplify complex
disease phenomena. Microfluidics technology has emerged together with tissue
engineering, microfabrication, and Lab-on-a-Chip (LoC) methods to build ultra-
precise models to study various aspects of molecular biology, cell, and synthetic
biology research [201]. This emerging technology reduces chemical consumption,
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minimizes cost, and provides rapid, reliable, and high-throughput screening
[202, 203]. This technology can potentially fill the gaps between conventional cell
cultures, animal models, or human subjects in various fields, particularly in biomed-
ical research and drug development [22]. Furthermore, recently developed organ-on-
a-chip (OoC) systems combine biology with microtechnology [23] that replicates the
organ’s physiological environment, allowing researchers to study organ-level
responses to drugs, toxins, or diseases without the need for animal models [24, 25]
The advent of OoC technology facilitates the building of on-a-chip devices: heart-
on-a-chip [204], lung-on-a-chip [205, 206], animal-on-a-chip [207], and body-on-a-
chip [208]. These on-a-chip systems mimic biological function and allow for
precision sciences. For example, Michas and colleagues recently engineered a
microfabricated living cardiac pump on a chip mimicking the human ventricular
chamber [209]. This new generation of sophisticated systems leverages the benefit of
studying a replicated human organ in a tissue-chip model with structurally, biologi-
cally, and biomechanically similar functions [209].

14.2.8.1 Promising LoC Study with PAH

Advancement of modern science integrated micro total analysis system (PTAS),
microfluidic LoC, and bio-microelectromechanical systems to develop new tools to
investigate complex disease mechanisms. Several research groups focused on
designing microfluidics devices to study pulmonary hypertension for potential
therapeutic intervention. One such device, constructed by Lee and colleagues, is a
microfluidic diagnostic tool integrated with an electrochemical assay system to
rapidly identify pulmonary hypertension-associated biomarkers including fibrino-
gen, adiponectin, low-density lipoprotein, and 8-isoprostane [210]. To understand
the vascular phenomenon, such as endothelial cell morphology and proliferation,
Bogorad et al., described a 3D printed tissue-engineered microvessel model [211]. A
microfluidic cell stretch device showed stretch stress that facilitates cell proliferation
in PAH [212]. One elegant study described the fabrication process to create a near-
ideal miniature vascular structure mimicking human’s healthy and stenotic blood
vessels using 3D printing system [213]. This method can overcome the limitation of
conventional 2D wafer-based soft lithography or other biofabrication processes
[214-216]. However, an advanced ultra-precise 3D printing fabrication process
and a conceptual “PAH-chip” design is described later in this section.

Some other promising microfluidics devices have recently been developed to
study PAH. Al-hilal and colleagues recently reported PAH-on-a-chip, simulating
five human pulmonary artery layers: luminal, intimal, medial, adventitial, and
perivascular. PAH-on-a-chip resembles human PAH pathophysiology enabling the
growth of different types of pulmonary arterial cells (PAC) including endothelial,
smooth muscle, and adventitial cells without altering their phenotypes. Disease-
affected PAC cells generally migrate to their designated layers, this phenomenon
exactly showed in an experiment with “PAH-on-a-chip” [217], which validates the
device’s accuracy and ability to recapitulate human pathophysiology. However, a
critical phenomenon was observed in PAH patients where women are affected more
by PAH but survive longer than men, known as “sex-paradox” [218-220]. The key
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mechanism of this sex disparity is unknown; however, it is interesting that both sexes
follow the same treatment plan but vary in response. The reason could be the
unavailability of screening tools and animal models. Moreover, the gold standard
in vitro assays is insufficient to recapitulate the intricate cellular interaction [221]. In
one study, male and female cells were separately loaded into a PAH-on-a-chip and
demonstrated that the chip accurately mimics human PAH. So, this chip might be
useful for detecting sex hormones and therapeutic impacts on PAH progression
[217, 222]. This PAH-chip has also demonstrated promising capabilities in testing
the effectiveness of the anti-PAH drug including fasudil (a Rho kinase inhibitor).
The results were shown consistency with the in vivo studies using both Sugen-5416-
plus-hypoxia (SuHx) and monocrotaline (MCT) rat model of PAH [223] as well as
in patients with PAH [224]. This indicates that the chip could serve as a valuable tool
to investigate the effectiveness of other anti-PAH drugs such as ASK-1 inhibitor
[225], GS-44421731, or TGF-p trap therapeutics [226].

Another PAH-chip was developed to study pulmonary endothelial and smooth
muscle cells by monitoring functional and transcriptomic changes [21]. The study
was performed using a combination of BMPR2 (bone morphogenetic protein type II
receptor) knockdown and hypoxia (2% O,). BMPR2 is a type of rare genetic
mutation that can be initiated by various factors (e.g., hypoxia, inflammation)
[227] and can increase the susceptibility to PAH [228]. PAH-chip data showed
that combination treatment significantly increased the proliferation of pulmonary
artery smooth muscle cells (PASMCs) compared to separate treatments, similar to
the effect observed in static cell culture [229]. A receptor tyrosine kinase inhibitor
(10 pM of imatinib mesylate) was used to inhibit the proliferation. This demonstrates
PAH-chip can measure therapeutic effectiveness. This sophisticated PAH-chip has
the potential to trigger PAH diseases and evaluating their response to various
possible treatments, leveraging studies on pulmonary vascular remodeling and
drug target analysis [21]. By providing a platform to investigate cellular interactions
and responses to potential therapies, this advanced chip technology can significantly
improve our understanding of PAH and potentially lead to more effective treatment
strategies in the future.

14.2.8.2 Microfluidic Chromatin Immunoprecipitation (ChIP) Assays
for Epigenetic Study

Epigenetics refers to altering gene expression without changing the DNA sequence.
Epigenetic factors play a key role in regulating cellular processes like stem cell
pluripotency/differentiation and tumorigenesis [15]. Epigenetic regulators such as
DNA methylation, histone modifications, and noncoding RNAs (micro or miRNA)
are the potential PAH drug targets [230]. Epigenetic mechanisms can be effectively
investigated using chromatin immunoprecipitation (ChIP), which require millions of
cells, making it challenging to conduct large-scale studies due to the need for many
human or animal models [15]. Presently, the common approach is to use animal
models to assess a drug’s efficacy or probe the possible disease mechanism. Various
rodent models, including genetically modified mice and those induced by chronic
hypoxia, Sugen-5416-plus-hypoxia (SuHx), and monocrotaline (MCT), are
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frequently employed in PAH research [217, 231]. However, these animal or cellular
models have limitations in fully replicating the pathophysiology of human PAH,
hindering their ability to demonstrate disease severity, histopathology, and
sex-related differences in response to therapy [222, 231-234]. A new approach
has emerged, shifting the paradigm in PAH research. Microfluidic ChIP assays
offer the potential to study PAH without the reliance on animal models [235]. Recent
studies have shown that microfluidics device enable quick, sensitive, and high-
throughput testing with a significantly reduced number of cells (only 2000 cells
are required) [236]. Additionally, combining sonication and immunoprecipitation
(IP) in the same device has improved the accuracy of the assay. This method enables
the testing of just 100 cross-linked cells for ChIP or 500 pg of genomic DNA for
methylated DNA IP in only one hour [237]. In PAH research, miRNAs have been
identified as promising therapeutic target molecules (as discussed earlier). However,
the challenge lies in the divergence of miRNA expression patterns between human
PAH and animal models [112]. To overcome all the barriers, future miRNA based
therapies and interventions might rely on organ-chip systems that better mimic the
human PAH phenotype.

14.2.8.3 Quantification of Endothelial Cells of PAH by LoC Method

Early diagnosis of PAH reduces disease progression and identifies effective
treatments. Developing early diagnostic tools will save lives and increase the quality
of life. Various molecular and cellular biomarkers have been studied in PAH patients
to gain insights into disease progression and potential therapeutic interventions.
Among these biomarkers, cellular biomarkers, such as endothelial progenitor cells
(EPC) and circulating endothelial cells (CEC), are potential candidates to study the
progression of PAH disease and therapeutic intervention as they contribute to
vascular repair and remodeling [238]. There are some challenges to study of these
cells such as the endothelial dysfunction and EPC number are inversely correlated
[239, 240]; how the EPC promotes vascular repairment is still unclear [241]. There-
fore, cell isolation and accurate quantification are necessary to explore PAH disease
mechanisms and therapeutic targets. Standard techniques, such as enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction (PCR), make it
relatively simple to measure molecular biomarkers; nevertheless, it is difficult and
time-consuming to isolate and quantify cellular biomarkers (EPCs and CECs) using
standard methods such as flow cytometry, magnetic bead-based techniques, and
colony-forming assays [242, 243]. Furthermore, the quantification of EPC in PAH
patients is highly inconsistent [244, 245], showing either an increase [244, 246],
decrease [247-249], or no-change [248, 250] compared to the healthy controls. To
overcome this problem, disposable microfluidics chips, “EPC capture chip” [242]
and “CEC capture chip” [251], were designed to trap and count the EPCs and CECs
with amazingly small amounts of whole blood (200400 pL) without sample
pre-preprocessing. The reliability of these chips was validated using flow cytometry,
resulting in a strong correlation (EPCs, R = 0.83; CECs, R = 0.89). These innovative
capture chips could serve as a robust method for measuring, monitoring, and
screening samples from PAH patients, as well as those with other cardiovascular
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Fig. 14.2 A conceptual PAH-chip model. (a) A prototype design displaying the various
components of a chip, such as a cell loading chamber, reservoirs, cell growth and counting
chambers, channels, and waste chamber. (b) Multiple chips can be combined into one for concur-
rent sample loading. (c¢) Multiple replicate analyses are possible on a single chip; here showed
12 chips

and neurodegenerative diseases [252] and cancer [253]. The development of accu-
rate and reliable microfluidic chips represents a significant advancement in PAH
research and has the potential to revolutionize disease diagnosis, monitoring, and the
discovery of targeted treatments. These microfluidic devices offer new possibilities
for understanding disease mechanisms, identifying biomarkers, and eventually
improving patient outcomes. As technology continues to evolve, we can expect
even more sophisticated and precise microfluidic solutions that will continue to drive
progress in PAH and other areas of medicine.

14.2.8.4 Conceptual Model Design for a PAH-Chip

A straightforward conceptual “PAH-chip” model (Fig. 14.2a) is presented to
describe how a microfluidic chip is designed and also briefly explains the printing
and fabrication process using cutting-edge 3D printing technology. This model
“PAH-chip” contains four chambers, each of which has the same size (radius,
r = 100 pm and depth, d = 50 pm). However, the dimensions of other components
(such as the channel, reservoirs, cell loading zone, and outlet to release waste) are not
shown, as this is simply a conceptual model. Based on the experimental model and
other requirements, design customization is feasible. These chips can be made for
simultaneous loading and screening. For example, Fig. 14.2b design includes four
chips under platform (or one chip) that can be simultaneously used for four different
sample/cell types. The “PAH-chips” device allows the growth of three major types
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of PAC cells simultaneously in one chamber. These PAC cells are endothelial cells,
smooth muscle cells, and adventitial cells [217].

One advantage of using the “PAH-chips” device is that it allows researchers to
study the interactions between these three types of cells in a controlled environment
that closely mimics the in vivo conditions of the pulmonary arterial system. Addi-
tionally, the device allows for one chamber to be used as a control, which enables
researchers to compare the behavior of cells in the experimental chamber to that of
cells in the control chamber. However, multiple replicates analysis is also possible
using the model design in Fig. 14.2c, which reduces time and provides consistent
and rapid experiment. By using ‘PAH-chips’, researchers can better understand the
complex interactions between different types of PAC cells and identify promising
therapeutic targets for pulmonary arterial diseases. Notably, conventional and
standardized approaches (such as flow cytometry and colony-forming assay) are
employed to isolate and quantify cells, which is challenging and time-consuming
[242, 243]. Advanced microfluidics-based approaches can solve this limitation, as
discussed earlier in this section.

Making a “PAH-chip” starts with the design of a 3D model. The “PAH-chip”
prototype can be designed using an open-source CAD (computer-aided design)
program (e.g., AutoCAD, Fusion 360). An ideal microfluidics device comprises of
an inlet (cell loading), reservoir (flow turbulence control), chambers, and an outlet
(waste) to expel by-products. Here, the design is similar to Fig. 14.2a. Next, the
designed CAD model (e.g., stereolithography file format) needs to be transferred to a
slicer software (e.g., DeScribe, Nanoscribe, Germany) in order to make the 3D
printing compatible file format (e.g., GWL, Nanoscribe, Germany). Recently, an
ultra-high precision two-photon polymerization (2PP)-based 3D printer (e.g.,
Nanoscribe, Germany) offers a powerful platform to print micro- to meso-level
structures. However, after printing, polydimethylsiloxane (PDMS) can be used to
construct a PDMS-based microchip. PDMS (a prepolymer and cross-linker at a 10:1
(w/w) ratio) is a widely used elastomer in the field of microfluidics and lab-on-a-chip
devices. However, the ratio could be changed based on necessity. These devices are
produced based on experimental specifications, testing, and they often require
modification (multiple generations of a device) for the desired outcome. The general
microfabrication process has already been established by Jeff Hasty’s lab [254] and
other pioneered microfluidics research groups in pulmonary hypertension [21, 212,
217, 255].

In the last 20 years, most microfluidic devices were designed using photolithog-
raphy, which was initially developed for the semiconductor industry [254]. In recent
years, the 3D printing of microfluidic devices and molds of microfluidic devices
have gained popularity because of the preciseness and complexity of structures that
can be printed [256]. Microfluidic devices for bacteria are often challenging to
produce due to the small size of bacteria. In addition, devices that monitor
multiple-sized cells (e.g., bacteria and plant cells) can be challenging to produce
accurately using photolithography. However, 3D printing provides the accuracy and
speed to make these types of structures at a relatively low cost. For example, the
Butzin lab’s 3D microfab facility [257] has recently built several new microfluidic
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devices to monitor bacteria, bacteria—plant interactions, and accurately and quickly
count cells or particles precisely and reliably regardless of size and shape (data not
shown).

Recently, microfluidics coupled with an advanced microscope system (e.g.,
Nikon Eclipse Ti2 inverted fluorescence) has shown great success. Live cell imag-
ing, single cell analysis, and cell tracking have already been implemented in antibi-
otic resistance studies [258—260] and other prominent research including single cell
immunology [261], cancer cell trapping [262], and host—microbe interaction at
single cell level [263]. This integrated knowledge might help to create a better
microfluidic system and data analysis platform to probe disease mechanisms and
potential drug target identification.

14.2.8.5 Current Limitation of Microfluidic-Based LoC Study in PAH
Although some microfluidic studies were employed to explore pulmonary hyperten-
sion, several notable gaps were highlighted in each study. An organ-chip model can
mimic human pathophysiology, albeit there is not much work showing the applica-
tion of therapeutics using chip methods. Some microfluidic devices were built using
conventional 2D wafer-based methods; however, they could not accurately recreate
the in vivo 3D model [242]. Sato and Costa’s research team examined shear stress to
comprehend the dynamics and nature of hypertension and thrombosis. They pro-
posed further customization of their device may aid in clearly understanding the
PAH mechanism [212, 213]. Numerous microfluidics research concentrated on
certain aspects of cardiovascular function, including angiogenesis [264, 265], trans-
port properties [266—268], shear stress [269], cancer metastasis [270], and hemody-
namics [271]. Based on the current knowledge, an integrated organ-on-a-chip model
with cutting-edge tissue engineering, 3D printing, and microfabrication technologies
may facilitate the exploration of the complex processes behind pulmonary hyperten-
sion and the identification of effective therapeutic targets.

14.3 Conclusion

Epigenetic studies in concert with PAH have steadily increased in recent times.
Clinical and experimental data suggested that the plasticity of epigenetic changes in
PAH could be a plausible candidate for future research and therapeutic development.
Indeed, microfluidic LoC technology has the potential to offer a novel study design
mimicking human pathobiology to resolve the current constraints in PAH studies.
Epigenetics, in conjunction with microfluidic LoC technology, is perhaps the most
useful research in unraveling the mystery of PAH pathogenesis and identifying
novel drugs to treat this chronic progressive cardiopulmonary disease.
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Abstract

The abnormality is the state of health that can be attached to various things. This
abnormality could be caused by exposure to infectious diseases, reoccurring
underlying health conditions, metabolic disorders, comorbidities, and genetic
mutations. There are many factors attached to the general well-being of the
human body, some of which include immunity and genetic variations. However,
epigenetic studies have opened newer ways of determining disease conditions
and severity in humans. Epigenetics can be scientifically described as the study
which particularly elaborates on the effect of human behavior and immediate
environment on individuals regarding their susceptibilities to infections. Epige-
netic changes observed in human has been associated with the ever-changing
human environments, age, and developmental growth. The future perspective of
epigenetics is to link the susceptibility of human to infections, cancers, and
metabolic disorders. In this chapter, future prospects and challenges of
epigenetics studies will be critically reviewed while providing information on
their effect on gene expression.
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15.1 Introduction

Over two decades, massive efforts have been made to confer effective treatment to
several inflammatory pulmonary diseases including pulmonary embolism, PH,
ARDS, IPF, lung tuberculosis, COPD, and asthma [1-5]. As a result of develop-
mental technologies in different fields of —omics, substantial advances have been
made to delineate the biology of immune system and function of structural cells
associated with pulmonary diseases [2]. Till now, scientists are, however, struggling
to develop a perfectly effective and fundamentally novel therapy for many of these
lung diseases; as some of those developed have not only failed in some cases but are
not able to reverse the established airway damage [2]. For instance, 5—10% of severe
persistent asthmatics are insensitive to an established therapy, inhalation of
corticosteroids contributing largely to fatal asthma episodes, thereby requiring an
alternative approach such as antibody-based anti-inflammatory therapy [2]. The
overwhelming production rate of ROS which incapacitate the neutralizing effort of
defense mechanisms of endogenous antioxidant during inflammation also serve has
bottleneck to establishment of effective therapy to these mortality that have affected
innumerable individuals worldwide [4, 6].

Heritable imprints and alterations in the genetic makeup, expression, and
functions that do not involve deviations in the DNA base sequence, epigenetics;
remain a major challenging factor in conquering inflammatory lung disease and its
comorbidities [1, 3—7]. Epigenetic mechanisms that involve changes in phenotypic
traits or regulation of gene expression independent of DNA sequence alterations,
play intermediate role between genetic and environmental factors associated with
most diseases. These changes in phenotype may have many potential causes, like
environmental exposure, aging, and disease. Considering the role partaken in the
development and progression of complex comorbidity, epigenetics has become an
increasingly important area of research toward ILDs, such as asthma, PE, IPF,
ARDS, PH, and COPD [1-5]. Interestingly, scientists in recent times proposedly
adopt the hypothesis of understanding the underlying mechanisms of epigenetic in
developing novel therapy that promises vascular remodeling, long-time suppression,
and reversal of pathological airways in inflammatory lung disease [2, 4]. Epigenetic
therapies are therefore being developed as a new and alternative treatment option for
inflammatory lung diseases. These therapies aim to target specific epigenetic
mechanisms in order to change the expression of genes that lead to the illness. For
example, drugs that target enzymes that add or remove methyl groups from DNA are
being developed as a therapy for asthma [2]. However, intensive research is still
required to improve in exploring such promising therapy, as several factors such as
the dynamism of epigenetic markers, remain as bottleneck.
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Overall, the future of epigenetics studies in ILD is promising, as it may provide
new insights into the causes behind these diseases and lead to the development of
more effective treatments. However, more studies are needed to completely compre-
hend the multifaceted interactions between epigenetics, genetics, and the environ-
ment in the development of these diseases.

15.2 Epigenetics and General Mechanisms

The word epigenetics originated from the Greek words; epi which means “over” or
“above,” and genetics which stands for the science of genetic transfer [5, 8]. Simply
put, epigenetics is the study of phenotypic traits inheritable from the mother cell,
which resulted from changes in the chromosomes without any alterations in the
sequence of DNA molecules [9]. Modifications to phenotypic features or gene
expression that are not caused by changes to the DNA sequence are known as
epigenetic processes. Therefore, any disease that triggers adaptive changes in cellu-
lar response without any alteration in the genetic makeup (gene expression and
function) must have been induced by some kind of epigenetic marks. In the core
aspect of progression and development of ILD, epigenetic marks have been stated to
show the mediating role between environmental and genetic factors including
physical such as sunlight and irradiation; chemical such as smokes, silica, industrial
agents, and asbestos; and biological such as microbial pathogen and toxin [5, 8,
10-12]. Meanwhile, regulation of genes and proteins expression and functions
through epigenetic mechanisms involves a set of highly conserved processes
associated with changes in normal cellular development and adaptation, and organ
homeostasis [2].

Among the most important epigenetic processes in inflammatory lung disease is
the role of methylation, which is a process that can turn off genes. Alterations in
methylation patterns have been demonstrated in certain genes that may help with the
growth and improvement of ILDs. For example, research has identified specific
methylation patterns implicated in immune response and inflammation genes, which
may be associated with the development of asthma [13, 14]. Another epigenetic
mark in inflammatory lung disease is the role of histone modification, which is
another mechanism that can regulate gene expression. Histone modifications can
also be associated with the growth and improvement of ILDs. Several functional
RNAs including IncRNAs and miRNAs are capable of enhancing protein expression
are other epigenetic marks that induce change in the chromosome by altering the
DNA sequences [15, 16].

15.2.1 DNA Methylation

Methylation of DNA is a notable epigenetic mechanism involving the highly specific
biochemical process of CpG island Methylation refers to the process of adding a
methyl group to the 5" end of a CpG island with the aid of enzyme DNMTs which
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mediates what causes genes to be silenced [5, 14, 17]. Methyl groups alter DNA’s
chemical structure, altering gene molecule—cell transcription machinery interactions
[5, 9].

15.2.2 Histone Modifications

Another epigenetic mark is the post-translational modification of some highly
conserved core chromatin-forming proteins, histones (H4, H3, H2B, and H2A).
Methylation and Acetylation which are chemical and biological reactions that add
either methyl or acetyl group to lysine residues are two main mechanisms by which
histones and chromatin are modified. Acetylation of Histone which is controlled in a
bidirectional fashion by a pair of enzymes called histone deacetylases and
acetyltransferases leads to relatively uncondensed chromatin with increased perme-
ability to transcription factors; while histone methylation which is catalyzed by
histone methyltransferases or demethylases mediates relaxation of chromatin [18—
20]. Some other post-translational modifications that directly alter the chromatin
structure other than acetylation and methylation include ubiquitination and phos-
phorylation; the former which takes place on tyrosine, serine, and threonine. Phos-
phorylation of histones plays a major role in cell cycle, transcription regulation,
DNA damage response, and programmed cell death [21]. Histone ubiquitination
remains the least understood histone modification mechanism of epigenetics, which
regulates transcription through proteasome-dependent mechanisms or destruction
factors [5, 22].

15.2.3 Non-coding RNA Regulation

Current advances in technology have proven that RNAs do not only function as
transmitters of genetic information to the ribosome, but several functional RNAs
including IncRNAs and miRNAs can enhance protein appearance [15, 16]. mRNAs
are Long noncoding RNA, IncRNAs that alters the expression of target gene either
by degrading or silencing through methylation and alteration of factors of transcrip-
tion. The miRNAs are reportedly capable of upregulating a disease’s phenotype by
influencing the activity of genes across the network, such as disruption of lung
fibrosis, making them a case study for alternative therapy for complex diseases
[5, 15, 23].

IncRNAs are non-coding transcript that has been functionally classified as:
protein—protein interactions facilitated by scaffolds, tethering of proteins to a
cis-transcription region, and transport of protein complexes to a trans-region of the
genome [24]. Some other regulatory functions such as in gene expression, DNA
metabolism, and chromatin structure in complex diseases have been attributed to
IncRNAs [15, 16, 25-27].
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15.3 Epigenetics in Inflammatory Lung Diseases

Basically, all inflammatory lung diseases have two key similar processes associated
with their pathophysiology, lung inflammation, and lung remodeling. Though,
inflammation in the lung in most cases are controllable with the use of steroidal
compound, corticosteroid in the case of asthma, but the severe case may require
other approaches like antibody-based anti-inflammatory therapy that targets the IgE,
interleukin-5, or thymic stromal lymphopoietin [28]. Tissue remodeling in the other
hand is a key characteristic of ILD of the airways including restrictive disorder such
as IPF, COPD, and asthma ([1-7]; Gauveau et al. 2014).

15.3.1 Lung Inflammation

Inflammatory lung diseases as the term sounds generally have a distinctive feature
that shows a potential effect in the pathogenesis, development, and prognosis of all
lethal pulmonary illnesses called inflammation. Inflammation, a means by which the
body uses different molecular mediators, vascular system, and immune system to
fight external agents, typically involves removing the cause, limiting any harm to a
minimum, purging any affected cells or tissues, and promoting recovery [29]. How-
ever, when inflammation is short lived and rapid or slow and prolonged, it stimulates
the progression and development of acute ILDs like ARDS or chronic diseases like
COPD, pulmonary fibrosis, and asthma [30, 31], associated to increasing mortality
[4, 32, 33]. The inflammatory response in the lung often induced by toxins,
pathogens, irritants, pollutants, and allergens, is a reaction that involves a complex
defense mechanism toward external agents and restoration of damaged tissues.
External agents induce the activation of inflammatory cells like neutrophils,
lymphocytes, and macrophages and the release of pro- and anti-inflammatory factors
such as cytokines and mediators like IL-6, IL-5, IL-4, and IL-1, histamine, PGs,
TNF-a, and leukotrienes, required to initiate inflammation in the lung [34, 35].

For instance, COPD is an obstructive inflammatory disease resulting from joint
effect of the breakdown of the alveolar, emphysema, and chronic inflammation of
the bronchial tubes, bronchitis. Such inflammation induces innate and adaptive
responses with multiple inflammatory genes that are characterized by an increase
in inflammatory cells such as T- and B-lymphocytes, macrophages, neutrophils in
the lumen, and pro-inflammatory cytokines such as IL-1f, IL-6, and TNF-a
[36, 37]. Asthma on the other hand only involves inflammation in the bronchial
tube which results in narrow airways, contrary to COPD that involves both lung and
airways.

15.3.2 Lung Remodeling

Tissue remodeling is the other key process in the progression of chronic ILDs, yet
the most challenging. Increasing progress is being recorded for a therapeutic
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approach against significant inflammation in the lung, effort to reverse the defective
structure and function of tissue secondary to inflammation is still to no avail. The
structural and functional changes resulting from inflammation along with cellular
hypertrophy, fibrosis, and cell proliferation in the airways are common in COPD and
asthma. Furthermore, both are obstructive lung disorders that involve remodeling of
the airways resulting from obstruction of airflow due to amplified inflammation.
Although, these diseases manifest in different conditions, but both target the smooth
muscle, fibroblasts, epithelial cells, and immune cells, indicating that common
molecular mechanisms could be required to remodel and repair the affected tissues,
which can be explored to develop anti-remodeling drug [2, 38].

15.4 Epigenetic Factor in Inflammatory Lung Diseases
15.4.1 Obstructive Lung Diseases

Among notable inflammatory lung diseases that resulted from obstructive disorders
in the lung are asthma and COPD. These morbidities as a representative of obstruc-
tive disease paradigm, have similar pathogeneses that stem from environmental
factors such as smoking and air pollution, which can be delineated by epigenetic
regulations [8, 13, 39]. Several epigenetic mechanisms have been reportedly
associated with these obstructive lung diseases. Asthma development and progres-
sion has been reported to alter the methylation of DNA status of a variety of
subpopulations of cell such as T-, B-, and dendritic cells, and genes such as
interleukins-2 and interferon-receptor genes [14]. Exposure to tobacco, allergens,
and air pollution has also been strongly associated with alteration in DNA methyla-
tion in asthma and COPD, with the latter resulting in hypomethylation of CpG
islands close to gene encoding al-antithrypsin [13, 39]. The activity of enzymes
histone acetylates and deacetylases is hampered in the presence of smoke-related
oxidative stress, which triggers the expression of NF-dependent gene [40]. Gener-
ally, ncRNAs of the let-7 family have been reportedly downregulated in different
chronic ILDs, leading to induction of massive immune responses [13, 41-43].

15.4.2 Restrictive Lung Diseases

A notable restrictive inflammatory lung disease is the IPF involving diffuse damage
of the alveoli, the cause of which is yet clearly established. Several studies reported
IPF to involve different etiologies such as intestinal pneumonia and a repeated bout
of alveolitis [44—47]. As aresult, the knowledge of epigenetic factors associated with
the progression and development of IPF is scarce. However, the role of gene—
environment interactions and post-transcriptional modification in lung fibrogenesis
has been major tool in studying the epigenetic regulation of IPF. Multiple responses
to environmental stimuli such as gastroesophageal reflux, viral pathogen, and smoke
have been epigenetically linked with IPF [48-53]. Furthermore, the decrease of
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activity in co-stimulatory pathway genes of T-cell, immune compromise has also
been linked with IPF [54].

15.5 Future Prospect of Epigenetics in Inflammatory Lung
Diseases

Interestingly, after several studies on the genetic and molecular bases of inflamma-
tion, the role of epigenetic marks as associative mediators of inflammation is
becoming clearer as a connection between genetic and environmental factors of
multifaceted diseases [3, 4]. Then, scientists considered the possibility of targeting
the epigenetic changes responsible for inflammations and remodeling responses as a
novel and effective approach to treating complex lung disease. This is hypothesized
on the premise that when the features of epigenetic response are antagonized, it is
expected that regular function and structure of the lung tissues be reversed [2].

The appealing fact about the prospect of targeting epigenetic mechanisms of
inflammatory lung diseases for potential therapy is that, epigenetic mechanisms are
relatively reversible biochemical processes that are subject to manipulations using
small molecular compounds such as oligonucleotides, compare to genomic
mutations that are mostly uncontrollable [2]. Therefore, identifying epigenetic
targets and developing a suitable therapeutic approach including dogged targets on
tissue remodeling are the most promising prospective tools to combat such lethal
diseases as pulmonary embolism, IPF, ARDS, PH, lung tuberculosis, COPD, and
asthma.

15.6 Challenges of Epigenetics in Inflammatory Lung Diseases

The study and understanding of epigenetic mechanisms associated with inflamma-
tory lung diseases have no doubt served as an eye opener to the progression and
development of such lethal illnesses and delineated novel pathogenesis and effective
therapeutic approaches. However, a number of challenges still bother the adequate
exploitation of epigenetics in combating these morbidities, thereby requiring further
research. Few of factors that serve as bottleneck to this promising approach include:

Heterogeneity of epigenetic factors in complex diseases such as IPF is a major
challenge as it results in discrepancies in the approach adopted in the study of such
dynamic factors [14]. The progression of each of these complex diseases may
involve different phenotypes and specificity at different stages and molecular
alterations, which will require that different epigenetic signatures be tracked at
every stage of progression. Therefore, studies based on a single tissue from a
diseased sample will not facilitate a conclusive and complete understanding of the
epigenetic marks [3, 5]. However, Next generation sequencing at different
time-point coupled with advanced imaging technologies such as magnetic resonance
spectrophotometer can help a complete understanding of epigenomes and their
signatures. Also, the lack of intersection between gene expression and epigenetic
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modification is a challenge to several previous methodical approaches in epigenomic
profiling.

15.7 Conclusion

Epigenetic studies have provided a novel insight into understanding the development
and progression of different ILDs and have become a promising tool in delineating
new pathogenetic pathways with potential therapeutic advances. However, more
research is required to completely understand the multifaceted interactions among
epigenetics, genetics, and the environment in the development of these diseases.
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