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Preface

Worldwide, respiratory disorders are one of the most prevalent non-communicable
diseases and are also a major source of illness and mortality globally, imposing a
significant personal and socioeconomic cost on the health care system. Although
each respiratory illness has its own set of trigger events and pathogenic processes,
there are certain characteristics among them, such as epithelium injury or dysfunc-
tion, airway inflammation, and airway remodeling. Most respiratory illness therapies
now only give short relief from symptoms and do not provide effective prevention.
Furthermore, poor illness control reduces people’s quality of life, but traditional
pathogenic mechanisms in respiratory disorders cannot adequately explain the
occurrence and progression of the diseases. Respiratory illnesses have become a
major public health concern in all countries across the world, particularly in
emerging countries and underdeveloped populations. Respiratory disorders are
becoming more prevalent worldwide, particularly affecting the elderly and children.
Acute respiratory distress syndrome (ARDS), asthma, chronic obstructive pulmo-
nary disease (COPD), and pulmonary fibrosis are only a few of the respiratory
disorders that have claimed over 354 million lives worldwide. COPD (3.9% of
global prevalence) and asthma (3.6% of global prevalence) are the most prevalent
respiratory disease. It is reasonable to predict an increase in SARS-CoV-2 and more
serious COVID-19 infections in individuals with respiratory diseases, particularly in
the case of asthma and COPD.

The human microbiota consists of commensal, symbiotic, and pathogenic
microorganisms (protozoa, fungi, microbes, and viruses) that coexist in our bodies
and form organ-specific microbial communities. The structure and size of the
microbiome will differ between body parts since they are influenced by the host
and environmental factors. The ability to access an organism’s DNA, metabolites,
RNA organisms, and proteins are part of the microbiota, which confirms the
microbiome’s essential function in human health and disease. The human
microbiome plays an important function in physiology, and certain microbiome
species are thought to be helpful. However, certain microbiome elements are thought
to be particularly harmful to human health. Several experiments have shown that
bacteria and viruses are linked to chronic inflammation, which increases the risk of
lung disease. The function of the lung microbiome has been widely overlooked, and
it was once thought that healthy lungs were sterile, perhaps due to the difficulty of
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accessing the lower airways without invasive procedures. Recent findings have
shown that healthy lungs have a rich and complex microbiota, as well as the
understanding that its modifications affect lung disease, implying that the
microbiome plays a role in the development and progression of lung disease.
There is a lot of detail about the microbiota of the gastrointestinal (GI) tract
compared to the microbiome of the lungs. This would be the first book to address
the role of the microbiome in lung disease.

This book, Microbiome in Inflammatory Lung Diseases, will address lung
microbiome transition, namely the reduction of probiotic species and a possible
increase in pathogenic bacteria, which tends to be a central element in the resistance,
chronization, and evolution of respiratory diseases. This book would present
developments in lung microbiome research and show the ability to use the
microbiome as a pathway to inhibit inflammatory lung diseases and modulate
therapeutic techniques, implying the microbiome as a valuable solution in inflam-
matory lung diseases patients. This book attracts a range of audiences including
clinical researchers working in the field of respiratory diseases, undergraduate and
postgraduate students from various disciplines such as pharmacy, microbiology,
immunology, pharmacology, biotechnology, and health sciences. Moreover, the
listed editors from three different nations (Australia, the UK, and India) hold
extensive experience working with gut microbiota and various inflammatory
diseases that bring an extra edge to the book in its compilation.

The editors of this book would like to express their sincere gratitude to all the
authors for their time and their valuable contributions to the production of this book.

Jaipur, India Gaurav Gupta
Sydney, NSW, Australia Brian G. Oliver
Sydney, NSW, Australia Kamal Dua
Jaipur, India Alisha Singh
Dangan, Ireland Ronan MacLoughlin

vi Preface



Acknowledgement

The publication of this book was finalized during the coronavirus (COVID-19)
pandemic. We would like to dedicate this book to all those who were affected by
the pandemic and, in particular, to our health workforce around the world for their
dedication and care during this difficult time.

vii



Contents

1 Introduction to Lung Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Waleed Hassan Almalki

2 Introduction to Microbiome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Shivkanya Fuloria, Vetriselvan Subramaniyan, Mahendran Sekar,
Yuan Seng Wu, Srikumar Chakravarthi, Rusli Bin Nordin,
Pradeep Kumar Sharma, Dhanalekshmi Unnikrishnan Meenakshi,
Ajay Mendiratta, and Neeraj Kumar Fuloria

3 Role of Microbiome in Inflammation During Tuberculosis . . . . . . . 29
Kuldeepak Sharma, Mateja Erdani Kreft, Mateja Škufca Sterle,
and Darko Vasic

4 Interplay of Microbiome, Inflammation, and Immunity
in Inflammatory Lung Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Hitesh Malhotra, Anjoo Kamboj, Peeyush Kaushik,
and Rupesh K. Gautam

5 Microbiome in Asthma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
Khalid Saad Alharbi, Sattam Khulaif Alenezi, and Sulaiman
Mohammed Alnasser

6 Microbiome in Chronic Obstructive Pulmonary Disease
(COPD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
C. Sarath Chandran, Anitha Jose Subin, Alan Raj, K. K. Swathy,
and Indu Raghunath

7 Microbiome in Asthma-COPD Overlap (ACO) . . . . . . . . . . . . . . . . 103
Shibi Muralidar, Gayathri Gopal, and Senthil Visaga Ambi

8 Microbiome in Acute Respiratory Distress Syndrome
(ARDS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Gayathri Gopal, Shibi Muralidar, Abishek Kamalakkannan,
and Senthil Visaga Ambi

ixix



9 Role of Brain–Gut–Microbiome Axis in Depression Comorbid
with Asthma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Shvetank Bhatt, K. Sreedhara R. Pai, C. R. Patil, S. N. Manjula,
and S. Mohana Lakshmi

10 Understanding the Impact of the Microbiome on Lung Cancer . . . . 153
Anindita Goswami, Sanchita Chandra, Sarmistha Adhikari,
and Paramita Mandal

11 Microbiome in Pulmonary Tuberculosis . . . . . . . . . . . . . . . . . . . . . 167
Arnab Rakshit, Aarti Verma, Saloni Verma, Gurjit Kaur Bhatti,
Amit Khurana, Jasvinder Singh Bhatti, Snehal Sainath Jawalekar,
and Umashanker Navik

12 Lung Microbiome: Friend or Foe of Mycobacterium tuberculosis . . 207
Summaya Perveen and Rashmi Sharma

13 Microbiome in Idiopathic Pulmonary Fibrosis . . . . . . . . . . . . . . . . 227
Sachchidanand Pathak, Anurag Mishra, Gaurav Gupta,
Abhay Raizaday, Santosh Kumar Singh, Pramod Kumar,
Sachin Kumar Singh, Neeraj Kumar Jha, Dinesh Kumar Chellappan,
and Kamal Dua

14 SARS-CoV-2 and Microbiota . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
Edda Russo, Lavinia Curini, Alessio Fabbrizzi, and Amedeo Amedei

15 Microbiome in SARS-CoV-2 (Covid-19) . . . . . . . . . . . . . . . . . . . . . 281
Subha Manoharan, Lakshmi Thangavelu,
Mallineni Sreekanth Kumar, Gaurav Gupta, Kamal Dua,
and Dinesh Kumar Chellappan

16 Microbiome in Influenza-A Virus Infection . . . . . . . . . . . . . . . . . . . 295
Suhas Suresh Awati, Santosh Kumar Singh, Abhay Raizaday,
Pramod Kumar, Yogendra Singh, Mohammad Arshad Javed Shaikh,
and Gaurav Gupta

17 Microbiome in Upper Respiratory Tract Infections . . . . . . . . . . . . . 309
Piyush Mittal, Manjari Mittal, Ujjawal Rawat, and Ambika

18 Challenges in Understanding the Lung Microbiota . . . . . . . . . . . . . 327
Olorunfemi R. Molehin, Olusola O. Elekofehinti,
Adeniyi S. Ohunayo, and Oluwatosin A. Adetuyi

19 Microbiome in Inflammatory Lung Diseases: Challenges
and Future Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
Nitin Verma, Komal Thapa, and Kamal Dua

x Contents



20 Microbiota Targeted Via Nanotechnology for Lung Cancer
Therapy: Challenges and Future Perspectives . . . . . . . . . . . . . . . . . 359
Monika Yadav and Anita Kamra Verma

Correction to: Interplay of Microbiome, Inflammation, and Immunity
in Inflammatory Lung Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C1
Hitesh Malhotra, Anjoo Kamboj, Peeyush Kaushik, and Rupesh K. Gautam

Contents xi



About the Editors

Gaurav Gupta is an Associate Professor in the School of Pharmacy at the Suresh
Gyan Vihar University (SGUV), Jaipur, Rajasthan, India. He has more than 11 years
of experience in molecular and biochemical pharmacology, including respiratory
diseases and cancer biology by employing experimental animal models to under-
stand the cellular and molecular mechanism. Dr. Gupta is dedicated to improving
outcomes in healthcare through his initiatives in pharmacology and phytochemistry
research and effective teaching in the field of Pharmaceutical Sciences. Dr. Gupta
has more than 300 research and review articles in peer-reviewed international
journals and is co-author of one book. He is a member of various national and
international societies.

Brian G. Oliver is currently the co-director of the Respiratory, Sleep, Environmen-
tal and Occupational Health Clinical Academic Group of Maridulu Budyari Gumal,
the Sydney Partnership for Health, Education, Research and Enterprise (SPHERE),
A NHMRC AHRTC. He is a translational researcher who aims to identify and
develop new ways of treating respiratory diseases. His scientific training began at
the National Heart and Lung Institute, UK, where he mastered the isolation and
in vitro culture of several types of human lung cells. He then had further training in
both molecular biology (the University of Leeds) and then respiratory virology at
Imperial College, UK, before commencing his Ph.D. at the University of Sydney. He
now leads the Respiratory Cellular and Molecular Biology Group with laboratory
facilities located at both UTS and theWoolcock Institute. The work from his group is
recognized to be among the best in the world, evidenced by selection for presentation
at symposia at both national and large international conferences as well as resulting
in prestigious publications.

Kamal Dua is a Senior Lecturer in the Discipline of Pharmacy at the Graduate
School of Health, University of Technology Sydney (UTS), Australia. He has
research experience of over 12 years in the field of drug delivery systems targeting
inflammatory diseases. Dr. Dua is also a Node Leader of Drug Delivery Research in
the Centre for Inflammation at Centenary Institute/UTS, where the targets identified
from the research projects are pursued to develop novel formulations as the first step
towards translation into clinics. Dr. Dua researches in two complementary areas,

xiiixiii



drug delivery and immunology, specifically addressing how these disciplines can
advance one another, helping the community to live longer and healthier. This is
evidenced by his extensive publication record in reputed journals. Dr. Dua’s research
interests focus on harnessing the pharmaceutical potential of modulating critical
regulators such as interleukins and microRNAs and developing new and effective
drug delivery formulations for the management of chronic airway diseases. He has
published more than 80 research articles in peer-reviewed international journals and
authored or co-authored four books. He is an active member of many national and
international professional societies.

Alisha Singh is an Assistant Professor in the School of Pharmacy, Suresh Gyan
University, Jaipur, Rajasthan, India. She has been a part of multiple funded projects
as a Research Intern at TNMC and BYL Nair Ch. Hospital, Mumbai. Her total work
experience is of 4 years which includes working with Cipla Ltd. as a Medical
Advisor. Her research interests include cost analysis studies, health economics,
and drug utilization studies.

Ronan MacLoughlin is currently Associate Director of R&D, Science and
Emerging Technologies in Aerogen Ltd. Dr. MacLoughlin has more than 20 years
of experience in Respiratory Drug Delivery with several nebulizers and accessory
product launches over that time. He has the responsibility of new product develop-
ment, establishing and exploiting the science underpinning respiratory drug delivery,
and identifying new and potentially disruptive emerging technologies. To this end,
he has developed multiple technologies and products with several patents granted
and pending that cover the range of drug, device, drug/device combination products,
patient interventions, and patient interfaces. Dr. MacLoughlin currently serves as
chair of the Industry Representative Group in CURAM, the Science Foundation
Ireland, center for the development of the next generation of smart medical devices,
and sits on the board, (previously chair) of the Medical and Engineering
Technologies Center (MET), the Enterprise Ireland Technology Gateway. Addition-
ally, he is currently chair of the Paediatric and Cystic Fibrosis working group within
the International Society for Aerosols in Medicine (ISAM). Finally,
Dr. MacLoughlin holds the position of adjunct Associate Professor in Trinity
College Dublin (School of Pharmacy and Pharmaceutical Sciences) and Honorary
Senior Lecturer in the Royal College of Surgeons, Ireland (School of Pharmacy and
Biomolecular Sciences).

xiv About the Editors



Introduction to Lung Disease 1
Waleed Hassan Almalki

Abstract

The global incidence of lung disease (LD) affecting children and adults is steadily
increasing. The source of mortality and morbidity of lung diseases is unknown.
However, current data from the WHO and other institutions show that there are
approximately 400 million people worldwide suffering from mild to severe
COPD and asthma. Lung diseases can be classified as non-infectious (asthma,
chronic obstructive pulmonary disease (COPD), lung cancer, cystic fibrosis, and
idiopathic pulmonary fibrosis (IPF)) or infectious (tuberculosis, influenza and
COVID-19) disease and method transfer. Lung diseases have a huge impact on a
global scale and are becoming more common due to the ageing population and
the lack of appropriate interventions to minimise the risk factors that lead to the
development of these diseases. Asthma, COPD, fibrosis, COVID-19, and
influenza-like lung diseases have become life-threatening and life-threatening,
effective treatments and appropriate preventive measures have become
challenges for researchers.
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1.1 Introduction

The enhancement of worldwide incidence of Lung Disease (LD), which affects both
children and adults, is steadily rising. The source of pulmonary illness fatality and
morbidity is unknown although current WHO and other agency figures indicate that
about 400 million individuals worldwide suffer from mild to severe COPD and
asthma alone. Furthermore, Haemophilus influenzae infection in the lower respira-
tory tract causes between 250,000 and 500,000 fatalities each year [1–3]. In 2015,
Mycobacterium TB infection of the lower respiratory tract affected 10.4 million
people globally, killing 14% of those infected. Other non-communicable illnesses,
such as lung cancer induced by cigarettes smoking or exposure to environmental
toxins, claim the lives of 1.6 million people each year and are on the rise. Lung
disorders can be classified as non-communicable (asthma, chronic obstructive pul-
monary disease (COPD), lung cancer, cystic fibrosis, and idiopathic pulmonary
fibrosis (IPF)) or communicable (tuberculosis, influenza, and COVID-19) depending
on disease etiopathology and method of transfer (Fig. 1.1) [4, 5].

1.2 Overview of Lung Diseases

Here we briefly discussed communicable and non-communicable lung diseases.

Fig. 1.1 Lung Diseases
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1.2.1 Asthma

Asthma is a diverse and complicated lung illness marked by varied airflow restric-
tion, bronchial hyperactivity, and, most critically, elevated airway inflammation.
Asthma impacts around 10% of the adult population in nearly every country,
totalling around 300 million people worldwide. Furthermore, asthma is projected
to be the main cause of 383,000 fatalities globally, with low- and middle-income
nations accounting for nearly 80% of asthma-related deaths [6, 7]. Asthma is also a
significant financial burden, costing up to $USD 3100 per person each year. Asthma
is a prevalent but misunderstood respiratory condition that can strike anybody at any
age. House dust mites, pollen, moulds, cigarette smoke, environmental exposures to
harmful chemicals, and air pollution are all risk factors for asthma. Asthma is a
complicated condition that can present as disease “episodicity”, or times in which
symptoms arise and then disappear after therapy. In addition, the illness may be
“chronic” in people, as evidenced by the persistence of typical asthmatic clinical
signs. Wheezing, breathlessness, rapid breathing, and coughing are all common
asthma signs. Multiple factors, like contact to allergens, irritants, pulmonary tract
infections with bacteria or virus, sinusitis, physical activity, thunderstorms, and
extreme cold, might exacerbate symptoms. Asthma has been classified into pheno-
typic and/or endotypes based on current advances in asthma pathogenesis [8–
10]. This is critical for effective asthma therapy, as advised by a new Lancet panel
that describes the discovery of “treatable characteristics” in asthma patients and then
precisely addresses these qualities for illness control.

According to studies, the most of asthma episodes are caused by Th2 activation,
in which type 2 T-helper cells are mobilised into the airways in reaction to an outside
or endogenous stimulus and release high levels of cytokines including IL-13, IL-9,
IL-5, and IL-4. IL-4 is engaged in the transformation of B-cell IgE to immunoglob-
ulin E that leads to the secretion of inflammatory intermediaries like cysteinyl
leukotrienes and catecholamines, whereas IL-5 is only engaged in the intake of
eosinophils that leads to the advancement of the upper airway’s allergic rhinitis [11–
13]. IL-4 and IL-13, in combination with inflammatory markers, produce contraction
of airway muscle, leading in bronchospasm, overproduction of mucus, and enhance
influx of immune cell, leading in hyperreactivity of airway and reduction in airway
dimension in the lower respiratory tract, reducing airflow. The airway epithelium has
been discovered to have a significant function in regulating Th2 responses by
generating master moderators such as IL-33, IL25, or thymic stromal lymphopoietin,
which govern the production of Th2 mediators and induce asthma to develop early in
childhood [14, 15]. Wheezing and airway hyperactivity to nonspecific stimulation
characterise the early phases of asthma; nevertheless, later phases (extreme forms) of
asthma contribute in airway remodelling with successive recurrences due to
enhanced inflammation assisted by systemic variables or other local (infections of
bacteria or virus) [16, 17].
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1.2.2 COPD

Emphysema, small airway degradation, chronic bronchitis, and chronic asthma are
all examples of COPD, which is a unified name for a set of progressing, disruptive,
incurable lung diseases. As per the WHO’s total prevalence of illness research, there
were 251 million COPD patients worldwide, with 90% of them coming from low-
and middle-income nations. In 2015, an estimated 3.17 million people died, account-
ing for 5% of all fatalities, a rise of 11.6% from 1990. In contrast to death, the
Centers for Disease Control and Prevention projected a financial impact of USD
$32.1 billion in 2010 for health expenses and missed work days due to COPD in
the U.S., which is expected to rise to USD $49.0 billion by 2020 [18, 19]. Moreover,
the actual figure of COPD cases in the world is already a debatable point, based on
the reality that so many asthma incidences in the older people are frequently
misdiagnosed as COPD, and the lack of information sets from underdeveloped or
developing Middle Eastern and Asian countries, which could bring up the fatality
score by several millions. Individuals with any type of COPD encounter a broad
variety of complaints, the most common of which is dyspnoea or breathlessness
throughout daily routines, which increases with time, whereas people with severe
COPD have repeated complications and ER visits throughout the year. This is due to
the partial alveoli destruction (emphysema) or the aggregation of inflammatory cells
and large amount of mucus in bronchioles (chronic bronchitis), which reduces the
gaseous exchange abilities of the lungs and induces blockage to the flow of air,
resulting in hypoxemia and consequent failure of organ, particularly in cigarette
smokers and exsmoker having to suffer from COPD. Furthermore, individuals with
any form of COPD may experience typical symptoms such as persistent cough (dry
or wet cough), fatigue, wheeze, and tightness of chest, such symptoms are frequently
misinterpreted as age-related [20, 21]. Some people may not show symptoms until
the disease has progressed to the point where it is life-threatening. After years of
investigation, there is no treatment for regenerating destroyed tissue and restoring
pulmonary functioning. Furthermore, COPD is a chronic condition that worsens
with age. Current therapies are intended to halt the course of etiopathogenesis and
give short term relief to patients, but they are incapable of recovering affected areas’
impaired functionality [22].

Tobacco smoking was discovered to be the single largest prevalent risk factor for
COPD, as per current databases. Lengthy contact to non-cigarette smoking irritants
(e.g., airborne grit particulates, anthropogenic particulates, and metal pollutants) has
been linked in aggravation (smokers) or the establishment (nonsmokers) of COPD,
according to recent findings, which is still relatively understudied. Furthermore,
research suggests the significance of genetic susceptibility, such as alpha-1-
antitrypsin (AAT) insufficiency, in the progression of COPD; however, the specific
fundamental processes remain unknown. AAT deficient individuals, on the other
hand, are more susceptible to pulmonary infections, and hereditary factors account
for just 1% of all COPD occurrences, underlining tobacco smoking and air pollution
as important contributors [23, 24]. It is worth noting that not all smokers or
exsmokers acquire the condition; about 20–30% of smokers or exsmokers suffer
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from the disease throughout the course of their lives. Passive smoking was even
found among the risk variables for COPD (51.2%, n¼ 87) in the research; however,
the specific fundamental processes are yet unknown. COPD is caused by a blockage
of airflow and an inflow of inflammatory cells, particularly CD8+ T lymphocytes,
neutrophils, and macrophages, into the alveolar and peripheral regions as a result of
cigarette smoke or atmospheric particulates/gases. The immune system’s reaction to
various types of COPD, though, was discovered to be varied [25, 26].

Over mucus generation, elevated inflammatory cells, increased MUC5AC gene
expression in responding to secreted serine proteases, higher ROS levels from
inhaled smoke, or triggered macrophages characterise chronic bronchitis, which
inhibits the air space and causes destruction to adjacent cells, culminating in
remodelling (fibrosis) of the respiratory tract and deterioration of pulmonary elastic-
ity, while the emphysema is caused by cigarette smoke. Inhaled smoke increases
inflammation in alveolar sacs and the bronchioles, resulting in narrower airway walls
and the progressive deterioration of alveolar sacs, resulting in, function recoil, and
alveolar structure loss [27, 28]. It is unclear how COPD patients’ adaptive and innate
immune defenses are activated. Moreover, immune cell MMP, IL8, and CXC
overexpression as well as the mediators of proinflammatory secretion such as
transforming growth factor beta (TGF-β), leukotriene B4, IL1 (Th1 responses),
and TNF-α cause local fibrosis and a disequilibrium of oxidant-antioxidant propor-
tion (ROS/RNS) and are thought to be important variables in disease worsening
[29, 30].

1.2.3 Lung Cancer

Lung cancer-related fatality is primarily caused by late diagnosis and ineffective
therapeutic approaches in 70% of lung carcinoma patients, who are usually in later
stages of the illness (stage III or IV). It is a highly aggressive, quickly metastasizing
cancer that affects both men and women. Lung cancer fatality is greater than the
cumulative death rate of the other four main types of carcinoma in the U.S.,
according to statistics (pancreas, colon, breast, and prostate). Smoking histories of
20 years or more appear to be related with a higher risk of progression and death.
Tobacco-induced lung carcinoma susceptibility is thought to be largely reliant on
competing gene-enzyme connections at the level of procarcinogens, as well as the
resulting amount of DNA destruction [31, 32]. As a result, lung carcinoma is thought
to be usually avoidable through quitting smoking and prevention. To minimise the
unavoidable growth in pulmonary malignancies in nations where smoking has risen,
community awareness and support are necessary to limit or eliminate smoking
tobacco. Lung carcinoma is the leading source of cancer associated mortality in
both women and men throughout the world. According to a research by scientists,
roughly 1.8 million new instances of lung carcinoma were diagnosed in 2012,
account for 12.9% of all new cancer occurrences. As per the Global Burden of
Disease Study 2020, lung carcinoma caused a significant amount of health impact
and expenditure throughout the world. According to one investigation, men’s cancer
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deaths are unrelated to their economic status. Interestingly, the research found that a
country’s economic progress level is linked to lung cancer deaths in women. Lung
carcinoma has a complicated diversity due to its genesis in many sites in the
bronchial tree and the varying manifestations of patient signs as well as indications
depending on the kind and anatomic site [33, 34]. Lung tumour is conventionally
divided into two types: non-small-cell lung carcinoma (NSCLC) (85% of all lung
cancers) and small-cell lung carcinoma (SCLC) (15% of all lung malignancies).
Giant cell carcinoma, squamous cell carcinoma, and adenocarcinoma are the three
types of NSCLCs. Certain histology features and accurate immunohistochemical
biomarkers were added to this classification of lung cancer, allowing for a convinc-
ing differentiation among preinvasive tumours and aggressive adenocarcinomas.
Additionally, the development of molecular characterisation of lung tumours and
the ever-expanding arsenal of effective treatments has had a significant impact on
how lung carcinoma is categorised today. Even in the same histopathological
subtype, findings suggest that lung carcinoma is a collection of molecularly and
histologically diverse illnesses [35, 36].

1.2.4 Cystic Fibrosis

The cystic fibrosis (CF) is the greatest prevalent autosomal recessive illness, affect-
ing around 1/3500 births. The majority of individuals show signs and symptoms at
birth or shortly after delivery, with respiratory illnesses and low weight growth being
the most common. Persistent pulmonary infections and pancreatic failure should
lead to a diagnosis of CF. Before to CF newborn testing, however, a clinical odyssey
with a sweat test generally followed the ultimate diagnosis. A sweat chloride content
of more than 60 mmol/L is considered diagnostic for CF. High salt loss with
perspiration and male sterility are two more common illness symptoms. Chronic
pulmonary infections caused by particular microorganisms, as well as severe inflam-
mation, can result to bronchiectasis, decreased pulmonary functioning, and finally
pulmonary failure [37, 38]. Pseudomonas aeruginosa and Staphylococcus aureus
are common CF pathogens, but some patients will develop infections with more
uncommon and difficult-to-treat infectious organisms including Stenotrophomonas
maltophilia, Achromobacter xylosoxidans, Burkholderia cepacia, and Mycobacte-
rium further in the illness. Diseases can affect almost all organ and worsen with age,
involving allergic bronchopulmonary aspergillosis, haemoptysis, gastrointestinal
blockages, nasal polyps, CF-related hyperglycaemia, and liver illness, among others
[39, 40].

Autosomal recessive illness is caused by mutations in the CF trans membrane
conductance regulator (CFTR) gene, which is situated on the long arm of chromo-
some 7. The Cystic Fibrosis Mutation Database has found and published over 1400
individual variations, rendering population testing purely using genetic methods
unfeasible. Although lung symptoms are the most common cause of morbidity and
death, the typical CF phenotype is extremely complicated, encompassing numerous
epithelium lined organs. In recent decades, substantial advancement has been
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achieved toward a better knowledge of the route that connects CFTR gene alterations
to clinical symptoms of CF, especially the processes that underpin the obvious
failure of lung defense [41, 42].

1.2.5 Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is amongst the very dangerous types of idio-
pathic intermittent pneumonias, with persistent increasing fibrosis, inexorable
decrease in pulmonary functioning, increasing respiratory insufficiency, and a high
death rate. Appropriate diagnosis is critical for prognosis and therapy choices. In
North America and Europe, a comprehensive assessment of the worldwide preva-
lence of IPF indicated a rate of 2.8–9.3 per 100,000 annually, with substantially
reduced rates in Asia and South America. Among nations, there is significant
regional heterogeneity, which might be due to exposure to ecological or professional
risk variables. Depending on previous statistics, IPF has a significant fatality rate,
with a projected median survival of 2–3 years after diagnosis. Recent data suggests
that survivability has not improved. Fatality rates seem to be growing as well,
however this might be due to better detection and diagnosis [43, 44]. IPF is
characterised by UIP, which is a histological marker. Temporal and regionally
variable fibrosis, clustering of fibroblasts and myofibroblasts, and extensive accu-
mulation of unorganised collagen and extracellular matrix, with or without honey-
comb cyst development, are all characteristics. While the exact triggers for these
activities are uncertain, present theories imply that IPF is the result of an abnormal
healing mechanism in reaction to complex interplay among hosts and atmosphere.
The “multiple strike theory” proposes that IPF is produced by the combination of a
hereditary propensity to abnormal epithelial cell regulation and environmental
stressors. Fibrosis is caused by the long-term effects of fibrotic diseases with a
known aetiology and causes such as asbestos, immune complexes, medications, or
radiation ingested [45, 46].

1.2.6 Tuberculosis

The acid-fast bacterial strains M. tuberculosis causes TB in humans, with the animal-
adapted strain M. bovis accounting for a lower number of zoonotic cases (143,000 in
2018). M. tuberculosis is extremely infectious when transferred in aerosols from the
airways of patients with active TB by coughing, spitting, or sneezing, despite
missing many of the traditional pathogenic elements seen in other pathogenic
bacteria such as exotoxins. The pathogenic organism inhalation into the alveoli of
the lower airways occurs when a susceptible individual is exposed to droplets
harbouring the bacteria. Local macrophages, which are typically the first immune
cells to interact with M. tuberculosis in the lungs, internalise the bacteria [47]. Inhi-
bition of a set of pathogenic genes in the bacteria leads in a loss of virulence in an
experimental model of tuberculosis, but not a reduction of mycobacterial
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proliferation in the lack of stress or famine under optimal in vitro circumstances.
Protein kinases, metal transporter, proteases, gene controllers, macrophage activity
inhibitors, cellular membrane proteins, lipids metabolism enzymes, and proteins of
unknown activity, such as PE and PE PGRS proteins, are among the pathogenic
determinants of M. tuberculosis. M. tuberculosis can resist RNS and ROS activity, as
well as lysosomal fusion and phagosome acidification, after being phagocytosed by
alveolar macrophages [48]. These activities are important for the pathogen’s survival
in the host in latent TB, as well as for bacterial multiplication, tissue dispersion, and
destruction in active TB patients, as well as downstream person-to-person spread.
The parenchymal destruction, traction bronchiectasis, bronchostenosis, cavitation,
and fibrosis are examples of architectural lung destruction that can occur with
respiratory TB [49, 50].

1.2.7 Influenza A Virus Infection

Influenza is a contagious respiratory illness caused by the influenza A and influenza
B viruses in humans. The Centers for Disease Control and Prevention (CDC)
estimates that influenza virus infection caused 9.2 million to 35.6 million infections
and 140,000–710,000 hospitalised in the U. S. among 2010 and 2017. Influenza A
viruses produce pandemic seasonal illnesses that kill around 500,000 people each
year throughout the world, according to the most current estimates of
291,243–645,832 fatalities each year. Clinical signs of influenza virus infection
range from a mild upper respiratory infection with tiredness, muscle aches, head-
ache, coughing, runny nose, sore throat, and fever to serious and, in some instances,
lethal pneumonia caused by the influenza virus or secondary bacterial infection of
the lower airway [51, 52]. In certain circumstances, influenza virus infection can
cause a variety of non-respiratory problems, including heart, central nervous system,
and other organ systems. While yearly seasonal epidemics are the norm, rare and
unexpected worldwide pandemic outbreak involving nonhuman influenza A virus
subtypes do happen. Every 10–50 years, a pandemic influenza outbreak occurs,
defined by the addition of a new influenza strain. A viral strain that is antigenically
distinct from formerly circulating strains; in humans, the absence of pre-existing
protection is frequently linked to the intensity of illness and increased fatality [53].

Human influenza viruses are spread by the pulmonary route, but avian influenza
viruses are spread via the faecal–respiratory pathways, faecal–oral, faecal–faecal, or
in wild birds. Based on the mode of propagation, the virus infects and replicates in
epithelial cells of the pulmonary or digestive tract. Furthermore, human infections of
the eye and conjunctivitis have been linked to several avian influenza A viruses,
particularly those of the H7 subtype (inflammation of the conjunctiva). In humans,
the intensity of infection is linked to viral multiplication in the lower airways, which
is followed by significant inflammation caused by immune cell infiltration [54, 55].
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1.2.8 COVID-19

A new coronavirus known as SARS-CoV-2 appeared in the Chinese city of Wuhan
at the end of 2019 and triggered an epidemic of atypical viral pneumonia. This new
coronavirus illness, also known as COVID-19, has spread rapidly throughout the
globe due to its high transmissibility. In regard of both the numbers of sick persons
and the geographic scope of epidemic locations, it has massively exceeded MERS
and SARS. COVID-19 is still spreading across the world, posing a serious risk to
human health [56, 57]. The first individual with SARS-CoV-2 infection was detected
with pneumonia of unknown aetiology, with signs identical to infections of SARS-
CoV and MERS-CoV and was hospitalised and died. Additionally, patients who
required ICU admission had greater TNF-α, MIP-1A, MCP-1, IP-10, and G-CSF,
levels than others who did not, suggesting that the cytokine outburst was connected
to illness intensity [58–60].

SARS-CoV-2 infection tends to affect people of various ages, with the average
age of infection being about 50 years old. Clinical symptoms, on the other hand, vary
with age. Most young individuals and adolescents have relatively minor illnesses
(moderate pneumonia or non-pneumonia) or are asymptomatic, but elderly men
(>60 years old) with co-morbidities are more prone to suffer serious lung infections
that needs hospitalisation or even death. Pregnant women did not have a greater risk
of illness than non-pregnant women [61, 62]. But it was an isolated incident,
confirmation of SARS-CoV-2 transplacental transfer from an affected mother to a
newborn was described. Fever, tiredness, and a dry coughing are the main typical
signs of infection. In investigations of patients in China, less typical signs include
chest discomfort, diarrhoea, vomiting, nausea, haemoptysis, headaches, sore throat,
sputum secretion, hunger, and fever. Patients in Italy also experienced self-reported
olfactory and taste abnormalities. Following an incubation period of 1–14 days
(most often around 5 days), most patients displayed symptoms of sickness, pneumo-
nia, and difficulties in breathing occurred within a median of 8 days following
disease start [63, 64]. COVID-19 indications that are serious, like acute respiratory
distress syndrome (ARDS) and severe pneumonia, are connected to the virus’s
activation and secretion of cytokines and chemokines, which results in a “cytokine
storm” which induces destruction and inflammation, especially in the lungs.
COVID-19 produces IL-1, LTs, IL-2, TNF-α, IL-6, GM-CSF, IL-12, and other
chemokines due to NF-κB expression in many cells such as the gastrointestinal
system, lungs, kidney, liver, central nervous system, and cardiovascular system.
Risks associated with T, such as a greater death rate [65, 66].

1.2.9 Conclusion

Lung diseases have a huge impact worldwide and are becoming more common due
to the ageing population and the lack of appropriate interventions to minimise the
risk factors that contribute to the progression of these diseases. Asthma, COPD,
fibrosis, COVID-19, and influenza-like lung diseases are becoming life-threatening
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and dangerous, so effective treatment approaches and adequate prevention are
becoming a challenge for researchers.
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Abstract

The microbiome is the indigenous microbial population (microbiota) and the host
environment in which it lives, and it is revolutionising how doctors think about
germs in human health and illness. The understanding that most microbes in
human bodies perform vital ecosystem functions that benefit the whole microbial
host system is perhaps the most basic development. The microbiome is a

S. Fuloria · N. K. Fuloria (*)
Faculty of Pharmacy & Centre of Excellence for Biomaterials Engineering, AIMST University,
Bedong, Malaysia
e-mail: shivkanya_fuloria@aimst.edu.my; neerajkumar@aimst.edu.my

V. Subramaniyan · S. Chakravarthi · R. B. Nordin
Faculty of Medicine, Bioscience and Nursing, MAHSA University, Jenjarom, Selangor, Malaysia
e-mail: drvetriselvan@mahsa.edu.my; srikumar@mahsa.edu.my; rusli@mahsa.edu.my

M. Sekar
Department of Pharmaceutical Chemistry, Faculty of Pharmacy and Health Sciences, Royal College
of Medicine Perak, Universiti Kuala Lumpur, Ipoh, Perak, Malaysia
e-mail: mahendransekar@unikl.edu.my

Y. S. Wu
Centre for Virus and Vaccine Research, & Department of Biological Sciences, School of Medical
and Life Sciences, Sunway University, Subang Jaya, Selangor, Malaysia

P. K. Sharma
Accurate College of Pharmacy, Greater Noida, Uttar Pradesh, India

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

A. Mendiratta
Department of Pharmacy, SMAS, Galgotias University, Greater Noida, India
e-mail: ajay.20smas3020002@galgotiasuniversity.edu.in

# The Author(s), under exclusive licence to Springer Nature Singapore Pte
Ltd. 2022
G. Gupta et al. (eds.), Microbiome in Inflammatory Lung Diseases,
https://doi.org/10.1007/978-981-16-8957-4_2

13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8957-4_2&domain=pdf
mailto:shivkanya_fuloria@aimst.edu.my
mailto:neerajkumar@aimst.edu.my
mailto:drvetriselvan@mahsa.edu.my
mailto:srikumar@mahsa.edu.my
mailto:rusli@mahsa.edu.my
mailto:mahendransekar@unikl.edu.my
mailto:dhanalekshmi@nu.edu.om
mailto:ajay.20smas3020002@galgotiasuniversity.edu.in
https://doi.org/10.1007/978-981-16-8957-4_2#DOI


collection of varied and numerous bacteria that live in the gastrointestinal system.
Generally, this ecosystem comprises billions of microbial cells that play a vital
role in human health control. Immunity, nutrition absorption, digestion, and
metabolism have all been linked to the microbiome. Researchers have discovered
that changes in the microbiome are linked to the development of diseases
including obesity, inflammatory lung disease, and CVS diseases, carcinoma in
recent times. A change in the microbial population of the intestine has a big
impact on human health and disease aetiology. These changes are caused by a
combination of factors, including lifestyle and the existence of an underlying
illness. Dysbiosis makes the host more susceptible to infection, the type of which
varies depending on the anatomical location. The distinct metabolic processes
and roles of these bacteria inside each bodily location are accounted for by the
inherent variety of the human microbiota. As a result, it is critical to comprehend
the human microbiome’s microbial makeup and behaviours as they relate to
health and illness.

Keywords

Microbiome · Microbiota · Pathogens · Factors · Liver · Lung

2.1 Introduction

The name “microbiome” is not totally new: it combines the word “microbe” with the
suffix “-ome”, a latinized form of the Greek suffix “-” that means “total”, “aggre-
gate”, or “collective action”. As a result, the microbiome is the total of all
microorganisms that share a common point, generally a common place/habitat
throughout a given time frame, as described in a long-forgotten microbiome vision.
This is a unique microbial communities that lives in a rather well-defined environ-
ment and has specialised physio-chemical characteristics. As a result, the word not
only relates to the microbes engaged, but also to the environment in which they
operate [1, 2]. The term “microbiome” has been used to characterise the combined
genome of our endogenous microorganisms (microflora), with the notion that a full
genetic perspective of Homo sapiens as an existence must encompass the genes in
our microbiome [3–5]. Besides being woefully stringent because it focusses on
colonising microbiota and, worse yet, colonisers solely of Homo sapiens, and
confusingly unidisciplinary because it only contains a genetic/genomic component,
this perspective is also both ambiguous and incorrect in its qualitative aspect.
Because the suffix “-ome” refers to collectivity and completeness, there is no letter
in the term “microbiome” to witness to the genetic portion of “genome”.

The gut microbiome is made up of the cumulative genomes of bacterium, fungus,
viruses, and archaea that live in the gut. The amount of information available on the
microorganisms that live in our intestines is rapidly increasing. Until recently, the
different allelic variants of genes were blamed for human population heterogeneity.
The human gut is home to trillions of bacteria, each with a genome larger than all of
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the human cells in the body. In the gut, bacteria are distributed spatially, with the
colon having the greatest variety and abundance [6, 7]. Due to its closeness to the
environment, the colon contains higher aerobes than the small intestine. It is proven
tough to cultivate commensals since they are anaerobic, especially in the upper
intestine. Advances in omics-based methods have contributed to a better knowledge
of the gut ecology and the numerous variables that influence its microbial composi-
tion. This technique has paved the way for a slew of new studies on the role of gut
microbiota in immunological equilibrium, which has ramifications for both wellness
and illness. The National Institutes of Health (NIH) launched the human microbiome
study in 2007, which discovered bacteria on the human body’s different surfaces.
Actinobacteria, Proteobacteria, Bacteroidetes, and Firmicutes are the most common
phyla in humans, with Bacteroidetes and Firmicutes dominating the gut. The gut
colonisation process begins at birth and is influenced by whether the baby is
delivered vaginally or through C-section [8–10]. Through development, the
microbiota, on the other hand, alters as a result of several environmental variables.
Each person’s microbiota is distinct, much like their genetic fingerprint, however
around a third of the species are shared by most people (Fig. 2.1) [11, 12].

Gut microbiota is influenced by a variety of variables, such as cleanliness,
nutrition, geographical region, and human genotype. Furthermore, researches in
people and animals have shown that sex hormones and age have a role in defining
the microbial makeup of the intestinal tract. Commensal bacteria and humans have
coevolved and share a symbiotic association. Intestinal microbes out-compete the

Fig. 2.1 Human Microbiota
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pathogens and maintain the integrity of the epithelium which may be a key factor in
preventing inflammation. Diverse microbial communities are essential for
maintaining the intestinal ecosystem and play a vital role in harvesting energy
from foods and producing micronutrients. In return the microbes receive food and
a suitable environment for growth [13, 14].

2.2 Microbiome Diversity and the Factors Affecting It

2.2.1 Childbirth

The method of birthing can have a significant impact on the newborn gut microbiota.
Children born by caesarean surgery had lower levels of Bacteroides,
Bifidobacterium, and Escherichia coli species than those born vaginally.
Caesarean-born babies have a microbiome that is similar to the maternal skin
microbiome in terms of Streptococcus and Staphylococcus. These distinctions relate
to an increased incidence of asthma and allergy disorders. These consequences may
be mitigated if mother vaginal bacteria are transferred to the baby during birth.
Preterm babies have been linked to changes in the gut microbiota, but not to atopic
sensitisation [15–17].

2.2.2 Metabolic Components of the Microbiota and Diet

Infant nutrition, particularly breastfeeding, was being found to enhance colonisation
by Lactobacilli and Bifidobacteria, which is another important variable determining
gut microbiome biodiversity. Maternal milk includes oligosaccharides and a variety
of fatty acids, which influence the gut microbiota and its ability to generate
metabolites that safeguard versus asthma and allergies by promoting the formation
of Treg cells. This impact is also caused by raw milk consumption in the first year of
birth, which is most likely due to increased amounts of proteins in the serum
component as well as unsaturated omega-3 fatty acids. Polyphenols and fish oils,
among other nutritional ingredients, are crucial for microbiome diversity
[18, 19]. By fermenting different nutritional polysaccharides, bacteria like
Ruminococcaceae and Lachnospiraceae can impact the gut microbiota by
generating SCFAs like acetate, butyrate, and propionate. Notably, these acids have
anti-inflammatory effects on the immune system that can attenuate FA and lung
diseases by enhancing epithelial barrier purpose and triggering DC analogues, Treg
cells, and synthesis of IL-10, in addition to acting as a vital source of energy for
bowel colonocytes [20, 21].
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2.2.3 The Significance of the Microbiome in Childhood

Early childhood exposure is critical for the microbiota, and there is mounting
evidence that gut microbiota dysbiosis has a significant impact on immune system
functioning. Perinatal food intake of the mother or infant, antibiotic usage, and
interaction with older siblings are all possible causes. The highest inter-individual
microbial diversity is seen in the first 3 years of life, according to evidence from
various populations. The presence of bacteria in tiny levels in the meconium and
placenta implies that interactions with the microbiome may start before birth.
Bacterial exposure in the first months of life can trigger the innate immune system
in a number of ways, affecting FA. Early vaccination with class IV and XIV
Clostridium spores and other bacteria will reduce the IgE levels circulating in
adulthood [22, 23]. In contrast, 3-week-old babies with a greater Clostridium difficile
faecal load and a higher Bifidobacterium to C. difficile ratio had a higher number of
skin test positive responses to aeroallergens and food. Similarly, high levels of faecal
E. coli in babies’ faeces are linked to IgE-mediated eczema in their first month.
Surprisingly, the same colonisation pattern might have various outcomes depending
on the age. Colonisation of M. catarrhalis, H. influenzae, or S. pneumoniae in the
first month of birth, for example, raises the chance of asthma by causing a rise in
atopic indicators such as serum IgE and eosinophils, but not at 12 months [24, 25].

2.2.4 The Significance of Antibiotic Exposure

The use of antibiotics in the 1950s has been linked to an increase in allergy cases.
This is considered to be caused by antibiotics causing dysbiosis, which has been
linked to the onset of asthma and Alzheimer’s disease. Because maternal antibiotic
use during gestation enhances the incidence of allergies in children, and antibiotics
usage in the first month of birth has been linked to cow’s milk allergies, the age of
early introduction may be crucial. Antibiotics used intrapartum have been found to
alter the microbiota of children aged 3–12 months. Antibiotics have been shown to
have an impact on the microbiota of elderly people, according to research. In
newborns, antibiotic treatment is linked to chronic allergic airway inflammation,
but not in adults [26]. Antibiotics, even at modest dosages, can alter microbiome
composition; nevertheless, the links among antibiotic use and allergy disorders get
stronger as the number of antibiotics administered increases, and various drug
families have distinct impacts. According to several research, beta-lactam antibiotics
are largest prevalent cause of FA in children under the age of two, but macrolides are
linked to FA in children beyond the age of two. In the case of asthma, additional
research is needed to determine if the infection or the medicines themselves
enhances susceptibility [27, 28].
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2.3 Disease and the Human Microbiome

2.3.1 Infectious Diseases

In medical college, C difficile infection was presented as an example of a disease in
which disturbance of the normal microbiota serves a significant part in pathogenesis.
While the link among antibiotic use and the establishment of C difficile infection has
long been recognised, more recent research has begun to identify the processes that
underpin it. Substantial research was done on the microbial activities expressed by
the indigenous microbiota that regulate C difficile colonisation resistance. The
function of the gut microbiota in bile acid and bile salt metabolism is one field
where research is ongoing. Microbes that can execute de-conjugation and transfor-
mation processes transform entangled bile salts into unconjugated main and second-
ary bile acids when they are released by the liver into the gastrointestinal tract. Some
of these molecular species help C difficile spores germinate, while others stop the
organism’s vegetative form from growing. The discovery of innovative therapies has
resulted from a better knowledge of molecular mechanisms [29, 30]. Microbiota
replacement treatment, particularly faecal microbiota transplant, is an important field
of research since this pathophysiology of C difficile infection, particularly persistent
infection, is linked to a lack of natural microbial communities and functionality.
Numerous additional infections and inflammatory disorders can be influenced by the
gut microbiota. The microbiota condition of patients receiving allogeneic transplant
of stem cell is linked to the likelihood of acquiring bacteraemia. The presence of
gastrointestinal microorganisms in the airways of individuals with sepsis and ARDS
appears to promote the lung chronic inflammation. Ultimately, the gut microbiota’s
makeup may have a significant impact on the repair of surgical intestinal
anastomoses. These findings might affect therapy, as well as prognosis and outcome
[31, 32].

2.3.2 Cardiovascular (CVS) Diseases

The gut microbiota produces compounds that not only impact the gut but also have
systemic effects. Some GI bacteria may produce trimethylamine N-oxide (TMAO)
metabolites, which may be linked to heart disease. Liver flavins comprising
monooxygenase help the gut microbiota convert trimethylamine from phosphatidyl-
choline, choline, and l-carnitine-rich diets to TMAO. In experimental animals,
TMAO disrupts lipid transport and causes the secretion of progenitors that induce
foam cell development and artery stiffness. It has been revealed that intestinal
dysbiosis is linked to CVS disease. A clinical research was conducted on two groups
of people: those who had a low risk of CVS disease and those who had a high risk of
CVS disease. A disturbed gut flora was linked to a greater risk of CVS disease,
according to their results. CVS illnesses have been linked to the predominance of
particular species. In germ-free mice animal studies, faeces transplantation from
hypertension patients with overexpressed Klebsiella and Prevotella raised blood
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pressure. Additionally, the Firmicutes to Bacteroidetes ratio in the faeces microbiota
of hypertensive mice increased significantly [33–35].

2.3.3 Metabolic Disease and Obesity

The intricate metabolic interaction among the endogenous microbiota of the intestine
and the host has prompted researchers to look into the microbiome’s possible
involvement in metabolic disorders including hyperglycaemia and obesity. Decade
ago, ground-breaking research found a link among obesity and the gut microbiota in
both human and animal illness models. The use of leptin defective mice in a study
looking at the function of the microbiota and obesity showed the strong relationship
among host and microbial variables in the complicated pathophysiology of diseases
like obesity. Although these researches a complete grasp of the processes that
underpin this link remains difficult. Moreover, according to a recent meta-analysis
of numerous research, the direct link among the microbiome and obesity might be
less than formerly thought. Whatever the magnitude of the impact, it is apparent that
the microbiota may alter the digestive tract’s nutrition processing [36, 37]. The
expression of key metabolic regulating peptides like glucagon-like peptide YY and
peptide 1 can be influenced by microbially generated products including bile acids
and short chain fatty acids. Some of the ways through which the microbiota might
impact human energy metabolism have been elicited in recent research. Other
research has found that altering the host diet has an impact on the gut microbiota,
establishing a complicated system in which extrinsic and intrinsic microbiome
connections can affect host metabolism. How accidental modification of the
microbiota—for example, by antimicrobial therapy disturb the natural equilibrium
and tilt towards the genesis of the metabolic syndrome and obesity is an intriguing
area of study that has attracted a lot of interest. The impacts of microbial metabolism
on different organ systems have been studied recently [38, 39].

2.3.4 Cancer

The gut microbiota has a big influence on its host’s health. According to research on
the interactions between microbial populations and their hosts, these organisms
engage in biochemical processes that influence tumorigenesis, neoplasm growth,
and immune treatment reaction. Persistent intra-abdominal infections, antibiotic
medications, or both may raise the colorectal cancer risk, based on a well-studied
model on variables that could promote to dysbiosis in the gut. In addition, final
products produced by the gut microbiota have an effect on intestinal cell coverage,
either promoting or inhibiting tumorigenesis. Besides from colorectal cancer, the
microbiome of the intestine has been demonstrated to have a contribution in extra -
intestinal cancers like hepatic carcinoma by allowing organisms to spread to other
regions of the body. H. pylori also increases the risk of stomach cancer in humans.
Clostridium and Fusobacterium are highly represented in people with stomach
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cancer, according to new research on the human microbiota and cancer [40, 41]. In
the context of breast cancer, ecological and host variables have a direct impact on the
disease’s development. Bacterial populations, on the other hand, have the potential
to cause breast cancer. When compared to healthy people, those with breast cancer
have more Staphylococcus, Enterobacteriaceae, and Bacillus bacteria in their breast
tissue. In addition, bacteria such as Staphylococcus and Escherichia coli epidermidis
isolated from cancer patients caused a double-stranded break in HeLa cells’ DNA.
Lactobacillus spp., which has a variety of health advantages, was not identified in
the breast tissue of breast cancer patients. A greater abundance of Bacteroides
massiliensis has been linked to prostate cancer. The intricate connections among
cancer and the human microbiota have been attributed to a change in the human
microbiome [42, 43].

2.3.5 Lung Disease

The investigation of microbial populations has sparked a re-examination of previ-
ously thought-to-be microbe-free areas, like the upper and lower pulmonary tracts.
Despite the fact that the lungs were once believed to be a sterile environment, the use
of culture-independent techniques shows that the lungs are home to a small biomass
of microorganisms that are rather varied. Initial research questioned the significance
of this tiny community of bacteria in a healthy lung, however most current research
suggests that the makeup of the lung microbiota might influence baseline inflamma-
tory tone in healthy persons [44, 45]. In addition, it is known that microbial
populations are prevalent and physiologically relevant in particular pulmonary
illness conditions. Although it has generally been established that several cystic
fibrosis patients get persistently colonised by harmful organisms, the airways of
these patients have lately been discovered to contain a far more varied ecosystem
than initially assumed. Although the significance of this discovery for the aetiology
of lung illness and cystic fibrosis has yet to be determined, it is fair to suppose that
microbe–microbe interaction in this milieu is just as significant as those in the GI
tract. The significance of microbial populations in the development of lung illnesses
including chronic obstructive pulmonary disease (COPD) and asthma is a hot topic
of research right now. Several of the previous research indicate correlation instead of
causation, however most current research is looking at how the lung microbiome
could promote the inflammatory processes that are so important in COPD pathogen-
esis. Further research is anticipated to shed more light on the function of changed
microbial populations in the development of various lung illnesses
[46, 47]. Polymicrobial relationships in chronic and acute rhinosinusitis have been
studied in the upper airway. Pathogens and other microorganisms have been studied
in respect of their capacity to alter host physiology, much as they have been in the
lower airways. Some microorganisms are known to be rich in sinusitis. According to
previous research, those with sinusitis showed Corynebacterium pseudotuberculosis.
The possible pathogenicity of this bacterium has been demonstrated in an animal
model of sinusitis. Other members of the native sinus population modulate resistance
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to colonisation by this organism, according to a study of the native microbiome of
the upper airway in individuals either with or without sinus illness [48, 49].

2.3.6 Allergic Diseases

It has been discovered that the human microbiota may have a role in allergy
disorders. However, very less is known about the impact of the pulmonary
microbiome on pulmonary tract immune modulation. A healthy microbiota, on the
other hand, influences the mucosa of the lungs and shapes the pulmonary tract. By
microaspiration, a dysbiotic flora immediately impacts the microbiota of the lungs,
increasing the development of pulmonary illnesses in people. This was demonstrated
in germ-free mice by the researchers. The absence of an immunological regulation
system in experimental mice resulted in pulmonary and allergy disorders. Caesarean
(CS) delivery of neonates has also been identified as a risk factor for allergic diseases
[50, 51]. Children are predisposed to such illnesses because of the absence of normal
mother flora during CS. Children who get CS have reduced numbers of good flora
(Bacteroidetes) in their stomach, according to molecular research. This decreases
Bacteroidetes’ anti-inflammatory activity and promotes to local tissue inflammation
(allergic rhinitis and asthma) caused by environmental and genetic factors. Current
empirical studies found a link among the generation of allergy antigen and dysbiotic
gut flora in children, leading to airway illness [52, 53]. At the age of four, children
with reduced Faecalibacterium, Akkermansia, and Bifidobacterium microbiota
diversity were more vulnerable to various allergen pulmonary hypersensitivity,
which may relate to asthma [54, 55]. Mice that were not exposed to germs were
more vulnerable to allergic airway illness. The susceptibility was restored after
microbial colonisation, and there was a reduction in allergen sensitivity. Clinical
investigations of allergy prevalence in Europe revealed that farming settings with
varied microbial ecosystems had a reduced occurrence of airway allergies. The
stimulation of the innate immune response in pulmonary epithelial cells has been
related to the cause of this condition. Contact to agricultural dust including
Lactococcus lactis G121 and Acinetobacter lwoffii F78 microbes diversity has
been shown to decrease pulmonary inflammation in mouse [56, 57].

2.4 The Microbiome as a Therapeutic Target

The microbiota could perform a contribution in a number of illnesses, such as when a
microbiome lacks a useful function or when harmful microbial activity is present. As
a result, it is appealing to believe that restoring a favourable microbe function and
structure may be a unique therapy for some illnesses. To achieve this, a number of
different techniques have been presented. While the effectiveness of this innovative
technique to illness protection and management has been limited to a few diseases
and treatments to yet, the potential of what the future may contain justifies a
consideration of what the future may hold [58, 59].
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2.4.1 Antibiotics

Antibiotic-mediated alterations in microbial flora modify the disease-related
microbiota and can assist recover health, but ancillary disruption to indigenous gut
flora produced by therapeutic antibiotics serves a significant part in the genesis of C
difficile infection. This technique was employed long before the microbiome became
a popular topic of discussion. Antibiotic therapy studies, for example, were used to
treat pouchitis, irritable bowel syndrome, and liver encephalopathy in individuals
who had a colon resection for ulcerative colitis. It was thought that there were no
hidden typical microbial pathogens involved in such initial treatment trials. Bacterial
overpopulation or microbiota imbalance were suspected, and the antibiotic was
administered in the hopes of correcting the problem. This method has the apparent
drawback of being empirical in nature. We still do not know how a specific antibiotic
regimen will affect a particular microbial population [60, 61]. For the avoidance of
repeated C difficile infection, a variation of this strategy has been recommended.
Some of the most modern antibiotics produced for the therapy of C difficile infection
are meant to be more tightly limited to the pathogen with the goal of reducing
collateral harm to the endogenous microbiome, which is linked with recurring
illness. Fidaxomicin, which has a lesser propensity for altering the microbiome,
has similarly been linked to a decreased risk of recurring illness while retaining
strong pathogen effectiveness. This technique is confined to treating C difficile
infection, however when managing a known bacterial disease, the use of wide
range antibiotics must be restricted to preserve the microbiome. As a result, proper
antibiotic management can assist to restrict the growth or choice of antibiotic-
resistant organisms while also protecting the native microbiome [62, 63]. Using
bacteriophage treatments to treat infections is another option that is considered to
have little impact on the microbiome. Bacteriophage treatments have been designed
to treat particular bacterial infections, and they are improbable to have off-target
impacts on other microbiome members due to the unique characteristics. While
bacteriophage is recognised to choose for resistant bacterial variations, these resis-
tant bacteria frequently have changed surface features that, in addition to phage
resistance, reduce pathogenicity in the host. Although much more research is
required until bacteriophage can be turned into therapeutic agents, there is a surge
of attention in developing new treatments to reduce microbiome disruption [64].

2.4.2 Microbial Biotherapies and Probiotics

Since most microbiota-related diseases are considered to be caused by a lack of
helpful organisms, replacing “missing” microbiome components is an approach that
precedes contemporary interest in the microbiota. The WHO defines probiotics as
“alive microbes that, when supplied in appropriate numbers, impart a health advan-
tage on the host”. Considering this, numerous potential probiotics have yet to be
produced or verified to meet the criteria. Also when research is done to demonstrate
prospective health advantages, the mechanistic foundation is frequently ignored. As
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a result, some have said that the probiotic area has a “non-scientific” component to
it. Additionally, regulatory authorities like the US FDA have permitted many
probiotics to be classified as nutritional supplements as long as they are not
“designed to diagnostic, heal, ameliorate, cure, or protect a human illness
[65, 66]”. As a result, new terminology for live biotherapeutics intended for use as
medicines has been proposed. However, if the official WHO definition of probiotics
is followed, the new definition may not be needed because it requires formal controls
and verification of new drugs. However, many studies have used probiotics in the
treatment of various diseases. In fact, ielie Metchnikoff, who won the Nobel Prize for
research on phagocytosis in 1908, suggested that microorganisms could have bene-
ficial and detrimental effects on the host. He suggested that the intake of fermented
milk products could be beneficial to health, which led to the development of
members of Lactobacillus and Bifidobacterium as possible probiotics. These
organisms are generally given as therapeutic foods, such as kefir and yoghurt,
which are fermented milk products. Children’s acute gastroenteritis can be prevented
and treated with these medicines, according to studies. Results include limiting the
development of antibiotic-related diarrhoea and preventing C. difficile infection.
Previous small trials using typical probiotics have had mixed results, with most
published guidelines suggesting their use. A major double-blind, multicentre,
randomised, placebo-controlled study in older adults subsequently found that a
probiotic combination of lactobacilli and bifidobacteria sought to stop antibiotic-
associated diarrhoea or C difficile infection [67]. This adds to the evidence that
probiotics should not be used to avoid these diseases on a regular basis. Many of the
classic probiotic microbes were obtained from fermented food items, as previously
stated. They were picked for criteria other than theory - based or empirically proven
modes of action as a result. Emerging microbiome research, particularly those that
look at microbial activity, has resulted in the design and animal evaluation of
organisms that might be utilised clinically for certain conditions. Turning to C
difficile infection, the relevance of metabolism of bile acid in pathophysiology has
led clinical studies with bile acids, its analogues, and organisms that might possibly
change metabolism of bile acid inside the GIT. Even though this therapy is currently
in the early stages of research, the concept of generating live biotherapeutics based
on intelligently determined modes of action will ideally become a key method for
probiotic development in the future [68, 69].

2.5 Prebiotics and Diet Therapy

Altering the microbiome’s ambient circumstances to give nutrients that promote the
development and preponderance of helpful bacteria and their activities is another
method for beneficially altering the native microbiome. This technique has mostly
been used to alter the gut microbiota by changing the diet. At its most fundamental
level, this strategy is providing a particular source of food that is intended to promote
the growth of beneficial bacteria or microbial activities. Prebiotics are non-digestible
polysaccharides that are digested by certain bacteria to help them develop. Many
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techniques are being developed to boost the synthesis of butyrate as well as other
free fatty acids, due to the positive benefits of microbial fermentation products like
butyrate. Since similar therapies assume the presence of the necessary bacteria, a
variant is to give a “synbiotic” that contains both the probiotic carbohydrate and the
prebiotic organism [70]. While concentrating on a particular food has proved
beneficial, larger dietary modifications that rely at least in part on changing the
native microbiome have also been employed. Exclusive enteral nutritional (EEN)
treatment has been shown to be effective in treating children with IBD, especially
Crohn’s disease. This comprises a well-defined liquid diet that is the sole source of
nourishment. Although it has a high rate of success in producing recovery in these
youngsters, lengthy compliance to this diet is challenging. Current research on the
impact of EEN on the gut microbiota has found that it has a statistically significant
impact on the structure and activity of the microbiota. These alterations are linked to
functional variations in the microbiota, which go against what prior research
suggests would be helpful, highlighting how little we understand regarding medici-
nal microbiome modification [71].

2.6 Microbial Restoration

A logical implication of the probiotic method is the substitution or repair of an
unhealthy population. There are a few distinctions, though. Microbiota transplant,
which involves transferring an entire microbiome from a healthy person to a person
suffering from a microbiota-related illness, has piqued curiosity. Such therapies,
notably the transplant of entire faeces or material generated from faeces, have a long
history. New attention in faecal microbiota transplant (FMT) as a therapy for
recurring C difficile infection has prompted a number of investigations into this
type of microbiota treatment. In 1958, FMT was initially used to treat antibiotic-
associated pseudomembranous colitis, which was thought to be caused by C difficile
infection. Human studies of FMT for recurring C difficile infection have subse-
quently employed several faeces formulations and evaluated various administration
methods. The patient’s own faeces were given to the placebo group in one placebo-
controlled experiment [21, 35]. The positive development of all types of FMT in
treating recurring C difficile infection has sparked speculation that microbiota
substitution may be utilised to treat other illnesses. Unfortunately, this result has
yet to be reproduced in other diseases like obesity and inflammatory bowel disease
(IBD). Small experiments have had contradictory results. This therapy may not be
immediately applicable to other disorders, according to some. The spore-forming
portion of the gut microbiota appears to be the source of FMT’s therapeutic impact in
recurring C difficile. FMT as produced for C difficile, which favours the injection of
spore-forming organisms, may not always be effective in other situations [18, 45].
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2.7 Conclusion

The investigation of the human microbiome is crucial because it provides an
in-depth understanding of the interactions among humans and their microbiota.
This information will be useful in future research investigations aimed at improving
these organisms’ ability to resist life-threatening illnesses. It is worth noting that
long-term usage of broad-spectrum antibiotics has the potential to alter the human
microbiome. As a result, the indigenous microbial population becomes unbalanced,
allowing invading diseases to thrive. Treatments that include pre and probiotics, on
the other hand, should be recommended.
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Abstract

The correlation between TB, which is one of the primary causes of chronic
inflammatory disease and healthy microbiota in the community, is not sufficiently
well known. The gut microbiota is critical for the regulation of inflammatory and
immunological responses, and it has a substantial impact on the patient’s well-
ness. It was revealed that individuals’ lung mediated secretion and faecal samples
had distinct tuberculosis-associated microorganisms, both prior and after the
misleading effect of antibiotics. Numerous studies have demonstrated that
isolated microbiota from patients’ faeces predicted the activation of
pro-inflammatory immunological mechanisms, therefore establishing the value
of the intestinal flora in tuberculosis therapy and prevention. The purpose of this
study was to examine the microbiome and human defence system of TB patients.
Collective data shows in this study that some intestinal microbiotas including
anaerobes may influence the host, but additional mechanistic investigations are
necessary. Therefore, we study the function of intestinal microbiota with the TB
pathogenesis and may govern the immunity and inflammatory environment of
host microbiota and their metabolites, as well as the pathways underlying host
immunity.
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3.1 Introduction

Human beings are almost sterile but get colonised quickly and dynamically
throughout the body during their childbirth and early development [1]. These mostly
lie in the intestines, including bacteria, viruses, and archaea and eukaryotic
microorganisms to a lower degree [2, 3]. The human microbiota is made up of
around 10,000 bacterial species that assist humans in performing regular physiologi-
cal functions [4]. The microbiota contributes to the establishment of an optimum
underlying ecosystem that is demonstrated by activities such as energy extraction
from nutrition, synthesis of supplementary growth factors, and activation of both the
natural and adoptive immune systems [5]. As a result, the involvement of bacteria in
humans offers important biological assistance [6].

Inflammation is particularly sensitive to gut microbiota, and experiments in
dextran sulphate that distort the mucous membrane and trigger intestinal inflamma-
tory process in rodents which demonstrates the impacts of inflammation in
microbiota [7]. The effect of inflammation is a sequence of molecular and cellular
processes which always significantly impact bacterial communities or generate
substantial environmental stress. In retrospective studies, inflammatory disorders
including bowl, arthritic, and celiac disease are one of the biggest sets of known
human diseases that alter the microbiome. Other aspects of interdependent microbial
stimulation to host defense in intestinal illnesses and conditioning of systemic
immunology are poorly understood although they undoubtedly contribute to the
onset, maintenance, and resolution of inflammatory disorders.

3.2 Altered Gut Microbiome Diversity Associated
Inflammation During Diseases

The human gut microbiota, comprising a complex microbial ecology, comprises
hundreds of generally stable groups of species in a healthy person but its composi-
tion may rapidly vary due to disease, age, nutrition, antibiotic usage, host genes, and
inflammation. Host inflammatory illnesses may be regulated by the gut microbiota
and its metabolites. Many studies have connected the intestinal microbiome with
inflammatory conditions. Forbes and colleagues [8] have demonstrated that inflam-
matory illnesses mediated by the immunological signalling, such as Crohn’s disease,
rheumatoid arthritis, and ulcerative colitis change the balance of intestinal
microbiome. Moreover, the significance of intestinal dysbiosis in the development
of inflammatory illnesses such as lung diseases (tuberculosis, COPD, asthma etc.),
colorectal cancer, major types of diabetes mellitus, metabolic syndrome, obesity is
reported in several cases [9–13] (Fig. 3.1).

30 K. Sharma et al.



The microbiome may be involved in TB infection, according to new findings
[14, 15]. TB is amongst the most deadly infectious illnesses in the world. In 2019,
according to the WHO 2020 report, about 10 million individuals were infected with
and acquired TB (adult men, adult females, and kids account for 5.6, 3.2, and 1.2
million, respectively), and 1.4 million were fatalities [16]. It is caused by the
Mycobacterium tuberculosis complex and has remained a significant source of
illness and mortality across the world [17]. M. tuberculosis can infect not just the
lungs, but also other organs, namely the brain and spine [16]. The microbiota and its
associated metabolic products are thought to contribute to tuberculosis infection
vulnerability, disease progression, and aggressiveness. Alteration in the population
dynamics of the microbiome may have an influence on immunological signalling
pathway. Learning as much as possible about the complex processes that regulate the
link between the microbiome and tuberculosis inflammation may reveal significant
variables that predict and govern TB disease development, aggressiveness, clinical
prognosis, as well as the possibility of relapse.

3.3 Tuberculosis and Its Therapy Relationship with Intestinal
Dysbiosis

The intestinal microbiome may be dramatically altered as a result of lung infection
with influenza virus via a process involving type I interferons [18]. Initial research
indicated the association of TB with intestinal microbiota abnormalities. A large

Fig. 3.1 Dysbiosis mediated various disease
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number of studies have revealed significant differences in the intestinal microbiota of
TB patients compared to healthy control participants. In particularly in comparison
to nutritious subjects, the microbiota biodiversity in faecal matter from TB patients
has been considerably decreased. Hu et al. [19] conducted a cross-sectional study in
which they evaluated the gut microbiota composition of tuberculosis patients from
China and discovered that TB infection resulted in a loss of variety, which was
mostly due to changes in Bacteroides relative abundance. Additionally, Hu et al.
discovered that anti-TB treatment can result in quick, significant alteration in
microbial diversity and composition. Additionally, the effect of antibiotics used to
treat tuberculosis on the gut microbiome has been studied. During anti-TB therapy,
the relative abundance of the Clostridium genus fell considerably, but the relative
abundance of many Bacteroides genus members rose, including Bacteroides fragilis
and Bacteroides OTU230. Furthermore, during 1 week of tuberculosis therapy,
OTU8 and OTU2972 belonging to the family Erysipelotrichaceae grew signifi-
cantly, but the remainder of the Erysipelotrichaceae family decreased. Similarly,
Negi and colleagues [20] employed an in vivo mouse model to show that wide-
spectrum antibiotics might lead to major changes in the gut microbiota’s composi-
tion, reduction in the amount of commensal bacteria Campylobacter, Lactobacillus,
and Bifidobacterium, and rise in Enterococcus and Bacteroides. In addition to,
studies have suggested that changed microbiome balance may impair the effective-
ness of anti-TB medicines and therapy. Negi et al. [20] continued on to explore the
effects of intestinal microbial dysbiosis on the efficacy of isoniazid (INH) against
tuberculosis pathogens in the in vivo mouse model. They found that reduced
numbers of Campylobacter, Bifidobacterium, and Lactobacillus might lead to poor
immunological response to INH and to more severe granulomatous diseases by
antibiotic pre-treatment. This study also indicates that the damage of innate immu-
nity and intestinal defence was affected by differences in the microbiota during INH
therapy resulting in lower levels of antimicrobial peptides RegIII and
pro-inflammatory cytokines TNF-α and IFN-γ, but higher levels of IL-10 anti-
inflammatory cytokine. Previously, similar findings were discovered by Khan and
Mendonca [21] and reported to disrupt alveolar macrophage immunological function
against Mycobacterial TB Infections with intestinal modifications linked with
higher Bacteroides and Verrucomicrobiaceae abundance and significant reduced
Lachnospiraceae densities. Furthermore, there were also 31 competent participants
from a Chinese study group and 46 tuberculosis patients, with considerable reduc-
tion in the variety and number of microbiological products, defined by the notable
decrease in bacteria that are generating short chains of fatty acids (SCFAs). The
study also connected microbial alterations to inflammatory response variations
during TB in phenotypes. In comparison with their healthy close contacts, the
authors discovered the distinct gut microbiome profiles in the TB infected with
Erysipelotrichaceae, Blautia, anaerostipes in their faeces, and inferred mechanism
modulating the immune response of short chains of fatty acids [22]. In numerous
illnesses, including cancer, the SCFAs microbial inflammatory cascade was
described and provides fresh routes for the research of TB biomarkers and
microbiome-oriented disease-prevention or supportive treatment. Earlier,
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Namasivayam and team found that the animal model shifted the order Clostridiales
phylum Firmicutes and certain species of the phylum Tenericutes [15]. In addition,
in Bacteroides vulgatus, single nucleotide polymorphisms (SNPs) were substantially
different for TB patients in comparison with heathy controls [23]. Liu, Luo Research
Group [24] separate individual patients into fresh and recurring TB patients (RTB).
According to their findings, Proteobacteria and Actinobacteria were the substantially
more elevated, whereas in the RTB patients’ faecal sample Bacteroides with a range
of valuable commensal bacteria were decreased. Moreover, in comparison with the
healthy group Lachnospira and Prevotella were significantly less in newly RTB.
Similar results have been found in teenagers experiencing TB. A cases-controlled
investigation has shown a decreased diversity of microbiota, increased Prevotella,
enterococcus abundance, decreased and reduced abundance for host health benefits
in paediatric patients with Ruminococcaceae, Faecalibacterium prausnitzii, and
Bifidobacteriaceae [25]. Furthermore, an Indian study group using 16S rRNA
genotype to discrimination between TB patients and healthy controls found that
Actinobacteria and Firmicutes in TB patients had statistically greater [26]
(Table 3.1).

The studies have revealed that the intestinal flora patterns across nutritionally
balanced individuals and TB participants varied and that microbiome fingerprints
may also be detected at different stages of TB development. Additionally, these

Table 3.1 Exhibiting gut microbiome mediated various mechanism and functions in host cell

Intestinal Microbiota Function Mechanism

Lactobacillus Boost the anti-viral reaction [27] Modify TNF-α and IL-12
release in dendritic cells

Faecalibacterium
prausnitzii,
Bacteroides
thetaiotaomicron

Encourage differentiation of the
cell goblet [28]

Facilitates production of mucous

Bifidobacterium Optimise the responsiveness to
humoral immunity [29]; ease gut
inflammation [30]; accelerate
differentiation among Th cells [31]

Trigger interleukin expression in
particular 1 and 6; Minimise the
pro-inflammatory and
lipopolysaccharide levels

Clostridium Provoke Tregs to replicate and
discriminate [32]

Significantly raise Foxp3
transcription and boost TGF-β
signalling

Firmicutes Promote epithelial barrier
function by: (1) repressing claudin-
2 protein expression in response to
IL-10RA [33]; (2) increasing
NLRC3 protein expression [34];
and (3) controlling intestinal
macrophage growth [35].

Generation of butyric acid

Bacteroides fragilis Impacts Th1’s immune response
[36] and accelerates Treg cell
differentiation [37]

Polysaccharide A production
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commensals generate metabolites that have the potential to influence immunological
signalling. Dumas et al. illustrated that a reduction in Firmicutes and Bacteroidetes
and an increase in Proteobacteria were associated with an increase in subsequent
airway colonisation by tuberculosis pathogens in antibiotic-treated mice, implying
an importance for intestinal flora in initial defence, presumably by maintaining the
processes of mucosal-associated invariant T cells. The above results indicate that
intestinal microbiome can represent a significant impact towards TB treatment. This
demonstrates some of the fundamental distinctions between people and mice, but
also some of the common outcomes associated with tuberculosis and the microbiota.
However, it is also important to further examine if the causative link and the changed
intestinal microbial ecology with reduced bacterial diversity promote TB suscepti-
bility (Fig. 3.2).

3.4 Gut Microbiota and Inflammatory Immune Activity
in Tuberculosis

When there is an inflammatory event in the lung, it is conceivable that the intestinal
microbiome may be altered, and this will affect the lung–gut axis [38]. It is generally
accepted that microbes and by-products produced by the lung microbiota are
transported through circulation to the intestines and vice versa [39]. They can then
go to the liver, stimulating inflammatory mechanism units like neutrophils and
macrophages [40], which are particularly essential during Mtb infection [41]. The
balance of the gut microbiota promotes systemic and lung immunity by modulating
T cell development, immune cell migration and death, through triggering TLR
signalling, and inflammatory tone suppression [42]. Additionally, the lung
microbiome plays a key role in the defence mechanism against infections by
stimulating the Th1/Th2 immune reaction, which results in the management of
inflammatory process [43]. Thus, the human microbiota can be critical in the defense
against tuberculosis, and alterations in the microbiota may contribute to the TB
spectrum and interpretation [44].

According to current scientific understanding, the microflora contributes the
majority of its function to host immune response and inflammation through its
ability to generate enzymatic activities that metabolise nutrients, resulting in
SCFAs (primarily carbohydrates) with anti-inflammatory and immunomodulatory
features [45]. Additionally, the by-products and other substance of microorganisms,
such as carbohydrates of the bacterial capsule, endotoxins & lipopolysaccharides
that are generated to preserve the integrity of the intestinal wall, as well as
upregulation or downregulation of particular crucial immune system signalling
ligands significantly impact vitamin production, energy modulation, and intestinal
endocrine hormone regulation [46]. Thus, the tight association in between intestinal
microbiota and the immunological transduction pathway may influence the inflam-
matory reaction, since this connection can result in either anti-inflammatory or
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pro-inflammatory pathways via regulatory cell activation. On the other side, the
intestinal flora has the ability to impact drug biotransformation and function as a
barricade against infectious microorganisms through colonisation and resource
competition.

The gut microbiota produces SCFAs including propionate, butyrate, acetate, and
lactate. Recently published research examines the role of butyrate in facilitating
communication in between microbial communities and the immunological regu-
latory framework. In addition to, by inhibiting histone deacetylases, butyrate
regulates the production of certain cytokines in T Cells and macrophages, and also
the stimulation of Treg Cells. However, increased butyrate levels may be harmful in
tuberculosis (TB) because they decrease pro-inflammatory responses (interleukin-1/
17, TNF-α) elicited by antigenic epitopes of tuberculosis that further consequently
produce mortality in TB. Therefore, in this study, we intend to find mechanistic
exploration to establish if SCFAs generated by abundant intestinal anaerobic
organisms have an impact on peripheral immunological events [22]. Thus, numerous
investigations suggest that SCFAs stimulate immunological activities via signal
transduction pathways by interacting with G protein-coupled receptors.
Pro-inflammatory signalling is mediated by the mitogen-activated kinases
(MAPK) pathway, whereas anti-inflammatory signalling is mediated by the beta-
arrestin-2 route. In innate immunity, SCFAs bind to their receptors and activate
dendritic cells and macrophages to secrete IL-10. It has been also shown that SCFAs
can promote the development of B cells and Treg cells in the gut–lung axis [45]. As a
result, SCFAs are responsible for balancing and regulating the immune response
overall.

3.5 Microbiome-immune Crosstalk

Interactions between the host and bacteria are crucial in regulating tissue homeosta-
sis at both proximal and peripheral sites. Nonetheless, microbial dysbiosis and
compromised barrier function have been linked to inflammation and metabolic
disruption in distant areas, for example, during inflammatory processes after antibi-
otic treatment. This can be done in part by macrophages and other innate immune
cells triggered through substance produced by bacteria such as LPS generated from
gut microbial species. Macrophages are the primary host cells for intracellularly
available TB pathogen, and pathogenic infiltration of macrophages with antimicro-
bial defence mechanisms promotes intracellular multiplication and preservation
[47]. In particular during infection with TB, the respiratory microbial community
was engaged in determining alveolar macrophages activity. Infection of mice with
Mycobacterium tuberculosis following an 8-week course of the TB medicines
isoniazid and pyrazinamide resulted in a modestly increased lung bacterial load.
This was related to changes in alveolar macrophage phänotypes, including reduced
synthesis of ATP and cellular respiration, MHCII expression, interleukin-1, and
TNF-alpha generation [21]. Control of TB infection depends crucially on the
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presence of functional IFN-gamma and interleukin-12 signalling. Additionally,
protection mediated by IFN-gamma occurs largely as a result of adoptive T cells
activation. It has also been demonstrated more recently that the involvement of
innate and innate-like lymphoid cells (ILC) is significant [48]. The ILC is
categorised according to its cytokine expression patterns into three categories:
Class 1; NK and noncytotoxic type 1 (Interferon, Tumour necrosis factor), Class
2; including interleukine-4/5/13, and Class 3; includes the Interleukin-17/22
[49]. The accumulation of IFNγ-expressing Nk cells in the pleural fluid in
individuals with TB pleurisy has been documented [50]. Individuals with latent
TB infection had a higher number of intravascular natural killer cells in their blood
plasma and an enhanced capability for cytotoxicity, which was related with
increased granzyme B, perforin expression [51] and CD27+ NK lung cell accumu-
lation were also associated with latent tuberculosis in non-human primates
[52]. Simultaneously, individuals with active TB had significantly less natural killer
cells spreading in their peripheral circulation. Natural killer cells have been shown to
contribute to the response of CD8+T cells, and to lysis of monocytes, macrophages,
and regulatory T cells cultured with mycobacterial antigens [53].

CD4+ T cells are, on the other hand, crucial for controlling Mycobacterium TB
illness with increasingly identified CD8+ T and B contributing lymphocytes. While
IFN, IL-12, and TNF are important in regulating Mycobacterium TB-associated
inflammation, strict management of all specific immune effector pathways, including
Treg cells and IL-10, is necessary to prevent unacceptable pathology and maintain
TB microorganism in control [48]. A study exhibits the presence of increased lung
anaerobes (Haemophilus, Veillonella, and Prevotella) is associated with lower CD4+
lymphocyte counts in healthy HIV-infected people who eventually evolve aggres-
sive TB [54]. Conversely, the presence of myeloid, type I and II interferon, and
inflammatory genes is associated with higher CD4+ lymphocyte counts in active
tuberculosis patients [55] (Fig. 3.3).

3.6 Conclusion

It has now been well known that the variety of inflammatory metabolic pathologies
associated with intestinal microbiota alterations considerably differs between TB
infected persons and healthy controls. The uneven quantity of intestinal microbiota
can be used as a biomarker of microbiome, which distinguishes the active disease
from the healthy, or as a therapeutic target for supplementary immunomodulator
treatment or as a nutritional approach for the prevention or control of TB or lung
problems. All viable candidates for such therapies include probiotics, prebiotics, and
techniques for gut microbiota transfer.
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Abstract

The microbiome present in and on the human body encompasses a diverse
community of bacteria that affects overall health and various physiological as
well as the pathological mechanism of the host. For instance, metabolism,
regulation of the immune system, inflammatory processes, carcinogenesis,
and host defence mechanism. Not all, certain bacteria may interact with
pro-inflammatory molecules to induce inflammatory reactions in the body by
amplifying the cascade of inflammatory pathways involving the production of
interleukins and cytokines. Similarly, the structural component of gut bacteria
and metabolic derivatives suppresses the inflammatory reactions. Furthermore,
the microbiota activates the immune system and thus induces a protective mech-
anism against the pathogens as well as regulates the pathways involved in the
development of tolerance for antigens. The chapter highlights the relationship
between the microbiota and the regulation of inflammatory and immune pro-
cesses. Also, the mechanism behind microbiota mediated regulation of inflam-
matory molecules and immune cells in combating various pulmonary
inflammatory conditions.
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4.1 Introduction

Microbiota in the human body is composed of around 1013 different species with at
least numerous times gene complexity as compared to our genome. Microbiota is
considered an essential component of the gut which surpasses human cells by
manifold [1]. The composition of microbes varies among individuals due to various
reasons such as genes, demographic area, diet, pathological conditions, and lifestyle.
Microbiota such as protozoa, fungi, and bacteria can be altered due to mutation,
irrational use of antibiotics, and dietary changes [2, 3]. The phyla abundantly present
in the gut are Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes
[4]. Firmicutes, lactic acid producing gram-positive microbe are widely marketed
as probiotics. In addition, Collinsella and Bifidobacterium species of phyla
Actinobacteria have also been used as a functional food for humans. In contrast,
Bacteroidetes and Proteobacteria cause up-regulation of macrophages which in turn
induce pro-inflammatory molecules in the body. The human microbiota contains
friendly as well as pathogenic bacteria which exists in complex symbiosis. Thus
microbiota shows a vital role in human physiology and ailment by forming a
synergetic association with the host and regulation of energy equilibrium. Also, the
bacteria act as an immune system booster and suppress the colonization of many
pathogens. Such mutual balanced relation is required for maintaining energy metab-
olism as well as immune function in the host and disturbances in equilibrium lead to
systemic and non-systemic diseases. Therefore, some researchers considered
microbiota as a “forgotten organ” [5–7]. Altered microbiota composition results in
chronic inflammation and metabolic dysfunction. Furthermore, metabolites from
microbiota contain short-chain fatty acids (SCFAs) that induce inflammatory
reactions by modulating the activity of monocytes and macrophages in humans [8, 9].

Inflammation is the biological reaction shown by the body after antigen encounter
and produces two responses, i.e., self-regulating defense response which initiates
wound healing and amplification of inflammatory response with consequences series
of diseases like atherosclerosis and cancer [10, 11]. The word inflammation in Latin
means a fire that is characterized by swelling, redness, pain, and impaired body
function. Redness occurs due to increased blood flow while swelling and pain are
due to the accumulation of fluid and release of pro-inflammatory molecules. Loss of
functions appears because of any noxious agents like bacteria, fungi, viruses and
their products, in the body which ultimately triggers the inflammatory processes in
the body and initiates the healing process. The inflammatory process proceeds due to
the initial recruitment of neutrophils and later lymphocytes, macrophages, and
plasma cells, results in the development and progression of chronic diseases
[12, 13]. Thus by regulating the inflammatory processes in the body one can easily
control the mortality and morbidity due to inflammatory reactions [14]. For instance,
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macrophages in the liver are termed as Kupffer cells while in nervous system they
are termed as microglials [15]. Inflammatory and immune cells respond instantly
against noxious stimuli and trigger inflammatory reactions in the body which
destroys cells. In addition, the immune reaction also leads to the activation of an
inflammatory defense system [16]. On pathogenic exposure, toll-like receptors are
over-expressed on Kupffer cells and help in removing foreign molecules and protect
against infection. Macrophages further activate antigen-presenting cells, phagocytes,
and the generation of various cytokines that regulates the immune system. Thus,
inflammation can occur due to microorganism attacks, trauma such as accidents,
surgery, autoimmune disorders, and allergy [17, 18].

The inflammatory cells usually involved are dendritic cells, macrophages, and
mast cells. Activation of these inflammatory cells due to any harmful stimulus will
lead to the production of inflammatory mediators and lead to clinical symptoms of
inflammation. Generally speaking, inflammation includes four stages, that is, vaso-
dilation leads to increased blood flow, increased vascular permeability, leukocyte
recruitment, and metabolic disorders [19]. Acute inflammation involves the accu-
mulation of neutrophils in affected tissues, while chronic inflammation involves
macrophages, lymphocytes, and plasma cells accumulation. While during an allergic
reaction, eosinophils and T-lymphocytes are accumulated at the site of inflammation.
In acute inflammation, the concentration of amyloid A protein and C-reactive protein
abruptly rises. In addition, the level of certain biomarkers like interleukins and
interferons in serum moderately rises in acute inflammation. For instance, in cardiac
disorders and obesity, the CRP is markedly increased as compared to normal
individuals [20, 21].

In the intestine, a tightly regulated immune system provides protection against
foreign particles like pathogens and all together suppresses excessive immune
activity. Since the enteric system is the main site of pathogen entry, so a specialized
system, Gut-Associated Lymphoid Tissue (GALT) is present which acts as a check-
point for antigen entry and determinant for inflammatory responses
[22]. Macrophages play three major roles in any inflammatory process, i.e., phago-
cytosis, antigen presentation, immune modulation by regulation of growth factors,
and cytokines production. Macrophages through the production of cytokines and
inflammatory biomarkers contribute to beneficial as well as harmful outcomes of
inflammatory reactions by phagocytosing and destroy the foreign invader [23]. Thus,
macrophages show a crucial part in inflammation initiation and progression. The
activation of pro-inflammatory M1 macrophages by certain pro-inflammatory
molecules like IL-1β and IFN-γ leads to the genesis of TNF-α, IFN-γ, IL-6, IL-12,
and ROS which cause an inflammatory reaction [24]. On the other hand, when M2
macrophages are activated by IL4, IL13, IL10, they initiate the production of
biomolecules involved in anti-inflammatory activity, such as TGFβ, IL1, and
IL10receptor antagonists [25]. Thus, M2 macrophages block the inflammatory
process and promote healing and type-II immunity. Thus, depending upon the
subsets of macrophages activated modulation of inflammatory and immune reactions
occur [26].
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4.2 Human Microbiota

Microbiota is distributed in the entire GIT, starting from the buccal cavity till the end
of the alimentary canal, i.e., rectum. Around 108–1000 CFU (colony forming unit)
of bacteria are present in 1 g saliva. While in the stomach, duodenum, and jejunum
the count is approximately 102–104 CFU/g of the content. But this count increases
to 1010 CFU in the distinct part of intestine. Bacteria in these colonies belong to
phyla Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrumicrobia.
Besides, the profile of microflora in an individual remains stable over time [27].

The studies reveal that the concentration of Firmicutes, Proteobacteria,
Actinobacteria, and Fusobacteria is very high in the oral cavity as compared to
other phyla [28]. The clinical studies reveal that human saliva contains more than
100 genera of bacteria such as Veillonella, Streptococcus, Neisseria,
Porphyromonas, Prevotella, Rothia, Haemophilus, and Fusobacterium. The most
prominent genus in the saliva is Streptococcus, which accounts for 23% of the total
population [29, 30]. Moreover, individuals belonging to different geographical
locations shown significant variation in the bacterial sequencing as compared to
the individuals belong to the same geographical area. For instance, Enterobacter
concentration is high in the Congo population while it is entirely lacking in people of
China, California, Turkey, and Germany. Similarly, the people of Bolivia contain a
high frequency of Serratia [31]. In the stomach, the frequency of microflora is very
limited due to the corrosive effect of gastric juice containing hydrochloric acid and
proteolytic enzymes. In spite, certain phyla like Actinobacteria, Firmicutes,
Proteobacteria, Bacteroidetes, and Fusobacteria are abundantly present in the stom-
ach. Besides the genera, Prevotella, Streptococcus, Haemophilus, Porphyromonas,
and Neisseria were also present in gastric juice [32, 33]. Furthermore, microbiota in
the jejunum and ileum of middle-aged subjects is mainly composed of Firmicutes,
Proteobacteria, Bacteroidetes, Fusobacteria, and Actinobacteria. Out of these Strep-
tococcus and Gammaproteobacteria are the dominant sequences [34]. The concen-
tration of microbiota in the large intestine, i.e., in the colon and rectum is mainly
dominated by Firmicutes and Bacteroidetes, while Proteobacteria (Acinetobacter
johnsonii, E. coli, Sutterella wadsworthensis, and N. subflava), Verrucomicrobia,
and Fusobacterium varium are also present. The clinical studies reveal that in old
age Firmicutes and Proteobacteria are the dominant microflora in the colon and rectal
segment. The former was represented by Streptococcus salivarius and Butyrivibrio
fibrisolvens subgroups while the latter by Klebsiella and Escherichia subgroups
[34, 35]. The quantity and quality of microbiota differ widely between individuals
of different age groups and geography. Instead, E. coli, Bacteroides vulgatus,
Bacteroides uniformis, and Ruminococcus torques are identified in every
individual [36].
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4.2.1 Gut Microbiota and Intestinal Mucosa Development

Microbiota in the body possesses protective, metabolic as well as immunological
functions. Microbiota along with digestive enzymes, mucins, and the mucosal
epithelial barrier is termed as a non-immune component of immunity
[37]. Microbiota significantly influences the development of an immune system in
the intestinal and extra-intestinal area mainly by preventing pathogen intrusion either
directly or indirectly via activation of the immune system [38]. Comparative
pre-clinical studies demonstrate that animals containing microbiota show sufficient
immune response against antigen as compared to microbiota-free animals. Even
microbiota in the host body is also responsible for the development of ultrastructure,
for instance, villus capillaries and angiogenesis. Furthermore, the development and
activation of lymphoid tissues like gut-associated lymphoid tissue (GALT),
lymphocytes, and antibodies are profoundly influenced by the microbiome [39, 40].

4.3 Inflammation and Gut Microbiota

Microbiome with their metabolites regulates the inflammatory processes in the host
body and mediates significant role in various immune-inflammatory disorders such
as multiple sclerosis, rheumatoid arthritis, Crohn’s disease, and ulcerative colitis
[41, 42]. Furthermore, alteration in microbiota composition results in the genesis of
inflammatory diseases like bronchial asthma, diabetes mellitus, and obesity. For
instance, bacteria of the Enterobacteriaceae family are linked with an inflammatory
disease like IBD [43]. Similarly, E. coli has been associated with inflammatory
bowel diseases. In addition, alteration in Firmicutes and Proteobacteria population is
linked with many inflammatory conditions like obesity and diabetes mellitus [44]. It
has been observed that non-alcoholic steatohepatitis patients had a major content of
Proteobacteria in the body. In addition, in patients with RA, although the intestinal
flora contained high levels of Lactobacillus and Prevotellacopri, the number of
Bifidobacterium and Bacteroides was found to be decreasing [45, 46].

Major metabolites of the gut microbiota, such as short-chain fatty acids, exhibit
strong anti-inflammatory effects primarily via the G protein-coupled receptor
3 (GPR 3), which is present on the cell membranes of macrophage immune cells
[47, 48]. For instance, butyrate, a major metabolite of Ruminococcaceae, Eubacte-
rium, Clostridia, and Firmicutes, significantly antagonizes inflammation and
modulates the energy requirements of the body. Butyrates suppress the NF-κB
pathway and thus regulate the innate immune response and inflammatory processes.
Also, butyrate ameliorates inflammation by targeting the interferon-gamma and
Peroxisome Proliferator-Activated Receptor-γ (PPAR-γ) signaling pathway [49].

Macrophages are important cells involved in chronic inflammatory conditions
that exhibit inflammatory and anti-inflammatory roles against cytokines and micro-
bial products. Macrophages are classified into two groups according to their activity
[14]. That is, the classically activated M1 phenotype is activated by IFN-γ, which
exerts inflammatory activity, and the activated M2 phenotype is generated in
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response to IL-4 or IL-13 to exert anti-inflammatory action. Currently, researchers
target macrophages phenotype for the management of various chronic inflammatory
diseases such as atherosclerosis, pulmonary disorders. Various pre-clinical and
clinical studies reveal that imbalance in M1 and M2 macrophages activity is linked
with certain chronic conditions like rheumatoid arthritis. Thus, from the above
discussion, it is clear that there is a strong association between macrophages and
inflammatory diseases [16, 17] (Fig. 4.1).

4.3.1 Inflammation Driving Capacity

In certain conditions like chronic inflammatory diseases, the disease-causing agents
sometimes disturbed the entire microbiota either by decreasing the bacterial diversity
and/or overgrowth of bacteria responsible for inducing aggressive inflammatory and
immune reactions such as B. fragilis and E. coli [51, 52]. Gram-negative bacteria
possess lipopolysaccharide as the basic component of the outer cell membrane.
Lipopolysaccharide comprises variable provinces of polysaccharide or oligosaccha-
ride and lipid core area that is responsible for the shock-like condition in the host.
Indeed, LPS interacts with macrophages and causes the release of inflammatory
molecules such as TNF-α, IL-6, and IL-1 [53]. Aerobic Escherichia coli and
anaerobic B. fragilis are gram-negative bacteria that contain high proportions of
lipopolysaccharides and can induce immunity by stimulating the natural immune
response [54]. Nutritional composition significantly affects the composition of the
microflora. For example, a fat rich diet increases the fraction of gram-negative
bacteria in the intestine and promotes the penetration of lipopolysaccharides through
enterocyte membranes. For instance, in diabetes mellitus and obesity the high-fat
diet results in increased lipopolysaccharide concentration which triggers systemic
inflammatory reaction and insulin resistance. The fat diet also stimulates the release

Fig. 4.1 Regulation of inflammatory processes by microbiome [50]

48 H. Malhotra et al.



of bile juice in the duodenum which produces detergent action on the intestinal
membrane and causes increased leakage of lipopolysaccharide. Besides gram-
negative bacteria, many gram-positive bacteria like enterococcus are also involved
in the alteration of microbiota and induce aggressive systemic inflammation [55, 56].

Pre-clinical and clinical studies also reveal that a combination of different taxa is
a prerequisite for the development of a pathogenic state in the host. For example, in
rodents for the onset of peritonitis, a combination of the systemic abscissa of
anaerobic such as B. fragilis and F. varium and aerobic bacteria like Enterococcus
faecalis and E. coli is required. Where E. coli is responsible for abscess development
and high mortality rate and B. fragilis induces inflammatory processes, i.e.,
enhanced TNF-α production. In addition, B. fragilis also suppresses phagocytosis
of E. coli and on the other hand, E. coli hinders intracellular killing of B. fragilis [57–
59].

4.3.2 Bacterial Neutralization of Inflammation

Certain microbiota in the body are rarely involved in any inflammatory processes
and even have the ability to counteract the inflammation. The mechanistic approach
behind the anti-inflammatory potential of microbiota involves

1. Counteracting the bacteria that induce an aggressive inflammatory reaction.
2. Retards the penetration of lipopolysaccharides by improving the barrier effect.
3. Down-regulation of inflammatory and immune components.

Clinical studies reveal that some bacteria like Faecalibacterium prausnitzii
(family Ruminococcaceae) combat systemic inflammation by modulating the release
of IL-6 and IL-8 [60, 61]. Moreover, F. prausnitzii metabolites down-regulate the
NF-κB pathway and IL-8 release. Furthermore, stimulation of mononuclear cells and
regulation of anti-inflammatory molecules IL-10 and IL-12 lead to anti-
inflammatory action. In humans, the most abundant strain responsible for the anti-
inflammatory activity is Lactobacillus and Bifidobacterium. These strains suppress
the undesired immune process such as allergic and autoimmune reactions [57].

4.4 Microbiota & Immune System

Furthermore, the intestinal immune system and gut microbiota work mutually and
help the mucus defense system to discriminate the antigenic and non-antigenic
mediators. On exposure to antigens such as bacteria and other pathogenic
microorganisms, the intestinal immune system initiates and regulates innate and
adaptive immune responses [62]. After antigen encounter, immune cells that react
include lymphocytes, macrophages, and dendritic cells, through specialized
membrane-bound receptors, known as toll-like receptors along with major histo-
compatibility complexes I and II molecules. TLRs recognize pathogen-associated
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molecular patterns (PAMPs) such as lipids, polysaccharides, peptidoglycans, nucleic
acids as well astragalin, and activate the immune system [63]. When enabled, the
immune system initiates an intracellular signaling pathway, up-regulation of inflam-
mation inducing genes and production of cytokines and interferon are responsible
for inflammatory reactions. It also releases certain co-stimulatory molecules that
activate the adaptive immune response [64, 65].

NOD-like receptors (NLRs) or nucleotide-binding domains are other family
receptors resides in the cytoplasm and are responsible for detection of pathogens
in mammalian cells. Around 20 different members are identified till now but NOD1
and NOD2 are most widely distributed in the body [66]. A large population of NLR
is present in the body where TLRs are expressed at low concentrations in the GI
tract. As the antigen starts invading the host cell, they interact with NLR present in
the cytoplasm and thus defense mechanism will be activated [67]. NLR also
regulates signaling pathways such as NF-κB and MAPK (mitogen-activated protein
kinase) [68]. NOD1 can detect the peptidoglycan moiety present in the cell wall of
gram-negative bacteria and NOD2 detects muramyl dipeptide that is present in a
wide range of bacteria. Thus by regulating the inflammatory and immune signaling
pathway, NLRs play a crucial role in various inflammatory diseases. Therefore, both
NLR and TLR regulate inflammatory processes in the body against antigen
encounters [69, 70].

In certain cases, inflammation occurs due to allergic or autoimmune diseases such
as rheumatoid arthritis, diabetes mellitus-I, Crohn’s disease, asthma, and multiple
sclerosis. In addition, in certain metabolic alterations, mild systemic inflammation is
also seen. Chronic inflammation leads to increased death rate and morbidity due to
cancer, obesity, cardiovascular, respiratory and liver disorders. The microbiota in the
body significantly regulates inflammation and the altered composition of microbiota
can alleviate the inflammatory processes by enhancing the expression of
pro-inflammatory cytokines [71].

4.4.1 Gut Microbiota and Innate Immune System

A mutual relationship between microflora and the innate immune system leads to
normal growth, development, and regulation of inflammatory processes in the body.
Such immune system can discriminate between the non-pathogenic and pathogenic
microbial components by recognizing the specialized receptors such as “pattern
recognition receptors” (PRRs) and TLRs as well as sequences present on the
bacterial cell wall, for instance, pathogen-associated molecular patterns (PAMPs).
These sequences are also termed microbe-associated molecular patterns (MAMP)
because of associated molecules like lipopolysaccharides, peptidoglycans, flagellin,
formylated peptides, etc. On mammalian innate immune cells such as macrophages,
neutrophils, and dendritic cell TLR are present. NLR also modulates inflammatory
signaling pathways such as nuclear factor kappa B (NF-κB), regulates immune
activity by regulating TLR expression on the surface of immune sensory cells via
the microbiota microbial recognition factor (MAMP), and finally nuclear factor
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kappa B (NF-κB) signaling which causes activation of inflammatory pathway and
triggers co-stimulatory molecules of antigen-presenting cells that stimulate the
production of inflammatory molecules as well as activation of T-cells [72–74].

Immune cells when encountered by any antigen initiate inflammatory reactions
and specify immune processes. For example, activation of TLRs in dendritic cells
after contact with bacterial components leads to activation of both the host’s natural
and adaptive immune responses. Perhaps epithelial cells are directly involved in
immune cell activation mainly by transporting immunoglobulins secreted by plasma
cells and its binding to specific receptors such as a receptor of polymeric
immunoglobulins (pIgR) [75]. In humans, epithelial cells express the important
LPS binding molecule CD 14 which along with TLR helps in the discrimination
of self and non-self. In addition CD 14 may be involved in shaping the interaction
between the immune system and microbiota [76, 77]. An epithelial cell also
regulates other immune cells of the immune system and results in inflammatory
reactions. Microbiota modulates the immune system by altering the production of
mucin from goblet cells. Mucin by forming the complex with pathogenic bacteria
directly suppresses the intestinal as well as systemic infections [78].

4.4.2 Gut Microbiota and Adaptative Immune System

In the bowel, the main immune compartment is lamina propria which constitutes
dendritic cells, T-cells, and Ig-A secreting plasma cells. Gut-associated lymphoid
tissue is primarily responsible for acquired immune response. Lamina propria
contains certain regulatory cells responsible for maintaining tolerance to food and
self-antigens [79]. In addition, CD 4 and CD 8 lymphocytes as well as Ig-A secreting
plasma cells are also exist in the lamina propria. Antigen encountered is immediately
taken up by dendritic cells in the lamina propria and transferred to MLN and
lymphoid tissues. Furthermore, antigens are transported to antigen-presenting cells
like macrophages. Dendritic cells are also responsible for the regulation of T-cells by
continuing the balance between native T-cells and effector cells to maintain toler-
ance against antigens [80]. Besides, DC on antigen exposure expresses CD
103, which migrates to lymphoid tissue and generates effectors lymphocytes from
native cells. Thus, dendritic cells remove antigen and pass away, leaving long-
standing memory cells that can quickly respond to re-encounter with the same
antigen. The entry of lymphocytes and dendritic cells into GALT depends upon
the activation of adhesion molecules such as L-selectin, CCR7, and the interaction of
CCL21. Through the secretion of IL-2, DCs are required for the generation of IFN-δ,
which secretes a Th1 response, whereas the production of IL-1, IL-6, and IL-23
maintains the Th17 response. In addition, interactions with immature DCs and/or
TGF-β and IL-10 lead to Treg cells involvement in anti-inflammatory activity.
Native lymphocytes in lymphoid tissues alter the expression of adhesion molecules
by suppressing the expression of L-selectin and CCR7, thereby inhibiting invasion
into lymphoid tissues while enhancing the expression of novel adhesive agents that
direct their migration to distinct tissues. This phenomenon is called “homing” [81].
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4.5 Role of Microbiota in Allergic Ailments

The frequency of allergic diseases like eczema, asthma, hay fever increases globally
in the last few decades, mainly in Western countries [82]. Genetic susceptibility and
microbiome play a very important role in the prevalence of allergic diseases by
regulating immune processes. In the human body, microflora develops immediately
after birth but its concentration and type depend upon the type of delivery,
breastfeeding, diet, and geography. As discussed earlier microflora influences the
maturation of host immunity and its distortion may lead to the development of
allergic disease. There are diverse reasons for this distortion such as dietary changes,
irrational use of drugs like antibiotics, antacids, proton pump inhibitors, and
NSAIDs [83, 84]. Strachan in 1989 proposed a hygiene theory which states that “a
lack of microbial exposure during childhood results in a perturbation in gut
microbiota composition and aberrant immune responses to innocuous antigens
later in the life with the development of atopic diseases i.e. a chronic inflammatory
disorders caused by aberrant T-helper 2 (Th2)-type immune responses against
common innocuous environmental antigens (allergens) in susceptible individual”
[85–87].

It has been suggested that a lack of microbial antigens may lead to immune
aberrations from Th2 cytokine to Th1-type profile, resulting in enhanced Th2 cell
responses to allergens. Th1-associated diseases include diabetes mellitus type-I,
multiple sclerosis, and Crohn’s disease while in chronic parasitic/worm infections
high level of Th-2 responses is observed with a high risk of allergy. In contrast,
regulatory T-cells by regulating the production of IL-10 and TGF-β as well as Th1
and Th2 responses reveal anti-inflammatory and immunosuppressive action. Thus
Treg cells activity is linked with the development of atopic and autoimmune diseases
[87, 88]. According to pre-clinical and clinical studies, the balance of Treg cells and
TH2 cells is important for an allergic immune response to common environmental
allergens. It was seen that individuals suffering from multiple food allergies were
mainly linked with TGF-β producing Treg cells rather than Th2 cells as
demonstrated in Fig. 4.2. Gut microbiota through the development of IgA antibody
also involved in pathogen and allergen elimination [90, 91].

Gut microbiota modulates the immune response to even aeroallergens and leads
to allergic airways manifestations. In pre-clinical studies, it has been seen that
alteration in gut microbiota due to overuse of antibiotics may predispose to allergic
airway disease. It was observed that treatment with Lactobacillus reuteri suppresses
allergic airway manifestations. These studies support that host-microbiota commu-
nication may affect the systemic immune response and inflammatory process.
Though, some inhaled antigens are also swallowed in the GI tract which induces
tolerance through the sensors present in the GI tract. Besides, stimulated Treg cells
migrate to different tissues throughout the body as mentioned in Table 4.1
[107, 108].
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4.6 Microbiota and Pulmonary System

Historically, the lung was considered sterile in the human body, but recent studies
have shown that the lower respiratory tract contains different bacterial communities
in both healthy and diseased states [109]. In the early days of the study, the total gut
microbiota was mainly considered, but the field of total lung microbiological
research is developing rapidly, and challenging observations are made on the
relationship between lung microbiota and respiratory diseases. Studies of lung
microbial communities can reveal new insights and methods of the pathogenic
mechanism of lung infections [110, 111]. Lung infections have always been the
leading cause of the global burden of disease, as have several lungs previously
thought to be only indirectly related to the pathogenesis of microbial disease.

The lungs of fetus, just like intestines, have to be sterile and infant’s lungs are
probably to collect microbial groups after birth. Soon after delivery, the baby’s
mucosal floor hastily fills with microbes (intestinal and vaginal microbes in normal
delivery, dermal microbiota in caesarean section) [112]. Initially microbiota in
infants is uniform at various body sites but after some days or weeks the microbial
diversity becomes site-specific [113]. The communities of microbiota in lung still
now have no longer been studied in toddlers, however current longitudinal research

Fig. 4.2 Role of microbiota and immune cells in atopic diseases [89]
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of toddlers with cystic fibrosis has proven that there may be consistency among the
intestine microbiota and the breathing microbiota, and there may be proof that the
gastrointestinal tract takes precedence [114]. Analysis of relative abundance of
phylum reveals that the most widespread phyla seen are Bacteroides, Firmicutes,
and Proteobacteria. A genus regarded in whole some human beings is Pronotera,
Veillonella, Streptococcus, and Pseudomonas. Active tobacco intake appears to
alternate the configuration of the microorganism of the higher airway. The variation
in the microbiota of the individuals suffering from cystic fibrosis in comparison to
the samples acquired from the western countries has been observed and the

Table 4.1 Influence of the microbiota on host tolerance to pathogens [92]

S. no. Pathogens CFU Results References

1 Klebsiella
pneumoniae

CFU
Inc

Increase in blood neutrophils
count and IL-10 level in lungs but,
TNF-α level declines

Fagundes et al. [93]

2 Pseudomonas
aeruginosa

CFU
Inc

Low level of IL-10 and IL-1 in
lungs and suppression of apoptotic
mechanism in lungs

Fox et al. [94],
Robak et al. [95]

3 E. coli CFU
Inc

Increased level of IL-6 and IL-1
with reduction inTNF-α.
Modulates NF-κBsignaling
pathway

Chen et al. [96]

4 K. pneumoniae CFU
Inc

Marked reduction in the level of
IL-6 and TNF-α.

Clarke [97], Brown
et al. [98]

5 S. pneumoniae CFU
Inc

Modulates the level of IL-17 and
GM-CSF.
Level of TNF-α decreases while
IL-1 and 6 declines

Schuijt et al. [99]

6 P. aeruginosa CFU
Inc

Increase count of neutrophils, IL-6
and CXCL2 while IgA level
declines

Robak et al. [95]

7 Mycobacterium
tuberculosis

CFU
Inc

Treg cell increases while Th1 cells
decline

Khan et al. [100]

8 Influenza virus – Stimulation of natural killer cells
and myeloid cells. Up-regulation
of IL-1 and IL-33 while down-
regulation of IFN-γ, MCP-1,
TNF-α and IL-6. Level of IgA
increases

Belkacem et al.
[101], Youn et al.
[102], Park et al.
[103]

9 P. aeruginosa CFU
Inc

Marked improvement of
histology. Serum level of IL-6
declines while the level of Il-10
increases. Treg cells increase in
lungs.

Khailova et al.
[104]

10 S. pneumoniae – Level of IgA and IgG increases.
Serum level of IL-10 rises.

Racedo et al. [105]

11 K. pneumoniae CFU
Dec

Survival %; body weight loss Vieira et al. [106]
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geographical variation in microbial content seen in the intestine but not reported in
lungs [115–117].

4.6.1 Microbiota in Diseased Lung

Cystic fibrosis: Cystic fibrosis (CF) has been linked with persistent pulmonary
infections, was first described in the 1930s, and is considered a valid reason high
morbidity and deaths in patients suffering from respiratory disease. Common
pathogens include Staphylococcus aureus, H. influenza, and Pseudomonas
aeruginosa. Early eradicate able and intermittent infection occurs in immune
compromised patients with pathogens like Stenotrophomonas maltophilia and
Burkholderia cepacia complex. Analytical methods reveal that numerous microbiota
is present in the airways of CF patient [118, 119]. Rogers et al. demonstrate that
patients suffering from pulmonary infection possess diverse bacterial species
[120, 121].

Follow-up studies have again demonstrated different microbial properties for
colonization and respiratory infection in cystic fibrosis, including many species
that could not be identified by culture techniques. This knowledge may partly
explain the long-term difference between the indications for sputum culture and
the resulting sensitivity and response of the patient to antibiotic therapy. The clinical
significance of this observation indicates that the administration of antibiotics does
not “suppress” the infection but changes the internal structure of the dynamic and
heterogeneous microbial community. The cystic fibrosis lung microbiome contains
several unknown or unrecognized bacterial species which are pathogenic and leads
to inflammation and destruction of the airways in cystic fibrosis [122, 123]. Studies
have confirmed that the diversity of the lung microbiota in cystic fibrosis varies with
time or the severity of the disease. The diversity of bacterial communities decreased
with age and severity of airway obstruction. Studies have shown that compared to
heterozygous ΔF508 and non-ΔF508 patients, homozygous patients with ΔF508
mutations have less microbial diversity. Klepac-Ceraj et al. found that microbial
multiplicity decreases with age, confirming the negative effects of diversity on
respiratory and systemic antibiotics [124].

A recent study compared lung tissue, sputum, and throat samples obtained from
subjects with chronic cystic fibrosis and reveals that sputum significantly represents
the microbiome predominant in the lower respiratory tract cells that were relatively
homogeneous, but over-represented complexity of atypical bacterial species. The
majority of the lower respiratory tract contains one to three typical respiratory
pathogens specimens. The clinical trial investigated whether enteral probiotic use
affects the frequency and severity of lung injury in patients with cystic fibrosis.
These studies showed that compared with placebo-treated patients and compared
with subjects before and after probiotics, the frequency of lung deterioration was
significantly reduced. Both studies hypothesized that reducing inflammation of the
gut wall might have an indirect effect on lung inflammation, which could be
beneficial [125].
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Asthma and Allergic Airways Disease: Over the years, it has been recognized
that there is a correlation between the decrease in the frequency of infections in
children and initiation of allergic reaction and asthma. This has led to the “hygiene
hypothesis” that reduced exposure to infections in early life will lead to impaired
mucosal tolerance and self-increased immunopathology. A variety of research has
found an affiliation among early adolescence exposure to antibiotics and initiation of
bronchial allergies and allergies, which has led to the initiation and progression of
various diseases due to alteration in microbiota [126]. Hilty et al., analyze the
microbiome of oral and nasal samples from asthmatics and chronic obstructive
pulmonary disease patients and healthy controls. In asthmatic patients, the authors
found higher frequencies of Proteobacteria and lower frequencies of Bacteroides
compared to control. This rise in Proteobacteria was caused by Neisseria, Moraxella,
and Haemophilus [127]. Thereafter, Huang et al. compare lung microbial from
65 poorly controlled asthmatics with lung microbial plants from 10 controls patients
and revealed an increased bacterial load and bacterial diversity in asthmatics
[128]. They identified an increase in the concentration of Proteobacteria in
asthmatics and correlated with the degree of bronchial hypersensitivity. There was
a significant difference between the microbiome composition of the lungs and the
functional response to clinical intervention among patients who benefited from
bronchial hypersensitivity when administered with clarithromycin.

Besides microbiome in lungs plays a vital role in allergic conditions, a further
hypothesis is that the perturbation of the microbiome because of poor diet and
antibiotic use in the Western European region results in mucosal disruption. Data
supporting this conjecture consisted of correlations between asthma/allergic
responses and the use of antibiotics in developed countries and correlations with
disturbed fecal microbiome and atopic diseases. Confirmation of this conjecture in
antibiotic treated and sterile rodents supports an association between alteration in the
gut microbiota and pulmonary allergic reactions. Few studies indicate that signifi-
cant improvement observed when Lactobacillus was given orally in allergic pulmo-
nary inflammation [129–131].

Chronic Obstructive Pulmonary Disease: It has been speculated that chronic
obstructive pulmonary disease (COPD) is caused by chronic pulmonary infections
and inflammation [132]. Studies have shown that the bronchioles and alveoli of
patients suffering from COPD patients possess unique microbes, which is likely
associated with the intermittent onset of chronic disease progression and infectious
exacerbation [133]. Microbial strains from samples of COPD patients grouped with
asthmatics and healthy controls showed similar increases in the relative presence of
Proteobacteria and a decrease in Bacteroides. It is noteworthy that the COPD sample,
compared to the control, contained a significant amount of Haemophilus, the most
commonly cultured microorganism for exacerbation of COPD [134]. A study
conducted by ErbDownward et al. analyzed the microbial communities and
transplanted lung tissue in patients with severe COPD was compared to smokers
and non-smokers show no evidence of lung disease or obstructive ventilator
impairment. They found a similar bacterial load and significantly reduced microbial
diversity in subjects with severe respiratory obstruction. Common genera in COPD
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patients are Haemophilus, Streptococcus, Pseudomonas, and Prevotella. The
researchers analyzed tissues in several parts of the same lung to reveal significant
regional heterogeneity of lung microbial communities from the lungs of critically ill
patients [135]. Sze et al. also studied surgically obtained lung tissue samples and
found that the number of bacterial cells in COPD lung tissue was the same and that
there was no significant difference in microbial diversity compared to the control
group. Diversity is greater in both COPD subjects and controls than in CF patients.
Other microbial communities were found in COPD subjects compared to smoking
and non-smoking controls. The concentration of Proteus and Bacteroides was
similar, but Firmicutes augmented compared to the control group due to increase
in Lactobacillus count [136].

A survey of respiratory microbiota in eight COPD patients found the same
common doors (Proteobacteria, Bacteroides, Actinobacteria, Firmicutes) as in pre-
vious studies. Among them, Prevotella, Haemophilus, Fusobacterium, Streptococ-
cus, Moraxella, Acinetobacter, and Neisseria account for a large proportion. The
most common doors of COPD and control samples are actinomycetes, Firmicutes,
and Proteobacteria. A significant contribution of this study is that the microbial
community of the sample is categorized according to the subject’s exposure to
inhalation, bronchodilators, and/or inhaled corticosteroids, as well as disease status.
The data from the above study along with clinical observations that inhaled
corticosteroids may cause severe pneumonia [137, 138].

Lung Transplantation: The death ratio and graft malfunction rate for transplant
patients are still greater than other organ transplants, with infection and bronchiolitis
obliterans syndrome accounting for the majority of the morbidity (BOS). Multiple
correlations between microbial invasion and BOS have been found, even though the
etiology is unknown [139]. Lung transplantation can alter the lung microbiota by
causing a variety of alterations in the host’s respiratory defense system, such as
airway deformation, interruption of normal lymphatic pathways, and immune sup-
pression induced by anti-rejection medications. Even the prevalence of single
species (such as P. aeruginosa and S. aureus) in certain cases overpowered the
presence of single species, according to a newly published research by comparing
the microbiota of samples from lung transplant patients. The author additionally
looked into the occurrence of fungal species and discovered a lot of Candida and
Aspergillus niger [140, 141].

Idiopathic Interstitial Pneumonia: The study characterizes the microflora
of individuals with idiopathic interstitial pneumonia, which is a heterologous
group of chronic pulmonary illnesses. Friaza et al. investigated the microbial
communities of 20 individuals suffering from idiopathic pulmonary fibrosis,
non-specific and acute interstitial pneumonia. Similar respiratory infections (for
example, Haemophilus influenza) and previously unknown species were discovered.
In the presence of pneumonia and bacterial load, negative relevance was seen,
indicating an in vivo antagonistic relationship between Pneumocystis and bacterial
species [142].
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4.7 Conclusion

Intestinal microbial studies in humans and animal models reveal a large number of
findings concerning the mechanism through which microorganism affects inflam-
mation and tolerance against microbes as well as a mode of communication in
microorganisms. The bidirectional connection between the gut microbial plexus
surfaces and mucosal immunity is dynamic. Physical barriers, such as mucosal
lining, the release of antimicrobial proteins by epithelium, and complex cell
mediated immune response by IgA production, are among the guest’s immunologi-
cal mediators. Conversely, lymphatic maturation, epithelial repair through endotoxin
signaling, initiates the balance of Th1/Th2 and the resistance to the mucous mem-
brane of microorganisms can be promoted. However, it has been observed that abuse
in enteric microorganism flora affects the sensitivity to allergic airway disease.
Recent studies have also clarified a series of mechanisms that affect bacterial
laminates, the gene expression of host epithelial cells, and activation of microbial
toxic factors through small molecules similar to human hormones.

If the changed lung microbiome is linked to the disease’s development, it will
instantly pique the researcher’s curiosity as a potential new treatment target.
Through the use of probiotics, prebiotics, antibiotics, and molecular quorum-sensing
inhibitors, the lung microbiome, like the microbiome in other compartments, may
rectify ecological problems and restore “healthy” microbial populations. Targeting
antibiotics to the narrower direct pathogens of the microbial spectrum without
affecting the remaining members of the microbial community should be an aim for
a better understanding of pulmonary microbiota diseases. Clinical investigations on
the use of oral probiotics in gastrointestinal disorders have found that they are
particularly effective in preventing antibiotic-associated diarrhea and treating acute
infectious diarrhea. These findings also show that in lung diseases that involve a
direct infectious component, such as pneumonia or bronchiectasis, the most appro-
priate first target of targeted microbial plant therapy may involve a direct infectious
component. Oral probiotics are widely studied in the anticipation of respiratory
infections, and there is evidence that they are useful. Pulmonary droplets of
prebiotics or probiotics, enteral administration, have significantly varying effects
on the lung microbial flora. Systemic and local inflammation, mucosal resistant
airway reactivity, and microbial cooperation and antagonism are all likely to be
affected by the production of true small molecule pharmacopeias by resident
microorganisms.
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Abstract

Asthma is a prevalent persistent pulmonary illness that affects people all over the
world. It affects people of all ages, although it is more common in children.
Individual predisposition, virus infections, allergens contact, cigarette smoke expo-
sure, and exposure to air pollutionmay all have a role in the onset and aggravation of
asthma.Many studies have shown that the microbiome has a role in the regulation of
immune function and the development of atopy and asthma. The lack of early life
experience to the varied ambient microbiome required for colonisation of the
pulmonary tracts and/or gastrointestinal appears to be the foundation of many
clinical disorders. The establishment of a balanced, tolerogenic immune response
requires symbiotic microorganisms. The discovery of symbiotic microorganisms in
the pulmonary tracts and gastroenterological might be a game-changing and crucial
development. The importance of microbiome in a healthy immune reaction is
widely recognised, and gut dysbacteriosis has been linked to severe inflammatory
respiratory diseases, notably asthma. To further understand the role of the
microbiota in inflammatory process and its influence on important asthma risk
variables including cigarette smoke and host genetic features, more study is needed.
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5.1 Introduction

Asthma is a chronic illness that affects about 300 million individuals worldwide and
is expected to reach 400 million by 2025. Every year, over 250,000 asthma-related
fatalities are documented, most of which might be avoided. It is a chronic inflam-
matory condition of the lower respiratory tract marked by wheeze, breathlessness,
chest tightening, and coughing, all of which can vary in incidence, recurrence, and
intensity over time. Varying exhalation airflow problems, such as difficulties in
breathing due to bronchospasm (constriction of the airways), stiffness of the airway
wall, and enhanced mucus secretion resulting to extended exhalation time, are linked
to these indications. Asthma is a multi-phenotypic illness with a wide range of
clinical and pathophysiology features. Individual predisposition, virus infections,
exposure to air pollution, tobacco smoke, and allergen may all have contribution in
the establishment and aggravation of asthma. Ambient allergen exposure has a
significant influence in all allergic inflammation causes [1, 2]. Mould fungus, animal
epithelia, tree pollen, grass, and dust mites are the most frequent allergens implicated
in asthma onset and aggravation. The frequency of allergic illnesses has risen rapidly
during the last five decades, with significant differences in asthma prevalence
between nations. Despite the fact that asthma complaints are particularly frequent
in certain high-income nations, asthma is also prevalent in numerous middle- and
low-income regions. Asthma is highly chronic in children in middle- and
low-income nations than it is in high-income nations. Following that, TH2 cells
play a key role in allergic disease development, causing B cells to flip isotypes and
produce IgE antibodies that are unique to the allergen in question. TH2 cells recruit
more mast cells and eosinophils, cause goblet cell proliferation, and increase bron-
chial over reactivity [3, 4]. The airway blockage that characterises asthma’s diagno-
sis occurs in phases of symptom-free periods preceded by variable periods of
aggravation, with a trigger or triggers in most cases. Exacerbations cause symptoms
and lung function to deteriorate, and while they are usually recoverable and preceded
by a recovery to normal pulmonary function, in some individuals, recurring
exacerbations can result in a new, impaired baseline. Medications, pollution,
aeroallergens, infection, and physical stimulation are examples of aggravating
triggers. Enhanced inhalation treatment, systemic corticosteroid, and antibiotics are
frequently used to treat these exacerbations [5].

The decrease in infection rates in Western nations, and most subsequently in
developing nations, appears to be at the root of the rise in autoimmune and allergy
illness cases. Several regulatory T cell subgroups and toll-like receptors are involved
in the basic processes of this process, which are many and complicated (TLRs).
Modifications in the microbiota induced by modifications in lifestyle may contribute
to some of these processes [6, 7]. The first to indicate a relationship among
microorganisms and allergies was the “hygiene theory”. The hygiene hypothesis
has now been broadened to include increased antibiotic usage and vaccines, as well
as other lifestyle modification that have lowered adolescence illnesses and changed
the microflora. Caesarean delivery and milk formula breastfeeding are also major
prenatal and early postnatal variables. Another important concern is the modern
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diet’s shift to a high-fat, low-fibre diet, which has substantial implications for the
composition of the gut microbiome [8, 9].

The human microbiome is no longer regarded inactive, given the large number of
diverse microbes that populate the human body, their close interaction with human
cells, and their numerous impacts on the host. Human health is dependent on
microbial populations in the digestive and pulmonary systems. The varied, sturdy,
robust, and resilient adult microbiome, which comprises fungi, viruses, bacteria, and
even archaea, is rich in many distinct species and can usually recover to its
pre-perturbation condition. Many variables linked to lifestyle and ecological
exposures can contribute to microbiota dysbiosis in the respiratory and gut in
asthmatics [10, 11]. In the gut and lungs, an imbalance among symbiotic and
pathogenic bacterial strains can promote immunological dysfunction and improper
inflammatory reactions, but it is uncertain whether the imbalance is induced or result
of disease. The function of the pulmonary and intestinal microflora in the establish-
ment and improvement of respiratory health, as well as its abnormalities in various
subgroups of asthma, will be the focus of this chapter.

5.2 Microbiome and Atopy

When exposed to an ecological antigen, particularly one inhaled or swallowed, atopy
is characterised as a hereditary propensity to have an allergic response and create
high amounts of IgE. Along with their genetic history, vulnerable people have an
increased Th2-type immune reaction versus prevalent, non-pathogenic milieu anti-
gen, which causes persistent inflammation in atopic illness. Th cells are key
regulators of the immunological responses: Th17and Th2cells, in especially, direct
immunological responses and integrate other cells (that is neutrophils, mast cells,
eosinophils, or B cells,). Interleukin (IL)-13, IL-10, IL-5, IL-9, and IL-4 are among
the cytokines produced by Th2 cells. IL-4 also activates B cells to generate IgE
antibodies and eosinophils, which trigger mast cells to secrete leukotrienes, seroto-
nin, and histamine, causing bronchoconstriction and leading to allergic reactions.
The transition of naive T cells into IL-4-secreting T cells is among the hallmarks of
allergies. The finding of germ-free animals, that are born and reared in a sterile
milieu, suggests that the GIT microbiome may have a function in atopy
[12, 13]. When compared to germ-free mice, they are more vulnerable to anaphylac-
tic caused by oral antigens, indicating how challenging it is to develop oral resistance
in animals with a different microbiome. The involvement of regulating T cells
(Tregs) in inducing and maintaining oral tolerance is critical. Tregs are a kind of T
cell that regulates immune functions, maintains self-antigen resistance, and protects
from initiation of autoimmune diseases. In the past few years, it also became evident
that symbiotic bacteria impact Treg induction, suggesting a connection among our
ecology and allergy sensitivity. In the last 10 years, many investigations have proven
the microbiota’s significance in immunological regulation. Bacteroides fragilis, for
example, regulates the Th1/2 equilibrium, and branched filamentous bacteria drive
Th17 cell development directly, while Clostridium spp. increase Treg formation. In
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addition, the microbiota generates a variety of mediators, including short-chain fatty
acids (SCFAs), peptidoglycans, lipopolysaccharides (LPS), and compounds having
gaseous nature, all have impact on host biology based on tissue type, developmental
time period, and dosage [14, 15]. In addition, giving LPS to germ-free mice were
sufficient to reestablish oral resistance. Clostridium spp., for example, generate
propionic acid after fermenting complex carbohydrate fibres, which is involved in
cell signalling, immunological function (the formation of Tregs), and
neurotransmitters production and secretion. Tryptophan is another essential mole-
cule that is dependent on microbial metabolism. It can control serotonin synthesis
and have a variety of major impacts on brain function, resulting to mental disorders.
The innate immune reaction is made up of a multitude of defence mechanisms that
respond to external stimuli in a nonspecific way. Both cellular and soluble
components are involved in such reactions. The airway epithelium and mucosal
layer offer innate immunity through immune cells such as innate lymphoid cells
(ILCs), dendritic cells, and leukocytes such as macrophages, eosinophils, and
neutrophils, in order to serving as a mechanical barricade. Nucleotide-binding
oligomerization domain-like receptors, TLRs, and receptors like retinoic acid induc-
ible gene I-like receptors detect various substrate patterns. These receptors perform a
crucial function in enabling prompt reactions that lead to adaptive immunity.
Leukocyte protease inhibitor, cathelicidin, interferons, lactoferrin, and defensins
are among the noncellular released antimicrobial components in the host defence
[16, 17].

5.2.1 Immune Mechanisms Influenced by the Microbiome

Bacteria can trigger regulatory reactions or decrease chronic inflammation via a
variety of pathways, which have been identified. Inside the mucosa, both metabolites
of microbiota and elements of bacterial cell wall have been linked to immunomodu-
latory actions. In mice, particular symbiotic bacteria including Clostridium, Lacto-
bacillus, and Bifidobacterium species have been found to boost the percentage of T
regulatory cells. Clostridium also causes ILC3s to produce IL-22, which helps to
strengthen the epithelial barrier and decreases intestinal permeability to dietary
peptides. Moreover, Lactobacilli and Bifidobacteria can enhance T regulatory cell
activation by stimulating metabolic functions in dendritic cells including heme
oxygenase-1, tryptophan metabolism, and vitamin A degradation. Bacteroides
fragilis capsular polysaccharide A has been found to react effectively with mice
plasmacytoid dendritic cells, promoting IL-10 production from CD4+ T cells
[18, 19]. Furthermore, a Bifidobacterium longum exopolysaccharide has recently
been demonstrated to inhibit Th17 responses in the gastrointestinal and lungs.
Bacterial-derived metabolites, in addition to bacterial-associated substances, have
substantial impact on immunomodulatory mechanisms. The gut microbiome
produces small-chain fatty acids like butyrate, propionate, and acetate, which have
been found to impact T cell and dendritic cell reactions by interacting to GPCRs and
inhibiting histone deacetylases, encouraging chromatin modifications. Biogenic
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amines are produced by microbes in the human GIT, and they can impact immuno-
logical and inflammatory activities. Microbiota-derived spermine, histamine, and
taurine have been demonstrated to affect host–microbiome interaction in mice
models by regulating downstream antimicrobial protein production, epithelial
IL-18 production, and NLRP6 inflammasome signalling [20, 21] (Fig. 5.1).

5.2.2 Microbiome in Preclinical Asthma Models

A lot of preclinical investigations back up the idea that the microbiota has a
contribution in the establishment of airway disorders. GF animals, who have never
been exposed to non-pathogenic or pathogenic microbes, have given significant
insights into the molecular involvement of the microbiome in the establishment of
allergic airway inflammation. The scientists discovered that OVA causes consider-
ably hypersensitivity and more type 2 airway inflammation in GF mice than in mice
colonised with symbiotic microorganisms in a specific pathogen-free environment
(SPF). Furthermore, for 3 weeks when GF animals were placed in same compart-
ment for with SPF animals, the increased allergic inflammatory process in GF mice
was decreased to the identical extent as in SPF mice, showing that GIT and lung
recolonisation with symbiotic microorganisms had protective benefits. Furthermore,
colonisation of GF mice early in life reduced the intensity of allergic airway
reactions by preventing unique natural-killer-T-cells development in the lungs and
GIT lamina propria [22–24]. Colonisation later in life showed no impact on unique
natural killer T cell proliferation, regulatory T cell proliferation, or disease
phenotypes. In addition, antimicrobial therapy of newborn mice led to a stronger
Th2 cells and fewer regulatory T cells activity, which could be avoided by restoring a
symbiotic gut microbiome. The researchers looked studied the vulnerability of
mouse of various ages to allergic airway inflammation induced by HDM-house
dust mite, replicating the circumstances of progressive colonisation of the human

Fig. 5.1 Influence of Maternal Immunity and Microbiome development in Neonate
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baby airways. In comparison to older mice, neonatal mice had increased airway
eosinophilia, produced more type 2 cytokines, and had greater airway hyperreactiv-
ity after being exposed to HDM. The colonisation of the mice lungs with increasing
quantities of bacteria and a transition from Firmicutes and Gammaproteobacteria to
Bacteroidetes were linked to this preventive role in older mice. The formation of the
lung microbiome has been connected to the emergence of PDL-1-dependent-Helios-
negative-T-regulatory-cells [25, 26]. This research shows that the lack of particular
bacterial species early in development may impact proper regulatory systems later in
life, shifting the immunological equilibrium away from tolerance and toward allergy.

Various findings have shown that directly exposing the murine respiratory system
to microorganism metabolites like CpG-containing oligonucleotides, endotoxin, or
other TLR ligands might suppress the typical symptoms of asthma. In the allergic
airway inflammation induced by the OVA model, for ex. intranasal administration to
the bacteria E. coli proved preventive. New data linking the preventive impact of the
agricultural atmosphere with the endotoxin and microbiome concentrations in home
dirt have recently been added to these investigations. Furthermore, via Myd88 and
Trif-dependent pathways, intranasal implantation of Amish households dust, but not
Hutterite homes dust, decreased allergic airway inflammatory response induced by
the OVA in mice [27, 28]. When compared to Hutterite household dirt, Amish
household dust showed distinct microbial communities (particularly greater in
Bartonellaceae) and greater endotoxin concentrations [29].

5.2.3 The Respiratory Microbiome’s Role in Asthma

Because normal human pulmonary tissue was considered to be sterile at the period,
the-Human-Microbiome-Project, which began in 2007, did not involve respiratory
track tissue specimens. Nevertheless, a number of ground-breaking papers in this
subject came immediately after, and numerous study associations and separate group
began extensive investigations to define and explain the makeup and functioning of
the pulmonary microbiome in wellness and illness. Presently, it is recognised that
niche-specific microbial populations live in the healthy pulmonary mucosa. The
upper respiratory tract has the densest bacterial populations, with around 103 live
bacteria/nasal sample from nasopharynx and the nasal passage, and around 106/ml
live cells from oropharyngeal lavages [30–32]. The predicted amount of bacteria in
the trachea and lungs is smaller, with bronchoalveolar lavages from normal lungs
containing about 102/ml bacterial cells. Actinobacteria, Acidobacteria, Bacteroides,
Proteobacteria, Fusobacteria, and Firmicutes, are the six most common phyla
reported in the lungs. Microbiome evaluations of brushings of bronchia, oropharynx,
the nose, and BAL specimens from the lower respiratory track demonstrated that the
phylum of Proteobacteria, particularly Haemophilus species, are frequently
observed in the lower and upper airways of COPD and asthmatic patients of any
age in the original evidence-based research. The research found that asthma patients
which are suboptimally regulated, characterised as chronic signs on the Asthma-
Control-Questionnaire-after-4-weeks of standardised therapy with aerosolized
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fluticasone, had a more diverse airway microflora than control participants, which
was linked to bronchial hyper reactivity. In asthma patients, the phylum
Proteobacteria, which includes the Pseudomonadaceae, Oxalobacteraceae,
Nitrosomonadaceae, Sphingomonadaceae, Comamonadaceae, and families,
increased [33, 34]. The patients who mostly benefitted from clarithromycin therapy,
as measured by a decrease in airway hypersensitivity to methacholine, had consid-
erably more microbial communities before to the treatment. Proteobacteria were
found in greater numbers in asthmatic airways, according to subsequent
investigations. Furthermore, when compared to mild-to-moderate asthma patients
and normal individuals, species of Klebsiella were abundant in severe asthmatic
patients. Additionally, Proteobacteria was linked to a TH17-related gene signature in
the airway epithelium, which was linked to deteriorating asthma management and
total leucocytes in the sputum in chronic asthma patients, whereas Firmicutes/
Bacteroides was more prevalent in chronic asthmatic obese patients. The existence
of Actinobacteria, on the other hand, was linked to improved and/or no change in
asthma control [35, 36]. The existence of Mycoplasma pneumoniae and
Chlamydophila pneumoniae has long been linked to chronic asthma, prompting
numerous therapeutic studies with macrolide antibiotics in patients group. Nonethe-
less, in light of the conflicting research findings and the risk that essential bacterial
species may be harmed, additional clinical studies with thorough microbiota
investigations are required. The makeup of the airway microbiota grows dramati-
cally early in life, and the lifestyle, health condition, and age can all impact it later in
life. Birth method (vaginal or by caesarean surgery), early contacts, and the atmo-
sphere of the first 3–4 months of life have all been demonstrated to have a critical
role in the establishment of a healthy pulmonary and GIT microbiome, which is
essential for pulmonary health later in life. The dust particulates that are inhaled can
transmit a mixture of microorganisms and bacterial variables that impact asthma risk
through their impact on innate and adaptive immune mechanisms, according to both
animal and human research. The researcher examined the nasopharynx microbiota in
a randomised cohort of children aged 2 to 2 years and found a link between the
existence of particular microbial groups and acute pulmonary illnesses. Up to
2 months of age, healthy babies in this cohort were infected with Corynebacterium
or Staphylococcus species, with subsequent sustained colonisation by Moraxella or
Alloiococcus [37, 38]. In 1st 60 weeks after birth, however, colonisation with
Streptococcus, Haemophilus, or Moraxella was linked to virus-associated acute
pulmonary illnesses. Earlier asymptomatic Streptococcus colonisation, which is
uncommon in children from pet-owning homes, elevated the incidence of asthma
at the age of five. Initial colonisation of the upper pulmonary tract with, Mycobacte-
rium catarrhalis, Haemophilus influenzae, and/or Streptococcus pneumoniae in
4-week-old infants from different birth groups was similarly linked to an elevated
incidence of pneumonia, bronchiolitis, and asthma by the age of 5 [39, 40].
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5.2.4 The Gut Microbiome’s Function in Asthma

The human GIT microbiota is the body’s biggest assemblage of bacteria, with
500–1000 various microorganisms and about eight million genes that might influ-
ence the immune function of the host. Verrucomicrobia, Proteobacteria,
Actinobacteria, Firmicutes, and Bacteroidetes are the most common bacteria in the
GIT microbiome of European adults. Aerobic bacteria such as Enterobacteriaceae,
Lactobacilli, and Streptococci colonise the proximal small intestine, duodenum, and
stomach, whereas anaerobic bacteria like Clostridium, Ruminococcaceae,
Lachnospiraceae, Rikenellaceae, Prevotellaceae, Bifidobacterium, and Bacteroides
species colonise the colon and distal small intestine. Multiple pathways exist for the
gut microbiome to impact immunological activity in distant locations (such as the
lungs) [41, 42]. It was also observed, for example, that the bacteria competent of
secreting histamine from the stomach of adult asthma sufferers is higher than that of
healthy subjects. Nevertheless, because histamine may generate defensive actions in
the lungs through H2 receptors as well as harmful ones throughH1 and H4 receptors,
it is unclear whether enhanced histamine production by GIT microorganisms can
have an overall deleterious or preventive impact. By the age of three, the GIT
microbiota is considered to have reached adult-like variety. Many environmental
variables impact the establishment of the early life GIT microbiota, like living in
microbially abundance surroundings (e.g., on a farmland or with regular exposure
with animals and pets) or eating a varied diet, all of which have been linked to a
lower risk of childhood asthma. It is considered that early life contact to and
colonisation by specific microorganisms is crucial for pathogen tolerance, immune
cell development, and gut development, all can safeguard versus the progression of
asthma [43, 44]. The method of distribution has a big impact on colonisation. Infant
born through caesarean delivery had higher levels of Acinetobacter, Firmicutes,
Corynebacterineae, Propionobacterineae, Bacillales, and Staphylococcus species,
with lower levels of Bacteroidetes and Actinobacteria, whereas vaginal birth has
been related to greater Clostridia colonisation. Clostridia convert fibres to SCFAs,
which have anti-inflammatory properties throughout the body. In addition to birth
method and nutrition, antibiotic therapy in early infancy or maternal antibiotic usage
during pregnancy has been linked to long-term consequences such as enhanced
Bacteroidetes and Proteobacteria and reduced Actinobacteria. Numerous researches
have connected early life GIT microbiome dysbiosis to a higher incidence of asthma
later in life. The colonisation of C. difficile at 30 days of age was linked to wheezing
for 1st 6–7 years after birth and asthma for the 12–14 years age of life [45, 46]. When
compared to non-asthmatic infants, children who acquired asthma at school age had
a reduced GIT microbiota diversification at age of 1 week or 30 days, but not at age
of 1 year. The comparative richness of the bacterial genera Rothia, Faecalibacterium,
Veillonella, and Lachnospira, in kids at danger of asthma was dramatically reduced
in another research. Decreased faecal acetate levels and dysregulation of
enterohepatic metabolites were also associated with this dysbiosis. Furthermore,
newborns with the fewest comparative number of Faecalibacterium, Akkermansia,
and Bifidobacteria, and the greatest comparative number of certain fungi
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(Rhodotorula and Candida) had the greatest risk of developing asthma and atopy
[47, 48] (Fig. 5.2).

5.3 Asthma Control, Therapy, and Management Using
Microbiome Strategies

One possible approach presently being evaluated is the purposeful restoration of GIT
and lung microbiome by the administration of synbiotics, probiotics, or prebiotics.
Research in prebiotics and probiotics for their possible advantages in preventing
airway inflammation is growing, especially as multiple lines of evidence show that a
“healthy” bacterial population aids in the establishment of immunological tolerance.
In vitro as well as animal experiments have consistently demonstrated that specific
probiotic strains can reduce lung inflammatory responses, however not all probiotics
have the same impact. Many variables confound the study of dysbiosis in asthma
patients, which might explain why the results of intervention and preventive research
in people are contradictory [49, 50]. Because of the significant variability in the
prebiotics and/or probiotics utilised, research design, age of the sample participant,
geographical area, sample size, and living variables, comparing human studies is
challenging. In allergic asthmatic patients, one early investigation found that symbi-
otic (pro and prebiotic) usage increased maximum exhalation flow and decreased
systemic synthesis of Th2 cytokines. Another current research found that combining
nutritional interventions (extracts of vegetable and fish oils) with a probiotic resulted
in considerable improvements in lung function variables and a lower need for short-
acting corticosteroids and bronchodilators in asthma children, implying that com-
bining various strategies may yield the best results [51, 52]. These outcomes are
encouraging, but additional research is necessary to establish if pro and/or prebiotic

Fig. 5.2 Gut–Lung Axis, Microbiome and Progression of Asthma
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usage might affect pulmonary and GIT microbiome. Using pro or prebiotic for the
prevention or management of asthma is presently not recommended. Despite this,
there is mounting evidence that prenatal interplay among maternal nutrition, GIT
bacteria, and microbial by-products may result in immunological patterning on the
growing foetal immune system, which may impact the establishment of asthma and
allergy later in life. As a result, more research is needed to see if pre- and probiotic
usage throughout pregnancy might affect the maternal gut microbiota, as well as
maternal immune performance and the incidence of asthma in kids. In addition to
specific probiotic strains of bacteria, faecal microbiome transplants are being
investigated to manipulate the whole intestinal flora. FMT has been shown to be
effective in the infection of C. difficile therapy, and investigation into its application
in other inflammatory illnesses like diabetes mellitus, ulcerative colitis, and
non-alcoholic steatohepatitis is now underway [53, 54]. Future research is needed
before FMT can be used for anything other than intestinal problems, and there is
presently no evidence that it can be used to treat allergic illness or asthma. The
oncology area has done the most research on the impact of the microbiome in
affecting precision medical strategies to patient treatment. According to mounting
data, the microbiota impacts the intensity of treatment-related adverse actions in
carcinoma patients as well as has a significant impact on effectiveness of therapy
through pharmacodynamics and immune processes. A melanoma mice model, for
example, demonstrated symbiotic microbe-derived anticancer immunity as shown
by increased intratumoral CD8+ T cell proliferation. Bifidobacteria were shown to
have the largest link to anticancer T cell immunity and the capacity to increase the
efficiency of carcinoma immunotherapy anti-PD-L1-specific-antibody-therapy in
this microbiome. Dendritic cell activity was improved by bifidobacteria, resulting
in increased CD8+ T cell priming and concentration inside the tumour [55, 56]. For
discovering novel microbiota-related disease processes, additional describing and
characterisation of the microbiota linked with various asthma phenotypes are
required. Furthermore, recognising these important bacterial species and their func-
tional impacts would aid in the more accurate characterisation of asthma phenotypes,
as well as the discovery of more appropriate “phenotype-specific” therapy options
[57, 58].

5.4 Conclusion

In the last several years, significant research has emerged that link alterations in gut
or lung microbial communities to asthma. Moreover, more research into the
mechanisms by which components of the microbiome cause or modify inflammatory
activities in asthmatic individuals is required. We expect that the ongoing discovery
of novel bacterial species, their constituents, and metabolic products that affect
mucosal immunomodulatory mechanisms will open up noval avenues for a bug-
to-drug strategy in the management of asthmatic patients and the avoidance of lung
disorders.
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Microbiome in Chronic Obstructive
Pulmonary Disease (COPD) 6
C. Sarath Chandran, Anitha Jose Subin, Alan Raj, K. K. Swathy,
and Indu Raghunath

Abstract

Chronic obstructive pulmonary disease (COPD) is a progressive irreversible lung
disease, distinguished from other lung diseases by obstructed airflow from the
lungs, manifested as breathlessness and predisposes to exacerbations and serious
illness. Microbiome denotes the collective genome of all microbes comprising
bacteria, bacteriophage, fungi, protozoa and viruses along with the host environ-
ment that they inhabit. The respiratory tract of healthful individuals
accommodates an extensive microbiota that diminished biomass from the upper
to the lower respiratory tract. In healthy persons, the respiratory microbiome has a
balance by migration and eradication, whereas, in chronic diseases like COPD,
reproduction of the resident bacteria occurs. Tobacco smoke and other chemicals
can damage or weaken the lung’s immune defences, thereby allowing pathogenic
microbes to interact with epithelial and immune cells in the airways, which will
trigger inflammation. Such inflammation can lead to acute changes in the
microbiome of airways leading to extensive inflammatory responses, presented
as exacerbations of COPD. Thus, the presence of a pathogenic microbiome in the
airways and lungs can act as a marker for the progression of the disease and can
act as a target for the therapy of the disease.
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6.1 Introduction

Chronic obstructive pulmonary disease (COPD) is a heterogeneous, advanced and
irreversible lethal lung disorder. COPD is characterized by obstructed airflow from
the lungs, manifested as breathlessness and predisposes to exacerbations as well as
serious illness, in which frequent contagious diseases of bacterial origin are the most
important etiological agent for the disease [1, 2]. COPD is considered a multidimen-
sional disease condition with extremely complicated pathogenesis. The genetic risk
factors to lung microbiomes are associated with the pathogenesis of COPD. This
disease is associated with increased morbidity and mortality that leads to immense
healthcare costs for those who are affected [3]. As per the Global Burden of Disease
(GBD) study 2000, COPD was accountable for a projected 2.75 million mortalities
globally [4]. Currently, COPD is the third foremost reason of death in the USA
[5]. COPD marks 15.4 million doctor appointments, 1.5 million emergency depart-
ment (ED) calls or drop-ins and 726,000 hospitalizations annually in the USA as
well as is accountable for high healthcare costs (“Morbidity &Mortality: 2012 Chart
Book on Cardiovascular, Lung, and Blood Diseases”, [6]).

The microbiome refers to the “ecological community of commensal, symbiotic
and pathogenic organisms that share our body space” which includes bacteria,
bacteriophage, fungi, protozoa and viruses [7]. To be more specific, microbiome,
microbiota and metagenome are related terms that should be defined separately.
Microbiome refers to the microorganisms and their genes and how they confer to the
wellbeing (or worsening of disease) of the human body, whereas microbiota refers
only to various microbial taxa associated with humans. Metagenome simply refers to
the genes in the host environment [7]. Microbiota that inhabits various parts of the
human body like the gut, skin and lungs are important in maintaining tissue, organ as
well as immune homeostasis [8]. Similarly, the respiratory microbiome in COPD
gives a clear idea of disease genesis, progression, exacerbation and severity
[9]. Microbiomes existing in as well as on the human body are not always invaders
causing diseases, but beneficial colonizers. But the dysfunction of homeostasis
(dysbiosis) causes the accumulation of disease-causing microbes, which changes
the gene activity, metabolic responses or lead to abnormal immune response
(Fig. 6.1) (“The Human Microbiome: What It Is, Why It Is Important and
Opportunities for Microbiome-Based Therapeutics | American Pharmaceutical
Review - The Review of American Pharmaceutical Business & Technology”,
[10]). The recent research suggested the significant role of the respiratory
microbiome on airway illnesses like asthma as well as COPD. The respiratory
microbiome identified in patients suffering from COPD was different compared to
those not having the disease [3, 11]. Pathogenesis and manifestation of COPD or
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other airway diseases with respect to the microbiome present at the specific site were
little-noticed for a long time.

For a long time, the lung was considered a sterile body part inside the human
body. So, the presence of lung microbiota went unnoticed for a quite long time.
Healthy lungs have a mucous layer lining that can inhibit growth as well as the
reproduction of microbes and acts as a low nutrient medium for the microbiota. In
other words, bacterial growth or replication is not favoured by the environment of
normal or healthy lungs. But it is proved that the respiratory tract of a healthy
individual hosts an extensive microbiota which declines in biomass from the upper
to the lower respiratory way. The upper respiratory tract and oropharynx which is
abundant in microbiota are in direct communication from lungs, which in turn leads
to the existence of microbiota in lungs too [12]. Haemophilus, Fusobacterium,
Neisseria, Streptococcus, Veillonella and Prevotella are the utmost plentiful types
in the lungs of healthy individuals, belonging to various phyla such as Bacteroidetes,
Firmicutes, Proteobacteria and Actinobacteria [13].

The Human Microbiome Project (HMP) by the National Institute of Health (NIH)
was originated in 2007 with the fundamental goal of identifying the major
microbiome sites throughout the human body [14]. The lungs and airways are
mislaid within the series of structures to be considered at first because of the false
belief that a healthy lung is sterile as well as the difficulties to access the lower
airways without invasive methods such as bronchoscopy [12, 15]. The first major
tool HMP used for studying the microbiome in lungs was 16S ribosomal RNA (16S
rRNA) sequencing, which is a culture-independent technique [16]. Cultures that are
dependent upon the reproduction of microorganisms in conventional growth
conditions fail to recognize much human-linked microbiota which became sugges-
tive of many culture-independent analyses [17]. Culture-independent analysis of

Fig. 6.1 Determinants of the lung microbiome in robust and diseased lungs
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respiratory samples confirmed that lungs and airways act as hosts for large
microbiota. Investigations based on gene encoding 16S rRNA acted as a strong
ground for finding out the composition of microbes in the isolated respiratory
samples. The distribution of microbial environment both in healthy and diseased
lungs can be defined using the 16S rRNA sequencing technique that permits the
arrangement of every microbe identified from the respiratory sample taxonomically
[17]. 16S rRNA gene sequencing is a readily appropriate method that describes the
microbiome existing in a composite biological mixture, permitting examination of
entire groups as well as the identification of their component members
[18, 19]. Thus, 16S rRNA sequencing is the technology by which the concept of
“sterile lung” became outdated. Respiratory specimens while undergoing a single
sequencing run may produce thousands of DNA sequences, whereas 16S ribosomal
genes contain many “hypervariable regions” and may accurately give sequences that
are highly specific among certain taxa of microbes [20].

COPD is presented as the inflammation of the airways that primes to irreversible
deterioration of functioning of lungs and its capacity. There are numerous inflam-
matory cells as well as intermediaries related to the pathophysiology of COPD, out
of which inflammation of the airways is of primary importance. The presence of the
respiratory microbiome enhances airway inflammation, because of the interaction
between pathogen and inflammatory response of the host [21–23] (Fig. 6.2).

6.1.1 Lung Microbiome

The microbiome in the lungs changes depending on the severity of the disease and its
exacerbation [24]. Three factors influence the lung microbiome’s configuration
[25]. The first is the immigration of the microbiome either via direct mucosal
dispersion, inhalation of microbes or microaspiration. The second factor is continu-
ous and steady-state elimination by making use of the host’s inborn as well as
adaptive immune response, cough or mucociliary transport. The third factor is
various growth conditions such as availability of nutrients, pH, the concentration
of various immune cells, temperature, microbial competition, activation of inflam-
matory cells to carry out the host immune defence, and sometimes oxygen stress or
oxygen tension [26]. In many cases, healthy individuals have unreceptive growing
circumstances for the microbiota, whereas in the case of diseases such as COPD,
conditions become advantageous for microbial growth. The use of corticosteroids
and certain antibiotics is also a factor that may promote the growth of the lung
microbiome [27].

The lung microbiome is transient as well as dynamic with no physical blockage in
the airway that helps the migration of bacteria in a bidirectional way
[28]. The composition of the microbiome in the bronchial tree is analogous to the
one in the upper airways although the biomass is lower in the bronchial tree
compared to the upper airways, implying that the microbiome migrates by aspiration
[29, 30]. As per the results of research conducted by Charlson et al., the similarity
pattern of the microbiome in the bronchial tree, as well as the oropharynx, indicated
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the absence of a unique microbiome in the lungs [29]. But the abundance of the
microbiome in the lungs is lesser compared to that in the upper respiratory airways
[31]. Also, the presence of more dead bacteria in the lung parenchyma of a healthy
individual is observed compared to a mixture of dead and live bacteria in the upper
airways.

One of the major etiological factors of COPD is found to be smoke exposure to
tobacco products, and it was found that smoking changes the microbiome pattern in
the upper respiratory system. Though there will not be significant changes in the
microbiome among the non-smokers, smokers with insignificant COPD symptoms,
and healthy smokers. But it can tremendously vary in the case of individuals with
severe COPD or recurrent exacerbations [32].

6.1.2 Lung Microbiome in COPD

COPD is a progressive lung disorder that includes emphysema and chronic bronchi-
tis that contributes to a blockage of the airways resulting in a decrease in lung

Fig. 6.2 Interaction between microbiome and host inflammatory system
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function. Lung irritants say, for example, cigarette smoke, chemical fumes, dust as
well as air pollution can adversely contribute to the disease along with the genetic
factors [33]. The heterogeneity in pathogenesis, severity, and symptoms developing
raise lots of challenges in the management of COPD [34]. Acute exacerbation is
another difficulty associated with the disease, with a temporary span of augmented
COPD manifestations which invites remedial treatment as well as even admission to
hospital [35].

The pathogenesis, as well as progression of COPD, is related to the changed lung
microbiome and it is of high importance now. The altered microbiome can confer for
the pathogenesis of COPD. Hilty et al. performed 16s RNA analysis with the DNA
samples collected from the nasal and oropharyngeal swab and respiratory brushings
taken from lungs of five diseased people, to prove the occurrence of dysbiosis in
COPD [11]. They related the microbiome of patients with the healthy control
population and concluded the characteristic microbiome in the case of COPD and
disturbances in the normal microbiome in the case of lung disorders. Successive
research works further proved the high proportion of Firmicutes, Proteobacteria,
Fusobacteria, Actinobacteria and Bacteroidetes, in physically well individuals,
whereas pathogenic bacteria of Streptococcus, Haemophilus, Pseudomonas, Klebsi-
ella and Moraxella in COPD affected population [9, 36–39].

6.1.3 Pathogenesis of COPD and Microbiome

It is clear from the earlier studies that respiratory pathogens are existing in the human
body affected by COPD [40]. The colonization of microbes in the lungs may be
correlated with inflammatory reactions, radiological and pathological changes in
airway obstruction, increased daily symptoms of COPD, etc. [41, 42]. This finding is
supporting the hypothesis of a vicious cycle. This theory suggests changes in inborn
lung protection persuaded by inhalational toxins like tobacco smoke or chemical
smoke exposure permit definite disease-causing microbes to persist and proliferate
which arrive in the lower respiratory tract by microaspiration as well as inhalation.
The epithelial, as well as immune cells in the respiratory airways, has specific
receptors through which the microbes can signal the inflammation process, where
the lung attempts to clear the contagion. The defence mechanism which is inborn in
the lung is damaged by the inflammation-induced already, which allows prolifera-
tion as well as the persistence of the bacteria again which will lead to chronic
inflammation of airways leading to a vicious cycle (Fig. 6.3). If the chronic infection
and inflammation cycle repeatedly occurs in airways, that may lead to more airflow
obstruction and lung damage that is persistent and is a characteristic feature of
COPD. These changes in the airways may be irreversible even after removing the
primary insult such as cigarette smoke [41].

Bacteria and viruses are reasons for a considerable share of exacerbations of
COPD. Chronic infections by such microbes may lead to inflammatory reactions of
the airways, causing more adverse consequences on the airways which helps in the
pathogenesis of COPD [43].
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6.2 Acute Exacerbation of COPD (AECOPD)

Various infectious, as well as non-infectious factors, may contribute to AECOPD.
Viral and bacterial respiratory tract infections lead to the occurrence of AECOPD
[44, 45]. Studies conducted in the Asia-Pacific region showed a prevalence rate of
33% in viral infections associated with COPD. Various viruses can contribute to the
AECOPD, where influenza virus is prevalent in Asia, whereas picornavirus is
prevalent in Australia, America and Europe [46]. Other causative viruses include
adenovirus, coronavirus, parainfluenza virus, respiratory syncytial virus, etc. More
severe clinical infection (with increased hospital stay, hypoxemia and lung function
abnormalities) is observed in diseased people having viral infections than in
non-infectious cases [46, 47].

Bacterial infections contribute to AECOPD with a prevalence rate of 26–81%
[48]. Pseudomonas aeruginosa, Klebsiella pneumoniae, Moraxella catarrhalis,
Haemophilus influenzae, Streptococcus pneumoniae are some of the causative
organisms for AECOPD. Concurrent infection with bacteria and viruses is an
etiological factor contributing to AECOPD, which leads to lower forced expiratory
volume resulting in possible hospitalization or frequent readmissions to the hospitals
[45, 48, 49]. Non-infectious causes of AECOPD include air pollution (exposure to
sulphur dioxide, carbon monoxide, nitrogen dioxide, ozone and other small particu-
late matter) and comorbidities such as heart failure and pulmonary embolism
[47, 50–52]. But AECOPD, without unknown aetiology contributes 30% of total
occurrence.

Fig. 6.3 Vicious Circle
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6.2.1 Fluctuations in Lung Microbiome Throughout Exacerbations
of COPD

The structure of the lung microbiome fluctuates drastically during exacerbation of
COPD with a huge difference in exacerbation phenotypes. Wang et al. studied
87 patients by collecting the sputum samples at a steady-state, during the exacerba-
tion and after recovery. Proteobacteria was elevated in bacterial phenotypes along
with the elevation in Firmicutes microbiome was reported in eosinophilic
phenotypes [22]. Thus fluctuations in the microbiome of lungs all through
exacerbations may act as a biomarker or intervention target for COPD [24].

Acute viral infections experimentally induced using Rhinovirus augmented bac-
terial burden in the COPD patients’ sputum sample and it was investigated by
Molyneaux PL et al., in [53]. They observed an outgrowth and supremacy of
H. Influenza after 2–6 weeks of viral infection in the patients [53]. This indicates
that viral contamination in COPD affected that people can change the composition of
the microbiome in the lungs. At the start of exacerbations of COPD and recovery
over 3 months cases, a more stable lung microbiome was observed [54]. But in
hospitalized patients with severe COPD exacerbations, the structure, as well as
variety of fungal as well as bacterial genera, change rapidly by each day [55].

During the exacerbation of COPD in most cases, the etiological factor is consid-
ered as increased abundance of specific types of microbes as per the recent
microbiome investigations, whereas some microbial flora remains unchanged during
the exacerbations [54]. However, extensive investigations are suggestive to under-
stand the role of restoration of altered microbiome via treatment, thereby it acts as a
biomarker for recovery from COPD exacerbations [56].

Thus, respiratory dysbiosis is considered a common explanation for the exacer-
bation of COPD (Fig. 6.4). Any inflammatory trigger such as viral infection, air
pollution, allergic exposure or toxic inhalation can initiate the inflammatory
response in the host that can significantly change the growth conditions of microbes
in the airways. Mucus production and vascular permeability change in such a way
that all these promote bacterial growth in the respiratory way [57]. The proliferation
of explicit bacterial classes such as Pseudomonas aeruginosa, Streptococcus aureus,
Streptococcus pneumoniae and Burkholderia cepacia is enhanced by various
inflammatory cytokines as well as catecholamines [58–62]. Inflammatory cell acti-
vation leads to clearing bacteria by killing it or reducing the variable effectiveness of
bacteria [63]. Decreased oxygen tension and elevated temperature are created by
airway mucus, thereby favouring the growth of pathogenic microbes [64, 65]. Thus,
the dynamic homeostasis of the microbiome in the airway is dysregulated resulting
in respiratory dysbiosis. The new and more virulent as well as high immunogenicity
microbiome can further progress the airway inflammation, resulting in tissue injury.
Thus, the airway inflammation in acute exacerbations persists for a longer period,
even long after exposure to the precipitating factors [53, 66].
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Various studies are done on the microbiome in COPD patients and smokers.

Investigation Populace who undergone study Results of the investigation

1. Huang et al.
[67]

COPD patients with assisted
ventilation from whom the aspirates
are taken from inside of trachea.

Observed various bacterial
communities in respiratory ways of
patients who are experiencing severe
exacerbations of COPD frequently.

2. Hilty et al.
[11]

Samples are taken by bronchial
brushing from 5 COPD, 11 asthma,
8 healthy individuals for
investigation.

The presence of various microbiota was
observed in the airways of patients
among which Proteobacteria was most
prominent in both Asthma and COPD
cases.

3.
Erb-Downward
et al. [36]

Bronchoalveolar lavage (BAL) was
taken from smokers, non-smokers
and COPD patients. In patients with
severe COPD, the sample was tissue
explants from the lungs.

The lung microbiome was seen to be
different from the microbiome of the
oral mucosa. As the severity of COPD
progresses, the diversity of microbiota
reduces. Pseudomonas was found to be
the predominant group.

4. Cabrera-
Rubio et al. [68]

Samples are taken from moderately
severe COPD patients. Samples
were sputum, BAL, bronchial wash
and tissue biopsy.

Increased microbial variety was found
out. Microbiota observed in different
kinds of samples were different.
Sputum as well as bronchial washings
obtained similar microbiota which is
entirely different from one observed in
biopsy and BAL.

(continued)

Fig. 6.4 Dysbiosis – Inflammation cycle
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Investigation Populace who undergone study Results of the investigation

5. Pragman
et al. [3]

COPD patients and healthy controls
were considered for Bronchoscopy
with Alveolar Lavage (BAL).

Microbial diversity was prominent in
COPD. With increased severity, there
was no change in diversity. Inhaler
therapy was found to bring about
differences.

6. Sze et al. [26] Patients with cystic fibrosis (CF),
COPD, smokers in addition to
non-smokers were included in the
study

Lesser bacterial biomass as well as
alterations in bacterial inhabitants in
lung tissue affected with severe COPD.

7. Molyneaux
et al. [53]

Sputum samples were taken from
COPD patients as well as the
control population who are
contaminated with Rhinovirus.

Rhinovirus infection caused an upsurge
in bacterial load especially the
abundance of Haemophilus influenza
increased drastically.

8. Morris et al.
[31]

Smokers and non-smokers from
whom the samples were taken as an
oral wash as well as
bronchoalveolar lavage.

Specific bacteria were predominant in
the lungs. Smoker, as well as
non-smoker lung microbiota, did not
vary significantly.

9. Zakharkina
et al. [39]

9 COPD, 9 controls—
Bronchoscopy with Alveolar
Lavage

In healthy lungs and COPD patient’s
lungs, different kinds of bacteria were
present. There were different bacterial
taxa in COPD.

10. Galiana
et al. [69]

Sputum sample of 9 mild/moderate
COPD and 10 severe COPD.

In severe COPD patients, bacterial load
was found to be very high.

11. Huang et al.
[54]

Sputum trials are taken from COPD
patients of varying severity.

Microbial communities are found to be
altered in case of acute exacerbations of
COPD as well as therapy using
antibiotics and steroids or both.

12. Millares
et al. [70]

Sputum sample of 11 severe COPD
cases, 5 COPD colonized by
Pseudomonas aeruginosa (PA)

PA-infected sputum showed an
upsurge in the diversity of microbes
throughout the exacerbation of the
disease.

6.2.2 Microbiome as a Biomarker in COPD

The use of the microbiome as a biological marker of COPD is still a concept that is in
its inception stage. Biomarkers usually need large cohorts for different phases such
as discovery, validation and forthcoming clinical trials. Besides, the development of
biomarkers should meet the standards of clinical validity, analytical validity and
clinical utility. The lower biomass of the microbiome in the lower respiratory tract
led to analytical validity problems for the researchers. Apart from the other
challenges, there was always a possible threat of reagent contamination in lower
respiratory airway samples. Even though the sampling technique involved was
simple as well as non-invasive sputum collection, but limited numbers of airway
microbiome study centres was another reason behind insufficient reports generated
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in this area. Moreover, the researchers need effective policies to confirm whether the
clinical outcomes can be affected using microbiome screening data. As an initial step
in biomarker discovery, a study was conducted to find out the connection among
specific taxa characteristics of the sputum microbiome as well as the augmented
death rate due to COPD [71]. The profiling of the microbiome is done using 16S
rRNA genomic sequencing method. To specify variations in the abundance of the
different microbiome, alpha diversity (diversity of microbiome within a single
sample) and beta diversity (diversity between the groups, or similarity between the
samples from different individuals) are calculated among survivors and
non-survivors of COPD. Interestingly lower alpha diversity was observed with
non-survivor groups. The survivor’s microbiota checked in sputum was rich in
Fusobacterium, Rothia, Prevotella, Veillonella and Actinomyces, whereas the
non-survivors microbiota investigated using sputum sample was rich in
Escherichia-Shigella as well as Staphylococcus. Veillonella was found to be a useful
bacterium and its absence in the sputum indicated increased mortality around 13.5
folds. Staphylococcus in the sputum sample is associated with increased hospital
stay as well as increased mortality by 7.3 folds. But a detailed validation in different
cohorts may be needed in this investigation and the confounders such as antibiotic
usage before sampling could change the results of these assessments. Moreover, a
sputum microbiota may reflect the oral microbiome in a better way than the lung
microbiome [72].

Another investigation among a group of 55 COPD affected people was conducted
to find out the constitution of microbiome throughout worsening of COPD as well as
post-stabilization phase [73]. The study determined the presence of viruses along
with bacteria. The patients who are stabilized after the acute attacks of COPD are
observed with stable microbiome, whereas patients with exacerbation phenotype
showed dysbiosis phenomena in their microbiome composition. Proteobacteria was
found to be predominant in exacerbation phenotypes. As per the study, New
Generation Sequencing (NGS) can be utilized to stratify patients suffering from
COPD exacerbations, by identifying the causative microbe of exacerbation. This, in
turn, can lead to the characterization of major microbiome biomarkers and their
utilization in the management of COPD patients and reduction of healthcare costs.

The lung microbiome varies during COPD and the variation is related to both
clinical and biochemical features during the disease. This can provide clarity in the
association between lung microbiome, inflammatory responses in the host as well as
the pathogenesis of the disease. The normal lung microbiome composition in the
phyla level is Firmicutes (51.4%), Proteobacteria (35.9%), Actinobacteria (6.5%) or
Bacteroidetes (4.6%). At the genera level of microbes, the utmost plentiful were
Streptococcus (41.1%), Haemophilus (18.9%),Moraxella (5.6%) and Pseudomonas
(4.4%), which are characteristic components of the lung microbiota [74]. During
exacerbations, there is a shift in the microbiome with a total diminution in alpha
diversity with a rise in the comparative richness of Proteobacteria with a decrease in
Firmicutes. Moraxella also exhibits greater relative abundance by 5% [22].

COPD exacerbation phenotypes are classified as bacterial, eosinophilic, viral,
bacterial-eosinophilic blend, bacterial-viral combination and pauci-inflammatory
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[75]. During investigations, different microbiome profile was observed among
different phenotypes of COPD exacerbations at both phylum and genus level. The
difference is more prominent among bacterial and eosinophilic phenotypes. Bacte-
rial subgroup compared to eosinophilic phenotype has a typical decrease in alpha
diversity and Firmicutes, in addition to an upsurge in Proteobacteria (Fig. 6.5). At
the genus level, a decline in Streptococcus in addition to an increase in Hemophilus
is detected in bacterial phenotype. Proteobacteria: Firmicutes proportion is dimin-
ished in eosinophilic phenotypes throughout worsening of disease compared to other
exacerbation phenotypes [22].

The relative abundance of various operational taxonomic units (OTU) of various
microbial drivers is studied for the severity of symptoms. In a study group of
populations with severe symptoms, the OTU, Granulicatella species and Neisseria
subflava were reduced in diseased people presenting with serious signs of
COPD [76].

While considering the fungal microbiome, Ascomycota is the predominant fungal
microbiome over Basidiomycota in COPD patients. Meyerozyma, Aspergillus, Can-
dida and Schizophyllum were utmost plentiful at the genus level. Bacterial microbial
diversity is inversely correlated with fungal microbial diversity. Alteration to both
mycobiome and bacterial microbiome occurs in contrary directions in the case of
patients of COPD and healthy individuals. The same may happen with frequent and
non-frequent exacerbators. Fungal OTUs in Candida palmioleophila,

Fig. 6.5 Common lung microbial features in healthy, COPD and exacerbation cases
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Sordariomycetes and Aspergillus mutually occur with other mycological taxonomic
units in the frequent exacerbators than in non-frequent exacerbators. Similarly, the
common co-occurrence amongst bacterial OTUs in Rothia mucilaginosa,
Prevotella, Streptococcus and Veillonella are seen in non-frequent exacerbators
but not in the frequent exacerbators. Thus, the airway mycobiome can also act as
an excellent biomarker in the distinction between exacerbator and non-exacerbator
phenotypes (“Airway bacterial and fungal microbiome in chronic obstructive pul-
monary disease”, n.d.).

6.2.3 Microbiome During Drug Therapy of COPD

Early and accurate diagnosis, as well as timely treatment, is essential for reducing the
harmful impacts of COPD in individuals. Inhibition of worsening of disease is
important in the treatment of COPD. Smoking cessation is one of the major
interventions as cigarette smoke is a very important etiological factor
[77]. Non-pharmacological methods such as increased physical activity, education
of the affected for the self-management of acute conditions, pulmonary rehabilitation
and vaccination with pneumococcal vaccines (to reduce infection-related
exacerbations) are recommended for effective management of COPD [78–80]. Vari-
ous maintenance pharmacotherapies are used for reducing the symptoms, frequency
and severity of the disease. Common medications used for the management of
COPD are bronchodilators, anticholinergics, anti-inflammatory drugs
(corticosteroids that are either inhalational or oral as well as antimicrobial
medicines), mucolytic medicines and phosphodiesterase-4 inhibitors [66]. Presently
the Global Initiative for Chronic Obstructive Lung Disease (GOLD) strategy file
endorses treatment of mild exacerbations using bronchodilators. Antibiotics with or
without corticosteroids can be used in moderate or serious exacerbations. Further-
more, to the previously cited treatment using various medicines, respiratory aids like
oxygen therapy as well as (non-) invasive ventilation can be used for management of
exacerbations in a hospital setting.

The effects of medication used in COPD on the microbiome are now getting more
investigated. By regulating the lung microbiota, the efficiency of medications can be
extended or side effects can be prevented [81]. Also, targeting the specific microbe
or pathogen may bring about more therapeutic potential.

6.2.3.1 Antibiotics
Antibiotic therapy especially using Macrolide antibiotics is used for the long-term
management of COPD [82]. The severity and duration of Chronic Respiratory
Diseases (CRDs) induced byHaemophilus, mycoplasma and Chlamydia are reduced
by the usage of long-term antibiotics [83]. Long-term antibiotic therapy has an
irresistible risk of antimicrobial resistance [84]. Brill et al. reported at least one
macrolide-resistant gene in whole-genome sequenced from COPD patients on long-
term macrolide antibiotic treatment [85]. In asthma sufferers, azithromycin
decreased lung Prevotella, Haemophilus and Staphylococcus [86]. Long-term
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treatment with erythromycin in case of bronchiectasis increases H parainfluenzae
load and decreases Actinomyces odontolyticus and Streptococcus
pseudopneumoniae abundance [87]. In emphysema affected people who are
smokers, the bacterial load is not found to be reduced by azithromycin. Instead, it
can reduce alpha diversity as well as proinflammatory cytokines. Azithromycin is
found to be associated with increased anti-inflammatory bacterial metabolites.
Therefore it is proved that even though some antibiotics cannot beneficially reduce
the microbial load they can favourably act on bacterial metabolism that brings about
anti-inflammatory effects [88].

6.2.3.2 Corticosteroids
In COPD patients, corticosteroids are related to expanded microbial extravagance
and diversity. Management throughout worsening of the disease improved
Bacteroidetes, Proteobacteria, as well as Firmicutes in the lung [70]. Corticosteroids
easily hinder inborn immunity mediated by type I interferon as well as adaptive
immunity mediated by T cell antiviral reactions, prompting deferred viral clearance
as well as expanded lung bacterial burdens. Steroid-resistant air route swelling and
irritation and airway hyper-responsiveness can be mediated by a respiratory syncy-
tial virus, Chlamydia, H influenzae and influenza A virus [89]. Patients treated with
concurrent administration of Antibiotics and Corticosteroids showed a considerable
upsurge in Proteobacteria richness.

In short, COPD patients treated with corticosteroids only lead to a decrease in
alpha diversity where Proteobacteria increases in abundance over Firmicutes. This
can cause a reduction in Streptococcus and arise in the abundance of Moraxella in
addition to Haemophilus. In the case of antibiotic therapy with or without
corticosteroids, the reverse process happens in terms of microbial composition
changes as well as alpha diversity. The changes that happen in the microbiome as
a result of therapy with either antibiotics or corticosteroids is found to be maintained
for the long term [22, 54].

6.3 Dietary Fibre: A Beneficial treatment in COPD

In COPD patients, dysbiosis of the gut microbiome occurs because of various known
factors (tobacco smoke, gender, age, diet and BMI, therapeutic agents such as
steroids and antibiotics) causing COPD [90, 91]. A healthy gut microbiome is rich
in microbial diversity. Diet is an important factor that can have an impact on
microbiome diversity. It is proved that the western diet mainly based on animal fat
as well as protein can cause the increased colonization of Bacteroides species
leading to decreased microbial diversity, whereas a prudent diet with legumes—
fruits and vegetables enhance the diversity of microbiota—by utilizing indigestible
fibre from the prudent diet as their basis of energy [92, 93].

Airway inflammation is one among the chief factors in the pathogenesis of COPD
and noxious inhalants such as cigarette smoke are an inducer of the inflammation
[21]. Smoke exposure has an effect on not only the airway inflammation but also
increases systemic inflammation and disturbs the gut microbiota [21]. The most

92 C. Sarath Chandran et al.



effective intervention for COPD was found to be smoking cessation. Even though
smoking cessation is effectively done, the clinical condition of many patients
continues to weaken. Cigarette smoke is likely to be the reason for reduced diversity
in the gut microbiome. Lack of fermentable fibre in the diet will lead to poor
nutrition of the microbiota, causing dysbiosis in gut microbiota and an increase in
the local or systemic chronic inflammation. In short, cigarette smoke promotes to the
pathogenesis of the disease by enhancing the inflammation via dysbiosis of the gut
microbiota [94]. Therefore, dietary fibres also show a significant part in the manage-
ment of COPD via gut-based intervention.

Breakdown of dietary fibre through the intestine microbiome can increase the
production of certain short-chain fatty acids (SCFA) by the commensal
microorganisms and SCFA are anti-inflammatory in their function, which can
protect the lungs against inflammation [24]. Acetate, butyrate, and propionate are
the organic components of SCFA and these components play a significant part in the
metabolism, cell multiplication and inflammation processes [95]. Thus, the risk of
COPD is reduced by a high fibre diet. This is by the anti-inflammatory actions of the
SCFAs produced from the dietary fibre.

6.4 b Agonists

Changes in lung microbiome upon the administration of β-agonists in chronic
respiratory diseases including COPD are not clearly defined. Experimental data
shows that Salmeterol can decrease the clinging of microorganisms to the airway
mucosa. It also reduces epithelial damage of airway mucosa which can be induced
by microbes like H influenzae and P aeruginosa [96, 97]. An opposite effect has
been observed in experimental studies where the inhalational β agonists weaken the
clearance of microbes such as H influenzae [98].

6.5 Prebiotics and Probiotics

Prebiotics are non-digestible carbohydrates, which can be metabolized by bacteria in
the gut and can stimulate the growth as well as actions of beneficial colonic bacteria.
Probiotics are microbes that can maintain a balance of bacteria in the intestine. Both
prebiotics and probiotics can vary the equilibrium of gut microbiota. They act
together with inborn as well as adaptive immunity to encourage the discharge of
metabolites which are anti-inflammatory in nature as well as secretory products, both
could result in health benefits in long-lasting airway ailments such as COPD.
Bifidobacterium bifidum and Lactobacillus acidophilus administered in children
with atopic asthma considerably enhanced lung function and resulted in less frequent
exacerbations [99]. Also, probiotics can restore the altered microbiome because of
antibiotic usage. This will lead to gut motility, increased immune functions of lungs
and gut and inhibition of pathogenic bacteria. Probiotics are proved to be capable of
inhibiting of exacerbation of pulmonary diseases also [100].
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6.6 Pathogen Targeting

Treatment strategies that focus on the various pathogen of bacterial origin are
mandatory to reduce injury as well as death due to long-lasting airway diseases
such as COPD. This can be achieved by making use of various vaccines against
pathogenic bacteria in COPD patients, which may result in decreased pathogen load
as well as inflammation associated with it [101]. Chronic infection with
H. Influenzae enhances the inflammation of airways resulting in COPD, which is
insensitive to steroids. Preventing bacterial accumulation is one of the useful adjunct
therapies for COPD as well as asthma [101]. Streptococcus pneumoniae being an
important pathogen in a susceptible population should be prevented from colonizing
in the airway as well as lungs by making use of the vaccination against it [102]. Sim-
ilarly, secondary infection of airways with Streptococcus pyogenes can be prevented
by using the influenza vaccine in susceptible individuals [103]. The common
commensal bacteria of the lungs can have a certain level of protective effects against
chronic respiratory diseases which can be harnessed in the therapy of such diseases.
The growth of pathogenic bacteria H influenzae can be inhibited by the common
lung commensal bacteria, Haemophilus haemolyticus [104]. Therefore, various
approaches that can enhance the growth of commensal respiratory microbes can
bring about positive changes in the treatment of COPD.

6.7 Future Aspects

The chapter provides a brief understanding of the variations in the lung microbiome
in COPD patients, the potential influence of the microbiome in the pathophysiology
as well as exacerbation of the disease, the characteristic of the microbiome as a
potential biomarker for COPD and finally as a target for respiratory therapeutics in
future. The detection and management of respiratory diseases such as COPD have
improved a lot with the next-generation sequencing procedures. But the application
of such information to patient care, monitoring of patients and treatment of the
disease may still be a challenging task, which needs more investigation.
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Microbiome in Asthma-COPD Overlap
(ACO) 7
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Abstract

Microbiome plays a pivotal role in maintaining host physiological homeostasis
through degenerating toxicants, resisting pathogens, absorbing nutrients, and
immune system regulation. Each component of the human body has a unique
set of microbiome compositions made for specific roles; the respiratory tree also
has its own microbiome commonly referred to as the lung microbiome. Crucial
composition of the lung microbiome is considered as a decisive influencer in both
health and disease, including obstructive lung diseases. Asthma and chronic
obstructive pulmonary disease (COPD) are some of the common obstructive
lung diseases that are prevalently found in the world population. Patients with
overlapping spirometry data and inflammatory markers that feature a mix of both
asthma and COPD are referred to as patients with Asthma-COPD Overlap
(ACO). With developing evidence on the crucial role of the lung microbiome
in several respiratory disorders, the underlying mechanistic link between lung
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microbiome and ACO still needs to be deciphered. This chapter will focus on the
pathogenesis and severity of ACO, the role of the lung microbiome, and its
impact on ACO. Further, the chapter would also provide insights to the readers
on various therapeutic strategies targeting the lung microbiome and ACO.

Keywords

Asthma · COPD · Asthma-COPD overlap · Exacerbations · Inflammation · Lung
microbiome

7.1 Introduction

Human bodies are known to be a host for many microbes which are generally found
to be present in all mucosal sites. A healthy individual’s lungs were previously
considered sterile, however recent research showed the presence of a large popula-
tion of microbial communities that are collectively referred to as microbiome
[1, 2]. Being coexisted with the human body for millions of years, this microbiome
plays a pivotal role in maintaining host physiological homeostasis through
degenerating toxicants, resisting pathogens, absorbing nutrients, and immune system
regulation [2, 3]. Each component of the human body has a unique set of
microbiome compositions made for specific roles; the respiratory tree also has its
own microbiome commonly referred to as the lung microbiome. With ambient
temperature, mucus, moisture, and large surface area with periodic contact to the
external environment, lungs are a prominent site for rich microbiome composition.
Bidirectional movement of mucus and air makes the lung microbiome more transient
and dynamic than the gastrointestinal tract. Further, this crucial composition of the
lung microbiome is considered as a decisive influencer in both health and disease,
including obstructive lung diseases [2, 4–6].

Asthma and chronic obstructive pulmonary disease (COPD) are some of the
common obstructive lung diseases that are prevalently found in the world popula-
tion. Allergic asthma, chronic inflammatory lung disease is characterized by revers-
ible airflow obstruction, abnormal airway mucosa, airway hyperresponsiveness,
wheezing, chest tightness, and breathlessness. In contrast, COPD is considered as
a progressive functional deterioration of the pulmonary network, characterized by
increased inflammation of small airways, persistent airflow limitation that is primar-
ily mediated by cigarette smoking and tobacco [7–10]. In spite of varying etiology
and pathophysiology, diagnosing and differentiating asthma and COPD are still a
great challenge. Especially in the case of patients with overlapping syndrome, the
spirometry data and inflammatory markers feature a mix of both asthma and COPD.
These groups of individuals with overlapping clinical features were latterly referred
to as patients with Asthma-COPD Overlap (ACO). In 2014, The Global Initiative for
Asthma (GINA) and Global Initiative for Chronic Obstructive Lung Disease
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(GOLD) reported a generalized definition for ACO as a unique entity with chronic
airflow limitation with overlapping clinical features that are consistent with both
asthma and COPD [11–14]. With developing evidence on the crucial role of the lung
microbiome in several respiratory disorders, the underlying mechanistic link
between lung microbiome and ACO still needs to be deciphered. This chapter will
focus on the pathogenesis and severity of ACO, the role of the lung microbiome, and
its impact on ACO. Further, the chapter would also provide insights to the readers on
various therapeutic strategies targeting the lung microbiome and ACO.

7.2 Asthma-COPD Overlap

7.2.1 Pathogenesis of ACO

Asthma is distinguished by a reversible inflammatory process mediated by Th2
cytokines, CD4+ lymphocytes, or eosinophils and generally responds to inhaled
corticosteroids (ICS), whereas COPD inflammation is dominated by Th1 cytokines,
CD8+ lymphocytes, or neutrophils and is known for its progressive airway obstruc-
tion. In 2007, the Canadian Thoracic Society brought up the term ACOS to catego-
rize the patients who were observed with signs and symptoms of both diseases
[15]. Several minor and major criteria were developed for the diagnosis and catego-
rize the patients with ACO. A very positive bronchodilator test (increased Forced
Expiratory Volume in one second (FEV1) �15% and �400 ml over baseline),
personal history of asthma with eosinophilia in sputum are considered as some
major criteria, whereas high total Immunoglobulin E (IgE), personal history of
atopy, and positive bronchodilator test (increase in FEV1 �12% and 200 ml over
baseline) on two or more occasions are considered as minor criteria. ACO diagnosis
necessitates two major and two minor criteria, or one major and two minor criteria.
Airway inflammation, bronchial hyperresponsiveness, and airway obstruction are
crucial components that are common to obstructive pulmonary diseases. Exposure of
lung airways to gases and noxious particles like smoke and tobacco can potentially
result in the dysfunction of smooth muscle and small airway inflammation which
ultimately leads to exacerbations in ACO patients. While most of the asthmatic
patients are observed with CD4+-eosinophilia mediated inflammation, COPD
patients are observed with CD8+-neutrophilia mediated inflammation. Interestingly,
patients with ACO have both eosinophilia and neutrophilia mediated inflammation
[15–18].

A population-based cohort study conducted by de Marco et al. observed that
patients diagnosed with ACO have comparatively worse basal pulmonary functions
than both asthma and COPD patients. ACO patients exhibit a similar decline in
FEV1 and forced vital capacity (FVC) to asthma patients is slightly less than COPD
patients. However, their prevalence of emergency admissions in hospitals due to
respiratory problems was found twice than that of asthma and COPD patients
[19]. Individuals having early-onset allergic asthma with smoking habits in later
life could potentially result in fixed airflow limitation and COPD. At the same time,

7 Microbiome in Asthma-COPD Overlap (ACO) 105



patients with a prolonged smoking history that subsequently leads to the develop-
ment of COPD might show late-onset/adult-onset eosinophilic asthma or COPD
driven by eosinophilic inflammation. Smoking asthmatics have higher neutrophils in
airways leading to comparatively more resistance to steroids than non-smoking
eosinophilic asthmatic patients and COPD patients with eosinophilic inflammation
[20–22].

Several structural changes in small airways can pathologically contribute to the
phenotypic overlap of COPD and asthma. Patients with ACO are found to have
elevated airway wall thickness as a result of remodeling comprising of inflammation,
hypersecretion, mucus plugs hypertrophy, mucosal edema, and hyperplasia of air-
way smooth muscles. These pathological changes are also observed in both asthma
and COPD which ultimately leads to airway obstruction. Even though the structures
that are remodeled in ACO, asthma, and COPD are found to be the same, their
respective degree of remodeling varies from one another [23–25]. When compared
to COPD patients, patients with ACO had thicker airway walls and greater gas
trapping on inspiratory and expiratory CT scans, respectively. Clinically, asthma and
COPD share a crucial risk factor with ACO. Despite aging and exposure to noxious
agents, bronchial hyper-reactivity, a characteristic feature of the asthmatic popula-
tion has also been considered as an important risk factor in COPD. In case of both
asthma and chronic exposure to noxious agents or biomass smoke, patients may end
up with elevated levels of airway obstruction which is considered as an indispens-
able factor for ACO development [24].

7.2.2 Severity of ACOS

An epidemiological study carried out by Brzostek et al., assessed the severity of
ACOS based on a one-year follow-up on the number of exacerbations in outpatients
and hospitalization of patients during their lifetime. Out of the total group of
observed patients, 68.6% (with an exacerbation mean of 2.11 � 1.76) of the study
patients were found to have exacerbations and the other 31.4% of study patients had
a stable course of disease without any clinically diagnosed exacerbations. Addition-
ally, the study also pointed out the mean of nearly 4 hospitalizations (3.82 � 3.67
hospital stays) during their lifetime. Further, patients with ACO were noted to have
three times the severity and rate of exacerbation than that of patients with only
asthma or COPD. These prevalent exacerbations are majorly caused due to viral or
bacterial infections and can often result in augmented loss of lung function [26–29].

With greater severity and elevated symptoms, patients with ACO experience
frequent exacerbations that further worsen their general conditions with swifter
deterioration. Additionally, the cost of medical care (consultations, medications,
and hospitalizations) required to treat ACO patients are twice high as compared to
the cost required to treat COPD alone. The average annual medical cost was found to
be way higher for ACO ($14,914) when related to asthma ($2307) or COPD ($4879)
alone. ACO is found prevalently among elderly patients which may get associated
with multiple clinical conditions leading to an adverse impact on the patient’s health.
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Apart from frequent exacerbation, patients with ACO have more frequent symptoms
of wheezing, dyspnoea, lower respiratory-specific quality, and decreased level of
physical activity than patients with COPD alone. Further, COPD patients
accompanied with atopy (a feature of ACO) has been found to have a high preva-
lence of sputum production and chronic cough than those without atopy [10, 24, 26,
30–32].

An 18-year follow-up study observed the risk of death in ACO, asthma, and
COPD using a hazard ratio (HR). The group reported the highest risk of death in
patients with ACO (with HR of 1.83, 95% CI: 1.34–2.49), followed by patients with
COPD (with HR of 1.44, 95% CI: 1.28–1.62), and patients with asthma (with HR of
1.16, 95% CI: 0.94–1.42). Even after adjustments in baseline lung function, patients
with ACO still had the highest risk of death when compared to patients with COPS
and asthma alone [24, 33]. These findings clearly show that the patients with ACO
are at higher risk in comparison to the patients with only asthma and COPD.

7.3 Lung Microbiome

7.3.1 Roles of the Lung Microbiome

Being persistently exposed to a broad variety of external environments, lungs are
always placed at the frontline of our immunity. The respiratory pathway acts as a
crucial component in several pulmonary infections, where the pathogenic
microorganisms access and adhere to the epithelial cells of the respiratory tract via
the respiratory route. The microbiome is known to be an indispensable mediator in
influencing pulmonary immunity and a healthy lung is characterized by a vast
collection of microbiota. This broad set of microbes boosts both innate and adaptive
immunity (site-specific in lungs, and systemic) to release multiple factors for
assisting and preventing respiratory functions and infections, respectively. The
normal resident microbiota hampers the growth of several harmful lung pathogens
which makes their way through the respiratory route. This growth restriction and
prevention of respiratory infection by the microbiome may occur through several
mechanisms including restricting nutrient access and growth inhibitors secretion
against the invading pathogen [6, 9]. Further, researchers have also hypothesized
that the establishment of initial microbiota at birth may contribute to pulmonary
immune system development. Dysbiosis at these crucial initial stages can potentially
lay a foundation for subsequent respiratory diseases. Thus, the development and
establishment of proper healthy lung microbiota play a crucial role in protecting the
lungs from future pathogenic attacks by impelling the development of local immune
response [9, 34, 35].

γδ T cells, one of the crucial regulator and effector cells of the lungs rely on
pathogen invasion. Exposure to peculiar bacterial strains can potentially protect
neonates from extreme airway inflammation via immune cells modification. Further
evidence shows that microbial exposure in children is an indispensable part of
developing innate immunity. Children pre-exposed to the microbial surplus
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environment are at a lower risk rate of allergic asthma, sensitization, and are found to
have a stronger immunity when compared to children who were not exposed to
microbial-rich environments. Some of the products of lung’s normal flora have also
shown allegro-protective effects in animal models with airway inflammation
[6]. Lung immune cells are responsible for several important roles like patrolling
the airway to react against incoming pathogens and restricting the pathogen spread.
Apart from this crucial function, lung immune cells have an indispensable duty to
avoid unwanted and exaggerated inflammatory responses to harmless environmental
particles or stimuli. The subpopulation of dendritic cells (DCs) and alveolar
macrophages (AMs) primarily maintains the high immune tolerance nature of the
lung microenvironment. Both AMs and DCs exhibit their immunoregulatory
properties by influencing the production of regulatory T cells (Treg) followed by
the release of interleukin-10 (IL-10), prostaglandin E2 (PGE2), and tumor growth
factor-beta (TGF-β). Recent increasing evidence suggests that the lung microbiota
acting on resident lung immune cells plays a chief role in stimulating immune
tolerance in the lungs [36–38].

A certain population of the lung microbiota is often termed as keystone species
which may potentially show high beneficial effects on the function, health, and
microbial ecosystem balance. Some of the potential keystone species found in the
upper respiratory tract (URT) microbiota are Corynebacterium spp. and
Dolosigranulum spp. These notable species are observed to be strongly linked to
respiratory health and hampering potential pathogens, especially Streptococcus
pneumoniae [39–41]. The primary role of a microbial ecosystem is to stimulate a
state of symbiosis in order to deliver colonization resistance against the incoming
pathogens. This colonization resistance mechanism is dependent on the presence of a
local diverse microbiome which can potentially consume all of the nutrients avail-
able and thereby averting the incoming pathogens from utilizing the necessary
source of nutrients for colonization. Even though there is no direct evidence to
demonstrate elevated microbial diversity’s role in protecting the respiratory tract
against incoming pathogens, specific members of microbiota were found to actively
eliminate pathogens from the nasopharyngeal niche. Staphylococcus epidermidis, a
specific member of microbiota was shown to effectively exclude and destroy
Staphylococcus aureus and other pre-existing biofilms via the secretion of serine
proteases. Moreover, the microbiome’s interaction with the host immune system is
found to be a potential enhancing mechanism for the process of colonization
resistance. For instance, priming with Haemophilus influenzae potentially increases
the ability of neutrophils to kill S. pneumoniae. With these indispensable beneficiary
roles, establishing and retaining a balanced microbiota are vital to maintain respira-
tory health due to their resilience towards detrimental pathogenic expansion [41–44].

7.3.2 Composition of Lung Microbiome in the Healthy Lung

Even though it is clear that healthy lungs are not sterile and harbor a phylogenetically
diverse microbial community, the study of the normal human lung microbiome
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needs more attention which is still in its infancy. The lungs are colonized by a
distinct set of microbial populations when compared to that of the gut. Although
microbiota found in both the human gut and lungs are similar at the phylum structure
level, they differ from each other in terms of bacterial species composition. The gut
microbiome is the most studied microbiome compared to the less known lung
microbiome. The human newborn is found to be deprived of bacteria prior to
birth, and the establishment of standard microflora is a constant continuous process
which gets initiated during the delivery of the newborn [1, 45, 46]. Normally,
bacteria of maternal origin colonize in the newborn oral cavity in the course of
vaginal delivery. It was observed that the lower respiratory tract of healthy people
contains bacterial DNA of numerous oral bacterial species such as Veillonella and
Prevotella. Moreover, microbial colonization and its species variation are found to
be influenced by the exposure configuration during the neonatal period [46].

Prevotella, Veillonella, Fusobacteria, Pseudomonas, and Streptococcus are some
of the dominant genus found in the lungs, whereas Neisseria and Haemophilus are
some of the rare genus found in the lungs. These genera are found to be easily
colonizing in the oxygen-rich environment, larynx, damp ciliated mucosa, and the
tracheobronchial tree [46–48]. Bacteroidetes and Firmicutes are some of the species
that are predominantly found in bronchoalveolar lavage (BAL) samples of healthy
volunteers (HV). However, extensive study reports have also identified the presence
of other dominant phyla such as Fusobacterium, Actinobacteria, and Proteobacteria
in several lung-tissue samples. Interestingly, the bacterial communities that are
prevalently found in the lungs are usually reflected in the oral cavity but not in the
case of the nose. Similarly, few species that show a high prevalent presence in the
mouth are found to be less abundant in the lower lungs. These variations in
abundance of certain species in the mouth and lower lungs led to a belief where
the oral microbes that migrate from the oral cavity to the lungs can be selectively
eradicated in order to prevent low-level inflammatory processes [9, 49].

7.3.3 Composition of the Lung Microbiome in Lung Diseases

Acute and chronic lung diseases are potential influencers in altering the ecological
factors of lung microbiome—microbial immigration, elimination, and regional
growth condition leading to noticeably different microbial population. Dysbiosis is
a negative impact that arises due to this irregular distribution of microbial
communities. In several chronic disease states of the respiratory tract, the commonly
observed characteristics are a higher abundance of selective species, species varia-
tion, and a shift in microbial populations. Proteobacteria including the genus of
Neisseria, Haemophilus, Rickettsia, Pseudomonas, and Moraxella were found to be
associated with both controlled and uncontrolled asthma. Similarly, Firmicutes with
the genus Lactobacillus and genus Clostridium were isolated from a large set of
asthmatic patients and children with airway allergies, respectively [46, 50–52]. One
of the critical factors of the microbiome in individuals with diseased lower airways is
the shift in microbial populations away from the phylum Bacteroidetes, which
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dominates in the microbiome composition of healthy individuals. These changes in
lung microbiota are known to be linked with crucial clinical features and disease
prognosis including frequency of exacerbations in bronchiectasis, the mortality rate
in idiopathic pulmonary fibrosis, and asthmatic patient’s responsiveness towards
corticosteroids and antibiotics [51].

Pseudomonas, Rothia, and Corynebacterium were found abundant; Prevotella
and Streptococcus were found less abundant in the intubated patients with pneumo-
nia when compared to patients without pneumonia. Similarly, theMalassezia genus,
Cladosporium, and Aspergillus penicillium were some of the over-presented, abun-
dantly found microbial populations in the asthmatic patients. In the case of COPD, a
decrease in diversity of lung microbiota and shifts in microbial profiles are often
observed characteristics that drive disease prognosis. Haemophilus influenzae and
Pseudomonas aeruginosa are some of the microbial species found during COPD
exacerbations of intubated patients. Similar to COPD, patients with cystic fibrosis
have also been found to have decreased diversity of lung microbiota. Further, the
genus Prevotella, Streptococcus, Rothia, Actinomyces, Veillonella, Neisseria,
Gemellaare, and Haemophilus were isolated during exacerbations in pediatric
patients with cystic fibrosis [46, 53–55].

7.4 Impact of Lung Microbiome in ACOS

7.4.1 Microbiome Mediated Inflammation and Immune Response

The role of the airway microbiome in the lungs can directly impact either lung’s
immunity or disease. Chronic inflammation and repeated exacerbations that charac-
terize COPD impair the innate immune defense of the lungs leading to alternations in
the lung microbiome. In return, these changes in the lung microbiome (diversity,
composition, and abundance) affect the host defense. The gram-negative Prevotella
spp. which are prevalently found in healthy individuals exhibit variations in
lipopolysaccharide (LPS) structure when compared to gram-negative
Gammaproteobacteria. Further bacterial load in the airways is found to be
associated with elevated levels of interleukin (IL)-10, IL-1β, and tumor necrosis
factor (TNF)-α in the sputum. Additionally, the degree of airway inflammation in
stable COPD is related to the composition of the microbiota [56–58]. Moreover, the
lung microbiota may also play a crucial role in immune tolerance, recruitment, and
activation of antigen-presenting cells (APC) and Treg. Multiple lines of evidence
have supported the need of specific bacterial species subsequent to birth for the
establishment of Treg. After the first 2 weeks of birth, the bacterial population in the
lungs gets elevated with a parallel progressive shift of bacterial phyla from
Firmicutes and Gammaproteobacteria to Bacteroidetes. These crucial modifications
of microbiome composition are some of the decisive determinants for reduced
responsiveness towards aeroallergens [37].

Recent studies have reported that specific pathogen-free (SPF) mice are at high
risk of acute inflammation-induced death to subsequent influenza virus challenges
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than mice existing in a natural environment. The same group has also demonstrated
that the existence of commensal Staphylococcus aureus (commonly colonizes in the
URT) is an indispensable factor to resist a lethal inflammatory response. This
protective effect of S. aureus is mediated by the recruitment of CCR2+CD11b+

monocytes from the bloodstream into the alveoli, which is followed by polarization
and maturation of M2 alveolar macrophages (AMs) in a toll-like receptor 2 (TLR2)
pathway-dependent manner. Further, M2 AMs release anti-inflammatory molecules
and express immunomodulatory ligands to suppress the lethal inflammation
facilitated by influenza virus infection [37, 59].

7.4.2 Microbiome Mediated Exacerbations

The overlap syndrome is also characterized by punctuated frequent exacerbations as
such asthma and COPD. But, the severity and frequency of exacerbations of ACO
are three times than that of both asthma and COPD. Acute exacerbations contribute
to 50–75% of COPD healthcare costs in the USA and this exacerbation is responsi-
ble for increased morbidity, mortality, and economic burden of the disease. While
severe to very severe COPD patients and asthma patients experience 2 or more
exacerbations annually, the overlap patient population suffers from a considerably
higher rate of exacerbations (up to 2 or 2.5 times) [10, 60, 61]. One of the most
common factors triggering exacerbation in asthmatic patients is viral respiratory tract
infections (especially rhinoviruses). In contrast, bacterial lung infections are mostly
not found to be a part of exacerbation triggering pathogens in asthma. However, in
some minority cases, an atypical bacterial infection caused by Chlamydophila
pneumoniae and Mycoplasma pneumoniae has been significantly detected in asth-
matic attacks in both adults and children. Similarly, potentially pathogenic Strepto-
coccus pneumoniae, Moraxella catarrhalis, and Proteobacteria Haemophilus
influenzae are also detected (culture-based and molecular techniques) in both
upper and lower respiratory tract samples in exacerbating asthmatic children [62].

Remarkably, in the course of exacerbations, bacterial taxa that are narrowly
related to the specific phylogenetic tree were found to be enriched, whereas
phylogenetically distant taxa were found to decline. These observations suggest
that taxa which are closely related to potential pathogens could possibly play an
inducing role in the exacerbation procedure. Collectively, these reported data insist
on the crucial dynamic interlink between microbiota composition and exacerbation
mechanisms [54, 56].

7.5 Treatment Strategies that Target Lung Microbiome
and ACOS

The treatment of ACOS depends on the guidelines of asthma and COPD. The aim of
the treatment is to reduce the symptoms and ultimately improve lung functions.
Treatment strategies are expected to prevent the progression of the disease and
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overcome airway remodeling and exacerbations. No single medicine can improve
the symptoms of the disease, but combination therapies can help treat the pathologies
[63]. Long-term management of ACOS and asthma/COPD alone is needed for the
improvement of patient complete recovery. In addition, the treatment should address
both COPD and asthma. Similarly, ACOS requires intensive treatment as the disease
tends to be more severe when compared to either COPD or asthma alone. Low-dose
inhaled corticosteroids (ICS) could be of choice which is a long-term treatment that
treats airway inflammation. The dose of corticosteroid is prescribed based on the
level of symptoms that the patients exhibit. Long-acting beta-agonist (LABA) and
long-acting muscarinic antagonist (LAMA) are the bronchodilators prescribed along
with ICS [64].

It is always advised not to treat patients with LABA alone as it may worsen the
treatment regimen. This combinatorial therapy of ICS along with bronchodilators
was found beneficial to patients to some extent. Rather, there are no definite
comparative studies on ICS-bronchodilators therapy stating the better preventive
measures and treatment benefits of ACOS. Also, the doses to be recommended for
ACOS treatment need to be established. Mostly, the chain smokers with ACOS do
not respond to low and mid doses of ICS and even combinatorial therapy. According
to the present treatment scenario and patient response to treatment, a combination of
ACOS and long-acting bronchodilators is essential from the beginning of the
treatment schedule with the doses determined based on the disease severity
[13]. Another possible treatment choice would be macrolides which can decrease
ACOS exacerbations. Due to their anti-viral property, macrolides are capable of
suppressing the activation of neutrophils and mucus hypersecretion. Macrolides
were also identified to reduce the frequency of exacerbations by acting on the
neutrophil-mediated inflammation caused by lung microbes. Eosinophil inflamma-
tion can be inhibited by anti-IgE and anti-IL-5 antibodies which could treat asthmatic
components in the pathogenesis of ACOS [65]. The treatment response in patients is
also assessed using different parameters including forced expiratory volume per
second, maximum expiratory flow using spirometry, exacerbation frequency, spu-
tum eosinophil ratio, peripheral blood eosinophil, and neutrophil ratio, and SpO2
analysis. The above-mentioned approaches are expected to improve the pathology of
ACOS and help in the management of ACOS with prescribed clinical benefits [66].

7.6 Conclusion

The study of the lung microbiome and its role in asthma and COPD has paved the
way to a new question of the role of the lung microbiome in ACO. While asthma and
COPD are relatively studied well, ACO is still in its preliminary infancy stage and
needs more extensive research. Even though the microbiome, its composition, and
its dynamic role in lung airways are reported in several ongoing researches, still the
strategic role of the microbiome in the pathogenesis and prognosis of several lung
diseases is unexplored. Especially, in terms of the relation between the microbiome
and ACO, detailed mechanistic studies deciphering the role of the microbiome in
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ACO pathogenesis are still an important question to be addressed. ACO patients
with a comparatively higher risk of exacerbations and other detrimental effects, it is
an indispensable need to study the patient’s microbiome composition in the disease
prognosis and exacerbations. With very limited recommendations and guidelines,
management of the ACO is still a hard task for most clinicians. Well-conducted
clinical trials targeting detrimental alterations of the microbiome in ACO and
specific inhibitors targeting disease prognosis of ACO are need of the hour. As a
conclusive point, dynamic interplay between the lung microbiome and ACO patho-
genesis is an essential area of research that needs to be well explored in the upcoming
future.
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Abstract

Acute respiratory distress syndrome (ARDS) is a sign of severe injury to the
epithelial cells of the alveoli. It is hallmarked by pulmonary oedema and inflam-
mation leading to respiratory failure. The incidence of ARDS is reported to be
78 in 1 lakh people every year. The disease is caused by micro-aspiration (direct)
or by indirect lesions including sepsis. A high mortality rate of up to 40% is
observed in lung fibrosis. In patients with ARDS, the lung microbiome is
flourished with gut bacteria. The gut-associated microbiota serves as the critical
marker in the pathogenesis of ARDS. The alteration of microbial population in
the lungs tends to induce alveolar inflammation and lung injury. The imbalance in
microbial pathogens in terms of migration, elimination, and reproduction
contributes to the pathophysiological changes in the lungs. The translocation of
the enteric bacteria into the lungs is the key feature in ARDS development. The
predominant gut bacteria rich in lung microbiota of ARDS are Bacteroidetes and
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Enterobacteriaceae commonly referred to as ‘more gut in the lung’. The predom-
inance of a particular bacterial population in the entire microbiota in critically ill
patients in comparison to healthy individuals is referred to as the modification of
the lung microbiome. Advances in genome sequencing have led to the detection
of unique microbial communities in patients with ARDS. BALF specimens are
suitable for the detection of the bacterial burden by 16S rRNA sequencing. Meta
transcriptome analysis and imaging techniques including CT scan, X-ray, and
histopathological analysis could be of choice for the identification of lung
microbial population. The lung microbiome can be therapeutically modulated
by antibiotic treatments and the pathologies may be solved by improving the
oxygen supplementation. The oxygen deprivation in ARDS can be supported by
mechanical ventilation or intubation and ECMO in certain severe ARDS
conditions. Ultimately, understanding the lung microbiome in ARDS and the
influence of modified microbiome in the outcomes of the disease may help in
arriving at therapeutic interventions in preventing and treating the disease. This
chapter will summarize the pathogenesis of ARDS, modification of lung
microbiome involved in the pathophysiology of ARDS, analysis of microbial
population with the focus on its detection and treatment strategies for the man-
agement of ARDS.

Keywords

Alveolar inflammation · Hypoxemia · Microbiota · Sepsis · Gut–lung axis ·
Mechanical ventilation

8.1 Introduction to ARDS

Acute Respiratory Distress Syndrome (ARDS) is a pathetic lung condition that
lowers blood oxygen (hypoxemia). ARDS is associated with severe injury in the
alveolar epithelial cells with subsequent respiratory failure leading to mortality rates
of 40% approximately. The incidence of ARDS is reported to be 78 in 1 lakh people
every year [1]. ARDS is often characterized by inflammation in the lungs [2]. In
ARDS, hypoxemia is caused by the accumulation of fluid in the distal air spaces of
the lung, thereby interrupting the blood gas exchanges. Fluid from the blood vessels
drains into the damaged alveolar walls, limiting the exchange of oxygen and carbon-
dioxide. As a result, the lung surfactant breaks down preventing the lung from
properly occupied with air causing stiffness of the lung tissues. Damage of the air
sacs is due to lung infection or continuous inhalation of smoke which triggers
inflammation in the air sacs. This, in turn, causes difficulty in breathing and most
cases require endotracheal intubation and ventilation [3]. The development of ARDS
is associated with several clinical factors, most importantly the pulmonary and
non-pulmonary infections. The majority of the patients develop ARDS due to

118 G. Gopal et al.



pneumonia caused by bacteria or viral infections and also due to sepsis-associated
with pulmonary infections, more recently COVID-19. Other common causes of the
syndrome include transfusion-associated lung injury, acute pancreatitis, adverse
drug reactions, aspiration of gastric contents, and patient lifestyle [4]. There is also
the risk of multiple organ failure including cardiovascular failure requiring vaso-
pressor support, renal failure, haematological impairments such as anaemia and
thrombocytopenia, and abnormal liver function [5].

The symptoms of ARDS include shortness of breath, low blood oxygen levels,
bubbling or rattling of the lungs while breathing. These symptoms may develop over
time or occur quickly depending on the age and medical history. In some patients,
fast breathing, coughing with phlegm, chest pain, and fatigue worsen the syndrome.
Other medical problems associated with ARDS pulmonary hypertension and long-
period treatment in hospitals. ARDS is usually diagnosed with a physical examina-
tion or medical history. At times, it becomes difficult for the physicians to diagnose
as the medical signs coincide with other lung disorders [2]. It was reported that 10%
of the patients under intensive care unit (ICU) develop ARDS while the patient is
being treated for any infections or trauma. Patients with ARDS require ventilator
support or even extracorporeal membrane oxygenation (ECMO). Unfortunately,
these life support treatments tend to develop new problems including lung collapse,
infections from the catheter, and blood clots as the patients are lying still for long
periods [2, 6].

Among the causes of ARDS, the most unfavourable cause is sepsis, accounting
for high mortality. The pathophysiological changes occurring in the lungs contribute
to the clinical course of ARDS. The entry, migration, and elimination of pathogens
in the respiratory tract are the preliminary factors to be considered for understanding
the pathophysiology of ARDS [7]. Recently, Dickson and co-workers have reported
that lung microbiota in ARDS is enriched with bacteria found in the gastrointestinal
tract. This was identified through 16S rRNA sequencing of the bacteria isolated from
the mouse models of ARDS, which could not be possible with conventional cultur-
ing methods. It was also found that these gut bacteria are responsible for the severity
of the disease, indicating that the translocation of the bacteria from the gut to the lung
might be the renowned mechanism for the development of ARDS or sepsis [8].

8.2 Pathogenesis of ARDS

ARDS is characterized by several noticeable conditions that lead to a common
pathophysiological pathway. The subsequent events thereafter are classified into
two classes namely:

1. Direct ‘pulmonary’
2. Indirect ‘extrapulmonary’ conditions.

The explicit causes include distinct conditions that damage the lung parenchyma
along with cases of pneumonia, pulmonary contusion due to trauma, aspiration, and

8 Microbiome in Acute Respiratory Distress Syndrome (ARDS) 119



inhalation or consumption of toxic agents. One of the recurrent indirect causes is
sepsis syndrome which is a familiar and fatal cause of ARDS. The indirect causes
also include acute pancreatitis, the overdose of certain drugs such as opiates of
thiazides, propagative intravascular coagulation, and multiple blood transfusions.
Amidst various triggers, the culminated ARDS in its subsequent later stages displays
a systematic clinical and pathological pattern, irrespective of its pathophysiological
pathways and the symptoms may differ according to the event that injures the
lungs [9].

Lung injury is commenced by a particular cause that can be aggravated by poor
ventilation. Concisely, alveolar over-distension can produce pro-inflammatory feed-
back that is intensified by repeated opening and closing of alveoli employing
improper low levels of positive end-expiratory pressure [2, 5]. Undoubtedly, the
recurring opening and closing of alveoli can stimulate systemic injury to the lungs.
The adverse effects resulting in high levels of oxygen during the disease are highly
unsettled, especially in humans. Nevertheless, protracted subjection to 100% oxygen
is lethal in most animal models where the neutrophil influx and alveolar oedema can
be restrained in using anti-inflammatory actions by inhalation of low dose carbon
monoxide [10].

There are widely numerous pathophysiological features that are prime factors
involved in the incidence of ARDS. Irregular inflammatory events and increased
permeability of lung epithelium are the primary reasons for pathogenesis. In the
early stages, as detected, acute lung injury is navigated by dysregulated inflamma-
tion. The metabolic products of the microbes or cell-injury-related endogenous
molecules which cohere to toll-like receptors (TLR) on the lung epithelium and
alveolar macrophages stimulate the innate immune responses. Certain events of the
innate immune defense system include neutrophil extracellular traps formation and
histone releases, which is advantageous in capturing pathogens but might intensify
the alveolar injury. The immune system producing ROS (reactive oxygen species),
leukocyte proteases, chemokines, and cytokines that help in counterbalancing the
pathogens could result in worse outcomes. [11].

Besides elevated inflammation, another notable pathophysiological feature is the
interference of the lung microvascular barrier which is due to increased permeability
of endothelium and epithelium. In the lungs of healthy individuals, vascular endo-
thelial cadherin (VE-cadherin) mediates endothelial stabilization. VE-cadherin is an
endothelial-specific adherent junction protein, required for the endothelial barrier
coherence within the lung micro-vessels. Unfortunate lung damage, the proliferation
of thrombin, tumour necrosis factor-α (TNF-α), vascular endothelial growth factor
(VEGF), and leukocyte signals in the lungs to restrict the VE-cadherin bonds, has
been established in the murine models. Precisely, alveolar fluid compiles up in
lipopolysaccharide (LPS) induced mice models—promoted lung injury, in according
to that VE-cadherin bonds are sustained by a genetic modification that prevents
mishap or by intercepting VE phosphodiesterase, with the reduction in edema
formation. Thereby, the inflammatory-promoted injury to lung endothelium results
in an upsurge of capillary permeability, promoting pulmonary edema formation [11].
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The pathogenesis of ARDS is a highly complex mechanism involving various
factors and the roles they play in the processes. However, recent advancements in
pathogenesis study involve various chemokines that influence various developments
in endothelial and epithelial functioning. The key factors of pathogenesis include
VEGF, interleukin (IL-8), and transforming growth factor (TGF-β) which helps
understand the process.

Vascular Endothelial Growth Factor (VEGF): VEGF is a glycoprotein that is
isolated as a permeability factor. Normally, vascular endothelial cells, lung epithe-
lium, platelets, and leukocytes are involved in the production of the release of
VEGF. It is widely helpful to amplify angiogenesis and microvascular permeability
by receptor binding. Generally, the concentration of VEGF in the normal alveolar
space is low. An upsurge in its concentration has led to the attention that VEGF is
firmly associated with the improper function of the ACM in various respiratory
disorders, including ARDS. In the genome analysis-based studies, a polymorphism
linked to decreased plasma concentration of VEGF was observed to be elevated in
ARDS patients, and with sufficient modifications within the lungs during the early,
exudative phase of lung injury [12].

Researchers hypothesize that VEGF would be solely responsible for pulmonary
haemorrhage, endothelial destruction, and alveolar remodeling in an emphysema-
like phenotype. However, the production of surfactant protein-B was not distressed.
In models of ARDS, the high tidal and detrimental volume of ventilation support
escalated the lung VEGF-R2 (the primary VEGF bioactivity signaling receptor)
protein concentrations. But protective ventilatory strategies did not bring down the
concentration of VEGF-R2, proposing that the response of response might be
secondary to more critical events [13].

VEGF interactions are monitored at various levels; alternate transcript splicing of
exons (6–8 leads) and production of several isoforms, with diversified properties.
Additionally, receptors VEGFR-1 and VEGFR-2 are subdued to their expression in
various tissues, and alternative splicing of VEGFR-1 results in its soluble form
(soluble-FMS-like tyrosine kinase, s-FLT), which is suppressive. Expression of
s-FLT has been observed to be altering in the pathogenesis of ARDS, with an
upsurge of plasma levels in all the stages of the disease. During the proliferative
and fibro-proliferative stages of ARDS, both VEGFR-1/2 were found to be unregu-
lated. VEGF-2 (soluble) is also detected in traceable amounts in the BAL fluid of
patients with ARDS. The varying expression of VEGF with changes in its isoforms
suggests that regulation of VEGF bioactivity is highly essential in determining the
pathogenesis and disease progression of ARDS [12].

IL-8 (Interleukin-8): IL-8 (CXCL8) is a chemokine with the characteristic of
captivation and stimulation and neutrophils. It has a definite role in ARDS, where
they exist at higher concentrations in the bronchoalveolar lavage fluids (BALF) from
ARDS patients in contrast to controls. A higher concentration of IL-8 is correlated to
a high mortality rate [12]. In 1992, Miller and his colleagues found that IL-8 was
abundant in BALF collected from patients with ARDS patients as compared to
controls [14].
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The presence of IL-8 was exclusive during the early and exudative phase of
ARDS, where IL-8 was found to be moderate in cellular infiltration [12]. In
subsequent research work carried by Kurdowska and his colleagues, they noticed
that a significant amount of IL-8 in BALF isolated from ARDS patients is correlated
with anti-IL-8 autoantibody, which attaches with large rapport to IL-8. Anti-IL-
8 autoantibody consists of the following:

• 1 immunoglobulin G (IgG) molecule where a larger amount is IgG3 and IgG4
subclasses

• 1 IL-8 molecule

Anti-IL-8 autoantibodies hindering the synergy of IL-8 with certain receptors on
neutrophils indicating their role in balancing the IL-8 activity in ARDS [14].

IL-8’s role in ARDS is highly complex; certain activity seems to be balanced by
an anti-IL-8 autoantibody. This phenomenon was directed to the common hypothe-
sis that vast infection or other affronts exceeds the capacity of the removal
mechanisms. The enduring amounts of anti-IL-8: IL-8 complexes in the lung may
be indicative of ARDS pathologies. These antibody-IL-8 complexes control the
capacity to activate the signaling of neutrophil and respiratory burst/degranulation;
consequently, they are still capable of triggering other inflammatory responses [12].

Transforming growth factor (TGF-β): One of the prominent arbitrators in
ARDS is TGF-βwith an influence on epithelial and endothelial permeability through
protease-activated receptor-1 to develop alveolar flooding. Compared to other
mediators involved in ARDS developments, TGF-β in BAL fluid was identified at
increased levels. They are observed in lower levels in patients who are free from
ventilator support and intensive care unit (ICU). These observations suggest that
TGF-β plays a primary role in the pathology of the syndrome [12].

TGF-β regulating mechanisms help to devise some of the evident dysregulations
of the disease. TGF-β is produced as an inactive complex, attached to the latency-
associated peptide, which inhibits it from binding to other specific receptors. The
inactive complex is activated by pH, heat, proteases, thrombospondin-1, reactive
oxygen species (ROS), and integrins. This complex might have a prolonged half-life
than TGF-β 1and might bind to its receptor to strive anti-inflammatory effects
through the Foxp3-dependent mechanism. The latency-associated peptide also
binds to TGF-β 1 as a formidable inhibitor monitoring its bioactivity [5].

Inflammation: The beginning of inflammation is seen when leucocyte produc-
tion and engagement to the inflamed site upsurge. Stimulation of mediator cascades
includes the synthesis of cytokines, chemokines, acute phase proteins, free radicals,
complement, coagulation pathway components, and focal upregulation of adhesion
molecule expression. The ‘anti-inflammatory’ response includes the

• glucocorticoids,
• cytokines and other mechanisms,
• shedding of adhesion molecules.
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From the above mentioned, there is a widely known cytokine called TNF-αwhich
plays a prominent role in inflammation, thus serving as inflammatory mediators in
the process [10].

They are synthesized by inflammatory cells and can enhance neutrophil-
endothelial adhesion, microvascular leakage, magnify other pro-inflammatory
responses. Despite their definitive profile in the septic response, the importance of
these cytokines like TNF- α in the pathogenesis of ARDS is unclear. Studies of the
levels of TNF-α are not consistently increasing in cases of reported lung injury and
anti-TNF-α therapies have been upsetting. An upsurge of TNF-α level occurs very
early in the clinical course and may be missed by the time of presentation although
anti-TNF-α therapies can be helpful in some cases of sepsis. The huge redundancy in
the pro-inflammatory mediator systems suggests that the search for a ‘common
pathway’ susceptible to inhibition may be too simplistic [10].

Citing Animal references, free radicals are vital factors involved in tissue damage
from pro-inflammatory catalysts and antioxidants including glutathione and super-
oxide dismutase. In humans, oxidative stress is upsurged as plasma antioxidant
ranges are significantly decreased in patients with ARDS. Nitric oxide is instrumen-
tal in septic lung injury as nitro- tyrosine, a derivative from peroxynitrite is predom-
inantly found in patients with ARDS [10].

8.3 Pulmonary Microbiome in Healthy and Critically Ill
Patients

The researchers were hypothesizing the sterility of the lungs and focus on the
qualitative and quantitative analysis of the upper and lower respiratory tracts. The
presence of bacterial 16S rRNA sequences in the LRT confirms the microbiota in the
healthy lungs. The normal microbiota in healthy individuals consists of microbial
communities which may be symbiotic and pathogenic. The microbiome consists of
the genetic material of the microbiota. More than 100 billion microorganisms
colonize the human body that is discovered by NGS and metagenome analysis.
The imbalance in the microbial community (dysbiosis) is associated with the disease
or any organ failure [15]. The microbial population throughout the body is crucial for
human physiology. The lung microbiota contains a low density of bacteria and is
essential for good health. Microbes of the lungs enter the body through the oral
cavity, pass through the saliva as microparticles, and reach the lungs. Normally the
lung microbiota disperses from the mouth or nose and a balance is maintained
between immigration and elimination. The host immune response is responsible
for eliminating the microbes through mucociliary movements, sneezing, and
coughing [16, 17]. The microbial community keeps renewing and is often being
replaced. In healthy individuals, the most predominant phyla are Bacteroidetes and
Firmicutes, analysed by whole-genome sequencing. The lung microbiota is unique
for every individual, constituting the homeostasis between the microbes and the host
tissues. In respiratory diseases, particularly in ARDS, an imbalance or dysbiosis is
observed due to a shift in the normal microbiota. This change can be the
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predominance of particular bacteria or modification in the entire microbial commu-
nity. Though microbial immigration and reproduction decide the composition of
healthy lung microbiota, certain physiological factors of the respiratory tract also
influence the incidence of pulmonary disorders [18].

The infiltration of bacteria into the lungs and the imbalance of the bacterial flora
will result in the modification of pulmonary microbiome composition. In critically ill
patients, pulmonary dysbiosis can be due to several factors including antibiotic
treatment, ICU observations, or recurrence of infections. Streptococcus pneumonia
infection was found to be higher in patients with lung inflammation and consistent
antibiotic treatment ([19, 20]. In addition, ventilation of patients with high tidal
volume increases the incidence of lung microbiome modification. ARDS is
characterized by pulmonary edema wherein the cytokine signaling could alter the
metabolic and physiochemical status of the lungs. The presence of Bacteroidetes and
Enterobacteriaceae in patients with ARDS increased pro-inflammatory markers
contributing to the pathogenesis of the disease. In particular, Enterobacteriaceae
induce the production of IL-22, TLR-2, and TLR-4 leading to severe lung injury.
The bronchoalveolar lavage (BAL) analysis in adults with ARDS has provided
insight on the modification of lung microbiome and difference in the inflammatory
response. The activity of the anti-inflammatory markers is affected by the modifica-
tion of the lung microbiome, resulting in the severity of the disease. The close
relation of lung microbiome between COVID-19 and ARDS was identified by the
representation of similar bacterial phylum and genera [19, 21].

Patients with ARDS were observed to exhibit a reduction in microbial diversity
and overgrowth of one particular flora. The disease pathology aggravates the
modification of the pulmonary microbiome and favours the significant reduction of
bacterial diversity. At the onset of the disease, the dominance of a particular
microbial population hampers the function of alveolar capillaries through the migra-
tion of macrophages and granulocytes. As a result, the epithelial damage would
hinder the normal epithelial barrier against the modified microbiome leading to
further lung injury. Further, the mechanically ventilated patients undergoing seda-
tion fail in mucociliary clearance which may interfere in the oxygen concentration
and increase the chances of specific pathogenic infection [2, 7, 15].

8.4 Lung Microbiota in ARDS

The lung microbiota of patients with lung disorders is critically important
concerning alveolar and systemic inflammation. In ARDS, the lung microbiome is
enriched with gut-associated bacteria, serving as the primary biomarker in the
development of the disease [8]. The altered microbiome in critically ill patients
intensifies the alveolar inflammation leading to severe clinical outcomes. The trans-
mission of gut microbiota from the GI tract to the lungs is identified to be the
fundamental cause of sepsis and ARDS. However, the role of gut microbes in lung
pathology remains unidentified. Dickson and his team have reported that the lung
microbiota diagnosed in ARDS is enriched with bacteria which are usually found in
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the lower GI tract. The team also found that the presence of gut microbes in ARDS
patient samples was associated with the severity of the disease [22] (Fig. 8.1).

Few pre-clinical studies have demonstrated the specific effect of the microbiome
in asthma and cystic fibrosis. But there is a gap in bridging the fate of lung and gut
microbiome in ARDS. A recent study with a murine model of sepsis has identified
the enrichment of gut bacteria including Enterococcus and Lachnospiraceae species
and Bacteroidetes order. It was reported that the microbiome was altering in the
initial days of infection and normalizes by 2–3 weeks. Also, critically ill bedridden
mechanically ventilated patients are more susceptible to the disease due to the
evolution of airway microbiota during the prolonged treatment [23]. Two interesting
facts have been observed in the recent clinical study by Kyo and co-workers: (1) the
composition of lung microbiome alters in patients with injuries due to smoking,
(2) the bacterial load and composition significantly differ over the time of patient
observation. These findings could critically help in developing a therapeutic inter-
vention concerning the mechanically ventilated patients and patients with smoking
habits, to avoid the subsequent development of ARDS [6]. Yet, the actual role and
significance of gut bacteria in the lung microbiota are still not solved. It was reported
that patients with both acute and severe pulmonary infections exhibit gut-associated
complications, indicating that there is a gut-lung communication [24].

8.4.1 Microbial Burden

ARDS is generally characterized by a hyper-inflammatory response of the immune
system and the microbial population is involved in regulating the immune response.
The microbiome plays a significant role in the development of ARDS. The bacteria
and fungi have a substantial role in uplifting the inflammation leading to frequent
pulmonary exacerbations. The mechanism of micro-aspiration (immigration of

Fig. 8.1 Role of lung microbiota in healthy individuals and critically ill patients
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microbes from the oropharynx to the lungs) determines the composition of the lung
microbiome. The predominant gut bacteria rich in lung microbiota of ARDS are
Bacteroidetes and Enterobacteriaceae commonly referred to as ‘more gut in the
lung’ [24]. The permeability of the gut allows the microbes to travel through the
colon and reach the lungs, regulating the inflammation and become responsible for
acute pulmonary damage. This hyper-permeability of the gut is also correlated with
the alveolus-capillary permeability, in which the mucus containing Gram-negative
pathogens triggers the pro-inflammatory environment. The travel of harmful bacteria
from the intestinal lumen through the mesenteric lymph to the lungs causes severe
tissues damage [25]. Numerous researches supported the fact that the lung is
enriched with the gut-associated microbes and the experimental analysis of pulmo-
nary dysbiosis revealed that the gut would likely be the source of the lung
microbiome. This hypothesis was supported by the findings that specific bacteria
of the intestine are abundant in patients with ARDS [6, 24, 26, 27].

The pro-inflammatory markers including IL-6 and IL-8 tend to increase in the
microbial environment. This is primarily due to the prevalence of Enterococcus spp,
Clostridium difficile, Pseudomonas spp., Salmonella spp., in the lungs transported
from the intestine. The microbial colonization can be due to multiple factors such as
nutritional diet, intestinal ischemia, antibiotic treatment, vasoactive drugs, intestinal
ulcers, which weaken lung function. S. pneumonia and K. pneumonia alter the
regulation of IL-7 and GM-CSF which are ultimately required for the lung defense
mechanism. When the lung dysbiosis remains intact in the patients, it can facilitate
multiple organ failure with high chances of mortality. The presence of two common
groups of bacteria Enterobacteriaceae and Lachnospiraceae was responsible for
frequent bacterial load in the lungs, resulting in the severity of the disease with worse
outcomes [3, 28]. The researchers also hypothesize that the fungal population could
be dominating bacterial load in the lungs and this would help understand some
people with lung disorders develop ARDS and some do not. In a recent study clinical
carried out with COVID19, most of the patients exhibited the presence of Candida
spp. dominating in their lung microbiome. In critically ill patients with mechanical
ventilation, 100 different types of fungi were diagnosed but the diversity of the
samples was much lower when compared to healthy humans. This decreased
diversity is associated with the protein pentraxin-3, a critical inflammatory marker
that is responsible for the severity of the disease [25].

8.4.2 Enrichment of Lungs with Microbiota

Micro-aspiration or gastro-oesophageal reflux allows the transmission of microbes
from the nasopharyngeal cavity to the alveoli. The low density of the lung
microbiome was observed at the range of 103–105 CFU/g of lung tissue. A healthy
lung microbiome consists of the bacterial communities in the upper respiratory tract
that entered the lungs through micro-aspiration. The lung microbiome is formed by
the immigration, elimination, and reproduction of the microorganisms in the
airways. The protective factor is the balance of the microbiome in the lungs, helping
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in the production of antibacterial peptides in the epithelial mucus which is responsi-
ble for the inhibition of bacterial multiplication [17]. Gut dysbiosis has been the
reason for the development of infection and inflammatory responses in the respira-
tory system. The leak of gut microbes alters the lung normal microbiome. The
metabolic products of the bacteria in the gut stimulate the immune responses in
the lungs thereby sensitizing the travel of microbes from the gut to the lungs. The
microbial population in the upper and lower respiratory tract are distinct with more
Firmicutes and actinobacteria in the nostril and proteobacteria and Bacteroidetes in
the oropharynx. The lung microbiome is endowed with the prominent genera of
Streptococcus and Veillonella [16, 26]. The colonization of the microbes in the
epithelial environment of the lung and gut are similar indicating the crosstalk
between them (gut–lung axis). Studies have identified that even transient shifts of
the gut microbes to the lung can alter the lung microbiome. The alteration of the
microbiome in the lungs is correlated to alveolar inflammation. Proteobacteria enrich
the lung microbiome during lung disorders and this elevates the concentration of
TNF-α which is a sign of severe pulmonary infection. As a result, ARDS is
developed and increases the risk of mortality. In healthy individuals, the enrichment
of the lung microbiome with Bacteroidetes exhibit lower concentrations of
TNF-α [17].

8.5 Analysis of Respiratory Microbiota Associated with ARDS

The current diagnosis of ARDS requires culture-independent techniques to analyse
the respiratory microbiota. The conventional culture-dependent methods could not
describe the predominance of a bacterial population. The respiratory microbiota of
ARDS is rich in GI tract bacteria that usually colonize in the lower respiratory tract
due to the interaction between the GI tract and lower respiratory tract. Next-
generation sequencing is found to be the most promising method of estimating the
bacterial load in BALF, patient serum, and cytokine levels. The advancements in
sequencing techniques of the whole genome have critically helped in overcoming
the challenges in the culture-independent diagnosis of the microbial genome in the
lung microbiota [29, 30].

8.5.1 Bacterial Identification and Characterization

Kyo et al. have attempted to measure the copy numbers of 16S rRNA in the patient
BALF sample and the cytokines released as a result of microbial infection. It was
found that the diversity of the microbes was decreased, with the dominance of a
particular bacterial phylum. The cytokine levels differ among the patients but IL-6
and IL-8 were constantly high in all the patients [31]. The decrease of proteobacteria
and abundance of Enterobacteriaceae in ARDS patients were analysed by the copy
numbers of 16S rRNA. This represents the unique pattern of the microbial commu-
nity associated with relevant cytokine levels, in ARDS patients. The 16S rRNA gene
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amplicon sequencing using NGS is being the choice of diagnosis to preferable
analyse the microbial population in BALF and sputum samples of ARDS patients.
Culture-based methods have also been used to diagnose bacterial infection. The
BALF and other clinical specimens were cultured on a specific growth medium and
the colonization of the particular bacteria was identified. In addition, colorimetric
methods were used to analyse the bacterial load in the patient sample [32, 33]. On
advancements of diagnostic strategies, meta-transcriptomic sequencing has found a
place in analysing the total RNA sequences of the microbes. Normally, the initial
phase of ARDS would be identified with laboratory diagnosis of bacterial and fungal
infections wherein the sputum and nasal secretions would be cultured according to
standard procedures [33].

8.5.2 Imaging Techniques

The Chest X-ray and Computed Tomography (CT) are the two primary techniques
used in the detection of ARDS development. X-ray is useful in detecting an
unpredictable condition in the lungs and can show the accumulation of fluid due to
bacterial colonization. The pattern of the X-ray would be cloudy indicating the
restriction of gaseous exchange. The loss of aeration can be analysed by CT. The
obstruction of the aeration due to imbalanced airway pressure and the improved
re-aeration of the lung tissues upon treatment can be visualized by CT [34, 35]. Fur-
thermore, histopathological analysis of the lung biopsies can reveal the colonization
of microbial communities concerning the healthy lung microbiota [36].

8.6 Patient Care in ARDS

Patients with ARDS have to be managed with the maintenance of the airway,
adequate oxygenation, and perfusion in the alveolar capillaries. Care must be
taken to maximize the perfusion in the pulmonary capillary system, thereby increas-
ing the oxygen transport. The blood pressure and perfusion can be increased by
vasopressors. The positioning of the patients with ARDS also influences the recov-
ery of patients. The prone positing can be a benefit in curing severe respiratory
complications. During the initial stages of ARDS, mechanical ventilation could help
the patients to get rid of the alveolar obstruction. The goal of the treatment is to
support the patient by providing an adequate supply of oxygen to prevent the
damage of lungs, recover from the injury caused by ARDS [37, 38].

8.6.1 Therapeutic Interventions

The optimal care of ARDS has improved over the years where the ultimate goal is to
support the gaseous exchange and minimize the risk of microbiome modification in
the lungs. Several therapeutic interventions targeting the lung microbiome or other
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pathophysiology mechanisms of ARDS are under pre-clinical and clinical trials that
would positively result in promising findings. The early phase of ARDS is associated
with pro-inflammatory responses and the accumulation of fluid in the alveolar spaces
[29]. Therapies targeting the immune responses could reduce pulmonary edema.
Gluco-corticosteroids are found efficient in overcoming the inflammatory responses
and bring down the risk of infection. Treatment of patients with methylprednisolone
can help in limiting the mortality rates. Still, clear clinical data on gluco-
corticosteroids is necessary as strong evidence for their benefit [39]. Salbutamol
was also prescribed for the reduction of pulmonary edema but found harmful.
Numerous surfactants were of treatment choice to improve the gaseous exchanges
between the alveolar and pulmonary capillaries. Oxidative pulmonary damage is one
of the important physiologies of ARDS and could be minimized by
N-acetylcysteine, a good antioxidant. But the administration of N-acetylcysteine
does not reflect in the mortality rates of the patients. ARDS development is
correlated with the activation of neutrophils during the lung microbiome modifica-
tion and neutrophil esterase plays a crucial role in it. Sivelestat, a neutrophil esterase
inhibitor, is found useful in restricting the neutrophil activation, thereby reducing
lung injury [40]. Granulocyte-Macrophage Colony Stimulating Factor (GMSF)
mechanism in ARDS is inactive due to the colonization of microbes in the lungs.
GMSF was administered externally to revert the lung injury. Most of the drugs fail to
bring down the mortality rates rather helps in keeping the patient alive. Poor clinical
outcomes of most of the tested drugs would result in unresponsive of the patients
towards the treatment. Several clinical trials also suggest that drugs that may be
beneficial in a particular patient population may not work with patients with a
different biological response. Antibiotic and pro-biotic treatment to rectify the
dominating microbial load in the lungs was found disturbing the normal flora of
the lungs and did not improve the pathology caused by microbiota [29, 41].

8.6.2 Critical Care

As of now, there is no positive treatment for ARDS. Ultimately the treatment of
ARDS focuses on supporting the patients with oxygen to be delivered into the
capillaries so that the body recovers from the damage due to ARDS [37]. Mechanical
ventilation support will give extra oxygen support, opening the airspaces and assist
in breathing. Patients who develop ARDS typically lie on their back in the bed.
When ventilation support could not deliver enough oxygen, patients are advised to
lie on their stomach to have adequate oxygen flow into the blood, called proning.
There are cases where patients are unable to perform the task [42]. To get rid of
shortness of breath and avoid movement during the oxygen supply, patients require
sedation. The adjustment of the patients for the mechanical ventilation, they are
sometimes treated with paralytic medications. However, this medication has side
effects and is of high risk, requiring continuous monitoring. Excess fluid build-up in
the lungs can be eliminated with diuretic medications to elevate the frequency of
urination with the aim of removing excess fluid from the body. Extracorporeal
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membrane oxygenation (ECMO) is the least choice of treatment in ARDS, which
derives blood from the body, allows it to pump through a membrane, removes CO2,
and adds oxygen to pump the blood back into the body. This treatment is very
complicated and does not apply to patients with high co-morbidities. ARDS patients
often require a minimum treatment period of 14 days. Any severe cases require
tracheostomy along with ventilation support. Most of the patients somehow drive
hard to survive the disease and could preferably regain lung function. Only patients
at high risk due to age factor, 70% of lung infection, and co-morbidities suffer long
term hospitalization and are susceptible to death [29, 38, 43] (Table 8.1).

8.7 Conclusion and Future Directions

ARDS is the serious syndrome of acute respiratory failure which is a resultant of
pulmonary edema and acute inflammation. The development of ARDS is correlated
to the aspiration of microbes or gastric contents and pulmonary injuries such as
sepsis and pancreatitis as indirect causes and other lung disorders including pneu-
monia and pulmonary contusion as a direct cause. There have been consistent
researches on ARDS in terms of pathogenesis and lung microbiome in ARDS.
Still, a better understanding of the microbiota responsible for ARDS and the
interaction of gut microbiome and lung microbiome is required for investigating
the therapeutic strategies against the microbiota. The incidence of gut microbial
transfer into the lung, disturbing the normal microbiome of the lungs is considered

Table 8.1 Management of ARDS with treatment strategies

Treatment strategies Management of the pathology

Non-pharmacological

Oxygen supplementation Intubation or support by mechanical ventilation for both mild and
severe ARDS patients

Prone positioning Increase the delivery of oxygen and decrease the risk of microbial
infection by mechanical ventilation

Sedation and analgesia Adjustment of patients during oxygen supply and restrict movement

ECMO The external supply of oxygen to the blood through a membrane
helping in a consistent oxygen supply

Pharmacological

Corticosteroids Accelerate ARDS resolution and manage the pulmonary
inflammation

Diuretics Removes excess fluid from the body and improves the clinical
outcomes

Antibiotics and probiotics Reduces the predominant bacterial load in the lungs

Antioxidants Restricts the oxidative pulmonary damage

Neutrophil blockade Inhibition of neutrophil activation, thereby limiting the lung
microbiome modification

Inhaled vasodilators and
vasopressors

Management of blood pressures throughout the treatment of ARDS
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the primary reason for the modification of lung microbiota. Several studies have
been published in investigating the prevention and treatment of ARDS. Yet, ARDS
remains a syndrome that is difficult to diagnose and failure of treatments, resulting in
high mortality and morbidity rates. Clinical data on the pathogenesis focussing on
lung microbiome are scarce which may hinder the treatment response against disease
outcomes. The conventional culture techniques in the detection of lung microbiota
have not been useful anymore due to the modification of the microbes. Culture-
independent genome sequencing could potentially help in a precise diagnosis of the
microbes. Future research directions may focus on ARDS susceptibility, mechanism
of primary microbiome modification, and treatment strategies at the early phase and
targeted therapies.
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Role of Brain–Gut–Microbiome Axis
in Depression Comorbid with Asthma 9
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Abstract

Asthma (ATA) is a long term inflammatory condition of the respiratory tract
(RT) where stress and psychological factors play a significant role. A high rate of
comorbidity of ATA and depression or major depressive disorder (MDD) is
observed in many patients. The proposed correlations between ATA and depres-
sion include a vulnerability (trait) and state connection. Vulnerability for both
ATA and depression may utilize genetic and early development causes. In
addition, some other factors are common in both the conditions, such as obstruc-
tive factors, factors associated with inflammation, insomnia, psychological
reactions to long term medical illness. The recent research advocates the partici-
pation of the central nervous system (CNS) in ATA. Recently, the role of the
brain–gut–microbiome (BGM) and gut–lung–microbiome (GLM) axis is studied,
and both the pathways have exhibited strong interconnection with each other.
Commensal microbes are crucial for the formation of a proper immune system.

S. Bhatt (*) · S. Mohana Lakshmi
Amity Institute of Pharmacy, Amity University Madhya Pradesh (AUMP), Gwalior, India
e-mail: sbhatt@gwa.amity.edu

K. S. R. Pai
Manipal College of Pharmaceutical Sciences (MCOPS), Manipal Academy of Higher Education
(MAHE), Manipal, India

C. R. Patil
Department of Pharmacology, Delhi Pharmaceutical Sciences and Research University, New Delhi,
India

S. N. Manjula
Department of Pharmacology, JSS College of Pharmacy, Mysuru, JSS Academy of Higher
Education & Research [JSSAHER], Mysuru, India

# The Author(s), under exclusive licence to Springer Nature Singapore Pte
Ltd. 2022
G. Gupta et al. (eds.), Microbiome in Inflammatory Lung Diseases,
https://doi.org/10.1007/978-981-16-8957-4_9

135

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8957-4_9&domain=pdf
mailto:sbhatt@gwa.amity.edu
https://doi.org/10.1007/978-981-16-8957-4_9#DOI


The role of commensal bacteria in both the respiratory and gastrointestinal tracts
can be a crucial factor in treating ATA.

Similarly, human gut microbiota (GM) exhibits a marked role in the patho-
physiology of depression. Recent studies suggest correlations between the altered
GM and major depressive disorders (MDD). Further characterization of clinical,
psychological, cellular, and molecular associations between ATA and depression
is required to evaluate and treat these patients in a better way. The present book
chapter mainly focuses on the influence of the brain–gut–microbiome axis with
the involvement of lungs in the pathophysiology and treatment of depression
comorbid with ATA.

Keywords

Asthma · Depression · Microbes · Inflammation

9.1 Introduction

ATA is one of the chronic inflammatory airway diseases that affects 300 million of
worldwide populations and is predicted to be nearly 400 million in the coming
5 years. High incidence of ATA accounts for 1 out of 250 deaths worldwide
[1]. ATA is a chronic allergic condition that exhibits the hyper-responsiveness of
bronchi towards some allergens. The immune-histopathologic features of ATA
involve infiltration of cells involved in inflammation, such as neutrophils,
eosinophils, lymphocytes, activation of mast cells, and injury of epithelial cells
[2]. The improper treatment of ATA leads to chronic inflammation and further
damage of airways, including hypertrophy of smooth muscle cells, hyperplasia of
epithelial cells, and airway connective tissue [3]. The airway obstruction leads to
increased resistance of airways, decrease in maximum flow of expiration, trapping of
air, increased pressure of airways, reduced O2 and increased CO2 levels, pulsus
paradoxus, and fatigue and failure respiration [4]. In addition, atopy, the genetic
predisposition is responsible for the progression of an immunoglobulin E antibodies
(IgEA) driven response to normal aeroallergens, is the common distinguishable
predisposing factor responsible for the development of ATA. Moreover, infections
caused due to virus also play a predominant role in ATA progression [5].

The comorbidity of depression or MDD is very high with ATA [6]. Depression is
a mental disorder characterized by a prolonged sad mood [7]. The emotional factors
of depression and stress further exacerbate ATA. Moreover, increased levels of
various inflammatory markers and amplified oxidative stress are also common in
the pathophysiology of depression and ATA [8, 9]. Depression is a very serious and
recurring neuropsychiatric disorder affecting more than 264 million people world-
wide. It is the fourth leading cause of ill health, improper quality of life and
economic burden [10]. The most accepted theory for depression progression is
monoamine theory. According to this theory, decreased levels of neurotransmitters
(NTs), such as noradrenaline (NA), dopamine (DA), and 5-hydroxytryptamine
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(serotonin, 5-HT) were observed in depression [11]. The abnormality in the negative
feedback mechanism of the hypothalamic–pituitary–adrenal (HPA) axis is also
found in MDD patients compared to normal subjects [12]. In addition, genetic
participation in depression development has also been identified. Genetic
modifications are also exhibited a significant role in the abnormally high progression
of depression [13]. (discussed in the later section).

Moreover, imbalance in the antioxidant and oxidant mechanisms also has a
predominant role in depression progression. Various research groups have indicated
that depression exhibits increased levels of different peripheral inflammatory
biomarkers compared with non-depressed individuals. Increased C-reactive protein
levels, TNF- α, Interferon-α, have been observed in depressed patients
[14]. Recently, the BGM axis with the involvement of lungs has emerged as a new
treatment modality for MDDs [15, 16]. In the coming sections of this book chapter,
we will discuss the significance of the BGM axis and lungs in the progression of
MDD comorbid with ATA, with the main emphasis on the modulations of the GM as
a mode of treating MDD [17].

9.2 Pathophysiology of ATA

The exacerbation of ATA can be divided into two phases, namely early and late. The
early phase contains sensitization, stimulation, and finally secretion of IgEA by
plasma cells. These antibodies are stimulated due to the response to certain environ-
mental factors and triggers known as an allergen [18]. Afterwards, the IgEA bind to
high-affinity cells such as mast cells and basophils [19]. The inhalation of pollutants
or specific allergens leads to the release of cytokines and mast cells degranulation.
The release of histamine, prostaglandins, and leukotrienes from the mast cells results
in the contraction of smooth muscle cells and causes airway tightening. The T-helper
lymphocytes (Th2) plays a vital role in the release of interleukins (IL-4, IL-5, IL-13)
and granulocyte-macrophage- colony-stimulating factor (GM-CSF), which take part
in signalling and networking with adjacent cells and withstand inflammation
[20]. IL-3 and IL-5 assist survival of eosinophils and basophils. Moreover, IL-13
contributes to remodelling, scarring of tissues, and hyperplasia. The hyper-
responsiveness of the airways and inflammation are crucial factors for the progres-
sion of the disease [21].

Moreover, in the late phase of ATA, the remodelling transition of the epithelial
cells to mesenchymal cells increases the smooth muscle contents [22]. Furthermore,
eosinophils can also amplify remodelling of the airway due to their release of
transforming growth factor (TGF-β) and cytokines by communications of mast
cells. The ATA condition may worsen over time if the mechanism of airway
remodelling and inflammation is not corrected properly [23]. The role of inflamma-
tory mediators in the progression of ATA has been shown in Fig. 9.1.
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9.2.1 Pathophysiology of Depression

Depression is the condition of prolonging a sad mood. The DSM-IV has described
nine symptoms for the assessment of MDD [7]. If 5 out of the 9 symptoms are
present for more than 2 weeks, the patient is said to be affected by depression;
however, further confirmation is warranted. The decreased level of NTs, namely
5-HT, NE, and DA, is observed in depression, as discussed earlier. The NTs NE is
mainly involved in the fight, flight and fear response. DA is involved in the pleasure
activity, and serotonin is involved in the obsessions and compulsions and the
regulation of sexual behaviour [24, 25]. In addition to NTs, increased oxidative
stress and inflammation, HPA axis dysregulation, increased cortisol levels are
observed in depression. Various studies indicated that MDD demonstrates increased
levels of various peripheral inflammatory biomarkers when compared with
non-depressed individuals. Increased C-reactive protein levels, TNF- α, Interferon-
α, have been observed in depressed patients [26].

9.2.2 Association of Monoamines and Other Neurotransmitters
with Depression

The three major NTs involved in depression are NE, 5-HT, and DA. As discussed
earlier, the levels of all these NTS are reduced in MDD [25]. Most of the serotoner-
gic, noradrenergic, and dopaminergic neurons are positioned in the nuclei of the
midbrain and brainstem as well as projected to the large areas of the complete brain
[25, 27]. This suggests the importance of the monoaminergic system in various
physiological functions, namely mood, attention, processing of reward, sleep, appe-
tite, and cognition [28]. The compounds that inhibit the uptake of monoamines and
increase their synapses levels act as an antidepressant. In addition, inhibition of
enzyme monoamine oxidase also leads to the antidepressant effect. The above
statements further potentiate the monoamine hypothesis. In addition,
γ-aminobutyric acid (GABA) and glutamate also have an essential role in the
pathogenesis of MDD. Moreover, recent studies also relate depression with

Inflamma on and inflammatory 

Airway obstruc on and hyper-
responsiveness
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modifications in the physiology of the brain, neuronal plasticity, and reduction in the
volume of the frontal cortex and hippocampus region [29].

9.2.3 Genetic Influence on the Progression of Depression

The genetic studies with family, twins, and adoption have provided very important
evidence about the influence of genetic makeup on the progression of depression.
Depression is a familial disorder. The genetic factors influence around 30–40% of
cases of depression, while the remaining 60–70% cases have found the presence of
non-genetic factors. However, genome-wide association studies have exhibited that
various genes with minor effects are linked with complicated diseases, increasing the
difficulty in identifying such types of genes. Genes like SLC6A4 (previously known
as SERT), DRDR4, SLC6A4 or 5-HTT and TPH2 influence the pathological
progression of depression [13]. Now clinicians also understood that family history
would be considered the most concrete data source to study the genetic risk of
depression.

9.2.4 Stress Hormone in the Progression of Depression

The level of the stress hormone cortisol is found consistently more in the blood of a
depressed person. The release of cortisol is taken place under the influence of
corticotropin-releasing hormone (CRH). The CRH released from the hypothalamus
leads to the release of adrenocorticotropic hormone (ACTH) from the anterior-
pituitary gland (APG). This ACTH hormone travels via blood and acts on the cortex
part of the adrenal gland and causes the release of the glucocorticoid, i.e., cortisol.
The involvement of the hypothalamus-pituitary and adrenal gland makes an axis
known as the HPA-axis [30]. When this cortisol level is more in the blood, it sends
the signal to the hypothalamus and APG to reduce its hormone/factor release. This is
called hormonal or negative feedback mechanism (NFM). The NFM works properly
in a normal individual, and on the other hand, it disrupts in the patient of MDD and
this results in high levels of cortisol in the blood. The level of CRH in cerebrospinal
fluid (CSF) is increased in some MDD patients. The disruption of HPA axis
signalling is considered as one of the major causes of depression or MDD as cortisol
is involved in chronic stress [31].

9.2.5 Inflammatory Mediators in the Progression of Depression

The ‘sickness behaviour’ occurs as the result of the upregulation of the different
inflammatory responses. These have many common symptoms like depression,
namely fatigue, loss of pleasure, delay in psychomotor activity, and cognitive
impairment. The proinflammatory cytokines are involved in depression are IL-1α,
tumour necrosis factor-α (TNFα), and IL-6, which influence the HPA axis and
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impair the central serotonin system [32]. The blocking of these anti-inflammatory
signalling in animal models resulted in an antidepressant-like effect [33]. Human
trial data suggest that cytokines may have a crucial role in the pathophysiology of a
subgroup of MDD subjects, specifically those with different comorbid physical
conditions [34]. Moreover, animal studies using rodents have shown that adminis-
tration of celecoxib was linked with a reduction in the PGE2 levels and a reversal of
stress-induced MDD behaviours [35]. In addition, the COX-2 inhibitors are involved
in reduction of activity of indoleamine 2, 3-dioxygenase (IDO) and subsequently
responsible for decrease in glutamine-mediated excitotoxicity [36].

9.2.6 Oxidative Stress (OS) in Depression

The reactive oxygen species (ROS) have a crucial role in normal brain physiology as
well as in the pathological progression of MDD. Amplified OS is demonstrated as an
inequity between production of ROS and the antioxidant ability of the cell [14]. Oxi-
dative phosphorylation is the main source of ATP that occurs in cell mitochondria.
During this process, ROS, reactive nitrogen species (RNS), and carbon- and sulphur-
centred radicals have been formed as a by-product [37]. The brain has high meta-
bolic demand hence more susceptible to OS. The difference between oxidative and
antioxidative mechanisms leads to pathogenic brain physiology and deformities in
the signalling of nerve cells. Increased peroxidation of lipids has an important role in
the progression of MDD. The antioxidant enzymes, namely catalase (CAT) and
superoxide dismutase (SOD), along with reduced glutathione (GSH), signify the
involvement of OS in MDD. GSH is the most predominant non-enzymatic endoge-
nous antioxidant [14, 38] (Fig. 9.2).
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9.2.7 Comorbid Relation of ATA with Depression

The functional relation between asthma and MDD has been known for a long time.
Depression is commonly present in patients with asthma and vice versa. The
association of MDD and asthma is well studied and reported [39]. However, it is
still unclear whether asthma precedes or presents concurrently with MDD. The
increased prevalence of these comorbid disorders further enhances the scientific
community’s interest in studying the association of their comorbid mechanisms.
More are, female sex and low socio-demographic status increase the comorbidity of
these disorders to a great extent. Patients with asthma have approximately double the
chances to affect by depression as compared to non-asthmatics [6].

The affected individuals have shown poor patient compliance. They cannot
adhere to specific treatments and avoid the allergen, impair functioning, and increase
utilization of health care, resulting in poor control of ATA. According to Jiang et al.,
2014 the inflammatory pathway is common between ATA and depression [39]. How-
ever, according to Valença et al., 2006 high morbidity rate of MDD and anxiety in
asthmatic patients is not depend on the severity of ATA [40]. Severe asthma leads to
a decrease in oxygen level or saturation and fatigue, which are symptoms of
depression [41]. In addition, some studies also have suggested the association
between ATA and affective traits, including depression and neuroticism [42]. This
suggests the significant involvement of shared cellular pathways underlying both
ATA and depression. As inflammation is a crucial player in both ATA and depres-
sion, the involvement of proinflammatory pathways controlled by genes may be
plausible. Several human trials have been conducted in patients with ATA who
reported high rates of depression and anxiety symptoms compared to normal healthy
subjects. Moreover, some studies also reveal that ATA is linked with increased
suicidal ideation due to comorbidity [43, 44].

9.2.8 The Human Lung Environment: Sterile or Not?

The lungs were thought to be sterile for a long time, but various researchers have
demonstrated that it harbours its microbiota [45]. The first application of next-
generation sequencing (NGS) on samples of lower airway compared the microbiome
levels in healthy and ATAadults with ATA and children. According to this research,
bacteria from the phylum Bacteroidetes and species Prevotella were evident more in
healthy person as compared to volunteers of ATA. These bacteria are coming under
the gram-negative category and cannot be cultivated easily. Further, some research
studies exhibited that additionally phyla Firmicutes, Proteobacteria, and
Actinobacteria are more common in the lungs of healthy volunteers [46].

The upper portion of the RT is covered by cylindrical respiratory epithelium and
mucus membrane [47]. The constant turbulence of mucus fluid and airflow
determines the bacterial load in the upper and lower RT film [47]. The mucociliary
clearance and host immune mechanism assist in the elimination of microorganisms.
Overall the shifts from the upper to the lower RT, the gradient pressure and change
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of temperature favour the growth of bacteria. Some bacteria adapt to stay in the
anaerobic zone in the lower RT [45, 47]. The alveoli or air vacuoles of lungs consist
of pneumocytes (type 1), a thin layer of squamous epithelial cell, and type II
pneumocytes producing a lung surfactant [48]. Surfactants are composed of
phospholipids (90%) and proteins, i.e., surfactant proteins A to D, with a marked
innate role in the clearance virus and bacteria. The concept of connection of gut-lung
is influenced by the opinion that different lung disorders can be exaggerated or
influenced by the gut’s microenvironment [49]. Change in the microenvironment of
the gut leads to modification in the other disease. The microbiome is a critical factor
responsible for linking gut and lung in ATA [50]. The GM in the patient with
bacterial pneumonia, cystic fibrosis, and influenza varied with respect to healthy
control subjects [51]. Several studies demonstrated that initial life is the vital period
in which the GM’s dysbiosis may be the prime cause of numerous respiratory
diseases, as GM has a predominant impact on the maturation of immune cells and
resistance to pathogens [52].

9.2.9 Gut and Lung Microbes in ATA

Dysbiosis or imbalance of the GLM axis has been highly linked with the develop-
ment of allergic diseases such as ATA. External factors have a high impact on the
composition of lung microbiota [46, 53]. Its growth is positively correlated with the
farming environment and negatively associated with allergens and air pollutants.
The use of antibiotics, antiulcer medications, and other drugs harshly dysregulates
the lung and GM [46]. The overall result is hypersensitivity and hyperactivity to
respiratory and food allergens. Reconstitution of microbiota with probiotics,
prebiotics, or any other approach will be helpful for maintaining the proper immune
response and prevention of ATA. The dysbiosis of the gut and lung seems to be
critical and worsens ATA’s criticalness [54]. The commensal microorganisms are
important for the induction of a proper, tolerogenic immune system development.
Further studies are needed to improve the understanding of the role of microbes in
immune response and its role on principal risk factors for ATA, including tobacco
smoke and genetic features of the host [55, 56].

9.2.10 Influence of Immune Mechanism by the Microbiome

The bacteria or other microbes can influence the individual’s immune response. Both
components of bacteria’s cell wall and their metabolites have been associated with
mucosal immunoregulatory effects [57]. Commensal bacteria like Bifidobacterium,
Lactobacillus, and Clostridium strains are linked with an increase in the proportion
of T regulatory cells (Tregs) in mice [58]. Clostridia sp. is also responsible for
reducing the intestinal permeability towards dietary proteins [59]. Moreover,
Bifidobacteria and Lactobacilli can amplify the metabolic processes in dendritic
cells, such as biotransformation of vitamin A and tryptophan metabolism and heme
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oxygenase-1, which has an influence on Tregs [60]. The consumption of
Bifidobacterium longum by healthy subjects enhanced the levels of Foxp3+ Tregs
in peripheral blood. At the same time, insertion or administration of bacterial strain
in chronic fatigue, psoriasis, and ulcerative colitis patients leads to reduced levels of
inflammatory markers in serum like CRP. Increased numbers of Tregs mediate the
mechanism that may be involved [61, 62].

9.2.11 Communication Between Gut and Lung

The mechanism or link of communication between gut and lung is still not known.
Still, it is well demonstrated that the signals from the endothelium are absorbed by
the epithelial other structural, and immune cells to produce a cytokine controlled
local microenvironment, which causes the alterations in immune responses at remote
sites. The naïve cells on the starting phase are triggered in the gut and then move via
lymph and blood vessels to the RT, i.e., lungs. In the lungs, these cells have effector
functions. The immune reaction that is produced locally in gut-associated lymphoid
tissue (GALT) and Inducible bronchus-associated lymphoid tissue (iBALT) can
alter the systemic immune responses; at the same time, mucosal immune system
can also act separately at the systemic site [63, 64]. The flow of communication
between the gut and the lung axis happens in a bidirectional way. For example, when
a mouse treated with lipopolysaccharide (LPS) leads to a significant rise in the
bacterial gut count, and it is also observed that pneumonia stimulates intestinal
damage and reduces the proliferation of gut epithelium [65, 66].

9.2.12 Involvement of Gut and Lung Microbiome (GLM) Axis in ATA

Pathophysiology of ATA involves both innate and adaptive components [67]. The
prolonged exposure of the respiratory system to agents present in the air in patients
with a genetic predisposition offers repetitive opportunities for immune response
development [68]. The epithelial mucosa and the dendritic cells are in constant
contact with the airway lumen, and immune cells’ antimicrobial peptides play an
important role in response to environmental agents [52]. The human gut is abun-
dantly colonized with bacteria, and these bacteria also correlate with ATA [69]. For
instance, Lachnospira, Veillonella, Faecalibacterium, and Rothia genera are mark-
edly decreased in significant quantity in faecal samples of 3-month-old Canadian
children with high susceptibility to ATA. The reduction of the levels of these
bacteria leads to a reduction in the acetate of faecal matter and impaired regulation
of enterohepatic metabolites [70]. In addition, analysis of bacterial community
function shows depletion in the synthesis of LPS in the microbiota of children
susceptible to ATA [70].

Moreover, reports suggested that decreased airway inflammation has been
observed when the faecal slurry from an asthmatic infant is transplanted into
germ-free mice with species of lachnospira, villanelle, faecal bacterium, and Rothia
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in ovalbumin-induced airway inflammation model [71]. Metabolites of bacteria
partially mediate the effect of GM in ATA. These bacteria influence the immune
response in the distal part of the body. The most common metabolite in this regard is
short-chain fatty acids (SCFAs). These short-chain fatty acids (SCFAs) have a
protective effect on human airway inflammation [72]. Children with a significant
quantity of SCFAs at 1 year have low atopic sensitization predominantly and are less
likely to get ATA at 3–6 years. Moreover, supplementation with soluble fibre has
been reported to decrease sputum eosinophilia and the expression of sputum histone
deacetylase 9 in ATA patients. It is also observed that SCFAs also decrease the
inflammation in airway inflammation preclinical models induced by OVA and house
dust mite (HDM [73, 74]. However, some bacteria in the human gut are responsible
for producing biogenic amines like histamine, which are well known to produce pro-
and anti-inflammatory effects. The number of bacteria that leads to histamine
secretion is more in the case of faecal samples of asthmatic patients than
non-asthmatics [75].

In the lungs, Proteobacteria is more abundant than non-asthmatic volunteers, as
seen across various clinical trials. The use of corticosteroids reduces the levels of
certain bacteria [69, 70]. These bacteria can be used as a marker for diagnostic
purposes. On the other hand, Klebsiella, one of the genera of bacteria belonging to
Proteobacteria phylum is abundantly present, specifically in patients with severe
ATA. In contrast, the phylum Actinobacteria is linked with enhanced or no change in
ATA control [69, 76]. Moreover, Akkermansia muciniphila was reported to be very
less in the faecal matter of both obese and non-obese ATA patients with severe
disease. Streptococcus is one more genus seen in the lungs of patients with severe
ATA. It may have a causal relationship as demonstrated in acute and chronic airway
inflammation induced murine models [70]. It is not clear of the mechanism by which
the bacteria or other microbes are involved in the pathophysiological modifications
of ATA. While most of the microbes have good effects on ATA, some of them
worsen the symptoms of the disease. More studies are required to find out the exact
mechanism by which the gut and lungs microbes are involved in ATA.

9.2.13 GM in the Development of the Brain

The GM plays a unique role in the development of the brain. The gut microbes have
a predominant effect on the normal functions of the host and early life programming
of the circuits of the brain with an impact on the regulation of the responses to stress,
memory functions, anxiety-like behaviour, and neuromuscular activity [77]. The
various preclinical reports tried to establish the logical relation between the devel-
opment of the neonatal brain and GM. During birth and infancy, trillions of
microorganisms present in the gut are liable for the development of the immune
system, proper physiology of the epithelial barrier, and homeostasis of the gut. In
addition, the GM has a significant role in the development of the HPA axis. The
elevation of stress hormone is seen in germ-free mice, which indicated the role of
microbes in the development of the HPA axis [78, 79].
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In addition, the evidence suggests the importance of GM in the development of
the blood–brain barrier (BBB). The permeability of BBB is more in germ-free
(GF) mice as compared to specific pathogen-free (SPF) mice with normal gut flora
from early faetal brain development to adulthood. In addition, GF mice with a lack of
microbial flora demonstrate defects in learning, recognition, and memory [80].

9.2.14 Brain–Gut–Microbiome (BGM) Axis in Depression

The BGM axis is important in the pathophysiological modifications of depression.
Now according to some classifications, the human gut is also considered as a
separate nervous system, well known as the ‘enteric nervous system’ [81]. The gut
of humans contains high levels of various microorganisms, namely archaea, fungi,
viruses, protozoa, and bacteria. The effect of microbiota on the physiology of
the brain is predominant, and the diet with proper nutritious value has an effect on
the growth of the microbes [82]. The use of antibiotics has a detrimental impact on
the GM number and may lead to the progression of various CNS disorders, including
depression. In addition, stress also predominantly modifies the number of microbes
in the gut [83].

The patients affected with MDD have dysfunctions of the gut–brain axis. The
various factors such as the immune system, HPA axis and stress hormone, oxidative
stress, abnormal neurotransmitter levels are responsible for the progression of
depression, as discussed above [14, 84]. In addition, the role of microbes in the
progression of depression is getting important. The long term stress has a significant
reduction in the GM community. The above statement further validates the evidence
that high correlation and comorbidity are found between patients of irritable bowel
syndrome (IBS) and depression and anxiety [85]. More than 50% of IBS patients
have comorbid depression or anxiety. In an experiment conducted by Liu et al.,
transplantation of faecal microbiota of MDD patients to the rat leads to depression-
like symptoms in the animal [86]. The rats that received faecal matter from patients
exhibited depressive symptoms, like diminished pleasure activity, the elevation of
symptoms of anxiety, and abnormal tryptophan metabolism, similar to those of their
microbiota donors. Animal studies also exhibited the differences in the microbiota of
depressive and control animals [87]. A number of depression models have shown the
events, including the olfactory bulbectomy [88], maternal separation, [89] social
disruption [90], chronic unpredictable stress [91], and chronic restraint stress
model [92].

The evidence suggested that some bacteria are involved in the secretion of
biologically active compounds in nature. The biologically active compounds can
affect the various functional activities of the body, such as sleep, appetite, mood, and
cognition. These bioactive compounds can communicate between the gut and brain.
Moreover, these compounds can cross the BBB [93]. For example, Lactobacillus
can secrete acetylcholine; E.coli, Streptococcus, Enterococcus, Candida can secrete
serotonin; Bacilli and Serratia can secrete DA. Several bacteria have also been
shown to produce DA and NE [94].
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Moreover, In vitro, E. coli, Proteus Vulgaris, Serratia marcescens, Bacillus
subtilis, and Bacillus mycoides were found to release relatively more levels
(0.45–2.13 mM) of NE in their biomass [95]. Notably, while various strains of
bacteria are revealed to produce 5-HT, the capabilities of producing 5-HT have not
been found in the GM. However, further studies are required to prove the functional
effectiveness of these neurotransmitters/bioactive compounds. The levels of brain-
derived neurotrophic factor (BDNF) in the hippocampus are also influenced by
GM. The administration of prebiotics is also leading to enhance the BDNF
levels [96].

9.2.15 Role of the Microbiota in Depression Comorbid with ATA

GM has emerged as an important pathophysiological marker that has a role in ATA
and depression. The main approaches used to the restoration of microbes are the use
of probiotics, prebiotics, and proper diet. The live microorganisms such as bacteria
and yeasts generally ingested in adequate amounts to maintain the normal gut
physiology are known as probiotics. Probiotics are frequently used in various
intestinal disorders such as Crohn’s and inflammatory bowel disease (IBD)
[97]. There are various preclinical evidence available that have shown the impor-
tance of probiotics and their potential to change behaviour, improve the mood,
anxiety and cognition of rodents by regulating the levels of neurotransmitters
[98]. The use of probiotics modifies the levels of various inflammatory markers
like cytokines IL-1β and interleukin-6 (IL-6), as well as TNFα and microglial
activation markers [99]. The above mechanism may be a helpful approach for the
treatment of ATA and depression. In addition, some studies suggest that consump-
tion of probiotics is associated with a reduction in the metabolism of serotonin and
leads to modification of hyperactivity of the HPA axis [83]. Preclinical studies
demonstrated that probiotics could effectively suppress IgEA production and in
turn inhibits the accumulation of eosinophils.

Prebiotics are the food substances that induce the growth or activity of beneficial
microbiota, such as bacteria and fungi. Prebiotics and regulating GM also improve
behaviour and cognition and act as psychobiotics [100]. The probiotics exert their
effects through the functional augmentation of the BGM axis. Use of prebiotics helps
to the reduction in physical activity-induced ATA. Probiotics and prebiotics can
improve the host immune system through the gut ecosystem and may be helpful/
useful/valuable in treating allergic diseases like ATA. Probiotics and prebiotics also
showed/exhibited/demonstrated the preventive effect of allergic diseases
[101]. According to a study, prebiotics and synbiotics (mixture of probiotics and
prebiotics) reduce airway inflammation in murine ATA models, whereas recurrent
wheeze in infants is not improved [102]. Since the BGM and GLM axis is involved
in the modification of immune system. The use of probiotics, prebiotics, and
synbiotics has also shown beneficial effects in ATA and depression. The treatment
approach has the potential to treat the comorbidity of depression with ATA.
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However, further trials are needed to establish the efficacy of prebiotics and
synbiotics on ATA outcomes in adults.

9.3 Conclusion

ATA and depression are highly comorbid with each other. ATA and depression both
have common components of inflammation, immune system, and stress. The levels
of inflammatory markers are more in depression comorbid with ATA. Certain
microbes are involved in the synthesis of neurotransmitters. Neurotransmitters like
NE have a bronchodilator effect and are helpful to cope up with depression.
However, these neurotransmitters’ functional effectiveness is still unclear, and
further, some preclinical and clinical studies are warranted to validate the efficacy
of these neurotransmitters. Intranasal exposure to certain bacteria also reduces
allergic inflammation. In addition, fermentation of dietary fibre by the mouse
intestinal microbiota protects against inflammatory diseases, including ATA. The
positive overall effects have been seen through modification of the BGM and GLM
axis by using probiotics, prebiotics, synbiotics, and proper diet.
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Abstract

Higher incidence of prevalence and mortality is recorded with lung cancer among
all the cancers worldwide. Human microbiomes are considered as one of the
major hallmarks of cancer. Microbial dysbiosis is a multifactorial event that leads
to tumor initiation, progression, and development of cancer. Metagenomics is
used to analyze the genomes of microbial community in the sample and able to
explore the identity of microbes including anaerobic bacteria also. In cancer
research, this approach also creates a revolution to unravel the impact of
microbiome in cancer. In case of carcinogenesis, lung microbiota plays a major
role by regulating the specific oncogenic pathways and bacterial metabolites were
reported to modulate various host metabolic pathways. Healthy microbiome
diversity in lung can be disrupted through several environmental factors and
induce the chances of cancer. These alterations are caused due to several bio-
chemical alterations associated with reactive oxygen species, nitric oxide,
interferons, and interleukins which induce genomic instability. Gut microbiota
and their association with lung play an essential role for the cure in case of lung
cancer. Lactobacillus, Bifidobacterium, and Bacteroides are well known
probiotics residing in gut and in case of cancer progression that was observed
to decrease in number. But, when these probiotics were used along with conven-
tional chemotherapy, it exhibited a remarkable result in lung cancer by decreasing
the frequency of gastrointestinal microflora that was responsible for cancer
progression.
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10.1 Introduction

In comparison to other complex diseases, cancer is the second most prevalent
disorder related death worldwide and its susceptibility and progression are primarily
influenced by gene environmental interaction. Worldwide higher prevalence and
mortality (11.6% of all cancers) were recorded in lung cancer among all the cancer
types. Similar to other cancers, heterogeneity based on pathological and clinical
features is observed in lung cancer. Globally, human health is greatly affected by
lung cancer. As majority of the cases are detected at very advanced stage, therefore
higher mortality rate is associated with this disorder. The lung is an organ of the body
which is continuously exposed to the environmental factors. These environmental
risk factors including microbes regulate host immune responses. Microbiota might
be considered as crucial environmental factors that we are continuously exposed to
and they can influence carcinogenesis. Recent studies identified the impact of
specific microbiota association in our system as key determinants of major health
diseases, including cancer [1]. Recent studies established that lung has distinct
microbiome and that may influence the development of lung cancer [2, 3]. These
studies also suggested that global change of microbiome diversity contributes to
such disease pathogenesis. Surprisingly, total metagenomic content in our system is
about 100 fold to our genome and plays a key role in metabolism and
inflammation [4].

The microbiome is considered as the ecological community of microorganisms
that colonizes in our system and forms a micro-ecological system [5]. Diverse
variety of microorganisms including fungi, bacteria, and viruses develop their
symbiotic or pathogenic relationship with the host during long term evolution
[6]. A stable beneficial microbial association within human body is termed as
“eubiosis.” In addition to that, prepotency of pathogenic bacteria is entitled as
“dysbiosis.” These pathogenic relationships are assumed to influence carcinogene-
sis. Pathogenic microbial organisms are known as the primary causal factors of many
infectious diseases and they altered metabolites, dysregulate hormonal balance,
modulate immune functions, DNA damage, and mutagenesis [7].

Currently, human microbiomes are considered as one of the major hallmarks of
cancer. Several epidemiological studies are indicated that many association with
several microorganisms can influence the process of carcinogenesis. Several studies
identified the association of various bacteria and with chronic disorders including
cancer [3]. It was also reported that infectious agents contribute 20% cancer burden
globally. Chronic infections of many pathogens, particularly viruses and bacteria
promote the development of cancer. From previous studies, it is clear that microbial
dysbiosis is a multifactorial event that leads to tumor initiation, progression, and
development of cancer [8]. Several oncogenic viruses that may potentially contribute
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their role in the development of carcinogenesis, such as human papilloma viruses
(HPV 16 and 18), hepatitis B virus (HBV), hepatitis C virus (HCV), human herpes
viruses (HHV 4 and 8), and human T-lymphotropic virus-I (HTLV-I). Among
bacteria, Salmonella typhi, Helicobacter pylori, Mycobacterium tuberculosis pri-
marily associated with gastric cancer, colon cancer, and lung cancer. The protozoal
parasites also play a role in carcinogenesis such as Schistosoma haematobium and
Opisthorchis viverrini which are associated with urinary bladder and gallbladder
cancer [3].

In this communication we present the putative role of the microbiome in lung
cancer progression. Finally, we describe the potential usage of therapy based on
microbiota and its applications.

10.2 Association of Microbiota with Lung Cancer

10.2.1 Determination of Microbial Diversity in Lung Cancer

The term metagenome refers to the genetic content of any group of microorganisms.
Previously we have already mentioned that 20% of cancer cases are associated with
microbes but due to vast majority of microorganisms and limitation of culture-based
method most of them were not identified. Metagenomics can solve this problem and
opened up a horizon for identification of many novel microorganisms.
Metagenomics is used to analyze the genomes of microbial community in the sample
and able to explore the identity of microbes including anaerobic bacteria also. In
cancer research, this approach also creates a revolution to identify the influence of
diverse microorganisms on carcinogenesis. Metagenomics solved the dilemma to
identify the microbial diversity in various types of cancer including lung cancer
[9, 10].

Some studies based on 16S rRNA sequencing have identified a set of genera with
maximum or minimum abundances in lung cancer tissue as well as normal lung
tissue[11–15]. Previous studies reported that phylum Proteobacteria and Firmicutes
and another three most frequent bacterial species such as Achromobacter
xylosoxidans, Schizothorax sinensis, and Staphylococcus sciuri were detected in
lung cancer patient based on metagenomic assessment of bronchoalveolar lavage
fluid (BALF) sample [16]. Another study revealed the presence of Streptococcus in
cancerous tissue of lung [14, 15]. Other studies identified total of diverse phyla and
genera by metagenomics based approach. Most predominant phyla were
Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes and among genera
Haemophilus (Proteobacteria); Corynebacterium, and Actinomyces
(Actinobacteria); Streptococcus and Veillonella, (Firmicutes) and Prevotella
(Bacteroidetes) were the most prevailing type based on pool sequencing approach
(16S rRNA V3-V6) using BALF sample [17]. Another study based on 16SrRNA
based metagenomic sequencing revealed that Streptococcus was mostly found in
lung cancer patient and two bacteria such as Corynebacterium tuberculostearicum
and Keratinibaculum paraultunense were limited in lung cancer group patients.
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Corynebacterium tuberculostearicum has was previously detected in small cell lung
cancer (SCLC) [14–16, 18]. Another interesting study found that consumption of
alcohol for prolonged period alters the microbial diversity in lung. Samples (BALF)
taken from invasive adenocarcinoma, non-small cell lung cancer (NSCLC), and
invasive malignant patient showed only three similar species common to all after
metagenomics analysis such as Staphylococcus sciuri, Luteimonas terrae, and
Achromobacter xylosoxidans. Results showed that the invasive adenocarcinoma
sample revealed maximum diversity including 67 bacterial species. In case of
NSCLC, Nocardia pneumoniae, Actinomyces israelii, Fusobacterium
periodonticum, Legionella hackeliae, and Treponema socranskii were observed
solely. Some of species were found in both advanced stage of adenocarcinoma and
NSCLC patients’ sample but not present in cancer patient such as Nesterenkonia
lacusekhoensis, Corynebacterium jeikeium, Brevundimonas albigilva,
Propionibacterium acnes, and Comamonas denitrificans [16] (Fig. 10.1).

Using metagenomics of sputum sample, seven types of pathogens including
Granulicatella adiacens were detected in lung cancer patients. It was observed
that G. adiacens had significant co-relationship with other six bacterial sp. such as
Enterococcus sp. 130, Streptococcus intermedius, Escherichia coli, Streptococcus
viridans, Acinetobacter junii, and Streptococcus sp. 6 only in case of lung cancer
positive patient. Some interesting studies also reported that specially genus
Granulicatella was observed in non-smoker lung cancer patients, which reflect an
ideal lung cancer scenario without any exposure to tobacco [19–21]. It was also
identified by another study that bacteria within cancerous cells can inhibit the
efficacy of chemotherapeutic drug [22]. Other study reported that the application
of metagenomic based next generation sequencing (mNGS) identified the pulmonary
invasive fungal infections, fastidious, and anaerobic pathogen which were previ-
ously not found by culture method in laboratory. Some novel microorganisms such
as Rhizopus and Mucor were exclusively identified by metagenomic analysis which
were usually not detected by culture-based methods [23]. Parallelly, the presence of
Capnocytophaga and Veillonella like oral microorganisms in the saliva of lung
cancer patients also pointed the use of biomarkers for detection of early stages of
lung cancer [20, 24]. Previous study demonstrated that squamous cell lung carci-
noma often correlated with Acidovorax and Acidovorax genus was especially

Fig. 10.1 Common three microbiota identified in three different stages of lung cancer [16]
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abundant in patient with TP53 mutation [11, 20]. Table 10.1 represented the
diversity of microbiotas detected in different stages of lung cancer by metagenomics.

10.2.2 Role of Microbiota in Lung Cancer Progression

It was already reported that among wide diversity of airway microbiota,
metagenomic analysis identified Firmicutes, Proteobacteria, Bacteroidetes, and
Actinobacteria as a major phylum of lung cancer microbiota and genera included
Veillonella, Prevotella, Neisseria, Streptococcus, Haemophilus, Sphingomonas,
Fusobacterium, Pseudomonas, Megasphaera, Acinetobacter, Staphylococcus, and
Corynebacterium. Several epidemiological data identified some mutual association
of bacteria with lung carcinoma. Pulmonary infections are reported to be associated
with majority of lung cancer cases and post-obstructive pneumonia was frequently
reported which negatively impacted upon the survival of lung cancer individuals

Table 10.1 Microbial diversity in different stages of lung cancer

Sp. name
Invasive
adenocarcinoma NSCLC SCLC

Malignant
case

Staphylococcus sciuri + + � +

Achromobacter xylosoxidans + + � +

Luteimonas terrae + + � +

Nocardia pneumoniae � + � �
Actinomyces israelii � + � �
Fusobacterium periodonticum � + � �
Legionella hackeliae � + � �
Treponema socranskii � + � �
Corynebacterium jeikeium + + � �
Nesterenkonia lacusekhoensis + + � �
Propionibacterium acnes + + � �
Brevundimonas albigilva + + � �
Comamonas denitrificans + + � �
Streptococcus intermedius � � � +

Enterococcus sp. 130 � � � +

Acinetobacter junii � � � +

Escherichia coli � � � +

Streptococcus viridans � � � +

Streptococcus sp. 6 � � � +

Granulicatella adiacens � � � +

Corynebacterium
tuberculostearicum

� � + �

Veillonella sp. + � + �
Capnocytophaga sp. + � + �
Acidovorax sp. � � + �
References: [14–16, 18–21]
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[20, 25]. In case of carcinogenesis, lung microbiota plays a major role by regulating
the specific oncogenic pathways and bacterial metabolites can modulate various
metabolic pathways. Elevation of PI3K and ERK1/2 signaling pathways was
observed when the human adenocarcinoma cell line was treated with bacterial
products of lung cancer patients. Veillonella parvula was mostly abundant microor-
ganism which was found to upregulate PI3K [20, 26]. Upregulation of PI3K
pathway was considered as the key step in the lung carcinogenesis, which suggests
the influence of microbiota on lung carcinogenesis [20, 27]. To promote the tumor
growth, microbiota influence lung microenvironment and induce lung inflammation.
Thus, lung microbiota contribute to tumor progression by modulation of tumor cells
or by altering immune response.

10.3 Risk Factors of Microbiome Diversity in Lung Cancer

Healthy microbiome diversity in lung can be disrupted through several mechanisms
and induce the chances of cancer. These alterations are caused due to several
biochemical alterations associated with reactive oxygen species, interleukins, and
interferons and induce genomic instability [28]. There are several associated factors
for disrupting the microbiome balance which are discussed below:

10.3.1 Upregulation of ERK & PI3K Signaling Pathways

Extracellular signal regulated kinases (ERK) and Phosphoinositide 3- kinase (PI3K)
signaling pathways were frequently upregulated in lung cancer by enhancing the
number of oral bacteria like Streptococcus and Veillonella in the lower respiratory
tract of lung [26, 29]. So, the upregulation of both pathways indicates that
transcriptome signature is associated with lung cancer etiology and promotes the
enrichment of oral bacteria (Veillonella, Streptococcus, Prevotella) in the lower
respiratory tract. Not only in lower airway, Streptococcus was also found in airway
brushings in case of lung cancer patients [14, 15]. Additionally, Haemophilus
influenza was also responsible to promote lung carcinogenesis with the help of
cigarette smoking. This smoking phenomenon drives the metastatic growth
influenced by neutrophil infiltration and IL-17C resulted in tumor formation
[30, 31].

10.3.2 Altered Expression of CD36

CD 36 is a key factor for inflammation which interacts with pathogen borne ligands
or toxins [32]. In case of lung microbiome scenario, CD36 influences the
initialization of generation of Cyanobacteria generated microcystin residues in
lung alveoli and thereby upregulate PARP1 [33]. Studies also demonstrated that
there is a connection between lung microbiota and lung carcinogenesis that is closely
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associated with modulation of CD36 which can affect the poly(ADP-ribose) poly-
merase 1 (PARP1) signaling pathway and these changes increased the number of
Bacteroidetes and Probacteria, mainly Cyanobacteria by 53% [34, 35].

10.3.3 TP53 Mutation with Tobacco Smoking

Tobacco smoking induced TP53 mutations which help to invade some oncogenic
bacteria in lung epithelial cell and these bacterial species take advantages to act as
promoters for lung tumorigenesis and disrupted the healthy lung microbiota [11].

10.3.4 COPD and Microbial Dysbiosis

Microbial dysbiosis is referred to a state of microbial imbalance and elevates a
pathway of colonization and chronic inflammation which have a direct effect on
leaking of serum proteins and loss of epithelial integrity that leads to lung carcino-
genesis [5]. These phenomena are observed mostly in chronic obstructive pulmonary
disease (COPD), Studies also suggested that the imbalance in microbiota contributes
to damage of lung parenchymal cells, degradation of alveolar attachment, and
chronic inflammation by several bacterial products and formyl peptides which
migrate from alveoli with the help of strong chemo alterations [3, 5].

10.3.5 Cytokines and NF-kb1 Pathway

H. pylori is reported in chronic bronchitis and lung cancer. Proinflammatory
cytokines like IL-6 along with tumors necrosis factors are associated with develop-
ment of lung cancer scenario [36]. Some in vitro studies suggested that IL-6 was
involved in activating NF-κβ1 pathway which directly involved in tumorigenesis by
stimulating cellular proliferation, migration, invasion, and cancer progression.
Induction of IL-8 in lung epithelial cells increases the mucus secretion and affected
the epithelial layer integrity with the association of elastase, cathepsin G, and
proteinase 3 [37]. Therefore, the loss of integrity in lung epithelial cells associated
with some cytokines which is responsible for lung tumorigenesis in some affected
patients.

10.3.6 Mycobacterium Tuberculosis

Prolonged tuberculosis infection can induce TNF-α which is an important mediator
of chronic inflammation and carcinogenesis [38]. Usually, the lung immune system
defends itself against pathogen invasion by increasing the alveolar surfactant,
blocking the pathogen translocation by epithelial cells with the help of TLRs and
prevents the metabolite overload of pathogens [39]. Apart from this, pulmonary
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fibrosis was also mediated by tuberculosis which also responsible for development
of lung cancer.

10.3.7 Bacteroides Fragilis and Activation of STAT3

Activation of STAT3 is triggered by Bacteroides fragilis with the help of T-helper
type 17 (Th17) and induces the carcinogenesis via Th-17 dependent pathway via
supporting cancer cell proliferation and angiogenesis [38, 40]. Furthermore,
Bacteroides fragilis produces the chemicals like superoxide dismutase which are
associated with genomic instability and responsible for the disruption in DNA repair
system [41].

Therefore several risk factors may modulate microbiome diversity which play
role in lung cancer pathogenesis (Fig. 10.2). So, in future, along with the conven-
tional therapeutic techniques microbiome diversity can be used to detect or serve as
potential biomarker to state the health of lung and disease progression scenario.

10.4 Use of Probiotics for Lung Cancer Prevention and Therapy

With all the therapeutic advancements in lung cancer scenario, still the survival rate
is very much limited among male and females worldwide (American Cancer Society,
2017). So, search for new and novel therapeutic strategy to prevent or treat lung

Fig. 10.2 Risk factors of lung cancer and microbial dysbiosis
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cancer is essential. Healthy microbiome and their association are an essential factor
for lung immunity. With all the check-point inhibitors or immunotherapy to block
the disease progression, probiotics are also a good option to maintain healthy
microbiome diversity in lung cancer cases. Though, several limitations of probiotics
are there, but after understanding the state of health, right probiotics combined with
conventional or chemotherapy, could be a better option to restore the healthy
microbiome flora and maintain the broad spectrum of microbiome diversity. Gener-
ally, probiotics are useful in eliminating anti-microbial and anti-tumor and improv-
ing immunity [42]. They are also reported to decrease the side effects of
chemotherapy [14, 15].

Gut microbiota and their association with lung play an essential role for the cure
in case of lung cancer. Lactobacillus, Bifidobacterium, and Bacteroides are well-
known probiotics resides in gut and in case of cancer progression that was observed
to decrease in number. But, when these probiotics were used along with conven-
tional chemotherapy, it exhibited a remarkable result in lung cancer by decreasing
the frequency of gastrointestinal microflora that was responsible for cancer progres-
sion [43]. The following probiotics can be used for prevention and therapy of lung
cancer.

10.4.1 Usage of Different Species of Lactobacillus

• Lactobacillus acidophilus: Cisplatin/Lactobacillus acidophilus mixture showed
some positive results in decreasing the size of tumor and improved survival rates
in case of Lewis lung cancer bearing mouse rather than the other group treated
with Cisplatin/ABX (only antibiotic mixture). In this study, probiotic treated
group showed downregulation of vega and Ras oncogenes and upregulation of
tumor suppressor genes like cdkn1b and Bax gene. Upregulation of IFN-λ, Gzmb
and Prf1 mRNA expression were also observed and play a protective role in
tumorigenesis [44].

• Lactobacillus casei: Introduction of L. casei (YIT 9018) can reduce tumor on
Lewis Lung carcinoma (3LL) mice was observed and it suppressed pulmonary
and regional metastasis in mice and guinea pigs [45].

10.4.2 Probiotics Mixture of Enterococcus Faecium & Saccharomyces
Cerevisiae

These two probiotic mixture and their metabolite products were used against Lewis
Lung carcinoma (3LL) as combined vaccine and had synergistic effect to inhibit
metastasis by 2.5 fold compared to other therapeutic options [46]
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10.4.3 Bifidobacterium Cocktail

Bifidobacterium infantis is a recombinant therapeutic agent used as potential probi-
otic in lung cancer patients. Bifidobacterium cocktail (B. bifidum, B. lactis, B. breve)
manage to improve immunity by cytokine–cytokine interaction, (CD8+) T cell
activation, co-stimulation, and chemokine regulation [47]. Bifidobacterium infantis
mediated gene transfer also reported to inhibit tumor growth and prolong the
survival rates [48].

10.4.3.1 Bacteroides (B. thetaiotaomicron & B. Fragilis)
Bacteroides mixture influences immunostimulatory effects of CTLA4 blockade. It
increased the cross-reactivity of tumor and bacterial epitopes by restoring therapeutic
response to CTLA4 antibody treatment [49].

All those data suggested that cancer therapy with microbiota or their products has
opportunity to cure tumorigenesis and microbial agents possibly inhibit the cancer
progression when used with combined therapy [50, 51].

10.5 Conclusion

The human and microbiomes communities play an important role in regulating host
functions. Various in vitro and in vivo studies identified the association of
microbiota in cancer development in response to the host’s ever-changing internal
and environmental factors. Revolution of metagenomics has enhanced our ability to
study the lung cancer microbiome diversity which play a crucial role in cancer
progression. Lastly, biotherapeutics along with probiotics or engineered recombi-
nant probiotic agents have enormous possibility to treat or inhibit the carcinogenesis
or cancer progression in upcoming days. Proper use of probiotics and probiotics
mixture along with conventional therapy showed promising results in various
experiments and also be a good option to combat the severity of lung cancer in
suffered patients.
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Abstract

Tuberculosis (TB) is among the global dominant fatal infection caused by a single
organism, and it is still holding its position in spite of the golden age of the
antibiotics. The recent studies are mostly focused on finding the prevention of TB
rather than curing it because the antimycobacterial chemotherapy is failing
constantly due to emerging multidrug resistance (MDR). Further, the intestinal
microbiota is the central command for maintaining the homeostasis of the micro-
bial profile of different organs. The change in the intestinal microbiota effects
homeostasis by impacting the immune response to the microbial profile of various
organs. Thus, it also affects the chance of contracting the infections. Here in this
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chapter, it is mostly focused on the reason behind the TB getting chance to infect
the healthy lung tissue. It is also found that dysbiosis in gut microbiota, which
directly affects the lung, plays a key role in giving TB a chance to hold its ground.
It also highlights the new curative method which we can apply by correcting the
gut microbial profile, which in turn corrects the lung microbial profile and rest of
the function will done by body’s own immune system. It is thus found that proper
restoration of the microbial profile enhances the immune response and could
restore the homeostasis.

Keywords

Tuberculosis · Microbiome · Gut–lung axis · Inflammatory cascade · Probiotics

11.1 Introduction

The appellation tuberculosis is associated with a disease that is a leading cause of
mortality due to one microorganism caused by most commonly Mycobacterium
tuberculosis (less commonly Mycobacterium bovis) [1, 2]. In history, it is found
that in the Neolithic and Pre-Columbian periods, tuberculosis (TB) was prevalent;
however, in the modern world after the Industrial Revolution, the crowing of people
increased, favouring the spread of TB in society [3]. During the seventeenth and
eighteenth centuries, one-fourth of adult death in Europe was caused by TB. Before
the antimicrobial age, the only treatment for TB was to rest in an open area. The
modern treatment of TB began in 1946 with streptomycin demonstrated efficacy
against TB. Later in 1952, with the discovery of isoniazid and in 1970 with rifampin,
TB becomes curable to most of the patients [3]. After 1992 the first problem of drug
resistance was found in the case of TB, which cause the failure in the treatment. The
other cause of the failure was nonadherence and nosocomial transmission. The
incidence of infection due to Mycobacterium tuberculosis was approx. 10.4 million
people, with a mortality of 1.7 million; among this, there are about 490,000 new
multidrug-resistant cases of infection found in 2016 [4]. In 2019, according to the
WHO, approx. 10 million new cases of TB were reported out of which 1.4 million
patients died due to the infection. The main two reasons for spreading this disease are
the low living conditions in developing countries and the spread of other diseases
that cause the decrease of immunity (HIV) [4]. At the epilogue of the nineteenth
century, the declining cases gave hope that the disease would be eradicated in the
future. Still, the neoteric unfolding of multidrug resistance TB (MDR-TB) destroys
that. The drug resistance can be either primary ,i.e., already resistant before the
initiation of the treatment, or secondary ,i.e., emergence of resistance after initiating
antituberculosis chemotherapy [5]. Infection wherein the strains resistant to rifampi-
cin and isoniazid are called Multi-Drug Resistant (MDR)-TB and the infection
wherein strains are resistant to isoniazid, rifampicin, fluoroquinolone, and
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second-line injectable drugs are called Extensively Drug-Resistant
(XDR)-TB. Globally, the incidence of new cases is 3.3% and 20% of the cases of
treatment-experienced TB cases are Multi-Drug Resistant [6]. Thus, the search of a
new way is to prevent the disease in underway. One of the recent advancements was
the establishment of a link between the gut flora with the probability of getting
mycobacterium infection. Hence, the authors of present chapter aim to discuss how
gut as well as lung microbiota affects the progression of TB, as well as their
association with host vulnerability to M. tuberculosis infection.

11.2 Tuberculosis and Its Pathophysiology

Pulmonary TB is airborne as well as contagious caused by Mycobacterium tubercu-
losis and pulmonary tuberculosis patients are the most common infection source.
Generally, infection is caused by inhaling airborne droplet nuclei, 1–5 μm in dia.
Patients having M. tuberculosis through cough exhale some fine particles that are
suspended in the form of aerosols for a prolonged time (minutes to hours) because of
the small size of the droplet nuclei. It can transmit from one person to another
through inhaling the droplet nuclei that contains M. tuberculosis and crosses the
nasal passages, respiratory tract, bronchioles and reaches the lungs alveoli. The
chances of infection are governed by several criterion, including the virulence of
the source case, the proximity, the bacillary load inhaled, and the immunity of the
potential host [7–9].

11.2.1 Microbiology

Globally, TB illness is caused by the ongoing transmission of M. tuberculosis
infection (Firdessa et al.) and latent tuberculosis infection (LTBI) reactivation
[10]. The causative organism for most TB infections is M. tuberculosis,
M. africanum, or (sensu stricto), a closely linked organism; a small number of
people are caused by zoonotic components of the M. tuberculosis complex
M. caprae or bovis [11]. An ecological reservoir for M. tuberculosis is not known
exist except humans [12]. Hence,M. tuberculosis is a pathogen and a symbiont, that
has ramifications for our knowledge of the relationship between the host and the
pathogen.

11.2.2 Interaction of Host–pathogen

Genomics has revealed significant variable genotypes among isolates worldwide ,
i.e., hundreds of single-nucleotide polymorphisms across a genome of 4.4 million
bp, that could reflect clustered genetic drift linked to human migration patterns or
variable pathogenicity of different lineages [13]. Based on epidemiological
investigations, the existence of hypervirulent strains was postulated. If this is the
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case, genomic analysis of these strains could reveal lineage-specific virulence factors
[14], which are perhaps used to prioritize patient care and decisions for infection
control. There exists a complicated communication betweenM. tuberculosis and the
host. In absence of the host determining susceptibility, investigatingM. tuberculosis
virulence factors can mask cooperative interactions. For example, a particular host–
pathogen interaction could describe why East-Asian lineage strains are highly
morbific in Asian people [15] but have a standard clinical and epidemiological
demonstration in Canada [16] and Switzerland [17]. In the right epidemiological
and social context, strains that are not remarkable in genetic and laboratory charac-
terization can be linked to outbreaks [18].

11.2.3 Virulence

The chances of the succession of active tuberculosis from latent tuberculosis are
much higher than the live vaccination strains: M. Bovis, Bacillus Calmette–Guérin
(BCG), it follows that chromosomal variations are the basis of reduced virulence that
can be found using M. Tuberculosis and BCG [19]. Indeed, genetic comparisons
revealed various changes, the most notable of which is the region of difference
1 (RD1) which may explain the reason for the vaccine being given to neonates each
year with a very low risk of progression of illness (Behr et al. Lewis et al. Mahairas
et al.). Categorization of virulence determinants is based on molecular characteristics
and cellular localization. The catagories are (a) metabolism of lipids FAs, compris-
ing of cholesterol catabolism, (b) proteins of cell envelope: containing lipoproteins,
secretion systems, and cell-wall proteins, (c) proteins that suppress macrophage
antimicrobial effects, such as those involved in oxidative and nitrosative stress
responses, phagosome arrest, and apoptosis inhibition by protein kinases,
(d) proteases, with metalloproteases, (e) metal-transporter proteins, partition into
importer & exporters, (f) 2-component systems, sigma factors, as well as other
transcriptional regulators are among the gene expression regulators, (g) PE and
PGRS glycine rich families of proteins with unclear functions [20].

When M. tuberculosis is exposed, one of two things happens: the pathogen is
either eliminated or persists. In first situation, the pathogen is either annihilated by
innate immune responses in which tuberculin skin tests (TSTs), interferon-γ release
assays (IGRAs) may be �ve, whereas in the adaptive immune response, TSTs as
well as IGRAs may show +ve or �ve, which depends on whether the priming of
memory T lymphocyte expression was completed [21, 22]. Here, the patients will
not benefit from LTBI therapy, regardless of how the infection is eradicated. It has
long been known that over half of those who are exposed to TB patients’ close
household connections have negative results [23]. One possible theory which
explains for why innately resistant to tuberculosis peoples are found is discovering
that there is a genetic predisposition to remain TST �ve in spite of having an
extensive exposure [24].
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11.2.4 Immunology and Granulomas Formation

There is limited evidence of the premature M. tuberculosis infection in humans, and
research in small animals (like guinea pigs and mice) and other primates which have
greatly aided in identifying the significance of early issues in the course of primary
infection [25]. M. tuberculosis enters the body through the upper respiratory tract;
after inhalation, droplets of M. tuberculosis travel through the lower respiratory tract,
infecting alveolar macrophages, the most common cell type. The bacteria are
internalized by these cells through receptor-mediated phagocytosis, which involves
a variety of receptors. This process had been investigated for a long time without
considering into account the microenvironment in the alveolus. Surfactants, plentiful
in the fluid that coats the epithelium, may have a vital role to play in the early
interaction between host and the pathogen [26]. For instance, surfactant protein D
can inhibit M. tuberculosis from being phagocytosed by alveolar macrophages [27]

Infected and stimulated macrophages transformed into multinucleated cells,
epithelioid cells as well as foamy macrophages loaded with droplets of lipids, and
neutrophils fabricate the human TB granulomas (Fig. 11.1) [28]. The internal
accretion of cells gets enclosed by primarily cluster of differentiation cells-4 T
lymphocytes but also Cluster of Differentiation-8 T lymphocytes. B-cells,
lymphocytes, fibroblasts surround the inner concentration of cells, forming a periph-
eral fibrotic capsule [29]. Still, in the granuloma, T cells have limited cell function
[30]. In addition to adhesion molecules, other proinflammatory and inhibitory
cytokines and chemokines play essential roles in forming granulomas [29]. Further,
Ulrichs et al. collected the lungs samples from the MDR-TB patients and observed
that the granulomas formation with central necrosis required a minimum size of
0.1 mm3 and demonstrated occurrence of lymphoid follicle-like structures in the
peripheral space of the granulomas. The lymphoid follicle like structure is primarily
formed from the B-cells, a smatter of CD4 and CD8 T lymphocytes and contiguous

Fig. 11.1 Pathophysiology of tuberculosis and formation of granuloma

11 Microbiome in Pulmonary Tuberculosis 171



infected macrophages [31]. Mycobacteria can survive within granulomas, in the
periphery of the granulomas and even further afield in apparently normal healthy
parenchymal tissues [31, 32].

11.2.5 Apoptosis of Macrophage as a Defence Mechanism
for M. tuberculosis Infection

Necrotic death might induce by the infection of macrophages with M. Tuberculosis,
which is described by cell lysis, allowing the bacilli to depart macrophages and
spread from cell to cell. Infection can also cause death of macrophages by apoptosis
via an intact plasma membrane [33], which is linked to decreased pathogen viability
and increased immunity [33]. Apoptosis was initially identified as an
antimycobacterial action in alveolar macrophages, in which attenuated mycobacte-
rial strains, includingM. tuberculosis H37Ra, showed decreased viability when their
host macrophages undergo apoptosis [34]. Further study shows bystander
macrophages’ contact-dependent death after infection with M. tuberculosis
H37Ra, implying yet another mechanism through which the host limits bacterial
propagation [35]. Virulent M. tuberculosis strains cause low macrophage apoptosis
and proliferate intracellularly and gradually in these cells [35]. The fact that
M. tuberculosis prevents apoptosis which is the mechanism of virulence was already
demonstrated in vivo by the diminution of proapoptotic M. tuberculosis secA2 and
nuoG deletion mutants on the infection [33, 36, 37].

SecA2 system in M. tuberculosis plays an important role in pathogenesis by
adjusting host innate immune defences. SecA2 infected macrophages generate more
significant conc. of the pro-inflammatory cytokines-TNF-α and IL-6 as well as high
levels of RNI. These immunomodulatory components are activated by
M. tuberculosis and have a role in regulating M. tuberculosis during host infection
[38–40]. Apoptosis is also increased in macrophages infected with the secA2
mutant, attributable to the mutant’s deficient SodA secretion [36]. Reducing the
production of mycobacterial superoxide dismutase, inactivation of the secA2 gene,
which encrypts a constituent of a virulence-associated protein secretion system,
increased death in infected macrophages. In vivo, deletion of secA2 boosted
antigen-specific CD8+ T cell priming, while immunization of guinea pigs and
mice with a secA2 mutant increased CD4+ cell reactivity and tolerance to
M. tuberculosis infection [36].

11.3 Microbiome and Lung Health

In acknowledgment of the fundamental role, it plays an important part in human
health and disease. The term ‘microbiome’ now covers every creature (not just
bacteria) and every method of accessing its DNA (metagenomics), metabolites,
RNA species, and proteins [41]. The US NIH launched the HMP in 2007, resulting
in a surge in human microbiome research [42]. The gut microbiota includes the
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various microbial communities that reside in the host’s GIT [43]. The gut
microbiome comprises up to 100 trillion bacteria that live in a nutrient-rich environ-
ment in the GI tract [44]. The gut microbiota substantially affects human physiology
and nutrition, which is necessary for human survival [45]. Eating habits, age,
medications like antibiotics, lifestyle choices, and the delivery method at birth are
all significant factors of the gut microbiome’s composition (Fig. 11.2) [46]. 16S
rRNA gene and shotgun metagenomic analysis are two techniques for identifying
microbial sequences that have provided new-fangled perception into the range of
microorganisms found in infected and healthy guts [47]. The gut microbiome is
consistent within individuals and is mostly shared among healthy peoples
[48, 49]. Ailment and abnormalities, including interstitial lung diseases (ILDs), are
linked to microbial imbalance or dysbacteriosis in the gut flora [50, 51].

Fig. 11.2 Major factors influencing gut microbiome development: Factors like age, diet, and
antibiotics treatment influence the gut microbial profile. A high fibre diet causes an increase in
the versatility and richness of the gut microbiome. On the other hand, broad-spectrum antibiotics
kill the commensal bacteria, thus disrupting the species’ balance present in the gut microbiome
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11.3.1 Mucosal Biology

Although the gut and lungs are mucosa-lined luminal organs having a common
embryological origin, their macroscopic and micro-anatomical features are highly
different, resulting in significant variances in microbiota composition and population
dynamics. Through the absence of anti-peristaltic movement or oesophageal reflux,
microbe migration in the digestive tract is through the mouth to the anus and is
serially blocked by a variety of impediments. To immigrate into the cecum, an orally
introduced microbe must survive the pH of the stomach (2.0) and the pH of the
duodenum (8.0), as well as a struggle for resources with a highly populated resident
microbiome. On the other hand, the lung has a bidirectional flow of air, mucus, and
germs, with no obstruction in the larynx and the distal alveolus. As a result, the
lungs’ microbiome is more influential and transitory to the microbiome of the lower
GIT. While the GIT maintains a constant temperature of 37 �C throughout its
9-metre length, the mucosa of the respiratory tract (which is only a ½ metre length)
represents a temperature gradient from ambient to core body temperature inside the
alveoli during inhalation. [52]. The lung milieu, unlike the gut, is much oxygenic.
However, the trachea and bronchi both, the same about the gut, are lined with
produced mucus’ highly glycosylated proteins, the great most of the lung’s total
surface area is covered with a surfactant which is rich in lipid, having bacteriostatic
effects against a different strain of bacteria [52]. Because bacterial concentration in
the airways is modest in contrast to that of the duodenum [53]. Finally, the nature of
host–bacterial interactions vary in the gut and lungs. Luminal IgA levels are much
greater in the gut, and bacterial–host leukocyte interactions outside the blood stream
are much more common in the lungs (alveolar macrophages). As a result of these
vastly different environmental conditions, microbial populations are also vastly
different.

11.3.2 Lung Microbiome Determination

The balance of three parameters determines the makeup of the lung microbiome
[54]: (1) microbial relocation into the airways, (2) microbe removal from the
airways, (3) the proportional reproduction frequencies of its members of the com-
munity, as dictated by regional growth nutrient availability. Alteration to the
microbiome in a particular person or over-patient population must be related to a
change in these variables. Inhalation of air which includes 104 to 106 bacteria/mm3

even before contacting the bacterial-compacted upper airways [55], subclinical
micro aspiration of upper respiratory tract contents, and direct dissemination along
airway mucosa are also drivers of microbial immigration. Mucociliary clearance,
cough which is common even among healthy people and host immunological
systems all contribute to microbial elimination (both innate and adaptive). The
copiousness and activation state of host inflammatory cells are among the environ-
mental factors that affect regional growth circumstances in the lungs and those that
are universal to all environmental niches [56],
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11.3.3 The Primary Source of Bacterial Microbiota in the Lungs: The
Oral Microbiome

Since then, various culture-independent investigations have established that the
lungs’ microbiome matches to the oropharynx more consistently than competing
source communities such as breathed air, the nasopharynx, or the lower GIT through
hematogenous transmit [57–59]. According to direct research in people and a
heavily populated-based model, the intranasal microbiome adds small to lung
colonies in health [60]. The nasal microbiome is more similar to the skin than to
the lungs. This resemblance amid lung and oral microbiota is visible even though the
lung is tested by a nasally injected bronchoscope, suggesting that upper respiratory
tract infection has a minor impact on biomicroscopically obtained specimens
[54, 61]. The oropharynx generates two litres of saliva daily, significantly more
than the nasal mucosa releases in normal circumstances.

11.3.4 Alteration in the Lung Microbiome During Disease

Throughout the lung diseases, the ecological factors of the lung microbiome—
immigration, removal, and regional growing environments alter drastically
[54]. As a result, in disease conditions, the lung microbiome’s communal member-
ship changes. Almost all of the hundreds of investigations comparing the microbiota
of sick lungs to that of healthy people reported significant changes in community
composition [62]. The significance of interference in the gut microbiome and the
lungs, known as the gut–lung axis, is highlighted by epidemiological and experi-
mental findings. According to the gut–lung axis, variations in gut microbial
populations can significantly impact respiratory illness. Changes in immunological
responses, airway homeostasis, and inflammatory situations in the GI tract are all
associated with dysbiosis in the gut microbe population [63]. The incidence of
recurrent exacerbations in bronchiectasis [64], fatality in idiopathic pulmonary
fibrosis [65], and response to corticosteroids and antibacterial drugs in asthma [66]
have all been linked to changes in lung microbiota at the start of the disease.

11.3.5 Pulmonary Health Depends on the Gut Microbiome

In formative years, the respiratory microbiome builds in tandem with the gut
microbiome [67]. As defined by observational and clinical data, the gut–lung axis
is a critical communication amid the gut microbiota and lungs. Current findings have
connected dysbiosis in the gut microbiota to variations in the immune system and
pulmonary homeostasis response in various lung diseases, including asthma, ILD,
and pneumonia. Explains the ways through which the gut has been displayed to
influences of lung morphology.

11 Microbiome in Pulmonary Tuberculosis 175



11.3.5.1 Gut–Lung Axis
Our body consists of symbiotic and commensal microbiota. Traditionally it was not
known the exact role of this microbial colony in the homeostasis, but recent studies
and complex sequencing analysis led us to the more complex profiling of symbiotic
microbiota diversity and its diverse prevalence (i.e., skin, mouth, respiratory, intes-
tinal, and urinary tract) in our body. At first, it was known that the gut microbiota
helps in digestion and metabolism and they provide some essential biomolecules that
contribute to homeostasis. Later improved understanding unfolded the interconnec-
tion between host and microbiota in different diseases [68, 69]. The majority of the
microbial abundance is in the gut. The gut microbiota, through the
intercommunicated axis, influences the microbial diversity and prevalence of other
organ systems of the body. The gut microbiota acts as the central command for
microbial symbiotic maintenance [70].

Here we have discussed the overall dynamic mechanism of diet and species of
microbiome available in the gut and how it influences pulmonary microbiota devel-
opment, which affects the lung immunity and development of respiratory infectious
diseases. The potential of therapeutics for diseases like the infection of
M. tuberculosis with the help of the human microbiome is another vital point to be
discussed. The dysbiosis of gut microbiota due to different factors like diet, lifestyle
causes the change of the human immune response as the immune response perfectly
orchestrates with the microbiome in gut and also causes the alteration in microbial
profile in different organ which also, in turn, causes the immune response in the
respective organ. Thus, the gut microbial profile, the gut–lung axis, and lung
microbiota have significant role in lung immune response and development of
tuberculosis [71].

11.3.6 Dynamics of Diet, Gut, and Lung Microbiota

Dynamics of gut and lung microbiota can be briefly explained into five key concepts,
Firstly, the microbial profile that is in a symbiotic relationship with the human body
has co-evolved and drawn from a relatively restricted level of phyla [72–74]. There
is an astounding similarity between the bacterial species at different compartments of
the body. The higher level of taxonomic classification describes the different body
site-specific complexity of microbial profile [75, 76]. Secondly, the complete
mapping of the microbiological profile is yet to be discovered both at organism
and the genetic level [77]. Third, the body sites such as healthy lungs are previously
considered sterile, but it unfolded its variable but non-transient microbial profile
[78], which helps in maintaining the immunologic as well as tissue homeostasis and
also has a defensive role against the pathogens [79]. Fourth, with the advancement in
the technology and also in the medical sciences how the food technology derived
food, packed food, frozen food and also, with the use of different antibiotics against
the pathogenic organisms sometimes unnecessary; creates a selective pressure on the
commensal microorganisms thus changing their diversity, richness, and constituent
profile. This diminished diversity directly links with the increasing development of
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the chronic and susceptibility of the pathogenic infection [80, 81]. Although it is still
unclear that the exact mechanism by which the symbionts exert their affect that
dysbiosis is the hallmark of many diseases [82, 83]. Lastly, there is an orchestral
system between the gut microbiota, lung microbiota, and local and systemic immu-
nity. Prime example of this is the interconnected immune response in lung patho-
genesis with the change in the gut microbial profile [84]. A well-balanced diet that
includes dietary fibres is linked to a more diverse gut microbiota. [85]. The metabolic
product of these microbiome profiles influences the host’s health [86, 87]. The
research by different scientist [86, 88, 89] shows the link between the gut dysbiosis
and malnutrition which further prove the theory. Due to dysbiosis on the gut
microbiota apart from the intestinal disorders like IBD, DM, Ca colon and diseases
of lungs like Asthma, COPD, TB are also impacted [90].

The role of diet in the gut microbial profile is studied at the various stages of life
[91]. The initial colonization that took place at the time of birth depends on the mode
of delivery, antibiotic exposure, and surrounding environment. It also keeps chang-
ing in different stages of life [92]. The taxonomic studies show that in breast feed
babies, the profile consists of higher Bifidobacteria, Lactobacilli, Staphylococci, and
Streptococci, which considerably differs from the formulae fed infants (higher
Bacteroides, Clostridia, and Proteobacteria) [93]. The infant microbial profile
stabilizes after introducing the solid food; after that, it changes dynamically with
the dietary intake [93].

The younger adults show a marked difference in their microbial profile depending
on their food habits and lifestyle [94]. The one with low fat and high plant product
diet (Fig. 11.3) has a significantly higher quantity of Bacteroidetes than one with a
western diet (High fat and sugar) [95]. Children from rural Africa have a diet of plant
polysaccharide/protein and fibre and less animal protein than European children with
a diet of protein, sugar, fat and low fibre (Figs. 11.4 and 11.5). The African children
have a higher level of Actinobacteria and Bacteroidetes, whereas the European
children have higher constituents of Firmicutes and Proteobacteria [95].

The short-chain fatty acids (SCFA) produced by the gut microbiota promote
recruitment and mature the immune cells responsible for the anti-inflammatory
mechanism [95]. The produced SCFA gets distributed systematically and generally
utilized for energy production or signaling molecule (Figs. 11.3 and 11.4). Increased
SCFA production reduces gut pH, in turn reducing pathogenic species like
Escherichia coli and Enterobacteriaceae [96]. The African population shows a
higher prevalence of bacterial species like Xylanibacter, Prevotella, Butyrivibrio,
and Treponema that can digest plant products to yield SCFA [95]. In the later stages
of life, other factors like immune strength, gut morphology, hospitalization, and
medication affect the gut microbial profile [97]. The age and diversity of gut
microbiota are inversely related though it varies with environmental and geographi-
cal factors. However, it is still not known that these changes with age are either
causes of ageing or effect of ageing. Apart from the change in diversity, the
metabolic strength of the microbiome and rate and amount of SCFA production
also decrease [98, 99].
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Further, it is reported that fungi are also a part of the commensal microbial profile
[100, 101]. The fungi, 100 times bigger than the bacteria, although the fungal
sequence is 100 or 1000 times less frequent than the bacterial sequence; still the
role of fungi cannot be ignored. The fungal genera which already been found are far
less than the bacterial genera—Saccharomyces cerevisiae, Malassezia restricta, and
Candida albicans [102]. The gut acts as an ecosystem where the inter-kingdom

Fig. 11.3 Influence of Dietary Component on Gut Microbiota. A person with a diet rich in plant
protein shows an increase in Lactobacillus and Bifidobacterium levels and also shows a decrease in
Clostridium perfringens and Bacteroides fragilis. Further, a diet rich in animal protein can increase
the abundance of Bacteroides and Alistipesis. The diet with a high protein and carbohydrate ratio
reduced Roseburia and Eubacterium. All three types of diet cause the increase in SCFA level (Plant
protein), decrease in SCFA Level (animal protein), and Less Faecal Butyrate (high protein:carbo-
hydrate ratio). The increased SCFA, in turn, shows the anti-inflammatory effect and helps in the
maintenance of the mucosal barrier. The decrease in SCFA and faecal butyrate levels may cause the
increase in the occurrence of the inflammatory bowel disease and diseases related to the cardiac and
vascular system, and the body level of Trimethylamine N-oxide (TMAO) is increased.
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interaction occurs [103, 104]. Yeast Saccharomyces boulardii and C. albicans and
some other fungal wall component β-glucans are inhibitors of different pathogenic
microbial development [105, 106]. S. boulardii also produces proteases and
phosphates, which acts as an inhibitor of toxin produced by Clostridium difficile
and Escherichia coli [107, 108]. In addition, in the case of gut dysbiosis, like after
antibiotic treatment, the fungal species may take over the role of bacteria in
immunomodulation, thus prevents the damage to the mucosal tissue [109].

Fig. 11.4 Effect of dietary carbohydrate on gut microbiota: Carbohydrates like lactose, starch,
digestive carbohydrate, high fibre diet cause an increase in abundance of the Bifidobacterium,
Lactobacillus which in turn increased the level of SCFA, thus demonstrating the anti-inflammatory
effect
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11.3.6.1 The Pulmonary Microbiota
There is a clear cross-relation between the gut and lungs, and it is necessary for
training the host immune cell [110]. Several independent techniques based on
amplification and analysis of 16s-rRNA show that the lungs are not as sterile as
initially thought [111]. The finding that every lung has a unique microbial profile and
if studied in a very subtle way it may open the scope of research in categorizing the
microbial profile of healthy as well as diseased lungs and also the mechanism by
which the microbial profile regulates the local as well as systemic immune response
[110]. The biomass of the pulmonary microbiota is substantially lower than that of
the gut microbiome [112]. The microbiotic profile depends on the colonization from
oropharynges and upper respiratory tract through salivary microinhalation and host
ability to eliminate (tussion and sneezing) [111]. The microbial profile of lungs is not
always constant; they keep changing with the different physiological and pathologi-
cal conditions, just like the changes in gut microbial profile due to various factors.
The URT is mainly colonized by aerobic bacteria [113], and some anaerobes are
isolated from 50% of the sputum sample [114]. The most common phyla available
are Bacteroidetes, Firmicutes, Proteobacteria, Prevotella, Veillonella, Pseudomonas,
Fusobacteria, and Streptococcus found by analysing the bronchoalveolar lavage of
healthy adults by culture-independent technique [115].

To find the exact source of lung microbiota, culture-independent RNA/DNA
sequencing methods or microarrays were used. The main challenge of this method
of microbiota analysis is the low biomass of lung microbiota than the gut microbiota

Fig. 11.5 Effects of dietary lipids on gut microbiota: Saturated fat decreases the Bifidobacteria and
Eubacteria levels; thus, SCFA concentration is reduced, giving rise to an inflammatory reaction,
whereas the unsaturated fats increase the level of Roseburia, Ruminococcus, and Eubacterium,
which increases the concentration of SCFA
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and there is always a chance of contamination from the mouth [116]. By analysing
the bronchoalveolar lavage fluid, it is found that the respiratory tract consists of a
profile of microbiota that decreases in biomass from the URT to LRT. They also
closely resemble the nose and mouth microbial profile [117]. It is also seen that the
upper respiratory tract’s microbial profile resembles that of the stomach [113].

Further analysis also reveals that the predominant phyla in microbial lung profile
are similar to the gut microbial profile, mainly the Firmicutes as well as
Bacteroidetes are proceeded by Proteobacteria and Actinobacteria [117]. Microbial
lung profile also includes the fungal species, which are mainly environmental
[100, 101]. Now, according to all the proofs available, it can be concluded that the
lung microbial profile is dependent on both the oral and gut microbial profile.

Fig. 11.6 The First Dickson’s Model: The Lung Homeostasis: Lung homeostasis is dependent on
dynamics of immigration and elimination of the materials from the lung. The elimination of the
foreign materials through cough, ciliary clearance, mucosal dispersion contributes to a healthy lung
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There are three models proposed by Dickson et al. (Fig. 11.6) [118] to explain the
contribution of microbes in maintaining homeostasis and also the loss in homeostatic
profile in case of the disease condition. The first model postulates that the commu-
nity of species that form the microbial lung profile is dependent on mainly three
factors, viz. migration from one anatomical compartment to a different one, and it is
at least in part attributable to microaspiration [118], elimination by natural reflexes
like cough, innate and adaptive immune response and rate of reproduction of the
microbes which in turn depends on the factors like, pH, blood perfusion, oxygen
tension, temperature, alveolar ventilation, and the concentration and activation of
host inflammatory cells. The second model suggests that the nutritional availability
and other nutritional factors are crucial to reproducing the bacterial community in
lung microbiota. The airway tract mainly consists of air; thus, the nutritional
availability is limited; this supports the finding that the available biomass in the
lung microbial profile is less than the gut or mouth [118]. As the nutritional factors
are limited thus the local reproduction of the bacterial species is also limited, which
again supports the fact that the lung microbial profile resembles that of the gut and
the oral microbial profile. This is the more or less scenario of a lung of a healthy
subject. But the resembling situation changes in any lung infection like chronic
bronchitis, cystic fibrosis, asthma, and bronchiectasis as these diseases supply the
dense high protein-rich growth medium of secreted mucous [119]. In some diseases
like pneumonia and acute respiratory distress syndrome, the alveoli are flooded with
a protein-rich medium by oedema, which causes the overgrowth of the microbes
present in the lungs.

The final or the third model suggests the mechanism of signaling stress
response in which tissues and cells reciprocally communicate the stress signal of
the internal environment. Various signaling molecules play like the hormones
(glucocorticoids, oestrogens, and androgens), neurotransmitters (e.g.,
catecholamines and endogenous opioids), and cytokines (e.g., TNFs, IL-1, IL-6,
and IL-8) [120, 121]. Further study shows that some lung commensal microbes may
adopt the signaling molecule that human cells used to communicate [118].

11.4 The Orchestra of Gut Microbiota, Pulmonary Microbiota,
and Host Immunity: Toll-like Receptor Signaling

Gut-dysbiosis is correlated with pulmonary disorders and infection; different soluble
microbial components and other microbial metabolites transported via the circula-
tory system play roles in the protection against lung inflammation or infections
[122]. The molecules which are of main importance are peptidoglycans and
lipopolysaccharides (LPS) [122]. It is found that the depletion in genus
Bifidobacteria and increase of genus Clostridia in gut microbial profile cause
asthma-like problems in early life [123]. In an experimental model of mice depleted
of gut microbiota, if LPS is administered intrarectally, the animal shows a marked
increase in the TH2 mediated response, suggesting that the gut microbial-derived
LPS greatly influences the lung tissue’s reaction towards the allergens (Fig. 11.7)
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[124]. This interrelation is bidirectional, viz. infection of lung tissue caused by
Pseudomonas aeruginosa leads to blocking the M phase cycle and blocking the
proliferation of the gut epithelial tissue [124].

The gut microbiota helps assimilate the materials that the human digestive system
cannot digest, and the metabolites help in immunomodulation [125]. The SCFA
(acetate, propionate, and butyrate) recruit and maturate the immune cells, thus
protecting against the inflammatory response [126]. The gastric dendritic cell pro-
cesses the antigens, promoting the proliferation and expansion of T cells, which then
travels through the lymphatic system to the site where the antigen exposure occurs.
Dysbiosis in the gut microbiota thus causes the impaired proliferation and matura-
tion of the T cell component, thus impairing the overall systemic immune response
(Fig. 11.7) [127]. The important link between the gut and the lung microbiota is the
migration of immune cells from the gut to the lungs by the mucosal immune system
[128]. The immune cells migrate and colonize at the mucosal sites forming the
mucosa-associated lymphoid tissue, gut-associated lymphoid tissue, and nasopha-
ryngeal tissue. The circulation occurs through the lymphatic system [110].

Fig. 11.7 The Gut–Lung Axis: The Gut–Lung Axis is the prime mechanism of homeostasis of the
healthy lung. The gut microbiota (generally high biomass) produces SCFA, LPS, which activates
the immune cells. These immune cells keep check on the lung microbial profile. On the other hand,
reduction in gut microbial richness results in gut dysbiosis, which cause the rise in inflammatory
reactions, less immunomodulatory effect, thus increases in the chance to develop infections
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11.4.1 Gut Microbiota and Local Immunity

An extensive study has been done on potential of gut microbiota in modulating the
local immune response [129]. It interacts with the mucosal immune system with
pro-inflammatory and regulatory signals [130] and also interacts with neutrophils
and modulates them [131]. The toll-like receptors presenting immune cells commu-
nicate with the gut microbiota and the GPR41/43 and communicate with the gut
microbiomes. The link of interaction between the TLR, GPR41/43 with the gut
microbiome is either MAMP or the SCFAs [132]. However, findings also discover
that the bacteriobiota and the fungal symbiotic species can produce the SCFAs
[133, 134]. This proves the facts that the fungi in the gut can also alter the immune
system same as the bacteria and can to some extent take over each other role if
somehow one is reduced due to antibiotics or antifungals or other causes [109, 135].

11.4.2 Lung Microbiota and Local Immunity

The study reveals that the concept of the lung microbiota and its local immunomod-
ulatory effect is emerging through different studies and their outcomes [118]. The
initial effects are the colonization of the host commensal microbiome in the lung
tissue which matures the local immune cells and provides good competition to the
incoming foreign bodies [136]. In a study on germ-free mice, it was observed that
they exhibit an increased level of local TH2 associated CK and IgE production,
which are the mediators of allergic airway inflammation [137]. Thus, the depletion of
the natural lung microbiome can increase respiratory allergic reactions or acute
asthma. On the other hand, it was found that the microbial profile restoration or
the exposure to the commensal microbiome reduces the TH2 mediated allergic
reaction and better tolerance to the foreign particles, thus decreasing acute asthma-
like responses in patients [87, 136]. The microbiomes and immune cells contribute to
local resident memory B-cells [138].

However, the interaction and immunomodulatory potency are a two-way com-
munication, with a major infection like M. Tuberculosis, there is depletion of the
normal microbial profile, which removes the protective covering the commensals
providing and also there is an inverse relationship, i.e., the depletion of the normal
microbial flora may give the foreign microbes to take root. The exact mechanism by
which this two-way signalling pathways are working is still unclear, and extensive
study is needed [139].

11.4.3 Long Reach and Systemic Immune Modulation by Gut–
lung Axis

The knowledge of local immune response due to site-specific microbiota extends to
systemic immunomodulation and long-reaching immunomodulation with further
research [140]. The most important pathway for redistribution and relocation and
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interexchange of the immunomodulatory molecules is the Mesenteric Lymphatic
System [141]. Through this Mesenteric Lymphatic system, there is interexchange of
the intact bacteria, bacterial fragments and their metabolites (SCFAs) [142] through
the intestinal barrier, reach the systemic circulation and modulates the immune
response in the lung as well as systematically [69]. The gut microbiota metabolizes
the high fibre diet into SCFA, which functions as a signaling molecule on the lung’s
resident antigen-presenting cell to enervate inflammatory reactions and allergic
responses [143]. A study where SCFA receptor-deficient mice are used shows the
increased response to inflammation and allergens and shows the acute asthmatic-like
reaction [141]. The fungal population also contributes to the production of SCFA
[144]. Aspergillus fumigatus not only produce SCFA by its own [133] but also build
up biofilms that increase the bacterial formation of SCFA [134] although the
bacterial SCFA cast out fungal growth. The on influence on the health and homeo-
stasis of the host due to the commensal fungal population is still very much unclear.

Another big-league player of this immunomodulatory game is gut SFBs. These
SFBs are commensal bacteria, subjugate the ileum of many animals, including
humans, which account for the maturation, development, and modulation of the
immune system [145]. SFBs synchronize the CD4-cell polarization into the Th17
pathway [146], which responds to the lungs’ fungal infection and exemplifies
autoimmune lung condition [69]. Recently it was found that concerning the inflam-
matory signal and in the incident of tissue damage from the lung through IL-25, the
gut call up the innate lymphoid cells presupposes for the repairment of the lung
tissue [147]. The activation of the toll-like receptor in the intestine activates the
NF-κB dependent inflammatory response pathway accompanied with increased
influenza-like response in mice [148].

Mechanisms that interconnect the lung, systemic immunity with the gut microbial
profile are manifested by the surge in number of mononuclear leukocytes and
phagocytic and lytic activity (results shown when treated with Bifidobacterium lactis
HN019 probiotics) [149]. Diet rich in plant fibre gives the gut microbes and the
probiotics fuel to metabolize and produce the SCFAs [70, 150], which alter the
pulmonary immune response and thus has enormous control on the disease progres-
sion of the respiratory system [151]. The gut–lung axis and its connection to
systemic and organ system-specific immunomodulation are two-way signaling.
For example, the salmonella-specific gut immunization is achieved by the
salmonella’s nasal inoculation, which relies on the lung dendritic cells [152].

Altogether, the gut–lung axis is a synchronized system of a complex interaction
between different species of bacteria and fungi that domain the various organ
systems and redistribute and exchange between each other through the lymphatic
and circulatory system. This complex interaction contributes to systemic and organ
system-specific immunomodulation. Thus, it can be concluded that gut microbes can
strongly influence lung diseases.
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11.5 Tuberculosis Infection and Gut Microbiome

In animal studies of the gut microbiota with active TB, the study of the faecal
microbial profile of the active TB patients and for cases with recurrent TB [153, 154]
consistently shows low prevalence of bacterial diversity and also shows the lower
count of bacteria [155, 156].

The animal studies were done on female BALB/c mice infected with aerosolized
CDC1551 strain of M. Tuberculosis [156]. However, detailed analysis shows that
there is overexpression of the Betaproteobacteria [157], under expression of
Bacteroidia [157], Lachnospiraceae [156], and Ruminococcaceae [156] in the mice
models studied. Another experiment was performed with a distinct strain of
M. Tuberculosis (H37Rv; N ¼ 5) and compared with a 1:1 age-matched control
[156]. Faecal samples from the post-infected samples show differential clustering of
bacterial prevalence and richness compared to the uninfected models (among
73 OTUs; q< 0.01) [156]. A study in patients with latent TB and Heliobacter pylori
develops more interferon-gamma and TH1 like cytokines in contrast to the subject
without pylori infection. The vaccination against TB like Bacilli Calmette–Guérin
Vaccine in infants stool sample gives an increased level of Actinobacteria, which are
also analogous to increase in T cell responses to vaccination [158]. Furthermore, in a
study on cynomolgus macaques with active H. pylori infection, they are less
plausible to develop an active TB infection [159]. Another study also revealed that
specific enteric bacteria like H. pylori cause the immunomodulation systematically,
thus altering M. tuberculosis susceptibility [160]. This may be illustrated by the fact
that the Pylori causes the remodelling of the innate immune system, thus decreasing
the chance for the other pathogen to get a chance to infect [160]. The phylogenic
study data that can be summarized from the studies of the faecal microbial profile
and the gut microbial profile reveals the fact that there are changes in the relative
abundance of the bacteria of family Ruminococcaceae, Lachnospiraceae,
Clostridiaceae, Streptococcaceae, Enterococcaceae, Acidaminococcaceae (only
Gram-negative in firmicutes phyla) [154]. These bacterial family of phyla Firmicutes
represent the most abundant Gram-positive bacteria in the human colon [161], which
are directly related with maintaining the count of CD4+ cell in the peripheral blood
in the newly recognized TB patients and inversely associated with the recurrent TB
patients [154]. Members of the group like Lachnospira, Roseburia, Dorea,
Coprococcus, Pseudobutyrivibrio, Faecalibacterium Genuses are widely known for
their utilization of the plant polysaccharide and by anaerobic method providing the
acetate or butyrate short-chain fatty acid (SCFA) and other anti-inflammatory
molecules [162, 163]. In the light of studies done on TB infected patients, animal
studies, and induced TB infected macaques, there is an increase in the genus
Escherichia and Haemophilus of Phylum Proteobacteria, which are gram-negative
in nature and class Gammaproteobacteria. Increase in the genus Collinsella [154]
and decrease in the genus Bifidobacterium [164] of family Coriobacteriaceae and
Bifidobacteriaceae of phylum Actinobacteria, these phyla are specific known for
their high guanine and cytokine content in their DNA (High GC gram+); changes
also seen the phylum Bacteroides (Obligate anaerobic Gram-negative) with the
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decrease in both the family of Bacteroidaceae [153] and Prevotellaceae [154, 164] in
faecal sample of human subject [154]. The anaerobic growth and chemoautotrophic
nature of the gut microbiota advocatse the formation of mixed acids, which include
succinate, lactate, formate and also SCFA such as propionate and acetate. The SCFA
produced by the gut microbiome is also one of the factors that are resisting the
initiation as well as the progression of the active TB infection [82] as its discussed
earlier that the SCFA is utilized in the body as an energy acquisition molecule and
also as a signal transduction molecule for immunomodulation through
downregulating proinflammatory cytokines and Treg cells [165]. Additionally, the
structural components of the gram negatives, specifically the lipopolysaccharides
obtained from the outer capsule, also act as an immunomodulatory molecule. They
can provoke the immune cells to initiate the proinflammatory responses locally and
distantly (occurs in case the epithelial barrier is damaged). In a study where
stimulation of human peripheral blood mononuclear cell takes place by
M. tuberculosis, it is found that the presence of SCFA butyrate significantly
decreases the proinflammatory cytokine production [166]. As it is well known that
the production of cell mediated response including Treg cells is of immense impor-
tance thus the modulation of these immune cells by SCFA is of prime importance in
the link between the TB and gut microbiota [167].

Overall, dysbiosis of the gut is associated with TB infection and vice versa; the
research still needs extensive attention to evaluate the more detailed profile of gut
microbiota in the case of active TB patients as it is only known that the TB infection
decreases the heterogeneity and richness of microbial profile of the gut and
the cause–effect relationship still needs to evaluate. The mechanism of action of
the SCFAs in regulating the TB infection progress still needs to be further analysed.
The faecal sample did not show any traces of the mycobacterial DNA, suggesting
that the cause of observed dysbiosis is not due to the appearance of the M tubercu-
losis in the gut [156]. It can also be concluded that the dysbiosis of the gut microbial
profile may link the altered immune response associated with the infection of TB in
the lungs, which causes the alteration in the immune-microbial synchronization in
the gut, thus causing the changes observed alternatively whether these variations in
gut microbiota cause the alteration in host immune response and in which mecha-
nism is still concealed in nature.

11.5.1 Lung Microbiota Alterations in TB

Study shows that the richness, abundance, OTU clustering, and Shannon index all
differ markedly in active TB patients than controls. Although till now the number of
studies in lung microbiota is fewer than the number of studies on the gut microbial
profile, still there is a rise in the number of studies in present days on the alteration of
lung microbiota as a function of gut microbiota and vice versa in case of infectious
lung disease (Here it is discussed about only the aspects related to infection of
M. tuberculosis). As it is discussed that the microbial lung profile depends on gut as
well as mouth microbial constituents [168], thus disruption in the gut microbial
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richness and diversity also disrupt the normal microbial flora of the lungs [169–
171]. However, although there is a difference in richness based on taxonomic
categories (Phyla, Genus, Species), the results show no consistent difference in
particular phyla or species, indicating a far more extensive study is needed.

In the five case-control studies on active TB patients, the important consideration
was the sputum study. Still, there is always a risk of contamination by the upper
respiratory tract microbiome and oropharyngeal microbiomes, viz. the bacterial
Genera of Prevotella, Bulleidia, and Atopobium, by this method. Therefore, a
different approach of sample collection is required, such as throat swabs [172],
bronchioalveolar lavages [171], and sputum from individuals with TB like coughing
are used [169]. There is a limitation in this method, like deep cough and throat swabs
containing microbiome from the upper tract rather than the lower respiratory tract
and lungs. There is a relatively diverse microbial community of Streptococcus and
Prevotella which are found in patients without TB infection, whereas in the case of
TB infected patients, there is an abundance of mycobacteria of Phylum
Actinobacteria [171, 173, 174]. The longitudinal 16s rRNA-based analysis of the
sample collected from macaques infected experimentally, i.e., from the oral washes,
bronchoalveolar lavage and bronchoscopy samples show that there is an increase in
diversity of microbial profile early after the infection. The specific analysis of Phyla
gives that Aggregatibacter, Streptococcus, and Staphylococcus genera richness is
elevated and the richness of the Lachnospiraceae family is reduced at about 4 months
after initial infection [175]. The genetic makeup of the individual subject and their
previous record of antibiotic exposure also determine the intensity of these
alterations [176]. The study on human patients for the alteration in microbial profile
post-TB infections shows the increase in richness for certain species such as genus
Haemophilus [177] and Acinetobacter [174] of class Gammaproteobacteria, genus
Cupriavidus [171] of class Betaproteobacteria of Phylum Proteobacteria. In the case
of phylum Bacteroidetes, there is overexpression of Porphyromonas [171] and
shows a reduced expression of Prevotella and Alloprevotella Genuses. The results
show the heterogenic expression of the Streptococcus species; some studies show
over expression [177, 178] and some other shows the under expression
[171, 173]. There is an increase in expression of the Lactobacillus, Staphylococcus
[174], and Anoxybacillus [179] and reduce in expression of genus Gemella and
Veillonella [179] of Phylum Firmicutes. Other species which also show alterations
such as Fusobacterium and Cryptococcus show a reduction in richness whereas
genus Thermi of Deinococcus Phylum shows overexpression [178].

11.6 Anti-TB Drug and Microbiome

Anti-TB drugs are classified on the basis of their clinical efficacy and tolerance
[180]. Almost all of the anti-TB drugs work in the actively dividing phase of
bacteria. Antibiotics kill bacteria in the concentrated phase of TB Rx, which leads
to the removal of clinical symptoms and rapid sputum conversion. The continuous
phase of the therapy is necessary to kill the strains of Mycobacterium tuberculosis,
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which are persistent and slow growing. For the effective treatment of TB, FLD are
used, which include INH, RIF, PZA, EMB, and SM. However, due to several
reasons, this first-line therapy often fails in TB treatment due to the appearance of
drug-resistant bacteria. Various factors like relapse and spread of disease are
involved. In MDR-TB, second-line drugs are used and they are more toxic and
more expensive than first-line drugs. In MDR-TB, resistance is produced at least for
isoniazid and rifampin. To prevent the occurrence of MDR-TB, an important
strategy is to detect and treat single drug-resistant or drug-susceptible
TB. Extensively drug-resistant TB (XDR-TB) produced because of mycobacterium
TB strains have also been reported in which resistance is produced to isoniazid,
rifampin, fluoroquinolones, and any other substances injectable anti-TB drug [181].

Alteration in human microbiota occurs due to antibiotic therapy, and specifically,
after using broad-spectrum antibiotics, there is a fast reduction in microbiota diver-
sity. Different antibiotics have different effects on microbiome composition,
depending on the antibiotic route of administration, dosage, pharmacological
properties, length of treatment, spectrum of action of an agent. Sometimes, the
altered microbiome produced due to antibiotic therapy can be reversible, and
recovery time may differ based on the antibiotic regimen. Even exposure to
antibiotics for a short period of time can result in the production of new bacterial
colonies that can live for years in a human’s gut. Often the process of reversion of
microbial communities to their initial state is incomplete. Alteration in the microbial
environment can lead to the depletion in the population of beneficial microorganisms
that have resistance to opportunistic pathogens, leading to the formation of drug-
resistant colonies species. Furthermore, alteration and depletion of commensal flora
may indicate the severity of infection [168].

Gut microbiota also influences the pharmacokinetics of drugs. Although the liver
is the main organ for the production of primary bile acids and drug metabolism. Gut
microbiota affects the drug pharmacokinetics by producing secondary bile acids.
The gut microbiome also modifies expressions of enzymes and transporters involved
in drug metabolism. Gut microbiota can produce drug activating or inactivating
enzymes and can impact the efficacy, bioavailability, and toxicity of a drug. For
example, the gut microbial enzyme transforms the sulfasalazine into its active form
of 5-amino 5-salicylic acid and impacts their bioavailability by directly binding to
the drug [182].

The anti-TB drug therapy impact on the diversity of the microbiome has been
explored recently. Standard first-line anti-TB drugs use in multiple combinations and
extended use lead to the numerous unique factors responsible for profound alteration
in microbiome composition. According to the WHO, standard first-line TB treatment
includes the union of four drugs, i.e., pyrazinamide, rifampin, isoniazid, and etham-
butol, which are used for 2 months, isoniazid and rifampin were given for 4 months
after that. The duration of antibiotic therapy exposure is the major complication of
this disease, like small number of other infectious diseases need such a long duration
of prophylaxis. The study available for comparison of the composition of sputum
microbiota in newly formed TB, treatment failure TB, recurrent TB patients versus
healthy control, does not detect the anti-TB therapy effect on lung microbiome.
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Moreover, the study focuses on detecting microbiome of sputum composition in TB
patients with various other diseases rather than whether sputum samples were
collected before or after the antibiotic treatment. To analyse the combined TB
treatment effect in lung microbiome, a well-controlled study is very much needed
[168]. TB treatment is linked with the long-lasting dysbiosis of the intestine.
Intestinal microbiome composition alteration caused due to antibiotics can lead to
the production of novel microbiome ecological states, with initially identified but ill
specified health results [183].

In paediatric TB, antibiotic exposure causes the depletion of the host-microbiome
in infants, which leads to the long duration health effects. In paediatric drug-
susceptible TB cases, higher dosage per kg is received by children having a body
weight up to 25 kg as compared to adults of each of the anti-TB drugs: rifampin
(15 versus 10 mg/kg), isoniazid (10 versus 5 mg/kg daily), ethambutol (20 versus
15 mg/kg), pyrazinamide (35 versus 25 mg/kg). Treatment duration in children is the
same as in adults, i.e., intensive phase for 2 months with HRZE subsequently
continuation phase for 4 months with isoniazid and rifampin. The long treatment
period for paediatric TB, as compared to other bacterial diseases of childhood, likely
produces any effect on a child’s microbiome in comparison to chemotherapy. For
childhood TB introduction of a newer fixed-dose combination (FDC) regimen has
been done. These FDC regimens consist of intensive phase with isoniazid (50 mg),
rifampin (75 mg), and pyrazinamide (150 mg) tablets, followed by a continuous
phase with isoniazid (50 mg) and rifampin (75 mg), in per drug tablets multiple of
1 for 4–7 kg, 2 for 8–12 kg, 3 for 12–15 kg, and 4 for 16–24 kg body weight range
are used. According to WHO, the duration and principles of childhood TB treatment
are not changed by the introduction of FDC. In case if paediatric TB expert is not
present/available for an infant having age less than 3 month and body weight below
4 kg, then treatment of infant may be done with standard childhood TB drug
regimen [184].

11.6.1 Significance of Probiotic and Postbiotic in TB Pathogenesis

The function of macrophages could be impaired by alteration in gut microbiota and
disrupt awakening of immune cells in clearance of M. tuberculosis. Therefore,
supplementations capable of modulating the gut microbiota composition and
maintaining equipoise can be given to enhance host immunity for M. tuberculosis
and help improve the treatment results [185]. At the early twentieth century,
Metchnikoff hypothesized that the Bulgarian peasants’ long life span resulted from
fermented milk intake in large quantities, which contains useful bacteria and leads to
the generation of term probiotics [186]. Hill addressed the safety of probiotics and
shown modulation in microbiota composition through inhibiting the activity and
growth of damaging pathogens and stimulating the growth of beneficial bacteria.
Probiotics may modulate the host system by stimulating indigenous bactericidial
mechanisms and host immunoglobulins and brace up the reconciling and resistance
of the host [187]. For M. tuberculosis, probiotic bacteria such as Lactobacillus
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brevis, L. fermentum, and L. plantarum exhibit antimicrobial activity in an in vitro
study. Strong antimicrobial activity was shown by L. casei, L. salivarius, and
L. plantarum in another in vitro study against M. bovis Bacillus Calmette–Guerin,
and metabolite of Lactobacillus species may be the reason for this antimycobacterial
activity and genes which encodes for class 2 bacterio-lysins and bacteriocins are
harboured by them. Furthermore, BCG intake by phagocytes is decreased signifi-
cantly by L. plantarum, whereas BCG intake is increased by L. casei and BCG
intake is unaffected in case of L. salivarius [188]. Negi et al. in an in vivo mice
model [189] found that if an antibiotic cause rise in Proteobacteria and a reduction in
Firmicutes and Bacteroidetes, then it can result in the decreased macrophage-
inducible calcium-dependent lectin receptor (act as pattern recognition receptor)
expression and subsequently can lead to decrease in an innate immune response
by recognizing and binding to the pathogen on their carbohydrate structure
[190]. Alteration in gut microbiota composition causes an increase in
M. tuberculosis stress, increases regulatory T cell number in the lung, and decreases
in memory and effector T cell population. MHC-2 and macrophage-inducible
calcium-dependent lectin receptor expressions could be restored on dendritic lung
cells by supplementing probiotics with Lactobacillus plantarum MTCC 2621 and
they can also decrease the burden of M. tuberculosis and regulatory T cells and
increase in activated and effector memory CD4T cells, which exhibit
CD44hiphenotype (show characteristic of activated cells in G1 stage of cell cycle)
and CD62LIoCD44hi phenotype (expanded effector), respectively [189]. Further, T
cells and lung dendritic cells functions in dysbiotic mice against M. tuberculosis
could be increased by administering probiotic L. plantarum. Although immunoreg-
ulatory and antagonistic effects have been shown by few studies against
M. tuberculosis, which recommend the potential role of probiotics in TB treatment
as a unique strategy.

Probiotics modulate the beneficial effect of bacteria by secreted metabolites.
Probiotics may be outlined as inactivated microorganism cells/components that
turn out a helpful impact on host health. A benefit to the host cell could be exerted
directly or indirectly by microbial cell wall fraction, exopolysaccharides, surface-
associated or extracellular proteinaceous molecules, microbial metabolic such as
vitamins, peptides, SCFA, amino acids, etc., and they all belong to postbiotics.
Khusro et al. found that dose-dependent inhibition effect is produced by characteri-
zation and purification of the anti-tubercular protein of strain Staphylococcus
hominis MANF2 having a molecular mass of 7712.3 Da [191]. Carroll et al., in
their studies, found that in an in vitro condition, growth ofM. tuberculosis H37Ra is
inhibited by lacticin 3147, an antimicrobial peptide of Lactococcus lactis subsp.
Cremoris MG1363, and this lacticin have MIC90value of 7.5 mg/L and great
potential is exhibited by lacticin as a therapeutic agent [192]. A gut microbiota
metabolite such as indole propionic acid is also known as an anti-TB agent. Negatu
et al., in the Maybridge Ro3 library screened 1000 fragments primarily and in an
in vivo identified 29 compounds with great anti-tubercular activity [193]. Subse-
quently, to know the bactericidal activity of these 29 isolated compounds against
M. tuberculosis, they were co-cultured with M. tuberculosis and half of them can
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reduce the viability of M. tuberculosis by 100-fold. Among these compounds, the
most substantial inhibition effect was shown by indole propionic acid against
M. tuberculosis. Its direct anti-tubercular activity was indicated by testing it on a
mouse model, infected through aerosol route with a small dose of M. tuberculosis
and cause reduction of bacterial load on spleen by seven-folds. It was also shown
that the indole propionic acid shows antimycobacterial activity by mimicking TrpE
physiological allosteric inhibitor and blocking the biosynthesis of tryptophan in
M. tuberculosis and it was found out after metabolic, genetic, chemical rescue, and
biochemical analysis of indole propionic acid. Postbiotics anti-TB activity potential
can be illustrated by these findings although further research is required to be done to
explain host factors and microbiota involved in anti-TB activity [185].

11.7 Conclusions

Mycobacterium tuberculosis infection weigh up to approximately 1.6 billion people
worldwide but most of the infection restrain by the immune system so that at any one
time we get about 14.4 people have clinical symptoms. Thus, the proper functioning
of the immune response specifically cellular immune response is necessary to
prevent the TB infection. The dysbiosis in the gut microbiota causes alteration of
the systemic immune expression negatively, also the dysbiosis in gut causes the
alteration of microbial profile in other organs which in turn affects the local immune
response. This whole scenario of immune alteration weakens the defence against the
foreign invasion. The active M. tuberculosis infection causes alteration in gut
microbiota. Anti-TB medications lead to the alteration in microbial composition,
which can be of short duration and long-lasting in nature [194]. It was indicated that
the microbic composition of a patient with TB was complicated than healthy
volunteers and pneumonic TB patients’ humor contain several foreign bacteria.
The presence of those foreign bacterium could facilitate within the development of
wasting disease [195]. Some specific genera of bacteria such as Rothia, Lactobacil-
lus, Veillonella, and Leuconostoc were isolated from TB patients [196]. Probiotics
and postbiotics exhibited anti-TB activity in an in vivo and in vitro conditions, which
suggest that they can be used in TB treatment to overcome problems caused by using
multiple antibiotics [185]. Growing evidence indicates the interaction of the
microbiome with each phase of the tuberculosis spectrum. Microbiome studies
should be done in clinical research of tuberculosis and trial testing of new vaccines
wherever possible. At least, the microbiome will probably be associated with
differential phenotypical, biological, and clinical outcomes. Hopefully, these
outcomes will be changed by including the microbiome in the study of tuberculosis
treatment [197].
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Lung Microbiome: Friend or Foe
of Mycobacterium tuberculosis 12
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Abstract

Tuberculosis, or commonly called TB, is one of the fatal contagious diseases
claiming 4000 lives daily (WHO report, 2020). Primarily a curable disease, TB
has become a global health issue with emerging resistant strains. According to the
WHO, an estimated 10 million individuals developed active TB with 0.5 million
people with drug-resistant Mycobacterium tuberculosis (Mtb) strains globally in
2019. The multimodal and multidrug TB chemotherapy leads to lower patient
compliance, resulting in development of multidrug-resistant strains. Microbial
communities inhabit the lungs in variable niches with respect to nutrient avail-
ability and immune response. Mycobacteria, the causative agent of TB have a
unique capability to adapt to the complex microenvironment of the host, acclima-
tize, and adapt to host microbiome and immune surveillance. There exists a
crosstalk between mycobacteria, host microbiome and the host immune cells
leading to a “tug of war” resulting in either clearance of mycobacteria from the
host or establishment of infection. However, there is a need of further studies and
characterization of the multiple players in the growth and sustenance of infection
which would help in deciding the course of treatment for drug sensitive and
resistant strains. This chapter would elucidate the role of host lung microbiome in
pathogenesis, spread, prevention and clinical interventions in tuberculosis.
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12.1 Introduction

Microbes have been known to inhabit the earth ever since its creation. The human
body is the reservoir of microbes whose reduction and alteration are found to be
associated with several diseases. The human microbiome is integral to the develop-
ment, progression and exacerbation of a disorder. Human microbiome comprises all
the microbial population in our body. It is linked to many diseases like asthma,
neurodegenerative diseases, cancer, diabetes and a lot more. Thus, the knowledge of
complete microbiome and its relation with disease relapse and treatment are the
pressing priority [1–3].

Gut microbiota and their association with diseases have been explored exten-
sively, but the interplay of lung microbiome with several respiratory disorders is yet
to be unveiled. One such respiratory illness is tuberculosis (TB). It is one of the
deadliest infectious diseases of lungs caused by Mycobacterium tuberculosis (Mtb).
According to world TB report, TB killed 1.2 million people in 2019, out of which 0.2
million were co-infected with HIV [4].

The TB chemotherapy consists of the first-line drugs (rifampicin, isoniazid,
ethambutol and pyrazinamide) and the second-line drugs (bedaquiline, delamanid,
fluoroquinolones, clofazimine, cycloserine, para-aminosalicylic acid) [5]. However,
with the long duration of chemotherapy, patient falls out of compliance, leading to
advent of drug-resistant strains. With the amplified cases of drug-resistant strains,
multidrug-resistant tuberculosis (MDR-TB) and extensively drug-resistant tubercu-
losis (XDR-TB) challenge the public health care system severely, leading to treat-
ment failure, relapse and death. World Health Organisation (WHO) has reported
about 6.8% of incident TB cases of relapse in 2020 [4]. The reasons of treatment
relapse could be many, including patient non-compliance, drug resistance or
toxicity [6].

Tuberculosis increases the risk of long-term lung impairment as well. It results in
a myriad of lung pathologies, including cavitation and fibrosis [7]. There is a
heterogeneity in the lung damage from tuberculosis, varying from mild to very
severely damaged lungs. This variability could be a result of a number of factors
at play, with host microbiome being one. The disorder in lung microbiome, abun-
dance or depletion has been reported to be associated with relapse and progression of
TB [8]. Thus, it is necessary to understand the lung microbiome of an individual and
compare the microbiota of healthy and diseased subject for better treatment outcome
and cure. This chapter would shed light on lung microbiome and plausible correla-
tion to TB pathogenesis. We would also be discussing the impact of TB chemother-
apy on lung microbiome and vice versa, pressing the need for exploring the field for
better attuning the treatment with the host microbiome for better treatment outcome.
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12.2 Lung Microbiome

The life on earth begins from a single cell to the higher order multi-cellular being. As
the life developed and evolved, the single-celled microorganisms started residing
each site on the earth. They can survive in the flourishing environment as well as in
the extreme conditions. Several communities of microorganisms inhabited the
mammals, living in symbiotic association, where the host provides a niche for
their development and survival and the microbe aids in nutrients biotransformation,
detoxification, educating immune response and protecting against pathogenic
microbes [9]. Thus, the mammals are hybrid organism composed of diverse group
of host and microbial cells functioning in continuous dynamic and mutual
equilibrium.

The human microbiota forms a complex community comprising of diverse group
of bacteria, fungi, protozoa and viruses that are collectively found within the host.
The microbes share a similar environment and are subjected to changes during the
course of life as a result to multiple external and internal factors including environ-
mental, clinical interventions and diseased states. The newly explored field of
microbiomics investigates (1) the characterisation of microbiome at diverse setting
in the host body, (2) microbial gene analysis, (3) influence of microbes on the host
and (4) the role of microbiome in the diseased conditions. At the dawn of next
generation sequencing, the field of microbiomics has advanced with rapid amplifi-
cation and sequencing of selected microbial DNA segments, their identification and
diversity based on sequence similarity [10]. The human microbiome project has
evaluated distinct body habitats (oral cavity, skin, lower gastrointestinal (GI) tract
and vaginal samples) for the microbiome diversity determination in a group of
healthy volunteers. The 16S rRNA gene analysis was performed using
pyrosequencing as they are the conserved bacterial gene with hypervariable regions
like V1, V2, V3, V6 and V7 that vary among species. The human microbiome
project established that the diversity and richness of each habitat-specific microbes
differ extensively even among healthy subjects, with solid niche specialization both
within (alpha diversity) and amongst individuals (beta diversity) [11].

The microbiome of the lung was historically neglected and it was thought that the
lung is devoid of microorganisms forming a sterile environment. Even the human
microbiome project initially excluded the microbiota of the lungs [12]. However,
recent studies have defined lung microbiota and its impact in healthy and diseased
individuals and provided the researchers a new standpoint to learn about the respira-
tory diseases [13]. Hence, it is necessary to comprehend the changes in the lung
microbiome in a diseased state, marked by microbial elimination and immigration
along with the growth factors like competition for nutrients, attachment site, temper-
ature and host–microbe interactions [14].

The lung microbiome is divided into two sections: (1) the upper respiratory tract
or URT that comprised of nostrils, rhino-pharynx and oropharynx and (2) the lower
respiratory tract or LRT comprising of alveoli and bronchi (Fig. 12.1) [15]. The URT
and LRT colonization begins with the birth of an individual and is influenced by
several modalities such as method of delivery either vaginal or caesarean,
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environment, diet, age and antibiotics. The URT is majorly colonized by the
microbiota belonging to the genera of Proteobacteria Firmicutes, Actinobacteria,
Bacteroidetes and Fusobacteria. The nostril microbiome is enriched with
Propionibacterium spp. (Actinobacteria) as they are able to metabolize the sebum
released by glands of the nostril’s epithelium. The pH decrease in the nostrils
facilitates the growth of Staphylococcus coagulase and Corynebacterium belonging
to Firmicutes and Actinobacteria genera, respectively. The rhino-pharynx
microbiome exhibits the supremacy of Moraxella, Dolosigranulum, Corynebacte-
rium, Staphylococcus or Streptococcus spp., Haemophilus and Neisseria, playing a
crucial part in upholding the equilibrium of related species, preventing the develop-
ment of pathogens and assisting host immunity [14, 16–18]. The oropharynx is rich
in the genus Streptococcus, Veillonella, Neisseria, Fusobacterium and
Bacteroidetes. The LRT is dominated by bacteria (Pseudomonas, Streptococcus,
Fusobacterium, Prevotella, Acinetobacter, Megasphaera, Sphingomonas, Staphylo-
coccus, Veillonella) as well as fungi (Aspergillus, Cladosporium, Penicillium, Can-
dida, Neosartorya, Eurotium and Saccharomyces) [14]. The respiratory tract also
displays the presence of several virus groups with known and unknown pathogenic-
ity. Culture-dependent molecular assays are performed to detect viral particles in the
upper and lower respiratory tract. Some of the very common virus in respiratory tract

Fig. 12.1 Lung microbiome; A representation of microbes inhabiting the upper respiratory tract in
humans (Reproduced from Santacroce et al. [14])
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are rhinoviruses, paramyxoviruses, along with enteroviruses, orthomyxoviruses, and
parvoviruses [19].

The dysbiosis of lung microbiome occurs in diseased conditions characterized by
increase of certain pathogenic bacterial population and decrease of other commensal
microbes [16]. The dysbiosis of Anaerococcus, Peptoniphilus, Finegoldia, Dialister,
Parvimonas, Corynebacterium, Staphylococcus and Propionibacterium genera is
related to chronic rhinosinusitis patients [20, 21]. The core microbiota of the patients
suffering from cystic fibrosis comprised of Streptococcus, Prevotella, Rothia, acti-
nomyces and Veillonella along with less prevalent Pseudomonas, Burkholderia,
Stenotrophomonas and Achromobacter bacterial community [22]. The adult asth-
matic patients displayed increased number of Haemophilus spp. accompanied by
decreased amount of Prevotella spp. as compared to the control individuals
[1]. Thus, the diseased conditions in human are not only associated with the genes
of microbiota that resides in their body but also the expression of the microbial
genes.

12.3 Mtb Pathogenesis

Mycobacterium tuberculosis, a gram positive actinobacteria causing tuberculosis to
almost 10 million of individuals all around the globe and killing approximately 1.4
million of diseased individuals in 2019. Geographically, most people who developed
TB belongs to South East Asia, Africa and Western Pacific regions [4, 23]. Tubercu-
losis is a contagious disease that spreads from one individual to another via aerosols
that are produced when an individual with active pulmonary TB sneezes or coughs.
When these aerosols containing bacilli are inhaled by a healthy person, the patho-
genesis ofMtb in the new host commences (Fig. 12.2). At first,Mtb is phagocytosed
by the alveolar macrophages of the host and apprehended in the phagosomes. The
interactions between the pathogen-associated molecular patterns of mycobacteria
(for instance, lipoprotein and glycolipids) and the pattern recognition receptors (like
Toll-like receptors) on the macrophages cause phagocytosis of Mtb. Later, the
phagosome fuses with lysosome forming phagolysosome to kill the bacteria in the
presence of hydrolytic enzymes and acidic pH. The bactericidal activity is also
accomplished by the generation of reactive oxygen and nitrogen intermediates by
the macrophages [24, 25].

The bacilli that survives the harsh conditions of the macrophages replicates and
divides in the phagosomes, increasing the bacterial load in the host and inducing the
production of pro-inflammatory cytokines like IL-1α, IL-6, IL-1β and TNF-α. The
inflammatory response persuades the recruitment of immune cells including
neutrophils, monocytes and dendritic cells to the infection site. Increased level of
TNF-α results in controlled Mtb growth by forming granuloma, hallmark of latent
tuberculosis [24, 26]. Granuloma is a compact calcified structure with a central
necrotic caseum with dying macrophages surrounded by epithelioid cells, foam
cells, dendritic cells, natural killer cells, neutrophils, B cells, T cells, fibroblasts
and cells that secrete extracellular matrix components. Granuloma is formed to wall
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off the pathogen from migrating to other location via lymphatic systems [27]. The
production of pro-inflammatory cytokines like TNFα, IFNγ and IL-6 from
macrophages along with the adaptive immune defence of the CD4+ and CD8+ T
cells restricts the growth of Mtb in the granuloma. The bacteria in the granuloma
persist in a dormant, metabolically inactive state for ages and only become active
when the immune surveillance is compromised either with HIV co-infection, treat-
ment with anti-TNF medications, or cholecalciferol deficiency [25, 26].

The WHO TB global report 2020 states that almost about 25% of world’s
populace has already been infected with Mtb. Yet, only 5–15% of the diseased
individuals develops active TB in their lifetime and most of them remain dormant
and develop TB only when the immune system is compromised [4]. The disequilib-
rium in the host immune defense causes the centre of granuloma to undergo
caseation and spill active and infectious bacteria from primary location to other
new site in the lungs, causing active TB. This results to formation of productive
cough that further facilitates spread of bacilli to the environment, continuing the
cycle of pathogenesis [23]. Naidoo et al. [28] propose a relation between how
tuberculosis pathogenesis is modulated by the risk factors and its associated
microbiome imbalance (Fig. 12.3). The health of host is modulated by the risk
factors which makes it important to understand the interlink between the diseased
microbial state and tuberculosis.

12.4 Lung Microbiome in TB Infection

Gut microbiota importance in human body has been studied and explored by various
groups around the globe [29, 30] and their association with several disorders like
neurodegenerative diseases [2, 31, 32], diabetes [33], cardiovascular diseases [34],
cancer [3] and COVID-19 [35] has also been researched extensively. The lung
microbiota that was previously neglected is now looked into to understand disease
conditions and how the lung microbiota contributes in the treatment or the exacer-
bation of respiratory diseases.

Dysbiosis of lung microbiota has already been associated in several disease
progression like asthma [1], cystic fibrosis [22], chronic rhinosinusitis [20] and
many more. The lung microbiota effects on the pathogenesis of Mtb and treatment
outcome are a new field to explore. In the healthy state, there is a commensal
relationship between the host immunity and lung microbiota, attaining host-
pathogen equilibrium. But in the immune-impaired state, i.e., infection with Mtb,
development of either active or latent TB occurs causing heightened inflammation,
hampering the resistance to pathogenic microbiota, and change in microbial ecology
and diversity, leading to microbiome dysbiosis. Further the comorbidities like
malnutrition, diabetes, HIV also influence the disease development and alteration
in microbiota [36] (Fig. 12.4). Hence, it is necessary to comprehend the dysbiosis in
lung microbiota that occurs in the diseased state. Several groups have worked upon
the lung microbiome perturbation caused by tuberculosis.
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Cui et al. evaluated the microbial population in the sputum sample of enrolled
pulmonary TB patients [37]. Pyrosequencing was performed to analyse the total
DNA extracted from 31 TB patients and 24 healthy individuals. Their study
displayed that the TB patients show microbiota diversity that were classified into
24 phyla as compared to the healthy subjects that showed presence of bacteria from
17 phyla. The bacterial population unique to TB patients are Stenotrophomonas,
Thermus, Cupriavidus, Methylobacterium, Pseudomonas, Comamonas,
Diaphorobacter, Sphingomonas and Mobilicoccus. They concluded that these

Fig. 12.3 The epidemiologically important risk factors that modulates TB and their effect on lung
and gut microbiota (Reproduced from Naidoo et al. [28] with approvals from the Elsevier)
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unique foreign bacteria may have a role to play in TB development and
progression [37].

Using 16S rRNA pyrosequencing technique, Cheung et al., compared sputum
microbiota of 22 Mtb-infected individuals with 14 control sputum samples. The
phyla Proteobacteria and Bacteroidetes were more signified in the TB subjects as
compared to the controls. The fundamental genera found in the TB sputum
microbiota is characterized by Actinomyces, Fusobacterium, Leptotrichia,
Prevotella, Streptococcus and Veillonella. Along with these genera some other
less represented genera found in TB samples are Mogibacterium, Moryella and
Oribacterium [38]. Botero et al., collected the sputum, nasal and oropharynx
samples from six TB-infected patients and compared the microbiota of lungs with
the six healthy control samples. They found that the Streptococcaceae spp. are
abundant in oropharyngeal samples of TB patients along with enriched fungal
community of Aspergillus and Candida in sputum and oropharyngeal samples,
whereas the control subjects showed richness in Fusobacterium, Actinomyces,
Prevotella, Leptotrichia and Veillonella. Their study concluded that oropharynx

The host immunity and lung
microbiota in a commensal

equilibrium)

lung injury, change in
microbial ecology and 
diversity
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relationship (host-pathogen
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Fig. 12.4 An overview of the balance between the healthy state and the diseased state associated
with lung dysbiosis. Progression to diseased state is accelerated by the risk factor like co-infection,
smoking, etc. that alter the lung microbiome, whereas the flowback to the healthy state can be
achieved by the Faecal Microbiota Transplant, prebiotics and probiotics
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samples should be analysed to study the alteration of lung microbiota in TB
[39]. Recently, lung microbiome association with tuberculosis has been explored.
A study conducted byWu et al. employed 16S RNA sequencing technique to inspect
association of Mtb infection with the sputum microbiota in TB patients with new
infection, recurrent infection and TB patients with therapy collapse. They found
abundance of Granulicatella, Streptococcus and Pseudomonas genera, whereas
Leptotrichia, Prevotella, Catonella, Treponema and Coprococcus were reduced in
TB-infected individuals than in the control healthy individuals. They also recognized
the richness of Pseudomonas in the treatment failure patients with high Pseudomo-
nas/ Mycobacterium ratio. Their study concluded that certain bacterial population is
responsible for disease progression as well as reinfection and treatment failure [8].

Krishna et al., employed 16S rRNA sequencing to understand the microbiome of
lungs in TB infection [40]. They collected samples from 25 infected patients and
16 uninfected individuals. Phylum-level analysis displayed comparative profusion
of Firmicutes and Actinobacteria in TB-infected individuals. Their study also
showed difference in the core genera in TB and in healthy person. The earlier
study demonstrated the abundance of Bacteroidetes and Proteobacteria in TB
patients, whereas these two phyla are more abundant in the general population in
India. Further, Firmicutes are generally rich in healthy individual in China but in
India they are high in TB patients. The core genera of TB samples found in their
study are Actinomyces, Rothia, Granulicatella, Lactobacillus, Streptococcus,
Neisseria, Leptotrichia and Veillonella [40]. Eshetie et al., estimated the relative
percentage of lung microbiota genera in healthy as well asMtb-infected individuals.
Streptococcus (35%), Neisseria (27%), Prevotella (9%) and Veillonella (8%) were
rich in TB-infected patients however Prevotella (37%), Gammaproteobacteria
(22%), Streptococcus (19%) and Haemophilus (15%) were detected in healthy
controls. The study identified the exclusive genera for both the groups. Rothia,
Veillonella, Leuconostoc were exclusively found in TB cases, whereas
Gammaproteobacteria, Haemophilus, Lactobacillus and Actinobacillus were
recognized in healthy subjects only [41].

Short chain fatty acids (SCFA) are known to modulate energy metabolism,
inflammatory reactions and cholesterol metabolism. It acts as an anti-inflammatory
agent via blocking NF-κβ activation and IFN-γ signalling, that have an indispensable
role in control of Mtb progression and granuloma formation and maintenance.
Additionally, SCFA is also recognized to inflate regulatory T cells (Treg) prolifera-
tion and their binding with GPCR decreases allergic reaction by reducing dendritic
cell-mediated Th2 responses. Treg produces anti-inflammatory cytokines like
interleukin-10 to limit the activity of pro-inflammatory cytokines against Mtb [42–
44] (Fig. 12.5). Segal et al., investigated the contribution of propionate, butyrate and
other SCFA in TB progression in HIV patients medicated with antiretroviral-drug-
therapy. They used 16S rRNA sequencing to scrutinize the LRT microbiome of
bronchoalveolar lavage samples. They found the richness of anaerobes such as
Prevotella in the LRT which is associated with elevated pulmonary SCFA-induced
Tregs which obstructs Mtb control by alveolar macrophages. They concluded that
antiretroviral therapy has caused pulmonary dysbiosis with the enrichment of oral
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anaerobes that can increase the TB risk in HIV patients [45]. The study suggests that
the metabolic profile of the microbiota may be a significant determinant for progres-
sion of active TB.

Zhou et al., studied microbiome of lungs infected withMtb using bronchoalveolar
lavage fluid samples. The samples were collected from 32 TB patients along with
24 healthy individuals. Their study demonstrated significant changes in the LRT
microbiota with Cupriavidus as dominant bacterial genus. They also determined the
richness of Mycobacteria and Porphyromonas within TB lesions, concluding that
Mycobacteria along with Porphyromonas act together in the lesion formation
[46]. The pilot study to understand the lung microbiome in TB infection using
shotgun metagenomic sequencing techniques was performed by Hu et al.
[47]. They analysed lung microbiota in bronchoalveolar lavage samples from Mtb-
infected and healthy individuals. The microbiome of infected individual was
enriched with Mtb along with fungal community, Ascomycota and Basidiomycota,
whereas the uninfected individual microbiome comprised of Streptococcus,
Prevotella, Neisseria, Selenomonas and Bifidobacterium.

The gut microbiota also affects the lung microbiome through the “gut-lung axis”
[48]. The metabolites released by the gut microbes into the bloodstreams affect the
respiratory tract microbiome and vice versa. The dysbiosis in the gut microbiome has
been associated with lung disorders and infections, such as asthma where depletion
in genus Bifidobacteria and upsurge in genus Clostridia in gut are linked with
asthma [28, 49]. Several studies are ongoing to understand the influence of gut
microbiota on lung microbiome that causes either protection or TB exacerbated
infection.

Maji et al., enrolled active TB patients along with their healthy household
contacts and analysed their gut microbiota using whole-genome shotgun and 16S
rRNA gene sequencing. They observed dysbiosis in the gut microbiota in the
infected individuals with the abundance of Prevotella and Bifidobacterium in the
household contacts [42]. In TB subjects, the ratio of Firmicutes/Bacteroidetes is
increased, directly affecting the concentration of SCFA. Propionate and butyrate-
producing bacteria like Eubacterium rectale, Faecalibacterium prausnitzii,
Roseburia, Butyrivibrio and Phascolarcto bacterium were considerably increased
in infected individuals [42]. Majlessi et al., studied the exacerbated consequence of
gut microbiota in TB progression. Their study showed that the mice gut colonized
with Helicobacter hepaticus exhibited worsened effect with increased inflammation
and lung necrosis when compared with the mice that do not have H. hepaticus in
their gut microbiome. They concluded that H. hepaticus intensified the immune
response against Mtb that was otherwise balanced in their absence [50].

Helicobacter pylori, a gut microbiota, causes an asymptomatic infection of
stomach and may provide protection against other opportunistic pathogens. Perry
et al. worked on the hypothesis that H. pylori infection contributes to the protection
against Mtb. They examined H. pylori and Mtb antibody responses in enrolled
subjects undergoing tuberculin skin test. Individuals with LTBI showing seroposi-
tivity to H. pylori- displayed increased Mtb specific IFN-γ response, and an
enhanced Th-1 response when compared to H. pylori seronegative individuals.
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Their study also revealed that presence of H. pylori in the microbiome of
Cynomolgus macaques results in less likelihood of progression of Mtb infection,
suggesting importance of H. pylori in providing immune-protection against TB
[51]. Negatu et al., performed whole cell screening where they screened 1000
fragments from the Maybridge Ro3 library [52]. Their screen identified indole
propionic acid (IPA), a metabolite released by gut microbiota. IPA reduced bacterial
load in spleen of the infected mouse by seven-fold, further also represented adequate
pharmacokinetic properties. Thus, focussing on the therapeutic activity of gut
microbiota against TB [52].

12.5 TB Treatment

Tuberculosis treatment comprised of combination of drugs that are given to patients
with active TB to completely recover from diseased state. The treatment duration is
of 6 months that are divided into two phases: (1) the intensive phase of 2 months and
(2) the continuation phase of 4 months [53].

The intensive phase comprised of four drugs: isoniazid (H), rifampicin (R),
pyrazinamide (Z) and ethambutol (E) forming HRZE regimen and the continuation
phase comprised of isoniazid and rifampicin. The diseased individual completing
the WHO approved 6-month guideline for treatment is thought to recover from the
disease but compliance to the therapy is challenging for the patient because of the
related toxicity and side-affects associated with the drugs along with the lengthy
duration of the treatment. The non-compliance of patients leads to drug-resistant TB
such MDR-TB or XDR-TB [6].

The WHO consolidated guidelines on drug-resistant tuberculosis categorize the
medications for MDR-TB patients into three groups, group A, group B, and group
C. To complete the regimen of 4 drugs to treat MDR-TB, combination of drugs from
all the groups are administered. Group A consists of prioritized drugs like
bedaquiline, linezolid and moxifloxacin/levofloxacin, taken in all regimen. Group
B includes possibly added drugs like clofazimine and cycloserine/terizidone. Group
C comprised of auxiliary drugs like pyrazinamide, ethambutol, meropenem, ethion-
amide, para-aminosalicylic acid, amikacin and delamanid that are to be given in case
drugs from group A and B cannot be administered to complete the 4-drug regimen
[54, 55]. The dosage, therapy duration, mode of action and bacterial spectrum of first
and second-line drugs are discussed in Table 12.1.

12.6 The Effect of TB Treatment on Microbiome

As discussed above, the treatment for TB comprised of combination of antibiotics
for a lengthy period [53]. Among these drugs some of them are specific to Mtb such
as isoniazid, pyrazinamide and ethambutol, as these are prodrugs and only get
activated by enzymes of Mtb [56]. But rifampicin, a broad-spectrum antibiotic,
inhibits the transcription of bacterial genes. Further, treatment of MDR-TB/XDR-

12 Lung Microbiome: Friend or Foe of Mycobacterium tuberculosis 219



Ta
b
le

12
.1

D
os
ag
e,
th
er
ap
y
du

ra
tio

n,
m
ec
ha
ni
sm

of
ac
tio

n
an
d
ba
ct
er
ia
l
sp
ec
tr
um

of
fi
rs
t
an
d
se
co
nd

-l
in
e
dr
ug

s

T
ub

er
cu
lo
si
s
dr
ug

s
D
os
ag
e

T
re
at
m
en
t
pe
ri
od

M
od

e
of

ac
tio

n
B
ac
te
ri
al

sp
ec
tr
um

F
ir
st
-l
in
e
dr
ug

s
(d
ru
g-
su
sc
ep
tib

le
T
B
)

Is
on

ia
zi
d
(H

)
5
m
g/
kg

6
m
on

th
s

•
2-
m
on

th
in
te
ns
iv
e
ph

as
e

•
4-
m
on

th
co
nt
in
ua
tio

n
ph

as
e.

T
ar
ge
ts
In
hA

,o
f
F
A
S
II
sy
st
em

,
re
qu

ir
ed

fo
r
sy
nt
he
si
s
of

m
yc
ol
ic
ac
id

la
ye
r

N
ar
ro
w

sp
ec
tr
um

,
ba
ct
er
ic
id
al

R
if
am

pi
ci
n
(R
)

10
m
g/
kg

T
ar
ge
ts
rp
oB

ge
ne

(D
N
A

de
pe
nd

en
t

R
N
A
po

ly
m
er
as
e)
,n

ee
de
d
fo
r

tr
an
sc
ri
pt
io
n

B
ro
ad

sp
ec
tr
um

P
yr
az
in
am

id
e
(Z
)

25
m
g/
kg

2
m
on

th
s
in
te
ns
iv
e
ph

as
e

T
ar
ge
ts
pn

cA
,e
ne
rg
et
ic
s

N
ar
ro
w

sp
ec
tr
um

E
th
am

bu
to
l
(E
)

15
m
g/
kg

T
ar
ge
ts
E
m
bB

,r
eq
ui
re
d
in

sy
nt
he
si
s
of

ar
ab
in
og

al
ac
ta
n
la
ye
r
bi
os
yn

th
es
is

N
ar
ro
w

sp
ec
tr
um

S
ec
on

d-
lin

e
dr
ug

s
(g
ro
up

A
)

B
ed
aq
ui
lin

e
40

0
m
g

S
ho

rt
re
gi
m
en

of
9–
11

m
on

th
s

•
4–
6
m
on

th
of

in
te
ns
iv
e
ph

as
e

an
d
5-
m
on

th
co
nt
in
ua
tio

n
ph

as
e

L
on

g
re
gi
m
en

of
>
20

m
on

th
s

•
8-
m
on

th
in
te
ns
iv
e
ph

as
e
an
d

>
12

-m
on

th
co
nt
in
ua
tio

n
ph

as
e)

T
ar
ge
ts
at
pE

of
A
T
P
sy
nt
ha
se
,

ob
st
ru
ct
in
g
en
er
gy

m
et
ab
ol
is
m

N
ar
ro
w

sp
ec
tr
um

L
in
ez
ol
id

60
0
m
g

T
ar
ge
ts
rp
lC
,r
eq
ui
re
d
fo
r
pr
ot
ei
n

sy
nt
he
si
s

B
ro
ad

sp
ec
tr
um

F
lu
or
oq

ui
no

lo
ne
s

40
0–

10
00

m
g

T
ar
ge
ts
gy

rA
/B

su
bu

ni
ts
of

to
po

is
om

er
as
e
en
zy
m
e

B
ro
ad

sp
ec
tr
um

S
ec
on

d-
lin

e
dr
ug

s
(g
ro
up

B
)

C
lo
fa
zi
m
in
e

50
m
g

P
ri
m
ar
y
ta
rg
et
is
ou

te
r
m
em

br
an
e
an
d

se
co
nd

ar
y
ta
rg
et
s
ar
e
re
sp
ir
at
or
y
ch
ai
n

an
d
io
n
tr
an
sp
or
te
rs

B
ro
ad

sp
ec
tr
um

C
yc
lo
se
ri
ne
/

te
ri
zi
do

ne
10

–
15

m
g/
kg

T
ar
ge
ts
ce
ll
w
al
l
bi
os
yn

th
es
is

B
ro
ad

sp
ec
tr
um

220 S. Perveen and R. Sharma



S
ec
on

d-
lin

e
dr
ug

s
(g
ro
up

C
)

D
el
am

an
id

10
0
m
g

T
ar
ge
ts
dd

n,
hi
nd

er
in
g
m
yc
ol
ic
ac
id

bi
os
yn

th
es
is

N
ar
ro
w

sp
ec
tr
um

P
yr
az
in
am

id
e

25
m
g/
kg

T
ar
ge
ts
pn

cA
,m

em
br
an
e
en
er
gy

m
et
ab
ol
is
m

N
ar
ro
w

sp
ec
tr
um

E
th
am

bu
to
l

15
m
g/
kg

T
ar
ge
ts
E
m
bB

,r
eq
ui
re
d
in

sy
nt
he
si
s
of

ar
ab
in
og

al
ac
ta
n
la
ye
r
bi
os
yn

th
es
is

N
ar
ro
w

sp
ec
tr
um

M
er
op

en
em

50
0
m
g

T
ar
ge
ts
ce
ll
w
al
l
bi
os
yn

th
es
is

B
ro
ad

sp
ec
tr
um

E
th
io
na
m
id
e

15
–
20

m
g/
kg

T
ar
ge
ts
m
yc
ol
ic
ac
id

bi
os
yn

th
es
is

N
ar
ro
w

sp
ec
tr
um

P
ar
a-

am
in
os
al
ic
yl
ic

ac
id

8–
12

g
T
ar
ge
ts
di
hy

dr
of
ol
at
e
re
du

ct
as
e,

in
hi
bi
ts
D
N
A
pr
ec
ur
so
r
sy
nt
he
si
s

N
ar
ro
w

sp
ec
tr
um

A
m
ik
ac
in

15
m
g/
kg

T
ar
ge
ts
pr
ot
ei
n
sy
nt
he
si
s
in

ba
ct
er
ia

B
ro
ad

sp
ec
tr
um

12 Lung Microbiome: Friend or Foe of Mycobacterium tuberculosis 221



TB comprised of medications that are broad-spectrum antibiotic like
fluoroquinolones. Administration of these drugs for such long duration of 12 months
is associated with alteration in the microbiota, thereby compromising immune
response and protection against infection. Many studies are ongoing to understand
the consequence of anti-TB drugs on the microbiome and this section deals with the
microbiome perturbation due to anti-TB drugs [28, 57].

For identifying the effect of HRZE regimen on the intestinal microbiota,
Namasivayam et al., studied the perturbation in C57BL/6 mice. They segregated
mice into three groups, two groups were infected with Mtb (one on HRZE regimen
and other left untreated) and one taken as control. They analysed the microbiota in
the stool samples of the mice using 16S rRNA sequencing. In the HRZ treated
animal, a significant depletion in microbes of phylum Firmicutes, especially
Robinsoniella, Stomatobaculum, Acetivibrio, Alkaliphilus, Acetanaerobacterium,
Tyzzerella, Butyricicoccus, Peptococcus and Ruminococcus, genera, followed by
an increase in Erysipelatoclostridium and Eggerthia genera as compared to the
control animal was observed [58]. To examine the consequence of long 3 months
of anti-TB therapy on the microbiome they studied stool samples for 3 months post-
cessation of treatment taking age-matched naïve animals as control. Relative
decrease in Lactobacillus, while increase in microbes belonging to phylum
Bacteroidetes and Proteobacteria was observed during post-therapy period
[58]. Wipperman et al. compared gut microbiome composition of individuals
undergoing the TB therapy and subjects who have recovered by the 6-month anti-
TB drug treatment with the uninfected individuals as controls in a study. The
microbiome was evaluated by 16S rDNA and metagenomic DNA sequencing.
They concluded that the overall diversity in the infected and uninfected individual
is similar but there are some specific microbiomics changes associated with the
anti-TB therapy. Individuals on the HRZE regimen showed enrichment of
Fusobacterium, Prevotella and Erysipelatoclostridium and depletion in
Coprococcus, Blautia, Lactobacillus, Bifidobacterium and Ruminococcus. Recov-
ered subjects showed decline in Bacteroides and upsurge in Eubacterium,
Ruminococcus, and Faecalibacterium genera. Perturbation in the microbiome is
directly affecting the immune response. Ruminococcus and Coprococcus are
known to regulate peripheral cytokine production including interferons and
interleukins, similarly, Bifidobacterium was found to conduct a Th17 immune
response in mice [44].

Wang et al., described in their study about the perturbation of gut microbiota
which leads to unfavourable changes in the lipid profile of individuals undergoing
MDR-TB treatment. They enrolled 76 individuals in four different groups, i.e., one
active MDR-TB group, one cured MDR-TB group, and two TB groups of first
infection taken as control. The faecal and blood samples of the subjects were
collected to analyse the gut microbiota. They observed alteration and depletion in
richness (up to 26% reduction) of gut microbiome during MDR-TB therapy and
even after 3–8 years after therapy success. The altered gut microbiome comprised of
phylum Verrucomicrobia and Firmicutes and genera Erysipelatoclostridium,
Adlercreutzia, Butyricicoccus, Akkermansia, Coprococcus, Eubacterium,
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Psychrobacter, Clostridioides, Fusicatenibacter, Streptococcus and Klebsiella. The
alteration was associated with raised low-density lipoprotein cholesterol and total
cholesterol. This study focussed on the adverse side effects of the drugs caused on
the gut microbiota during the course of TB therapy [59]. The study conducted by Hu
et al., displayed that the anti-TB medications alter the gut microbiota within a week
of administration. A significant depletion of Ruminococcus and Faecalibacterium,
belonging to phylum Firmicutes trailed by abundance of Bacteroides fragilis,
Bacteroides plebeius and Parabacteroides distasonis, belonging to phylum
Bacteroidetes and OTU8, OTU2972 of family Erysipelotrichaceae was observed
in TB patients undergoing anti-TB therapy [60].

The consequence of first- and second-line anti-TB drugs on the gut microbiome
has been focussed widely but the effects of drugs on lung microbiome have not been
explored a lot. It is pertinent to comprehend the perturbation of the lung microbiome
caused by anti-TB drugs and their contribution in the disease progression and
recurrence. This would also open a new arena to explore the contribution of
microbiome in treatment of tuberculosis. Currently, researchers are conducting
studies to recognize the role of altering the microbiome in favour of the host to
eliminateMtb. A research conducted by Cardona et al., showed the efficacy of use of
heat-killedM. manresensis as an adjunct to treat tuberculosis. They studied the effect
of 105 heat-killed non-tuberculous-mycobacteria species (M. manresensis) on
C3HeB/FeJ mice when orally administered for 14 days. Oral treatment with
M. manresensis for 14 days induced a protein purified derivative-specific Tregs
population. The therapy lessened the bacillary load in lungs, caused granulomatous
infiltration and release of pro-inflammatory cytokines. Administration of
M. manresensis orally, along with 6-month standard therapy reduced the relapse of
TB. Thus, this study supports the usefulness of M. manresensis in TB treatment as
well as control of excessive inflammatory response [61].

Another study performed by Suprapti et al., elaborated the outcome of probiotics
and vitamin B (B1, B6 and B12) supplementation on pro-inflammatory cytokines
release during the intensive phase of TB therapy [62]. For the study, 22 TB-infected
individuals were selected and divided into two groups. One group administered
HRZE regimen + B6 supplementation (control), whereas the other group received
HRZE regimen + probiotics + vitamin B1, B6 and B12 supplementation (interven-
tion). The cytokine release was measured after 2 months of intensive phase treatment
using the ELISA method. The intervention group showed higher percentage of
IFN-γ release as compared to the control group. This study highlighted that
probiotics and vitamins B1, B6, B12 could modulate immune response through
cytokine release during intensive phase therapy [62].

12.7 Conclusion and Way Forward

Exploring lung microbiome in relation to TB pathogenesis has garnered attention in
the recent years. Growing studies and evidences indicate the interplay amongst the
host microbiome and mycobacteria, influencing the immune responses in the body.
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However, a better understanding of the subject can open a new field of TB
diagnostics and therapeutics by targeting the microbiome in the favour of the host.
The field is mostly unexplored, with a lot of unanswered questions. Future in vitro,
ex vivo, in vivo and clinical studies need to be conducted to understand the interplay
between host immune responses, microbiome and mycobacteria. This would further
inform the healthcare on targeting microbiome as a potent therapeutic target and the
use of host directed agents in clearing the mycobacteria from lungs.
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Microbiome in Idiopathic Pulmonary
Fibrosis 13
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Abstract

It is believed that Idiopathic Pulmonary Fibrosis (IPF) is an age-related chronic,
progressive, and histopathologically associated fibrosing interstitial lung disorder
which primarily affects the elderly. Despite tremendous progress in our knowl-
edge of pathophysiology of diseases, we still do not know the possible causes of
IPF. According to current research evidences, it is proposed that IPF may develop

S. Pathak
Kashi Institute of Pharmacy, Varanasi, India

A. Mishra (*)
NIMS Institute of Pharmacy, Jaipur, India

G. Gupta · A. Raizaday · S. K. Singh
Suresh Gyan Vihar University, Jaipur, India

P. Kumar
Limetta Laboratories, Haridwar, India

S. K. Singh
School of Pharmaceutical Sciences, Lovely Professional University, Phagwara, India

N. K. Jha
Department of Biotechnology, School of Engineering and Technology (SET), Sharda University,
Greater Noida, India

D. K. Chellappan
Department of Life Sciences, School of Pharmacy, International Medical University, Kuala
Lumpur, Malaysia

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

Faculty of Health, Australian Research Centre in Complementary and Integrative Medicine,
University of Technology Sydney, Ultimo, NSW, Australia

# The Author(s), under exclusive licence to Springer Nature Singapore Pte
Ltd. 2022
G. Gupta et al. (eds.), Microbiome in Inflammatory Lung Diseases,
https://doi.org/10.1007/978-981-16-8957-4_13

227

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8957-4_13&domain=pdf
https://doi.org/10.1007/978-981-16-8957-4_13#DOI


genotype as a result of repeated alveolar damage causing an abnormal wound-
healing response. Genomic variations in epithelial integrity and host defence
genes put people at risk for IPF, whereas immunosuppression and overt respira-
tory infection are supposed to have a high death rate. The role of infection in
disease etiopathogenesis has long been suspected and its progression, or as a
cause of acute aggravation, although preliminary investigations using classic
culture procedures have formed inconsistent findings. Current approach of
culture-independent microbiological analysis procedures to IPF patients has
previously revealed various unacknowledged variations in lung microbiome
and also a high microbial burden in bronchoalveolar lavage (BAL) in patients
with IPF. However, connection does not always imply causation. Furthermore,
lung microbiome is still incompletely defined, and more studies need to be done
to explore species other than viruses and bacteria, such as fungus. The knowledge
of microbiome’s role in aetiology and IPF progression might leads to its modifi-
cation, allowing targeted therapeutic treatment.

Keywords

Idiopathic Pulmonary Fibrosis (IPF) · Interstitial Lung Disease (ILD) ·
Microbiome · Pathogenesis · Acute Exacerbation · Infection in Lung

13.1 Introduction

Microbiome refers as pathogenic and symbiotic organisms and a commensal’s
ecological community which share human bodily space and also the intricate
dealings of these microbes with the host. Various studies are conducted on the
microbiome of gastrointestinal tract, with about 100 trillion microorganisms; yet,
the lower respiratory tract’s epithelial surface is considered to be one of least
inhabited areas of human body which has been supposed as sterile in past.
Identifying and isolating microorganisms were challenging due to the difficulty of
physically sampling lower airways and limitations of bacterial culture, leading to the
incorrect idea. To better understand the respiratory tract’s microbiome, researchers
switched from using culture-dependent methods to using methods independent of
culture. High-throughput DNA sequencing methods use sequence similarity in
extremely conserved genes like 16S ribosomal RNA gene to rapidly identify multi-
faceted bacterial communities (with species which cannot be grown) [1, 2]. Because
of this, scientists are now studying lung microbiome in healthy volunteers and also
patients with chronic respiratory diseases as cystic fibrosis, bronchiectasis, COPD
and ILD. As a result of this investigation, researchers have discovered diverse
communities of fungi, bacteria and viruses [3, 4].

IPF is a debilitating, severe, fibrosing and deadly fibrotic ILD that predominantly
affects elderly people and eventually causing respiratory failure with the cause of
chronic dyspnoea, an inevitable reduction in the functions of lung. It is a degenera-
tive interstitial lung disease associated with ageing, via median diagnostic age of
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66 years, and a serious condition via 2.5–.5 years of survival. The IPF factors are still
unknown and yet, the particular or main causing factor has not been acknowledged,
the disease is supposed to be induced by abnormality in wound-healing mechanisms
in genetically susceptible individuals in response to unidentified environmental
triggers (such as gastric micro-aspiration, viral infections, cigarette smoke, particu-
late dust, etc.) [5, 6].The resulting extracellular matrix deposition & development of
fibroblastic foci reasons irreparable damages in lung architecture, resulting in alveo-
lar structure loss, impeded gas exchange and eventually causing respiratory failure.
Infectious agents, such as bacteria and viruses, can cause damage in alveolar
epithelial cells and apoptosis, as well as alter the host’s response toward injury.
Furthermore, researches involving genetic vulnerability to IPF have identified an
amplified risk with genetic polymorphisms involved in characteristic host response
control. A single nucleotide polymorphism in promoter region of the mucin 5B gene
(MUC5B) (rs35705950), which codes for critical component of airway mucus, and
single nucleotide polymorphism in the toll-interacting protein (TOLLIP) gene
(rs5743890), which codes for adaptor protein that controls signaling through toll-
like receptors (TLRs), are two specific examples [7, 8].

While comparing 130 IPF patients’ peripheral blood transcriptomes with
controls, 4 genes involved in immune defence, including alpha-defensins, were
found to be upregulated. These findings propose that innate immunological vulnera-
bility can contribute a significant role in IPF aetiology, and supports hypothesis that
infection, in combination with host immune system, contributes toward an abnormal
fibrosis sequence of events. This review will be looking at what we currently know
about the function of the respiratory microbiome in IPF, as well as extents of debate
&further research objectives and priorities [9, 10].

13.2 Microbiome Development and Composition
in Healthy Lungs

Initially thought to be sterile, epithelial surfaces of respiratory tract have been
revealed to support dynamic microbial populations utilizing various culture-
independent methods. Bacterial DNA was identified in 95.7% specimens of
bronchoalveolar lavage (BAL) using high-throughput sequencing of bacterial
16s-rRNA, compared with 39.1% of BAL samples using conventional standard
culture methods. Healthy lungs have bacterial communities that are quite similar
to those observed in the mouth, but with a bacterial load that is two to four times
lower. Previous studies have reported that there are approximately 10–100 bacterial
cells per 1000 human cells in lung tissues. Interestingly despite changes in tempera-
ture, pH, & oxygen concentration, level of microbiome in healthy volunteers is quite
consistent [11, 12]. Firmicutes (including genera Veillonella sp. and Streptococcus
sp.), Bacteroidetes (including the species Prevotella sp.) to a slighter extent,
Actinobacteria and Proteobacteria are the most commonly found phyla in normal
airways.
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The microbiota composition of the lungs is largely determined by three factors:
microbial immigration, which is brought on by oro-nasal cavity mucosal dispersion,
micro-aspiration of gastric contents and air inhalation; microbial elimination, which
is caused by cough, mucociliary clearance and immunity; and the microbiological
growth environment including oxygen tension, temperature, pH and nutrition avail-
ability [13–15].

The microbiota present in lungs reflects a stable condition among microbial
inflow, outflow and reproduction level, and as a result of these three variables,
with the latter being primarily impacted in the event of pathological processes of
chronic diseases. The microbiome of lung is changed across every lung disease
examined and compared to healthy volunteers. Many studies have found pollutants
samples of upper respiratory tract during sampling due to the sensitivity of molecular
technologies used, resulting in an inaccurate representation of the true microbiome.
The risk of oropharyngeal contamination should be considered, as the majority of
published research works have utilized BAL samples to describe the lung
microbiome of healthy volunteers. Furthermore, heterogeneity of the microbial
composition of lung at spatially distinct lung locations within subjects has been
demonstrated in healthy participants, but this variation is smaller than inter-subject
community variance [16–18]. Contamination has recently been shown to have a
negligible impact on microbial plethora in bronchoscopy-acquired samples,
supporting utility of bronchoscopy to study microbiome of lungs. Contamination
can occur at any point during a microbiome study, not only during
bronchoscopy [19].

While comparing data of microbiome from very identical subject specimen
utilizing distinct sequencing channel and techniques, significant variance was
observed. Other significant sources of contamination include agents and extraction
kits and in low biomass samples they become important factor as those obtained
from the respiratory system. Recall that BAL DNA sequencing provides “instanta-
neous” “snapshot” in time of bacterial diversity of lower airways, but does not assess
chronically changing microbial communities over time. Several research works have
focused on viruses and fungi in addition to the study of lung microbiota. A new study
has found that commensal fungi have an effect on both the host immune system and
bacteria in the gut. This has implications for the restoration of a healthy microbiome
following antibiotic therapy. Because of the wide variety of viruses that can be found
in the lungs, they are thought to be a catalyst for many different types of lung disease
[20–22].

13.3 Microbiome in Idiopathic Pulmonary Fibrosis

The lung microbiome: Previously considered to be sterile, the respiratory tract’s
epithelial surfaces have been demonstrated to support dynamic microbial
populations utilizing culture-independent methods. With biochemical sequence
analysis of the factor 16s-rRNA genomic regions, bacterial species can now be
recognized; in other microbiome scientific studies, groups of bacteria with similar
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genetic codes are categorized into operational taxonomic units (OTUs) and
evaluated by comparing to the 16s rRNA data base. Higher microbial 16s-rRNA
sequencing recognizes bacterial DNA in 95.7% of BAL specimens, compared to
comparison to standard culture systems, that can locate bacteria in 39.1% of BAL
samples. Using these genetic methods in characterizing microbial flora in respiratory
tract of both sick population and healthy controls have shown correlations that imply
the microbiome–host interaction that may be important in the aetiology and devel-
opment of lung disease. Moreover, when severe asthma patients were compared with
non-severe asthmatic patients and related controls, changes in the microbiome were
observed, showing that the disease phenotype may be influenced by the microbial
populations in the airway [23–25] (Fig. 13.1).

13.4 Microbiome Effect on IPF Prognosis and Exacerbation

Exacerbations are common in the IPF progression, as they are in a variety of chronic
diseases of lungs. Acute episodes and exacerbations are linked to an especially bleak
prognosis. Non-survivors exhibited shorter dyspnoea durations, higher C reactive
protein (CRP) values, inspiratory oxygen fraction (FiO2) ratios/lower arterial oxygen
tension (PaO2), lower proportions of lymphocytes and greater proportions of

Fig. 13.1 Microbiota interaction in idiopathic pulmonary fibrosis
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neutrophils in BALF than survivors. CRP was found to be only independently
associated predictor of survival among those variables, ultimately suggesting that
inflammation and/or bacterial or viral infection might be one of many pathogenic
mechanisms involved in causing acute episodes and aggravations [26, 27].

“An acute, clinically significant deterioration of unidentifiable cause in a patient
with underlying IPF” is currently a new definition of exacerbation and it necessitates
the official prohibition of infection for clinical diagnosis. The specific aetiology of
acute aggravations, however, is still unidentified, and it is uncertain whether it
reflects an augmented phase of increased lung damage response or an underlying
fibroproliferative process to an unknown previous or coexisting infection. Respira-
tory tract infections carry a mortality risk in persons with IPF, and is indistinguish-
able with acute aggravations is one of the factors suggesting an infection
involvement in aggravation. Recent investigations involving lung microbiome dur-
ing aggravations of IPF and its impact on progression of disease have also cast doubt
on the definition. According to these research works, an enhanced bacterial load at
time of diagnosis appears to be a biomarker for a disease that progresses more
quickly and has a higher mortality risk [28, 29].

Another research including 20 patients with IPF diagnosed acute aggravations
and 15 matched control subjects with constant IPF condition who undergone
bronchoscopy & extraction of DNA process found that patients with IPF had a
four-fold greater bacterial load during aggravations. In comparison to patients with
stable IPF, their BALF included a greater number of neutrophils. This suggests the
idea that bacteria have a significant role in exacerbations even if active infection is
present. They are supposed to use 16S rRNA gene qPCR and pyrosequencing to
investigate changes in BAL microbiota in both stable and acute exacerbation groups.
There was noticeable alteration in microbiota in cases of acute exacerbation, along
with a substantial increase in Stenotrophomonas sp. & Campylobacter sp., and a
substantial decrease in Campylobacter sp. & Veillonella sp., despite being known
best as gastrointestinal pathogen, was initially demonstrated in respiratory
microbiota [30–32]. Its occurrence in respiratory microbiota is most probable due
to stomach’s gastric contents silent micro-aspiration. To conclude these findings, this
pilot study shows that IPF acute exacerbation may be due to be a significant role of
various bacteria. Micro-aspiration may play a role in the apparent transfer of bacteria
that are normally restricted to the gastrointestinal system. Although a prospective
longitudinal research work is needed to validate the findings, they give a justification
for clinical trials including prophylactic antibiotics as a method to avoid acute
aggravations in IPF patients [33, 34].
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13.5 A Gut–Lung Axis and Regulation of Host Defence
in Chronic Lung Disease Aggravations: Evidence
and Implications

The exact mechanism by which bacteria influence the initial immunity which present
during the birth in healthy and sick is still being researched, and a few is revealed like
microbiota modulates and regulates immunity of lung or the formation of lymphoid
tissue associated with bronchial related. The importance of the gut commensal
microbiota as a modulator of the innate immune system is being more recognized.
The intestinal microbiota in healthy individuals is dominated by three phyla:
Ruminococcus, Prevotella and Bacteroides. Evidences reveal that the formation of
the intestinal microbiome is vital for control of an adequate immune response in
lungs during a critical early period of life. Alteration in the composition of the
microbiota of intestine impacts the progression and vulnerability of chronic lung
diseases including asthma and cystic fibrosis. Moreover, the host is more vulnerable
to lung infections, such as Klebsiella pneumoniae, Listeria monocytogenes and
viruses, in the absence of normal intestinal biota. This offers the intriguing hypothe-
sis that chronic lung disease exacerbations are caused by decreased adaptive and
innate immune system as a result of changes in the intestinal microbiota of host [35–
37]. As previously stated, individuals with progressive IPF have an enormous
burden of Staphylococcus and Streptococcus species in their lungs, and earlier
researches have shown that neutrophils from microbiota depleted mice had a
decreased capacity to kill S. aureus and S. pneumoniae. Recently, it has been
found that microbial stimulation of gut nod-like receptor sites causes an increase
in the producing of free radicals in phagocytic cells—a lung’s sentinel innate
immune cell. This suggests that circumstances related to loss of intestinal bacterial
homeostasis (such as antibiotic use) may lead to weakened lung immunity. In
COPD, viral infections can exacerbate symptoms, and the pathophysiology that
follows could be linked to dysbiosis, which alters the microbiota of the airways
and causes excessive inflammation [38, 39]. Despite the fact that damage of gastro-
intestinal commensal signaling might be responsible for impairing innate immunity
of lung in this condition, cigarette smoke also makes a significant contribution to
impeded lung innate immunity either directly or indirectly by altering innate immune
cell phagocytosis, mucus, ciliary function and directly enhancing intestinal
microbiota (e.g., enhanced formation of biofilm). These alterations may have an
influence on respiratory infections’ propensity to aggravate COPD. Providing
viruses’ proclivity for causing exacerbations in lung disease, it is worth considering
the influence of respiratory viral infection on gut microbiota. According toWang and
associates, influenza infection can cause abnormalities in the gut microbiota, includ-
ing an increase in Enterobacteriaceae and decrease in Lactococcus & Lactobacillus.
As stated earlier, this might result in a reduction of beneficial bacteria, which could
contribute to smoking-related illness. According to the scientists, these changes in
gut microbiome were not caused by lytic influenza intestinal infection [40, 41]. Th17
cells were involved in the damage, and neutralization of IL-17 reduced the severity
of the injury. In addition, reduction of the intestinal flora caused by antibiotics
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resulted in less intestinal damage. The relevance of effector T cell developed in the
lung after infection and subsequently moved to small intestine, produced IFN-g and
modified the gut microbiota, was also highlighted in the research work by scientists.
Finally, Th17 response was aided via triggered epithelial-derived IL-15 due to
changes in the gut microbiota. It is conceivable that the responses of IL-17 in
intestine contribute to the progression of lung diseases. Certain microorganisms
are eradicated by IL-17, which has been linked to the pathophysiology of sarcoido-
sis, asthma, cystic fibrosis, necrotizing bronchial asthma and bone marrow
transplant-related pneumonitis [42, 43] (Fig. 13.2).

IL-17 might potentially have an impact in the dynamic changes that occur in
pulmonary microbiome in COPD patients. In emphysema animal model, Yadava &
their colleagues studied the effects of experimental changes on the lung microbiome.
LPS/elastase was given to pathogen-free & axenic mice for 4 weeks. Through an
excess of Lactobacillus, Pseudomonas and a reduction of Prevotella, microbiota
diversity & abundance were reduced in LPS/elastase model. The loss of bacterial
load was linked to a reduction in IL-17 production. Axenic mice were given
microbiota-enriched fluid intranasally, which increased IL-17 production. In mice
with microbiota, inhibition of IL-17 resulted in decreased inflammation and disease
load. IL-17 has been linked to hepatic fibrosis in several investigations, and several
experimental models of pulmonary fibrosis are IL-17A–dependent [44, 45]. In addi-
tion, research works looking into the onset of intestinal fibrosis have found a link
between changes in the microbiome and Th17 responses. Through the adhesion of
segmented filamentous bacteria on intestinal epithelial cells, gut is a recognized
source of Th17 cells. In lungs, the situation may be identical. In animal models,
Gauguet and his colleagues revealed that intestine segmented filamentous bacteria
can enhance pulmonary innate immunity by inducing IL-17, resulting in resistance
to S. aureus pneumonia. This adds to the growing body of data that suggests the gut–
lung microbiome axis is important in regulating the lung’s innate immune response
[46, 47].

13.6 Limitation

Han and colleagues were limited to naming the progression-related bacteria Staphy-
lococcus OTU 1348 & Streptococcus OTU 1345, as 16S rRNA sequencing can
never be utilized for genetic markers. More research is required to fully characterize
these bacteria, either in form of microbe-specific sequencing or sequencing specific
to a particular culture. Despite the fact that the cohort contained multiple Strepto-
coccus and Staphylococcus species, only two OTUs were linked to progression of
diseases. In any disease related to lung, there are certain general limits to microbiome
research. Particularly in the context of the molecular technologies used, infection of
samples from upper respiratory tract during taking specimen is an apparent problem
in many research, yielding a misleading depiction of the real microbiome
[48, 49]. Kits including reagents and extraction agents can potentially be a source
of contamination, which is especially critical when working with small biomass
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samples like those from respiratory system. Contamination can occur at any point
during a microbiome study, not particularly during the bronchoscopy stage. While
corelating the data of microbiome from same patient samples using various sequenc-
ing techniques and platforms, significant variance was observed. There are a number
of biases in primer design that can favour or penalize certain bacteria, resulting in the
exclusion of entire genera [50, 51].

While studies on the IPF microbiome have used high-throughput molecular
technologies to identify bacterial species and loads, they have not yet demonstrated
a causal, mechanistic link to the disease process and advancement. In the investiga-
tional studies of IPF, it is not clear if changes to the lungs’ microbiome reflect the
disease’s aetiology or are due to a lack of underpinning immune defences in this
patient population. The information gleaned from this research is probable to be less
significant and more irrelevant because it does not reveal how the various bacterial
colonies interact with one another [52–54].

This study provides a “snapshot” of the lower respiratory microbiome by DNA
sequencing from a BAL sample, but it does not look at longitudinal modifications.
Because it is unrealistic to perform bronchoscopies on a regular basis, other
approaches of tracking the lower airway microbiome over time should be explored.
BAL taken from one lobe of lung may not be representative of microbiota in the
other lobes, especially because histological hallmark of IPF and UIP shows spatial
variability through fibrosis alongside typical parenchyma. This is the case for IPF
and UIP. Ex-planted lung tissue sections via cystic fibrosis patient were sequenced
using 16s rDNA to uncover variances in microbial communities within lungs
[55, 56]. As per our consideration of IPF microbiome improves, sample & sequenc-
ing techniques improve and composition of patient’s microbiome might serve as a
biomarker to help with prognosis & therapy stratification. A key question for future
IPF research is whether or not prophylactic antibiotics should be used to target
specific microbiome “signatures” in patients in order to improve survival, based on
the results of a trial testing co-trimoxazole in patients with IPF [57, 58].

13.7 Conclusion

As per various studies and researches, alteration in microbiome load, composition
and diversity have been linked to aetiology of disease, acute exacerbation, progres-
sion and death in idiopathic pulmonary fibrosis. Lung microbiome dysbiosis will be
linked to IPF development and progression, according to the study’s findings. When
it comes to IPF, microbiome manipulation could soon be a treatment modality to
restore a “healthy” microbiome culture. However, a comprehensive method to
account for various factors driving development of disease, advancement, & epi-
sodic exacerbating is more probable. It is unclear if antibiotics, probiotics (extrinsic
microorganisms given for health purposes) or prebiotics (molecules that encourage
growth and development of specific bacteria) should be used to control the lung
microbiome. However, modification of microbiome should focus on pathogenic
microbes while leaving the rest of the microbial population intact but that would
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be considerably more difficult to achieve. All of these studies suggest that anti-
biotherapy may have a significant role in IPF patients, and they establish a justifica-
tion for long-term anti-biotherapy related clinical trials, that acts as a modulator of
immunity and anti-bioprophyl axis to avoid acute exacerbations. Future research on
lung microbiome dynamics could aid in the selection of suitable, targeted & more
customized anti-biotherapy over the course of disease, particularly in cases of IPF
aggravations. These studies require more advanced metagenomic techniques to
determine functional relevance of particular microbial species & populations in the
development of IPF.
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SARS-CoV-2 and Microbiota 14
Edda Russo, Lavinia Curini, Alessio Fabbrizzi, and Amedeo Amedei

Abstract

Today, the globe is dealing with the COVID-19 epidemic, which poses a pan-
demic danger.

This infectious disease is triggered by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) and at lung level, like as intestine, there are
different bacterial populations, named microbiota, that have a significant influ-
ence on the host’s immunological homeostasis.

But, to date, our understanding of bacterial flora and its symbiotic connection
with immunological processes in the context of SARS-CoV-2 is, however,
incomplete. A disturbed bacterial flora combined with too many opportunistic
infections can trigger a cascade of inflammatory reactions dysregulating the
immune system and resulting in multi-organ damage.

The involvement of the lung and intestinal microbiota in immune regulation of
SARS-CoV-2 infection via multiple pathways will be discussed in this chapter. In
addition, diet and lifestyle have a huge impact on the microbiota-inflammation
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crosstalk affecting both frequency and timing of this viral infection. So, in the last
section we focus on the microbiota function in COVID-19, with an emphasis on
immunological activation by the lung and gut bacteria and potential future
therapies based on probiotic administration, able to regulate the microbiota–
immunity axis.

Keywords

SARS-CoV-2 · Covid-19 · Microbiota · Lung microbiota · Gut microbiota ·
Microbiota–immune axis · Lung–gut axis · Probiotics

14.1 SARS Covid-19

Coronaviruses belong to RNA viruses. These kind of virus are divided into four
genera, notably alpha, beta, gamma, and delta-coronavirus. Both animals and
humans can be infected and major symptoms are respiratory, neurological, hepatic,
and gastrointestinal [1].

Considering the coronaviruses’ high prevalence and global distribution, their
genetic diversity, and common genome recombination, and the increasing human–
animal interface activities, novel coronaviruses with the potential to infect people are
commonly detected [1]. As we know, several local health officials in Wuhan-China
reported clusters of subjects with pneumonia of unclear cause, in late December
2019. Local hospitals using a surveillance method for “pneumonia of uncertain
cause” identified the virus of infection as new coronavirus [2]. As is well known,
the advent of the new coronavirus has been considered a risk to world public health,
so much so as to cause a global lockdown, which began in China and rapidly
extended throughout the world. COVID-19 is a pandemic triggered by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), as previously reported, it
belongs to RNA coronavirus family. Approximately 40% of infected people are
asymptomatic and hence are not included in clinical testing results. Furthermore,
despite improvements in the mass kit manufacture, diagnostic testing has remained
in high demand, creating fears of a shortage. The rapid and unexpected emergence of
positive COVID-19 cases in numerous countries has been attributed to convert
community broadcasts, cases imported by incoming visitors or unintentional distri-
bution by asymptomatic. For the first time in human history, this has resulted in
multiple cycles of lockdown-open-lockdown of cities, and in extreme cases, entire
nations, while a clear perception of the situation is lacking.

14.1.1 Epidemiology

As previously reported, multiple cases of unexplained pneumonia have been
recorded in some hospitals in Wuhan city (Hubei province—China), since December
2019, with a history of exposure to a huge seafood market. On January 30, 2020, the
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World Health Organization named the novel coronavirus 2019-nCoV a Public
Health Emergency of International Concern. The cause of the acute respiratory
infection has been identified as a new coronavirus [3]. So far, the sickness has
spread fast from Wuhan to other China countries and 66 nations. Then, as the
epidemic progressed, clustering instances and confirmed patients without a history
of travel to Wuhan appeared. In addition, confirmed cases with no obvious link to the
Wuhan seafood market have been reported in a few international countries. In
accordance to the National Health Commission of the People’s Republic of China,
a total of 80,302 CoVID-19 cases has been confirmed in China as of 24:00 on March
2, 2020, in 31 provinces, and Xinjiang PRC. Moreover, SARS-CoV-2 infection has
caused 219 million COVID-19 cases worldwide. Because only a minority of acute
infections are detected and reported, the real totality of cases is underestimated.
Seropositivity indicated that the incidence of past SARS-CoV-2 exposure surpasses
the incidence of reported cases by a factor of two after accounting for possible false
positives or negatives [4].

14.1.2 Genomic and Viral Elements

The entire genome of Wuhan-Hu-1 coronavirus (WHCV), a strain of SARSCoV-2,
was identified in a worker in a Wuhan seafood market and measures 29.9 kb [5]. The
positive-sense RNA genomes of SARS-CoV and MERS-CoV are 27.9 kb and
30.1 kb, respectively. The genomes of CoVs have been discovered to have a variety
of open reading frames (ORFs). The first ORF (ORF1a/b) encodes 16 non-structural
proteins (NSP), the polyproteins “pp1a” and “pp1ab” and contains viral RNA. The
remaining ORFs codify accessory and structural proteins. Spike (S) glycoprotein,
small envelope (E) protein, matrix (M) protein, and nucleocapsid (N) protein are the
four structural proteins that influence the host’s innate immune response (IR), as well
as several accessory proteins [6].

14.1.3 Current Covid-19 Variants of Concern

SARS-CoV-2, like other viruses, changes over time. Most SARS-CoV-2 genetic
changes do not exert any kind of influence on the ability of the virus to function.
Several variants have attracted a lot of attention because of their fast development
within populations, transmission, and clinical implications [7]. The World Health
Organization (WHO) has also established names for significant variants using the
Greek alphabet. Each variant has numerous names based on the nomenclature used
by different evolutionary categorization schemes [8].

Lineage B.1.1.7 (Alpha)—This variant, also known as 20I/501Y.V1, was first
detected in the United Kingdom in late 2020 and was connected to a growth in local
infections. This strain contains more than a dozen differences from other circulating
strains, including those in the spike protein. It has since been detected in a number of
other states. The B.1.1.7 variant outperforms wild-type strains in terms of
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transmission; early estimations suggested that the variant was 50–75% more trans-
missible. According to certain research, the B.1.1.7 variation is linked to a higher
risk of illness severity. There has been no evidence that the B.1.1.7 variant is
connected to clinically meaningful immunological escape thus far. Finally, serum
from COVID-19 vaccine recipients has been found to have neutralizing activity
against the B.1.1.7 mutant, indicating that some immunizations are still effective
against it [9].

Lineage B.1.617.2 (Delta)—The 20A/S:478K lineage was discovered in India in
December 2020 and has become one of the most common forms. B.1.617.2 is more
contagious than B.1.1.7, according to UK data: the proportion of SARS-CoV-
2 infections caused by B.1.617.2 increased while the proportion of SARS-CoV-
2 infections caused by B.1.1.7 decreased, and the secondary household infection rate
associated with B.1.617.2 infection was 13.6% compared to 9.0% for B.1.1.7.
B.1.617.2 is linked to a higher incidence of hospitalization than B.1.1.7 according
to the same study [10].

Lineage B.1.351 (Beta)—In late 2020, in South Africa, this variety, also known
as 20H/501Y.V2, was found. It is not phylogenetically related to B.1.1.7, however, it
does share several mutations, particularly the spike protein mutation N501Y. A
report from South Africa suggests that this strain swiftly became the most
prevalent [11].

P.1 lineage (Gamma)—This variant, also known as 20J/501Y.V3, was originally
discovered in four Brazilian visitors in Japan in December 2020 and was later
discovered to account for 42% of 31 sequenced specimens in Brazil’s Amazonas
state. Other countries have since detected it [9].

Lineages B.1.427 and B.1.429 (Epsilon) are two closely similar variants, also
known as 20C/S452R or CAL.20C. Only four global instances were detected in
October 2020, all in Southern California; by January 2021, the variation had been
identified in other nations and accounted for 35% of viral samples sequenced in
California. Several spike protein mutations are present in the variation, including
L452R, which has been linked to enhance cell entrance and lower sensitivity to
neutralization in vitro by convalescent and vaccine recipient plasma.

Lineage B.1.1.529 (Omicron) was first reported to the World Health Organization
(WHO) from South Africa on 24 November 2021. Omicron multiplies around 70
times faster than the Delta variant in the bronchi (lung airways) but it is less severe
than previous strains, especially compared to the Delta variant. Omicron might be
less able to penetrate deep lung tissue.

14.1.4 Coronavirus Replication and Pathogenesis

The angiotensin-converting enzyme 2 (ACE2) is the human cell receptor for SARS-
CoV and it is almost ubiquitarian in human organs but particularly present in the
lower respiratory tract and governs both cross-species and human-to-human trans-
mission. After extracting SARS-CoV-2 from the bronchoalveolar lavage fluid
(BALF) of a COVID-19 patient with interstitial pneumonia, a recent study validated
that the virus uses the same cellular entry receptor, ACE2, as SARS-CoV [12]. The
surface coronavirus S-glycoprotein can bind to the ACE2 receptor on the surface of
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human cells. S1 and S2 are two subunits of the S glycoprotein. S1 uses the key
function domain RBD to determine the virus’s host range and cellular tropism,
whereas S2 uses two tandem domains, heptad repeats 1 (HR1) and HR2, to mediate
virus-cell membrane fusion. After the membrane fusion, SARS COV2 RNA enters
the cytoplasm and translates two polyproteins, pp1a and pp1ab (which encode
non-structural proteins), to assemble the replication-transcription complex (RTC)
in the double-membrane vesicle. On a continual basis, RTC replicates and generates
a tiered series of sub-genomic RNAs that encode auxiliary and structural proteins. In
the endoplasmic reticulum (ER) and golgi, newly synthesized genomic RNA,
nucleocapsid proteins, and envelope glycoproteins mix to create viral particle
buds. Finally, the virus is released when the virion-containing vesicles merge with
the plasma membrane.

14.1.5 Host and Reservoir

Natural reservoir hosts, such as wild animals (including bats), play an important role
in the transmission of many viruses, such as Ebola, Nipah, Coronavirus, and others.
SARS-CoV-2 is the seventh member of the coronavirus family, and it is a beta-CoV
with a genomic sequence that is nearly identical to SRAS-nCoV. SARS-CoV-2, like
SARS-CoV, MERS-CoV, and many other coronaviruses, is thought to have
originated in bats, but more research is needed to determine if SARS-CoV-2-infected
pneumonia is directly transmitted from bats or perhaps through an intermediary host.

Notably, the virus is 96% identical to a bat coronavirus at the whole-genome
level, indicating that this species are the most likely hosts of the SARS-CoV-2. In
addition, Ji and colleagues have shown that snack can serve as a virus reservoir for
human infection. According to Zhu et al., bats and minks could be the two possible
hosts of coronavirus, with minks perhaps serving as intermediary hosts. Pangolins
have since been identified as probable intermediate hosts in research, however
intermediate hosts can have many hosts in general [13].

14.1.6 Transmission Route

The predominant source of infection was SARS-CoV-2-infected pneumonia
patients. The major modes of transmission is respiratory droplet transmission and
touch; and asymptomatic instances are crucial in the transmission process. The
capability of the virus to multiply in the digestive tract has now been confirmed,
implying the possibility of fecal-oral transmission. Furthermore, the novel corona-
virus has the potential to cause neonatal infection through mother-to-child
transmission [14].

14.1.7 Clinical Manifestations

COVID-19 has an estimated incubation duration of up to 14 days after contact, with
an incubation period generally of 4–5 days. Patients experience a wide spectrum of
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clinical symptoms, including asymptomatic, mild, and severe disease that is rapidly
progressing and fulminant [15].

• Asymptomatic or Presymptomatic patients: this group include all patients tested
positive for SARS-CoV-2 by virological swab (such as a nucleic acid amplifica-
tion test [NAAT] or an antigen test) yet do not show the typical COVID-19
symptoms.

• Mild Illness: any of the COVID-19 symptoms like fever, sore throat, dry cough,
asthenia, headache, myalgias, gastroenteric symptoms, loss of taste and smell, but
no shortness of breath with augmented respiratory frequency, dyspnea, or abnor-
mal chest imaging.

• Moderate Illness: desaturation with generally SpO2 less than 94% with
indications of involved lower respiratory illness during clinical examination or
imaging.

• Severe Illness: Patients with PaO2 /FiO2 ratio of 300 mmHg, respiratory fre-
quency >30 breaths/min, or lung infiltrates of more than 50% at CT scan.

• Critical Illness: In these patients’ septic shock, acute respiratory distress syn-
drome (ARDS), cardiac dysfunction, exaggerated inflammatory response, and/or
exacerbation of underlying comorbidities are almost all possible. Especially
patients recovered in intensive care units could also have hepatic, cardiac, renal,
central nervous system (CNS), or thrombotic disease in addition to pulmonary
disfunction.

The majority of SARS-CoV-2 patients were healthy and mild, and their mortality
was lower than that of MERS-CoV and SARS-CoV [16]. The most prevalent
symptoms are fever (98%), cough (76%), myalgia or weariness (44%), whereas
atypical symptoms included are sputum (28%), headache (8%), diarrhea (5%), and
hemoptysis (5%). Dyspnea was present in about half of the individuals (the median
from onset to dyspnea was 8 days). Lymphocytic leukemia was found in 63% of the
individuals. All of the patients were infected with pneumonia. ARDS (29%) was the
most common complication, followed by acute cardiac injury (12%) and secondary
infections (10%); 32% of patients needed to be admitted to the intensive care unit. In
China, 81% of COVID-19 cases were mild (defined as no pneumonia or mild
pneumonia in this study), while 14% were severe (defined as dyspnea, respiratory
frequency of 30 breaths/min, SpO2: 93%, and a ratio of arterial partial pressure of
oxygen to fraction of inspired oxygen [PaO2 /FiO2] 50% within 24–48 h) and 5%
were critical (defined as respiratory failure, septic shock, and/or multiorgan dysfunc-
tion or failure) [17]. Diarrhea, disorientation, rhinorrhea, anosmia, dysgeusia, sore
throat, abdominal pain, anorexia, and vomiting are among the other symptoms
mentioned. The prevalence of these gastrointestinal symptoms varied widely
between studies, ranging from 5–61% [18].

SARS-CoV-2 has been found in COVID-19 patients’ feces, even in those who
show no signs or symptoms of gastrointestinal illness [19]. Furthermore, fecal viral
shedding has been documented to last for weeks after first diagnosis and even after
PCR negativity. Detection of COVID-19 patients using anal swabs has been
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employed in various Chinese areas, and it is now used in many countries. The
discovery of viral RNA in COVID-19 patients’ anal swabs or stool samples could
be used frequently to make decisions about hospitalization, recovery, and discharge.
In other words, continuation of transmission-based measures for patients may be
considered until viral RNA transformation in stool is negative [20].

According to research, subjects over the 60 age are at a higher risk than
youngsters, and those may be less likely to become infected or have milder
symptoms or even asymptomatic infection [20].

Several clinical research have highlighted the relationship between diabetes
mellitus (DM) and infectious illnesses [21]. As a result of their reduced immunity,
DM sufferers are more susceptible to infections than individuals without the disease.
Notably, pneumonia caused by SARS-CoV, Middle East respiratory syndrome
coronavirus (MERS-CoV), and the 2009 influenza A (H1N1), have been shown to
increase the vulnerability of DM patients. The same could be in COVID
19 patients [22].

14.1.7.1 SARS-CoV-2 Reinfection
Reinfection is thought to be much more frequent in people who had a weaker IR
during the early contact with the virus, as commonly occurs in the case of patients
who had a mild disease. As early IRs fade over time, reinfection may occur.
Nonetheless, in three cases, SARS-CoV-2 reinfection occurred despite previous
severe sickness and already 3 weeks after diagnosis of the first contagion, according
to one recent review of the literature. Although there are fears that reinfection may
occur more frequently when new variants circulate, the real prevalence of reinfection
is unknown [23].

14.1.8 Diagnosis

People with COVID-19-like symptoms, as well as subjects who have had a known
high-risk SARS-CoV-2 exposures, have to do theSARS-CoV-2 molecular swab or
the antigen test [24].

Although nasopharyngeal specimens are still the best bet for diagnosing SARS-
CoV-2, nasal or oropharyngeal swabs are also possible options. Bronchoalveolar
lavage and other lower respiratory tract samples are more accurate than upper
respiratory tract samples despite the fact that they are infrequently acquired due to
fears about viral aerosolization during sample collection techniques. In fact, reverse
transcriptase polymerase chain reaction (RT-PCR)-based diagnostic assays are the
gold standard for identifying SARS-CoV-2 infection. NAATs have lately expanded
to encompass a number of new platforms (for example, reverse transcriptase loop
mediated isothermal amplification [RT-LAMP]) [25]. In clinical practice, there may
be a 5-day window after exposure before viral nucleic acids can be detected. When a
mutation happens in the region of the virus’ genome that is examined by that test,
some NAATs can generate false negative results. BAL and sputum induction are
aerosol-producing process that should only be carried out after a comprehensive
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evaluation of the risk of infecting health workers. Endotracheal aspiration appears to
be less likely to generate aerosols than BAL, and many authors believe that the
sensitivity and specificity of those procedures are equivalent. Antigen-based diag-
nostic tests are less sensitive than RT-PCR-based diagnostics yet with comparable
specificity. When the viral load is assumed to be at its greatest, antigen testing
function is best in the early stage of symptomatic SARS-CoV-2 infection. Antigen-
based diagnostics have the advantages of being inexpensive and having a quick
turnaround time. Due to the availability of speedy results, they are an appealing
solution in high-risk congregate settings where avoiding transmission is critical.
Repeat testing is also possible with antigen-based tests to quickly identify people
SARS-CoV-2 positive [26]. Nothing like antigen tests and NAATs for SARS-CoV-
2, which only identify the virus’s existence, serologic and antibody tests for SARS-
CoV-2 can detect recent or past infection. Because seroconversion (the formation of
measurable immunoglobulin M and-or IgG antibodies to SARS-CoV-2) may take
21 days or longer following symptom onset, 21–26 guidelines does not suggest
serologic testing [27].

14.1.8.1 Physical Examination
Positive indicators may not be seen in patients with moderate symptoms. Dyspnea,
wet rales at the objective exam of the lungs, attenuated breath sounds, and dullness in
percussion are all symptoms of a severe disease.

14.1.8.2 Chest-X Ray and CT Imaging Examination
When an imaging examination is performed, the age of patient, the immunological
condition, the disease stage at the time of scanning, and pharmacological
interventions may all be significant aspects to consider. Chest imaging may show
several tiny patchy shadows and interstitial alterations in the first stages of SARS
COV2 interstitial pneumonia, notably in the lung periphery [28]. In severe cases,
ground-glass opacity and segmental consolidation in bilateral lungs, especially in the
lung periphery, are shown more clearly on CT than on X-ray scanning. Generally,
the imaging findings for CoVID-19 are comparable to those for SARS and MERS,
which is not surprising given that the responsible viruses are both
coronaviruses [29].

14.1.8.3 Laboratory Diagnosis
The imaging findings for CoVID-19 are comparable to those for MERS and SARS,
and are not surprising that the viruses responsible are both coronaviruses. As a result,
a laboratory diagnosis is required. CoVID-19 is identified primarily through virus
isolation and viral nucleic acid testing. The isolation of SARS COV2 is the “gold
standard” for laboratory diagnosis, according to classic Koch’s postulates. The most
essential feature about viral nucleic acids is that they can be used for early detection.
As a result, we should look for SARS-CoV-2 nucleic acid: detailed SARS-CoV-
2 RNA detection has diagnostic value [30].

248 E. Russo et al.



14.1.9 Current Anti-COVID-19 Treatments

Infection prevention and control methods, as well as supportive care, such as
supplemental oxygen and mechanical ventilatory, are being used in the treatment
of COVID-19 [31]. A high SARS-CoV-2 viral load was independently correlated
indicator of disease gravity and mortality in most investigations and may be benefi-
cial in susceptible persons like the elderly, patients with co-existing medical diseases
like diabetes or heart disease, and immunocompromised people. IL-2, IL-4, IL-6,
IL-10, TNF, IFN, and C-reactive protein levels are all linked to a high viremia,
leading in a hyper-inflammatory state and, as a result, a severe infection. However,
because of the wide heterogeneity in fluid samples and diverse disease stages, these
data should be cautiously interpreted and solely as trends [32].

Supportive care, actions to decrease the potential of SARS-CoV-2 transmission
such as the isolation of patients and educating individuals on when to call a health
care practitioner and request a person evaluation should all be included in the
management of non-hospitalized patients with acute infection. Before getting
in-person care, individuals with COVID-19 symptoms should be triaged using
telehealth consultations whenever possible. Patients with dyspnea should be referred
to a health care practitioner for an in-person evaluation, and they should be thor-
oughly monitored in the days after dyspnea beginning to check for worsening
respiratory status. The patient’s physical exam results, risk factors for severe illness
development, and the accessibility of health-care resources should be considered at
the same time while developing a management plan. After being diagnosed with
COVID-19, a patient’s usual treatment and supplement regimen should be
maintained. ACE enzyme inhibitors, nonsteroidal anti-inflammatory drugs, statin
medication, oral inhalation, and intranasal corticosteroids should all be maintained
as prescribed, especially for concomitant conditions [32].

14.1.9.1 Therapeutic Management of non-hospitalized COVID-19+
Adults

Fever, headache, myalgias, and cough can all be treated with over-the-counter
antipyretics, analgesics, or antitussives. Dyspnea patients may find it more comfort-
able to rest in the prone rather than the supine position. Because severe breathless-
ness might create anxiety, health care practitioners should consider educating
patients about breathing exercises. In addition, patients should be encouraged to
take water on a regular basis to avoid becoming dehydrated. Additional therapy
measures are suggested when needed during the acute COVID-19 phase, and
ambulation and other kinds of activity should be improved according to the patient’s
tolerance [33].

Dexamethasone
Generally, patients with mild-moderate COVID-19 who do not require to be
hospitalized or supplementary oxygen should not be treated with dexamethasone
or other systemic glucocorticoids, according to the guidelines. Dexamethasone was
proven in recovery trial to lower mortality in hospitalized COVID-19 patients who
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needed supplementary oxygen. However, no benefit of Dexamethasone was found in
hospitalized patients who did not receive oxygen support [34].

Remdesivir
To date, the only medicine licensed by the FDA for the management of COVID-19 is
remdesivir. It is suggested in hospitalized patients who require supplementary
oxygen. The remdesivir safety and efficacy were investigated in clinical trials that
ended after patients were discharged from the hospital [35]. Remdesivir should not
be continued in hospitalized stable COVID-19 patients who do not need supplemen-
tal oxygen.

14.1.10 Anti-SARS-CoV-2 and Monoclonal Antibodies

In subjects with moderate symptoms of COVID-19 and some risk factors for
developing the disease, a single monoclonal antibody (sotrovimab) and two anti-
SARS-CoV-2 monoclonal antibodies (casirivimab plus imdevimab and
bamlanivimab plus etesevimab) minimized hospitalization and death risk in the
outpatient setting. As a result, the FDA has granted these medications Emergency
Use Authorizations (EUAs) for the COVID-19 treatment in these patients, as well as
in people with other risk factors for progression revealed in population-based
research [36]. Guidelines recommend treating outpatients with mild to moderate
COVID-19 who are at high risk of clinical progression, as defined by the EUAs
criteria and the guidelines’ statement, with one of the anti-SARS-CoV-2 monoclonal
antibodies listed below casirivimab in combination with imdevimab, or sotrovimab.
Because of an increase in the number of gamma (P.1) and beta (B.1.351) variants,
that have decreased susceptibility to both etesevimab and bamlanivimab, the
guidelines currently advise against using bamlanivimab plus etesevimab (AIII).
Within 10 days of the onset of symptoms, treatment should begin immediately
after the patient has tested positive for a SARS-CoV-2 antigen test or an NAAT [36].

14.1.10.1 Baricitinib
Patients with COVID-19 were enrolled in the pivotal safety and effectiveness trials
for baricitinib, and treatment was ceased at the time of hospital discharge. Guidelines
recommend against continuing baricitinib in COVID-19 patients who do not require
additional oxygen administration (AIIa).

14.1.10.2 Anticoagulants and Antiplatelet Medication
Those medication should not be started in the outpatient setting to prevent arterial
thrombosis and venous thromboembolism unless the patient has other risk factors or
is enrolled in a clinical study.

14.1.10.3 Tocilizumab
This is an anti-IL-6 monoclonal drug and compared to dexametazone, it has a
considerably greater effect on survival, clinical improvement, and hospital discharge
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rate in patients with a severe COVID-19 course, particularly those who develop
cytokine storm. When compared to the administration of tocilizumab alone, the
combination of tocilizumab and dexametazone does not improve therapy success in
subjects with a severe infection [37].

14.1.11 Long-Term Symptoms (Long Covid)

Covid-19 has had an unprecedented impact thus far, and long-term symptoms could
have much more serious consequences [38]. Recent data suggests that in many
people who have had Covid-19, a variety of symptoms can persist after the acute
infection has cleared, a condition known as persistent or long covid. The National
Institute for Health and Care Excellence (NICE) describes long Covid as symptoms
that persist or increase from 4 to 12 weeks after an acute covid-19 infection and are
not due to another illness. On the other hand, the National Institutes of Health (NIH)
uses the CDC’s (Centers for Disease Control and Prevention) definition of long
Covid, which classifies the illness as lasting more than 4 weeks following infection
[39]. The structure and function of numerous organs are involved and impaired in
people with extended Covid. Long-term symptoms after covid-19 have been
reported across the disease severity spectrum. Long Covid can occur in any patient
with Covid-19, regardless of the severity of their infection or the intensity of their
treatment. The frequency of long-term symptoms linked with Covid-19 is similar in
patients treated on wards and in intensive care units. The percentage of people who
have long Covid symptoms is almost the same whether they are treated with oxygen,
continuous positive airway pressure (CPAP), or invasive ventilation [39]. On the
other, hand many patients with mild acute clinical manifestations develop long
Covid symptoms, [39] and studies show that the prevalence of long Covid symp-
tomatology differs little between non-hospitalized and hospitalized Covid-19 posi-
tive patients. Asthenia, myalgia, dyspnea, heart anomalies, cognitive decline, sleep
disturbances, post-traumatic stress disorder symptoms, concentration issues, and
headache are the most common symptoms [40].

14.1.12 Prevention and Prophylaxis

SARS-CoV-2 is assumed to be spread mostly through inhalation of air carrying
aerosol particles and very fine droplets passed from an infected individual to those
within about 6 ft of the infected person. after prolonged exposure (>15 min) in an
enclosed location and with poor ventilation. Covering coughs and sneezes and
keeping at least 6 ft away from others can help reduce the risk of SARS-CoV-
2 transmission. Face coverings may help to prevent the spread of infectious droplets
from people infected with SARS-CoV-2 when regular distance is not possible.
Handwashing frequently also minimizes the chance of infection. Vaccination is
another essential approach to avoid SARS-CoV-2 infection.
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14.1.13 Vaccines

The FDA granted Emergency Use Authorizations (EUAs) for two mRNA vaccines,
BNT162b2 (Pfizer-BioNTech) and mRNA-1273, in December 2020 (Moderna)
[41]. The FDA granted an EUA for Ad26.COV2.S (Johnson & Johnson/Janssen),
a human adenovirus type 26 (Ad26) vectored vaccination, in February 2021. After a
two-dose series, the mRNA-1273 and BNT162b2 vaccines were found to be >90%
effective in avoiding symptomatic, laboratory-confirmed COVID-19 and >95%
effective in preventing severe COVID-19 in large, placebo-controlled trials. The
single-dose of Ad26.COV2.S vaccine was found to be 66% effective in preventing
moderate to severe laboratory-confirmed COVID-19 infection. SARS-CoV-
2 vaccines approved for use seem to protect against asymptomatic illness, transmis-
sion, and infection by presently circulating or emergent SARS-CoV-2 variants.
These vaccines have a lot of side effects, both local and systemic, in particular
after the second dosage of a SARS-CoV-2 mRNA vaccine. The majority of vaccine-
related side effects were from mild to moderate severity. There are a few reports of
severe allergic reactions, including anaphylaxis, after receiving the SARS-CoV-
2 mRNA vaccine. Thrombosis with thrombocytopenia has been found to occur in
roughly three vaccinated people per million in the USA. Almost all cases of this
dangerous disease have been reported in vaccinated women between the ages of
18 and 49. This adversity is considerably more uncommon among women over
50 and males of all ages. Thrombosis can occur in unusual places, such as the
cerebral and abdominal veins; lower extremities thrombosis and pulmonary emboli
are also possible. Thrombocytopenia and venous thrombosis have been reported in
patients who received vaccines with an adenoviral vector. The original vaccine
studies did not include pregnant or breastfeeding women. According to a study
looking at data from three US vaccination safety reporting systems, the prevalence of
adverse events among 35,691 pregnant vaccine participants was similar to that seen
in non-pregnant patients [42].

14.2 The Microbiome

SARS-CoV-2 were identified in infected patients’mid-nasal, nasopharyngeal, rectal,
and stool swabs [43–45]. Indeed, multiple organs, including the respiratory and
gastrointestinal systems, express the ACE2 receptors [46]. Impaired ACE2 expres-
sion is linked to viral infection and today immunological imbalance and lung and
intestinal microbiota disequilibrium are well documented in SARS-CoV-2 [47].

In general, microflora, microbiota, and normal flora are terms used to describe
colonies of microorganisms living in close proximity to their hosts. In the other
hand, the term “microbiome” defines the combined genetic material of the
microorganisms in a particular environment. The human microbiota might include
up to 1014 microorganisms (more than the number of human cells). The human body
was once thought to be a self-sustaining organism capable of controlling all of its
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metabolic processes, however nowadays scientists have demonstrated that it can be
considered as an ecosystem with billions of microbes.

The microbiota is normally found on every part of the body that is accessible to
the external environment, such as the skin and mucosa (from the gastrointestinal, to
respiratory and urogenital tract) (Fig. 14.1). The gastrointestinal tract (GIT) has the
greatest number of microorganisms that produce compounds that may be utilized as
nutrients, making it a prime location for colonization; in fact, the colon contains
approximately 70% of all bacteria in the body. This human GIT environment is the
product of an evolutionary process of microflora and body coexistence. The
microbiota has a big impact on physiological processes including digestion and
immune system activation [48]. In addition, microorganisms from the Archaea,
Bacteria, and Eukarya domains (fungi, and protozoa, as well as their viruses),
make up the “human microbiota” mainly composed of stringent anaerobes bacteria,
however facultative anaerobes and aerobes are in the minority. The commensal
bacteria are symbiotic, but they may trigger a pathogenic state following transloca-
tion through the mucosa or in certain compromised conditions, such as immunode-
ficiency. In general, the human microbiota composition is very individual, although
there is greater variety in the organization of the bacterial community among body
locations than there is between people. This shows that the human microflora is a

Fig. 14.1 Surfaces of the human body inhabited from microbiome. The microbiota is resident in
every body surface exposed to the external environment such as skin and mucosa (from the
gastrointestinal, to respiratory and urogenital tract)
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complex ecosystemwith a wide range of microbiological components [49, 50]. How-
ever, within different body locations, there is a conserved microbial community of a
healthy microbiota, called “core.” Interestingly, a large percentage of the human
microbiota, around 70%, is composed by bacteria that cannot be grown using
conventional microbiological procedures [51]. The host microflora’s protective
role in a number of pathological situations has been emphasized in studies using
animals treated with broad-spectrum antibiotics, ranging from metabolic disorders
[52] to infectious and inflammatory diseases in the intestine and at distal body sites,
such as the lungs and skin [53–55].

The host-microbiota symbiotic balance is extremely susceptible to different
biological factors, such as the host’s genetic background, antibiotic use, nutrition,
and the availability of allergens or infectious agents, resulting in an alteration of
microbiota architecture, and thus in a “dysbiosis” [56]. Dysbiosis can worsen
existing conditions or make people more vulnerable to new ones, for example, the
emergence of potentially pathogenic endosymbionts or pathobionts.

Today, in order to analyze the bacterial microbiota profile, genomic Next-
Generation Sequencing (NGS) technique and metagenomics techniques (16S ribo-
somal RNA profiling, as well as the more precise shotgun-sequencing technique) are
widely used. NGS is able to give more information about the impact of microflora in
host metabolic reaction, diseases progression, and inflammation [57, 58]. The exis-
tence, distribution, and relative abundance of microbial commensals in previously
thought-to-be-sterile body areas, such as the lungs, have been detected using
metagenomic techniques. Since 2010, research has shown that changes in the lung
microbiota (LM) are linked to a plethora diseases, including cystic fibrosis, chronic
obstructive pulmonary disease, and asthma [59–61] suggesting that the microflora of
the lungs has an impact on both illness and respiratory health. Furthermore, the
intestinal microflora via the gut–lung axis may affect also pulmonary immunity
[62, 63] (Fig. 14.2) (see paragraph 3).

14.2.1 The Lung Microbiome-Covid-19 Link

Because they are continually exposed to a broad variety of external environments,
the lungs are at the forefront of immunity. As previously reported, until recently, the
lung was thought to be a sterile, bacteria-free environment [64]. Due to a favorable
moisture, temperature, and mucus environment, and to the possibility of being in
touch with the external milieu, the lung is considered as a highly populated bacteria
location [65]. Because of the bidirectional flow of air and mucus, the LM is dynamic
and transitory [66, 67]. The lung microbiota of a healthy individual has a moderate
density but as a result in increase of interacting microbes. The most frequent phyla
are Bacteroidetes, Firmicutes, and Proteobacteria, whereas the most common
bacteria at the genus level are Veillonella, Prevotella, and Streptococcus
[64, 68]. The LM profile is influenced by microbial movement, removal, and relative
growth rates of its components. Furthermore, these variables may alter in lung
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illnesses, resulting in overgrowth of certain species and a decrease in microbial
diversity [69] (Fig. 14.3).

However, during lung pathology, the local environment dramatically changes,
producing an ideal milieu for bacteria development. Bronchoscopy samples from
one of the most prevalent lung diseases, such as asthma, have revealed an increased
number of Haemophilus, Neisseria, Fusobacterium, and Porphyromonas
[59, 70]. Lactobacillus, Fusobacteria, Leptotrichia, and Fusobacterium were
found in large quantities in another prevalent lung illness, as chronic obstructive
pulmonary disease (COPD) [60].

New data suggests a link between lung bacteria and pneumonia risk [71]. The
most frequent bacterial causative agents of pneumonia are Streptococcus
pneumoniae and Haemophilus influenzae type b, whereas the most frequent viral
agent is respiratory syncytial virus (RSV) [72]. The bacterial load was higher in
patients with ventilator-associated pneumonia, but the abundance of the Bacilli in
their endotracheal aspirates was lower [73]. Rothia, Pseudomonas, and Corynebac-
terium were more common in intubated pneumonia patients than in those without
pneumonia, whereas Prevotella and Streptococcus were less common [74]. In
patients with interstitial pneumonia, the abundance of Firmicutes’ phylum, as well

Fig. 14.2 The gut–lung axis in a dysbiotic status. When the commensal bacterial diversity is
disrupted by a respiratory pathogen, pathobionts can develop in the gut and/or lungs, resulting in
dysbiosis. Dysbiosis causes a disruption in the number and activity of leucocytes, which can lead to
lung injury
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as the total phyla richness, was lower than in the healthy group. In contrast to healthy
subjects, the quantity of Prevotella and Veillonella was greatly enriched, whereas
Streptococcus was considerably decreased in interstitial pneumonia patients
[75]. Furthermore, the microbial diversity and composition tended to alter depending
on the pneumonia causative agent, indicating that the LM might vary depending on
the pneumonia kind [76]. In addition, Moraxella, Haemophilus, Streptococcus,
Dolosigranulum, and Corynebacterium dominated the upper respiratory tract
microbiota of rhinovirus and RSV infected children [77]. In addition, rhinovirus
infection increased the relative abundance of Neisseria and Haemophilus, two
bacteria linked to subsequent lung infections [78].

In conclusion, the LM is very dynamic, and bacterial and viral infection can cause
fast changes in the microbiome composition, with microbial communities playing a
key role in those diseases. The alveolar surface is constantly exposed to invading
microorganisms because it is in close contact with the external environment. As a
result, there is a mutual interplay between the microbiome and the IR, with several
defence lines against potential infections. For inhaled pathogens, a continuous layer
of pulmonary epithelial cells acts as barrier. On the surface and in the fluids
surrounding alveoli, the pulmonary epithelium’s mucus layer, defence proteins
(e.g., lactoferrin, immunoglobulins, defensins), lysozymes, and proteolytic enzymes
defend against infection [65]. In addition, there is an intimate interaction between
pulmonary epithelial cells and immune system cells producing a wide spectrum of
chemokines and cytokines. They have pattern-recognition receptors (PRRs) on their
cell surfaces, such as toll-like receptors (TLRs) that allow them to identify pathogen-
associated molecular patterns (PAMPs) from microorganisms [79].

Fig. 14.3 Lung microbiome activities
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Immune cells such as lymphocytes, dendritic cells, innate lymphoid cells,
macrophages, and neutrophils promote adaptive and innate immune processes. All
of the immune cells are engaged in phagocytosis, or the activation of antigen-
removing effector molecules, which remove antigens from the respiratory tract.
Regulatory T cells (Tregs) in the lungs are critical for maintaining immunological
tolerance to airborne particle [79]. In addition, the lung resident memory T cells
represent another sort of T cells’ subsets. Apart from their involvement in cytokines’
production to prevent viral and bacterial infection, T cells provide a prompt IR at
barrier surfaces, recalling antigens that were previously exposed via the lung mucosa
[80]. However, SARS-CoV-2 causes lung infection evading the immune system.

The respiratory tract microbiota of COVID-19 patients has been recently studied.
When compared to subjects with other pneumonia types, a meta-transcriptomic
study of sputum samples and nasopharyngeal swabs from pneumonia patients
displayed a lower alpha diversity in patients infected with SARS-CoV-2. Other
symptoms in these individuals might explain this result, such as an augmented
susceptibility to pulmonary infections and activation of various immunological
pathways associated with the production of cytokines [81, 82]. COVID-19 patients
showed a higher rate of parallel infections with different bacteria, viruses, and fungi
than subjects with non-COVID-19 pneumonia, whose cytokine distribution
indicated Gram-negative infections. In the same way, a meta-transcriptomic study
of BAL fluid from both COVID-19 and non-COVID-19 patients revealed a substan-
tial growth of bacterial and other pathogens, highlighting the existence of LM
dysbiosis in COVID-19 patients [83]. In addition, Acinetobacter, a bacterium
typically linked with lung infections that can lead to pneumonia was found to
dominate the lung microbiome of 20 deceased COVID-19 patients [84]. Analyzing
the lung mycobiome (fungi microbiome) of dead patients, it was found that oppor-
tunistic infections such as Cladosporium, Cryptococcus, Alternaria, Issatchenkia,
Candida, and Aspergillus were also prevalent. Some of these infections are lethal,
notably Cryptococcus infection, which is associated with a high risk of morbidity
and fatality [84]. The nasopharyngeal microbiota of patients with acute respiratory
disease with COVID-19 suspicion, on the other hand, showed no differences in the
composition comparing patients who were COVID-19+ to those who were negative
[85]. Analogously, the nasopharyngeal microbiome of COVID-19 patients was
assessed comparing sample procedures and swab types. The result confirmed that
microbiota architecture was not changed by swab type, but rather by sampling
methodology [86]. In the same study, Bacteroidetes, Firmicutes, Proteobacteria,
and Actinobacteria were the most predominant taxa in the nasopharynx of COVID-
19 patients. Furthermore, after whole-genome sequencing of BALF samples, the
microbiota in COVID-19 subjects was comparable to that in CAP (community-
acquired pneumonia) patients. However, the LM composition of COVID-19 and
CAP groups was substantially dissimilar from healthy controls, who showed enrich-
ment with recognized oral and upper respiratory commensal bacteria; this result
suggests dysbiosis in the COVID-19 patients’ lung microbiota [83].

Recently, COVID-19 co-infection with another virus, such as influenza A/B,
rhino- or enteroviruses, or respiratory syncytial virus, was discovered in 11 of
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20 patients, utilizing next-generation sequencing of nasopharyngeal swabs
[87]. Haemophilus parainfluenzae, Streptococcus mitis, Leptotrichia buccalis,
Streptococcus bovis, Neisseria cinerea, and Rothia mucilaginosa were among the
bacteria found in COVID-19 throat samples, according to another study. Despite
possessing COVID-19, the pharyngeal microbiota diversity of all investigated bac-
terial phyla were reduced in older individuals compared to younger ones. This might
explain the severity disparities [88]. Although there is no conclusive evidence that
the lung microbiome impacts the risk of SARS-CoV-2 infection or the severity of
disease, more evidence suggest that bacteria in the lungs play an essential pathologic
role. As a result, it indicates that the lung microbiome can influence the risk of
SARS-CoV infection. Recent findings linking COVID-19 illness severity to the gut
microbiota appear to be very promising ([89, 90] #4029).

14.2.2 The Role of Gut Microbiome in COVID-19 Infection

Despite the fact that over 50 bacterial phyla have been identified, just two dominate
the typical human flora of the human gut: Bacteroidetes and Firmicutes, with
Actinobacteria, Proteobacteria, Fusobacteria, Verrucomicrobia, and
Cyanobacteria appearing in small proportions [91]. The number of microbial species
identified in the intestine varies greatly depending on the study type, but it is
generally estimated to be in the range of 500–1000 species. According to a new
research involving a large number of subjects, the human gut microbiota
(GM) comprises over 35,000 different bacterial species [92].

The mouth cavity, stomach, small intestine, and colon are the four separate areas
that make up the human digestive system. The mucosa is the body’s biggest surface
that is constantly exposed to bacterial and food antigens. The bacterial phyla present
on Earth are more than 50, but the most common human gut-associated microbiota is
composed, as previously reported, of four phyla: Firmicutes, 30.6–83%
(Ruminococcus, Clostridium, Peptococcus, Eubacterium, Dorea, Lactobacillus -
L, Peptostreptococcus); Bacteroidetes, 8–48% (Bacteroides); 16.7%
(Bifidobacterium), Actinobacteria, 0.7-and Proteobacteria; 0.1–26.6%
(Enterobacteriacee; [91, 93]). However, the GM structure is not homogeneous.
The amount of bacteria in the human GIT rises from the mouth (fewer than
200 species) to the colon (bacteria exceeding 1010–1012/g of luminal composition,
with prevalence of anaerobe bacteria) [94]. In addition, the bacterial structure varies
among the different GIT compartments. Various microbial strains are concentrated
at different regions, when comparing biopsy samples of the small intestine and colon
from healthy controls. Bacilli class of the Firmicutes and Actinobacteria is increased
in the specimens of the small intestine. On the contrary, Bacteroidetes and the
Lachnospiraceae families of the Firmicuteswere more dominant in colonic samples,
[92]. A thick mucus layer separates the intestinal mucosa from the lumen, resulting
in substantial latitudinal microbial variety. The microbiota in the intestinal lumen
differs substantially from the microbiota entrenched in the mucus layer, as well as
the bacterial population living in the near epithelium area. The mucus layer and
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epithelial crypts were not accessible to many bacterial strains found in the intestinal
lumen. Streptococcus, Bacteroides, Bifidobacterium, members of Clostridium,
Enterobacteriaceae, Enterococcus, Lactobacillus, and Ruminococcus were all
observed in fecal samples, whereas only Lactobacillus Clostridium, and Enterococ-
cus were observed in the epithelial crypts of the small intestine and in the gut mucus
layer [95]. Different variables, such as bacterial factors (enzymes, metabolic activity,
adhesion capacity), host elements (bile acids, mucus pH, digestive enzymes, transit
time), and non-host features, might all contribute to the diversifications over the
length of the GI tract (medication, nutrients, environmental factors) [96]. Due to the
abundance of nutrients, the human oral cavity represents the ideal habitat for
microorganisms. At least six billion microorganisms take place in mouth belonging
to the Bacteroidetes, Firmicutes (Gram positive), Proteobacteria (Gram negative),
Fusobacteria (Gram negative), and Actinobacteria (Gram positive; [97]). The gas-
tric microbiota is composed mostly of Actinobacteria but, due to the acidic environ-
ment, Helicobacter (e.g., H. pylori) is also present [98]. The microbiota composition
of the small intestine is comparable to that of the colon, but the latter includes a
greater number of bacteria. The small intestine hosts few bacteria in its proximal
part, the microbiota is composed of Enterococcus faecalis and Gram+ Lactobacillus.
More bacteria are found in the distal part, e.g., Bacteroides and coliforms. In the
colon, Firmicutes and Bacteroidetes were dominant and, at the genus level, anaero-
bic lactic acid bacteria, e.g., Bifidobacterium bifidum and anaerobic Bacteroides,
prevailed [97]. The GIT microbiota is critical to human physiology because it
produces metabolites interacting with the host and performs key metabolic activities.
The bacteria in the gut microbiota, in particular, act as a first defence line against
pathogen colonization, breaking down indigestible dietary components [99], pro-
moting angiogenesis, supporting fat metabolism, synthesizing vitamins, maintaining
homeostasis, and especially assisting immune system development [100]. A stratum
of epithelial cells separates the bacteria population from the interior gut milieu,
providing a physical and chemical barrier that balances crosstalk between the
immunological host system and the external environment. Furthermore, epithelial
surfaces have acquired antimicrobial capabilities to combat microorganism invasion.
The mucosa and the internal environment of the human body are protected by
adaptive and innate IRs. The mucosal-associated immune system induces almost
the 80% of active immunological cells, mostly located in the GI tract, where the
quantity of immunogenic dietary components and bacterial flora is highest compared
to other body sites. The immune system usually tolerates commensal bacteria and
maintains homeostasis, so the bacterial flora does not evoke a pro-inflammatory
response; however, when new pathogenic bacteria enter into this well-balanced
system or the eubiosis is disrupted (e.g., antibiotic usage, immunodeficiency, and
poor diets), the immune system responds to the microbiota, causing inflammation
and cancer development in the gut [101]. Several studies have linked an GM
imbalance and metabolic processes to the onset and progression of GIT diseases
such as colorectal cancer, functional dyspepsia, severe diarrhea, inflammatory bowel
disease (IBD), celiac disease, and irritable bowel syndrome (IBS) [102, 103]. Extrin-
sic (e.g., stress, genetics, and age) and intrinsic (e.g., stress, genetics, and aging)
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variables can both trigger the GM dysbiosis (e.g., appendectomy, diet, and
antibiotic use).

Current results, such as the enteric microbiota dysbiosis ([89, 90] #3997, [104]
#3998) and persistent detection of viral RNA in fecal samples ([44] #3995, [45]
#3996), suggest a significant role for the GIT tract also in SARS-CoV-2 infected
individuals. Moreover, in a subset of patients, has been observed that the SARS-
CoV-2 virus infects and actively replicates in enterocytes ([105] #3990, [106]
#3991, [12] #3992], resulting in symptomatic GIT disease ([107] #3993). These
results indicate that SARS-CoV-2 may interact with the commensal bacteria in the
GIT. The mechanisms that lead to the manifestation of gastrointestinal symptoms are
still partially vague but it is reasonable to consider the hypothesis that ACE2
receptors can be involved in the biochemical mechanism, since these kinds of
receptors are highly expressed on the enterocyte membrane [108, 109]. Different
recent investigations on SARS-CoV-2 + patients have found fecal microbiome
dysbiosis with an increase of opportunistic pathogens. Commonly, opportunistic
pathogens are members of the commensal microflora that can turn pathogenic in the
presence of compromised host immune system or a host disturbance, such as
dysbiosis [82, 83, 89, 90, 110]. Two different studies found that COVID-19 patients
with chronic dysbiosis also had a rise in opportunistic microorganisms in their
enteric system [90, 111]. Moreover, during SARS-CoV-2 infection, the spread of
opportunistic and commensal pathogens was observed in a small group of
15 patients, showing that the severe form of COVID-19 disease was correlated
with more Coprobacillus, Clostridium ramosum, and Clostridium hathewayi,
while the presence of Faecalibacterium prausnitzii was related to the milder form
of the SARS-CoV-2 [90, 112]. Even though Faecalibacterium has been linked to a
mechanism that reduces intestinal inflammation [113], one study found that it was
adversely connected with severe COVID-19 ([89, 90] #4006).

However, although recent data showed a link between opportunistic infections
and the gut microbiome, the fine nature of opportunistic pathogen enrichment and
pathogenicity remained unknown. When the host immune system is compromised,
these pathogens may play a role in secondary bacterial infection [90]. Analogously,
COVID-19 + patients showed a GM dysbiosis with an excess of opportunistic
infections [89, 90, 110, 111, 114]. Moreover, even though the mechanism of GM
alteration underlying severe diseases is unclear, it has been found to be a
predisposing factor for pro-inflammatory settings such as sepsis ([113] #4008).
Furthermore, COVID-19 severity was shown to be linked to the baseline fecal
microbiota in a recent observational research [90]. Indeed, a recent cohort study
investigated how the GM of COVID-19 patients links to disease severity and
associated inflammatory markers [115]. When the microbiota structure of
hospitalized COVID-19 patients was compared to that of non-COVID-19 subjects,
Bacteroidetes were found to be more numerous in positive patients, whereas
Actinobacteria were found to be more abundant in non–COVID-19 subjects. In
comparison to non-COVID-19 patients, the GM of COVID-19 patients was predom-
inantly enriched with taxa including Ruminococcus torques, Ruminococcus gnavus,
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and Bacteroides dorei, and deficient with Bacteroides adolescentis,
Faecalibacterium prausnitzii, and Eubacterium rectale. Regardless of whether
they had taken antibiotics, the intestinal microflora of recovered patients was
augmented in Lactobacillus ruminis and Bifidobacterium dentium and reduced in
Bifidobacterium longum, Eubacterium rectale, Faecalibacterium prausnitzii,
Ruminococcus bromii [115]. In addition, in the same study, the enteric microbiome
dysbiosis remained after SARS-CoV-2 clearance, which might be a cause in the
development of chronic symptoms or multisystem inflammatory syndromes reported
in certain patients after the virus was cleared (Long Covid-19) [115].

In contrast to previous finding, a recent report found no changes in GM composi-
tion in relation to COVID-19 severity or gut inflammatory markers, suggesting that
only antibiotic-treated individuals had significant microbiome alterations with lim-
ited GM diversity [116].

However, it is unknown how much the human gut microbiota has a role in
COVID-1. More research into the bacterial microflora is needed, particularly the
convalescent phase of COVID-19 and the antibody generation phase against SARS-
CoV-2. Identifying a putative link between intestinal microflora and COVID-19
might lead to the discovery of microbial species implicated in disease pathogenesis
and/or microbial biomarkers for disease severity, which could be used as a predictor
of disease progression. Furthermore, early GM manipulation (e.g., by symbiotics,
probiotics, fermented foods, and fecal transplant) might be helpful in terms of
prevention and treatments.

14.3 The Microbiota–Inflammation Axis in Covid-19 Disease

As previously reported, during the COVID-19 disease, pulmonary and
extrapulmonary symptoms, particularly related to the immunological response,
were observed. SARS -Cov-2 mediates a significant damage of lung tissue
interfering with lung microbiota, indeed, if the host IR does not stop the virus
duplication, the effects can result in a great lung damage (Fig. 14.4) [117, 118].

All the available evidence, pointing to the interaction between COVID-19 and the
host microbiota, involves the activation of inflammatory cascade and of the innate
and adaptive IR [108, 109, 119]. Indeed, the IR activated is characterized by the
secretion a vast number of chemokines and especially cytokines, such as TNF-α,
IFN-α, IFN-γ, IL-6, IL-1β, and IL-12, creating a critical hyperinflammation status
(named cytokine storm) and a life-threatening outcomes [120].

It is therefore evident the existence of a continuous and reciprocal communication
between the immune system and microbiota (inflammatory cascade), reported as
“microbiota-inflammation or microbiota-immunity axis” [121]. In detail, the
microbiota is crucial not only in the activation of systemic inflammation and IR
through inflammatory cytokine modulation, as previously stated, but also through
the transfer of lipopolysaccharides (LPS) from gram-negative bacteria to the sys-
temic circulation, thus inducing a strong inflammatory tone (Fig. 14.5).
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Furthermore, a very recent work demonstrated how the gut microbiota affects
lung health, through the “gut-lung axis,” involving immunoregulatory mechanisms
[44]. In addition, immune cells or gut bacteria play a major role in this mutual
interaction, suggesting the existence of a tight crosstalk between enteric and lung
microbiota [44]. In other words, the IR in the lung environment can be influenced by
the gut microbiota and vice versa, involving also intestinal microbial metabolites,
such as endotoxins damaging the lung tissue. As a result, a changed microbiota
promotes the production of pro-inflammatory cytokines and the presence of

Fig. 14.4 SARS-CoV-2 infection. COVID-19 patients can be infected and consequently replicate
and spread the virus by infecting other people (a). The interaction between SARS-CoV-2 and lung
microbiota can be very damaging, as it induces a great activation of the inflammatory cascade and
an uncontrolled IR that helps the virus spread. If the body’s IR cannot stop SARS-CoV-2 from
multiplying, the consequence is severe lung damage (b)

Fig. 14.5 The perturbation of the gut microbiota–inflammation axis leading to severe COVID-19
by cytokine storm
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opportunistic microbial species, both of which are known to aggravate the severity of
SARS-CoV-2 infection [122, 123].

The impact of the gut microbiome–inflammation axis on the SARS CoV-2 was
documented in several studies, as briefly summarized in Table 14.1, some of them
using in vivo models [124, 125].

In one of these studies, the antimalarial drug Hydroxychloroquine (HCQ) was
proposed to treat COVID, and the disease was tested by studying the direct effects on
gut microbiome–inflammation axis of 15 female C57BL/6J mice. The findings
revealed that a high dose of HCQ alters gut microbiota composition but has no
effect on gut integrity or IRs [125].

In addition, the gut virome and bacteriome were examined in a group of
13 COVID-19 patients and compared to healthy controls in a recent study. The
researchers discovered: (1) a decrease in intestinal microbial diversity; (2) a higher
prevalence of pathogenic bacterial strains; and (3) a significant decrease in SCFAs
(short chain fatty acids), particularly butyrate (crucial in modulating the immune and
inflammatory responses). In conclusion these data suggest an intestinal gut bacterial
dysbiosis [124]. In order to unravel the gut microbiota–inflammation axis, the results
obtained on humans were later replicated using hACE2 transgenic mice infected
with SARS-CoV-2, observing also that during infection, related genes were
expressed differently in gut epithelial cells during infection, which could explain
the virome and bacteriome dynamics. The outcomes confirmed what previously
reported in human patients, highlighting how microbiome, virome with their
associated immunological profile can influence COVID-19 disease development,
treatment, and healing processes of patients [124].

In the study of Yeoh et al., in some hospitalized COVID-19 subjects, inflamma-
tory indicators such as TNF-α, CXCL10, lactate dehydrogenase, aspartate transami-
nase, IL-10, γ-glutamyl transferase, C-reactive protein, erythrocyte sedimentation
rate, and N-terminal pro-B-type natriuretic peptide were related with changes in the
gut microbiota profile, six species in particular, resulted deficient in the COVID-19
cohort were negatively correlated with CXCL10, five species negatively correlated
with IL-10, and two species anti-correlated with CCL2 and TNF- α.

Moreover, they investigated the differences in GM composition between
hospitalized COVID-19 and non-COVID-19 patients. The results showed that
Bacteroidetes were found to be more prevalent in COVID-19 patients (mean
23.9% versus 12.8%), whereas Actinobacteria were found to be more abundant in
non-COVID-19 subjects (26.1% vs 19.0%; P.05).

Another relevant study examined the hypothesis if the low COVID-19 distribu-
tion in Africa and Asia is linked to protective immunity directed against galactose-
1,3-galactose (α-Gal), triggering an immunological response by the activation of
various systems implicated in SARS-CoV-2 neutralization. Anti-SARS-CoV-
2 immunity and the risk of developing life-threatening lung inflammation could be
another factor to consider in lowering SARS-CoV-2 transmission and also the risk of
developing life-threatening lung inflammation. Consequently, an experimental
research using GGTA1-knockout mice infected with SARS-CoV-2 generated in
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Table 14.1 A summarizing table of the significant results and aims of studies regarding the
microbiota–inflammation axis role in SARS CoV-2 infection

References

Organism
(human or
mice) Aim Result

Cao et al.
[124]

Mice Replicate the results observed
in a cohort of 13 COVID-19 in
gut virome and bacteriome in
mouse models.

Mice COVID-19 model
confirmed that SARS-CoV-
2 infections change microbiota
components such as the
bacteriome and virome; their
compositional signatures may
reflect or perhaps contribute to
the severity of the disease and
the healing processes.

Pan et al.
[125]

Mice Investigate the effects of
hydroxychloroquine (HCQ) an
antimalarial drug considered to
treat COVID-19 in the gut
microbiota of mice

A short-term high dose of HCQ
alters intestinal microbiota but
not gut integrity or IRs.
Therapeutic trials should be
made to control the effects of
HCQ on gut microecology.

Yeoh et al.
[115]

Human Compare the microbiota
composition and inflammation
markers of hospitalized
COVID-19 patients with
non-COVID-19 subjects

Inflammatory parameters were
shown to be substantially linked
to alterations in the gut
microbiome profile in COVID-
19 hospitalized patients. The
authors also found that the
diversity of the gut microbiota
is linked to the intensity of the
immunological response to
COVID-19, and thus to the
severity of clinical illness.

Hodžić
et al. [126]

Human Evaluate the possibility that the
lower distribution of COVID-
19 in Africa and Asia may
depend on the protective
immunity direct against the
galactose-α-1,3-galactose
(α-Gal), inducing an IR through
the activation of different
mechanisms involved in SARS-
CoV-2 neutralization

α-Gal immunity produced by
the gut microbiota may be
useful in preventing COVID-
19, limiting SARS-CoV-
2 infection through virus
neutralization, downregulating
the ACE2 receptor, and
reducing illness severity by
downregulating the
inflammatory response. It is
acceptable to think about -Gal
immunity as another element
that could help to reduce SARS-
CoV-2 transmission

Donati
Zeppa et al.
[127]

Human Discuss the gut microbiota’s
biology, physiopathological,
and clinical implications in
COVID-19, as well as measures
to improve/maintain its healthy
status as a simple and
supplementary strategy to

Gut microbiota can influence
IR, thereby affecting the disease
progression and IR possibly
associated with the gut
microbiota status leading to
serious clinical complications in
COVID-19. Prescription of

(continued)
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human cells that express the antigen B enzyme is needed to establish the potential
protective impact of -Gal immunity against COVID-19 [126].

Furthermore, bacterial LPS can aggressively activate inflammatory system cells.
Moreover, the LPS levels in plasma correspond with the level of intestinal absorp-
tion in various situations. Several research have found a link between LPS and T cell
activation, as well as increased pro-inflammatory response [129].

In fact, LPS levels have been found to be higher in cases of severe lung injury,
suggesting that LPS may play a role in the cytokine cascade and COVID-19-related
microvascular consequences. In some cases of COVID-19, GM dysbiosis may
enable LPS translocation into the systemic circulation, which would further excite
Kupffer cells in the liver, culminating in NF-B pathway activation and release of
TNF- and IFN- [90].

In addition, another interesting study demonstrated a significant increase in the
absorption of the intestinal epithelium in individuals with severe COVID-19 disease,

Table 14.1 (continued)

References

Organism
(human or
mice) Aim Result

minimize COVID-19 virulence
and socio-sanitary burden.

prebiotics and probiotics should
be considered as either an
adjunctive treatment to limit
COVID-19 progression

Merenstein
et al. [128]

Human Describe the COVID-19
respiratory tract microbiome
and the link between illness
severity, systemic immunologic
characteristics, and outcomes

COVID-19 patients had a
dysbiotic respiratory
microbiome. Integrated
characteristics of the
microbiome at early sampling
sites have strong capacity to
discriminate the ultimate level
of COVID-19 severity,
according to machine learning
analysis

Zhang et al.
[82]

Human Analyzed meta transcriptomics
in 187 patients (62 cases with
COVID-19 and 125 controls
with lung disease) and evaluate
transcriptional aspects,
pathogens, microbiome and
host responses, building a host
gene classifier and examined its
potential for diagnosing
COVID-19

The airway microbiome of
COVID-19 patients had lower
alpha diversity, as well as taxa
with varying abundances and
harmful microorganisms. A
transcriptional signature of
36 differentially expressed
genes substantially related with
immunological pathways, such
as cytokine signaling, was
discovered using host gene
analysis. COVID-19 could be
diagnosed with the help of a
host gene classifier based on
this model
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indicating a leaky gut condition. The concentration of zonulin, a protein that works
as a permeability modulator in the digestive tract, increased considerably [130].

It is also worth noting that the crosstalk among the intestine and the lung can
indicate the influence of SARS-CoV-2 infection on the GM structure. COVID-19
patients in fact had a different composition of fecal bacteria than healthy controls,
and the intestinal microbiota composition pattern was positively linked with an
increased expression of IL-18, a renowned pro-inflammatory cytokine [114, 131].

Remarkably, Giron et al. recently examined the amounts of 50 gut-associated
plasma metabolites, discovering that when compared to controls—most of these
metabolites were found to be altered in severe forms of COVID-19 disease., as well
as individuals who have a minor infection-correlated score disease. Moreover,
citrulline, an amino acid that has long been used as a marker of intestinal functional-
ity, was found to be significantly lower in the study and in the same time, the levels
of succinic acid (used as indicator of gut dysbiosis) were shown to rise [130].

Even if the incidence of SARS-CoV-2 RNA in the stool was not assumed to be
linked to digestive symptoms, a recent study compared COVID-19 subjects with
mild disease and digestive symptoms with or without respiratory difficulties,
showing that these kind of patients are more prone to have a severe COVID
infection. and a detectable presence of the virus in stool compared to patients who
show only respiratory signs [132, 133].

The individual susceptibility to COVID-19 is likely to be influenced by the
microbiome–inflammation axis ‘s pre-existing health condition and changes after
SARS-CoV-2 infection [127]. In fact, COVID-19 is responsible for the great
majority of the severe clinical disorders and the virus replication triggers the release
of chemokines and cytokines. This process brings to the development of a severe
acute IR with an increasing gut permeability that bring to the activation of
pro-inflammatory bacteria, thus triggering the inflammatory response
[134, 135]. The increased inflammation can result in a leaky gut, allowing microbial
pathogens and metabolites to enter the bloodstream. COVID-19 patients’ septic
states may get much worse as a result of this. Regarding lung microbiota–inflamma-
tion axis, in a recent study, oropharyngeal, nasopharyngeal, and endotracheal
samples from COVID-19 patients, non-COVID patients, and healthy controls were
evaluated. COVID-19 patients had an upper respiratory microbiome alteration that
changed more over time than critically sick individuals who did not have COVID-
19 [128].

In addition, the diversity of the oropharyngeal microbiota was inversely linked to
systemic immune parameters and immune profiling of peripheral blood mononuclear
cells during hospitalization, and the microbiota profile was linked to systemic
immune parameters and immune profiling of peripheral blood mononuclear cells.
Intubated patients had patient-specific lung microbiome communities that were often
highly dynamic, with Staphylococcus being prominent. In severe illness,
Anelloviridae and Redondoviridae demonstrated more frequent colonization and
higher titers. Finally, machine learning research revealed that integrated microbiota
traits at early sampling points had strong power to distinguish COVID-19 severity
levels at the final level [128].

266 E. Russo et al.



Furthermore, in a current report metatranscriptomics analyses were performed in
cases with COVID-19 and with non-COVID-19 pneumonia [82]. Pathogens, the
microbiota, and host responses together with their respectively transcriptional
features have been investigated. A host gene classifier was developed based on the
host transcriptional signature, and its potential for diagnosing COVID-19 and
identifying disease severity was investigated. With 18 taxa of differential abundance,
the airway microbiome of COVID-19 patients demonstrated a lower alpha diversity.
In 47% of the COVID-19 cases, potentially pathogenic microorganisms were found,
with respiratory viruses accounting for 58%. A transcriptional signature of 36 differ-
entially expressed substantially related with immunological pathways, such as
cytokine signaling, was discovered using host gene analysis. COVID-19 might be
diagnosed and illness severity could be predicted using a host gene classifier based
on such a signature. COVID-19 immune-associated host transcriptional markers
have the potential to improve COVID-19 diagnosis while also showing disease
severity [82].

As previously reported, the SARS-CoV-2 infects many organs presenting the
ACE2 receptor, mainly expressed in enterocytes and in epithelial cells in the lungs.
Normally, the renin–angiotensin–aldosterone system (RAAS), which modulates
blood pressure and liquid balance, requires the ACE2 enzyme, which, additionally
modulates the intestinal activities and protects organs from inflammatory damage.
SARS-CoV-2 infection causes ACE2 dysfunction, this leads to organs epithelium
inflammation and breakdown. On the other hand, inflammation has been shown to
increase ACE2 levels establishing a vicious circle [136].

The study conducted by Zou et al. concerns COVID patients who did not show
any respiratory symptoms but suffering from different disturbs, such as kidney
failure [137].

Single-cell RNA sequencing datasets derived from cardiovascular, respiratory,
digestive, and urinary systems were evaluated in order to create a risk map of distinct
affected human organs, considered exposed to SARS-CoV-19 infection. Real-risk
organs have been identified, including lungs, heart, esophagus, kidney, bladder, and
ileus, as well as certain cell types (e.g., alveolar cells, myocardial cells, kidney cells)
were assessed through these data analyses. The outcome confirmed the ability of
COVID to invade other organs, in addition to the lungs [137].

In a very recent study, Xiao et al. [138] described in COVID patient’s intestinal
tract a significant infiltration of plasma cells and lymphocytes, associated with an
important ACE2 downregulation of, leading to reduced tryptophan (Trp) uptake,
which physiologically plays a very important role in intestinal microbiota mainte-
nance, and a consequent decrease in the release of antimicrobial peptides that
normally help to convert SARS-CoV-2- lesions in the gut and improve systemic
conditions. All these events of evasion from the normal control mechanisms are the
basis of the survival of the virus [138].

Moreover, ACE2 gene expression has been shown to increase with age and is
potentially responsible for the augmented susceptibility and the more severe disease
course in older people elderly [139].
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For these reasons, the idea of using ACE inhibitors as a therapy treatment to
decrease lung inflammation and benefit COVID-19 patients has been
considered [140].

Additionally, nowadays the most persistent global health challenges are the
human immunodeficiency, such as HIV or hepatitis C virus (HCV) together with
COVID-19 and are estimated that populations infected with these virus could be
exposed to a high risk for a high responses if simultaneously suffering from COVID
19 disease [141]. As a result, people with lung lesions who also have COVID-19
could be at a serious risk of developing HIV-HCV-COVID-19 co-infection.

14.3.1 The Effect of Diet Lifestyle and Probiotic Treatment
on Microbiota–Inflammation Axis in Covid-19 Disease

Importance of lacking of nutrients in diet and consequently in the metabolic
wellbeing resulting in wrong lifestyle behavior have been connected with the
possibility and seriousness of COVID-19 disease [142]. In fact, due to micronutrient
deficiencies and incorrect assumptions, a low nutritional state can intensify the
infection’s immunological response. Malnutrition causes a reduction in immune
cells, particularly T- and B-cells, resulting in leukopenia and an ineffective IR
[143, 144].

On the other hand, a diet rich in prebiotics, anti-inflammatory, antioxidant
phytonutrients found in colorful vegetables, fermented foods, and beverages
supports the healthy GM composition and function and as a consequence, of the
whole organism [145].

In the past, it has been proven that addressing social health determinants, such as
poor nutrition, reduced the gravity of some infectious illnesses [146, 147].

Although evidence of the association between food intake quality and COVID-19
risk or severity needs deeper investigation, prioritizing social health determinants in
the public health response to COVID-19 could pave the way to a new medical
approach [148]. Previous studies, for examples, linked the COVID-19 to lifestyle
patterns, shown that a person lifestyle is an important component in preventing
diseases [149]. Lifestyle is a complex notion that combines a person’s life con-
sciousness, conduct, and attitude, and can be classified based on people life patterns.
Several research works have emphasized the relevance of leading a healthy lifestyle
in sustaining and improving personal quality of life [150]. Lifestyle outcomes in
people during the COVID-19 pandemic resulted in a considerable drop in several
important activities, such as the body training and the daily life occupations [151].

The most recurrent GI symptoms are tight connected to the enterocytes infected
by SARS-CoV-2 and damaging the intestinal epithelium, as previously mentioned
[152]. As a result, a variety of GM manipulation treatments have been proposed,
including a specific diet high in probiotics, prebiotics or resort to interventions like
the fecal microbiota transplantation (FMT), or the use of bacterial components to
cure or mitigate COVID-19-correlated disorders [153]. Nowadays, there are no
experimental data to confirm the role of probiotics, as a valid method to treat
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COVID-19, although the remarkable role in helping regulate respiratory tract immu-
nity through the gut–lung axis is well documented [154].

However, normalizing intestinal dysbiosis using probiotics could be one of the
methods to treating COVID-19, since this strategy has been effective in the treatment
of other viral respiratory tract infections [155]. Currently, the most common strains
commercially available belong to the Lactobacillus spp. and Bifidobacterium
spp [156].

A meta-analysis conducted by Kang EJ, et al. showed how these two bacterial
strains can reduce the common cold, one of the symptoms of SARS-CoV-2 infection
[157]. Probiotic treatment reduced the disease severity or shortened its duration in
this trial, whereas 2–47% of COVID-19 subjects required the mechanical
ventilation.

In a meta-analysis of randomized controlled studies, probiotics were found to
reduce ventilator-associated pneumonia (VAP) and the duration of antibiotic treat-
ment for VAP [158]. Consequently, Lactobacillus spp. and Bifidobacterium spp. are
known to play a role in many physiological processes, including immunological
activation, prevention of pathogenic bacterial colonization, synthesis of SCFA,
catabolism of cancerous cells and vitamin synthesis, conferring a benefit for host’s
health [159].

In particular, Lactobacillus spp., generally found in healthy intestine, can impact
on IR both in the respiratory and in the intestinal tract, protecting against viral
respiratory infections by stimulating Th (T helper)1 mediated IR, Natural Killer
(NK) cells and increasing IgA-mediated mucosal immunity [160].

Furthermore, oral administration of L. plantarum causes the activation of cyto-
toxic CD8+ T lymphocytes as well as an increase in granulocyte phagocytic activity.
In addition, L. plantarum administration induces a decrease in pro-inflammatory
cytokines IFN-γ and TNF-α that may contribute to creation of an immune over
reaction during COVID-19 disease, and an increase in anti-inflammatory cytokines
IL-4 and IL-10 [161, 162]. As a result, it is hypothesized that boosting probiotics in
high-risk and critically infected patients, as well as frontline healthcare workers, may
help to reduce infection and flatten the COVID-19 curve. Additionally, probiotics
have been shown to increase vaccination responses against respiratory viral
infections, and recent studies have suggested that preserving the balance of the
intestinal microbiota may be advantageous to COVID-19 + patients and aid in
recovery due to enhanced immunological state [163].

Currently, several experimental trials are being performed throughout the world
to determine the effect of probiotics in COVID-19 prevention and treatment [164].

However, there are no current randomized controlled trials (RCTs) available to
provide conclusive data. So, in addition to the best medical treatments available, it is
also necessary to consider an additional pathophysiology-based options to cure and
prevent COVID-19 disease, addressing intestinal dysbiosis. In this context, probiotic
supplements can be a good option to consider [164, 165]. However, probiotic strains
of different species displayed varied physiology and metabolism, therefore their
effects on the human body vary, causing different health consequences. Finally, it is
well documented that probiotics taken at a greater dose may not be as effective as
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one consumed at the recommended level. Likewise, depending on the host, different
doses of the same probiotic strain can have different impacts. Consequently, probi-
otic effects must be demonstrated at the strain level to ensure efficiency, and
probiotic strains must be carefully chosen to achieve maximum benefit [164].

14.4 Limitation of the Current Research on Covid-19
and Microbiome

The fine details of the relationship between human microbiota and COVID-19 are
currently unknown. Our chapter brought up several important points that call for
more microbiome research in COVID-19. To begin with, longitudinal data, includ-
ing post-admission data, are scarce. Aside from a lack of understanding of COVID-
19 pathophysiology, there are little information of the clinical consequences that
may persist in patients after the absence of viral contamination proved with negative
RT-PCR test [166].

So, it is critical to build a long-term cohort of people who have healed from
COVID-19 and look at the link between their microbiota and clinical characteristics
of acute respiratory infections.

In addition, Chinese reports are the most prevalent in this sector. Data from other
countries is required, as ethnicity is known to play a substantial role in microbiome
diversity.

Moreover, studying the microbiome of non-intestinal organs including the skin,
oral cavity, and urine tract can help researchers to better understand the microbiota in
COVID-19 patients.

More microbiome data on their relationship to COVID-19 severity is required. If,
in the future the microbiome might serve as a predictive indicator for disease
development. Furthermore, early GM management (e.g., by symbiotics, probiotics,
fermented foods, and fecal transplant) might be helpful in terms of prevention and
treatments in such situation. The consequences of changing the gut microbiota are
unknown at this time, and the findings of ongoing experiments are needed.

14.5 Conclusion

In our chapter, we have summarized and discussed the current studies that may
provide light on the microbioma function in SARS-CoV-2 infection. In detail, we
highlight lung and gut microbiota and their consequences in relation to COVID-19,
with an emphasis on immunomodulation. There are hypotheses that imply a link,
such as the so-called gut–lung axis, in which the intestinal microbiota influences the
lungs, or immunomodulatory signals generated by the microbiota. By promoting the
differentiation of a big amount of immune cells, the healthy gut microbiota can
control the SARS-CoV-2- infection, comparing to a gut and lung dysbiosis condition
characterized by a smaller number of immune cells.
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Finally, dietary probiotics are important regulators of the gut microbial ecology,
and they may be useful in maintaining microbiome homeostasis, influencing
COVID-19 infection.

References

1. Artika IM, Dewantari AK, Wiyatno A (2020) Molecular biology of coronaviruses: current
knowledge. Heliyon 6(8):e04743

2. Jin YH, Cai L, Cheng ZS, Cheng H, Deng T, Fan YP, Fang C, Huang D, Huang LQ, Huang Q,
Han Y, Hu B, Hu F, Li BH, Li YR, Liang K, Lin LK, Luo LS, Ma J, Ma LL, Peng ZY, Pan YB,
Pan ZY, Ren XQ, Sun HM, Wang Y, Wang YY, Weng H, Wei CJ, Wu DF, Xia J, Xiong Y,
Xu HB, Yao XM, Yuan YF, Ye TS, Zhang XC, Zhang YW, Zhang YG, Zhang HM, Zhao Y,
Zhao MJ, Zi H, Zeng XT, Wang YY, Wang XH, for the Zhongnan Hospital of Wuhan
University Novel Coronavirus Management and Research Team, Evidence-Based Medicine
Chapter of China International Exchange and Promotive Association for Medical and Health
Care (CPAM) (2020) A rapid advice guideline for the diagnosis and treatment of 2019 novel
coronavirus (2019-nCoV) infected pneumonia (standard version). Mil Med Res 7(1):4

3. Lau SK, Chan JF (2015) Coronaviruses: emerging and re-emerging pathogens in humans and
animals. Virol J 12:209

4. Cascella M, Rajnik M, Aleem A, Dulebohn SC, Di Napoli R (2021) Features, evaluation, and
treatment of coronavirus (COVID-19). StatPearls, Treasure Island, F)

5. Mittal A, Manjunath K, Ranjan RK, Kaushik S, Kumar S, Verma V (2020) COVID-19
pandemic: insights into structure, function, and hACE2 receptor recognition by SARS-
CoV-2. PLoS Pathog 16(8):e1008762

6. Mousavizadeh L, Ghasemi S (2021) Genotype and phenotype of COVID-19: their roles in
pathogenesis. J Microbiol Immunol Infect 54(2):159–163

7. Almubaid Z, Al-Mubaid H (2021) Analysis and comparison of genetic variants and mutations
of the novel coronavirus SARS-CoV-2. Gene Rep 23:101064

8. Aleem A, Akbar Samad AB, Slenker AK (2021) Emerging variants of SARS-CoV-2 and
novel therapeutics against coronavirus (COVID-19). StatPearls, Treasure Island (FL)

9. Duong D (2021) Alpha, beta, delta, gamma: what’s important to know about SARS-CoV-
2 variants of concern? CMAJ 193(27):E1059–E1060

10. Lustig Y, Zuckerman N, Nemet I, Atari N, Kliker L, Regev-Yochay G, Sapir E, Mor O, Alroy-
Preis S, Mendelson E, Mandelboim M (2021) Neutralising capacity against Delta (B.1.617.2)
and other variants of concern following Comirnaty (BNT162b2, BioNTech/Pfizer) vaccination
in health care workers, Israel. Euro Surveill 26(26):2100557

11. Yaniv K, Ozer E, Shagan M, Lakkakula S, Plotkin N, Bhandarkar NS, Kushmaro A (2021)
Direct RT-qPCR assay for SARS-CoV-2 variants of concern (alpha, B.1.1.7 and Beta,
B.1.351) detection and quantification in wastewater. Environ Res 201:111653

12. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, Xiang J, Wang Y, Song B, Gu X, Guan L, Wei Y,
Li H, Wu X, Xu J, Tu S, Zhang Y, Chen H, Cao B (2020) Clinical course and risk factors for
mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study.
Lancet 395(10229):1054–1062

13. Akhmetzhanov AR, Jung SM, Cheng HY, Thompson RN (2021) A hospital-related outbreak
of SARS-CoV-2 associated with variant Epsilon (B.1.429) in Taiwan: transmission potential
and outbreak containment under intensified contact tracing, January-February 2021. Int J
Infect Dis 110:15–20

14. Harrison AG, Lin T, Wang P (2020) Mechanisms of SARS-CoV-2 transmission and patho-
genesis. Trends Immunol 41(12):1100–1115

15. Fu L, Wang B, Yuan T, Chen X, Ao Y, Fitzpatrick T, Li P, Zhou Y, Lin YF, Duan Q, Luo G,
Fan S, Lu Y, Feng A, Zhan Y, Liang B, Cai W, Zhang L, Du X, Li L, Shu Y, Zou H (2020)

14 SARS-CoV-2 and Microbiota 271



Clinical characteristics of coronavirus disease 2019 (COVID-19) in China: a systematic review
and meta-analysis. J Infect 80(6):656–665

16. Oran DP, Topol EJ (2020) Prevalence of asymptomatic SARS-CoV-2 infection : a narrative
review. Ann Intern Med 173(5):362–367

17. Costa VO, Nicolini EM, da Costa BMA, Teixeira FM, Ferreira JP, Moura MA, Montessi J,
Campos RL, Guaraldo AN, Costa PM (2021) Evaluation of the risk of clinical deterioration
among inpatients with COVID-19. Adv Virol 2021:6689669

18. Cabrera Martimbianco AL, Pacheco RL, Bagattini AM, Riera R (2021) Frequency, signs and
symptoms, and criteria adopted for long COVID-19: a systematic review. Int J Clin Pract 75:
e14357

19. Jones DL, Baluja MQ, Graham DW, Corbishley A, McDonald JE, Malham SK, Hillary LS,
Connor TR, Gaze WH, Moura IB, Wilcox MH, Farkas K (2020) Shedding of SARS-CoV-2 in
feces and urine and its potential role in person-to-person transmission and the environment-
based spread of COVID-19. Sci Total Environ 749:141364

20. Wang C, Wang Z, Wang G, Lau JY, Zhang K, Li W (2021) COVID-19 in early 2021: current
status and looking forward. Signal Transduct Target Ther 6(1):114

21. Magdy Beshbishy A, Oti VB, Hussein DE, Rehan IF, Adeyemi OS, Rivero-Perez N,
Zaragoza-Bastida A, Shah MA, Abouelezz K, Hetta HF, Cruz-Martins N, Batiha GE (2021)
Factors behind the higher COVID-19 risk in Diabetes: a critical review. Front Public Health 9:
591982

22. Grant MC, Geoghegan L, Arbyn M, Mohammed Z, McGuinness L, Clarke EL, Wade RG
(2020) The prevalence of symptoms in 24,410 adults infected by the novel coronavirus
(SARS-CoV-2; COVID-19): a systematic review and meta-analysis of 148 studies from
9 countries. PLoS One 15(6):e0234765

23. SeyedAlinaghi S, Oliaei S, Kianzad S, Afsahi AM, MohsseniPour M, Barzegary A,
Mirzapour P, Behnezhad F, Noori T, Mehraeen E, Dadras O, Voltarelli F, Sabatier JM
(2020) Reinfection risk of novel coronavirus (COVID-19): a systematic review of current
evidence. World J Virol 9(5):79–90

24. Shenoy S (2021) SARS-CoV-2 (COVID-19), viral load and clinical outcomes; lessons learned
one year into the pandemic: a systematic review. World J Crit Care Med 10(4):132–150

25. Li M, Wei R, Yang Y, He T, Shen Y, Qi T, Han T, Song Z, Zhu Z, Ma X, Lin Y, Yuan Y,
Zhao K, Lu H, Zhou X (2021) Comparing SARS-CoV-2 testing in anterior nasal vestibular
swabs vs. Oropharyngeal Swabs. Front Cell Infect Microbiol 11:653794

26. Dankova Z, Novakova E, Skerenova M, Holubekova V, Lucansky V, Dvorska D, Brany D,
Kolkova Z, Strnadel J, Mersakova S, Janikova K, Samec M, Pokusa M, Petras M,
Sarlinova M, Kasubova I, Loderer D, Sadlonova V, Kompanikova J, Kotlebova N,
Kompanikova A, Hrnciarova M, Stanclova A, Antosova M, Dzian A, Nosal V, Kocan I,
Murgas D, Krkoska D, Calkovska A, Halasova E (2021) Comparison of SARS-CoV-2 detec-
tion by rapid antigen and by three commercial RT-qPCR tests: a Study fromMartin University
Hospital in Slovakia. Int J Environ Res Public Health 18(13):7037

27. Leli C, Matteo LD, Gotta F, Cornaglia E, Vay D, Megna I, Pensato RE, Boverio R, Rocchetti
A (2021) Performance of a SARS CoV-2 antigen rapid immunoassay in patients admitted to
the emergency department. Int J Infect Dis 110:135–140

28. Ashtari S, Vahedian-Azimi A, Shojaee S, Pourhoseingholi MA, Jafari R, Bashar FR, Zali MR
(2021) Computed tomographic features of coronavirus disease-2019 (COVID-19) pneumonia
in three groups of Iranian patients: a single center study. Radiologia (Engl Ed) 63(4):314–323

29. Greffier J, Hoballah A, Sadate A, de Oliveira F, Claret PG, de Forges H, Loubet P,
Mauboussin JM, Hamard A, Beregi JP, Frandon J (2021) Ultra-low-dose chest CT perfor-
mance for the detection of viral pneumonia patterns during the COVID-19 outbreak period: a
monocentric experience. Quant Imaging Med Surg 11(7):3190–3199

30. Stumpf J, Siepmann T, Lindner T, Karger C, Schwobel J, Anders L, Faulhaber-Walter R,
Schewe J, Martin H, Schirutschke H, Barnett K, Huther J, Muller P, Langer T, Pluntke T,
Anding-Rost K, Meistring F, Stehr T, Pietzonka A, Escher K, Cerny S, Rothe H, Pistrosch F,

272 E. Russo et al.



Seidel H, Paliege A, Beige J, Bast I, Steglich A, Gembardt F, Kessel F, Kroger H, Arndt P,
Sradnick J, Frank K, Klimova A, Mauer R, Grahlert X, Anft M, Blazquez-Navarro A,
Westhoff TH, Stervbo U, Tonn T, Babel N, Hugo C (2021) Humoral and cellular immunity
to SARS-CoV-2 vaccination in renal transplant versus dialysis patients: a prospective, multi-
center observational study using mRNA-1273 or BNT162b2 mRNA vaccine. Lancet Reg
Health Eur 9:100178

31. Bohman JK, Nei SD, Mellon LN, Ashmun RS, Guru PK (2021) Physical therapy and sedation
while on extracorporeal membrane oxygenation for COVID-19-associated acute respiratory
distress syndrome. J Cardiothorac Vasc Anesth. https://doi.org/10.1053/j.jvca.2021.06.030

32. Tobaiqy M, Qashqary M, Al-Dahery S, Mujallad A, Hershan AA, Kamal MA, Helmi N (2020)
Therapeutic management of patients with COVID-19: a systematic review. Infect Prev Pract
2(3):100061

33. Hausmann JS, Kennedy K, Simard JF, Liew JW, Sparks JA, Moni TT, Harrison C, Larche MJ,
Levine M, Sattui SE, Semalulu T, Foster G, Surangiwala S, Thabane L, Beesley RP, Durrant
KL, Mateus EF, Mingolla S, Nudel M, Palmerlee CA, Richards DP, Liew DFL, Hill CL,
Bhana S, Costello W, Grainger R, Machado PM, Robinson PC, Sufka P, Wallace ZS,
Yazdany J, Sirotich E, Alliance C-GR (2021) Immediate effect of the COVID-19 pandemic
on patient health, health-care use, and behaviours: results from an international survey of
people with rheumatic diseases. Lancet Rheumatol. https://doi.org/10.1016/S2665-9913(21)
00175-2

34. Chen F et al (2021) Potential adverse effects of dexamethasone therapy on COVID-19
patients: review and recommendations. Infect Dis Ther 10(4):1907–1931

35. Du W, Yu J, Liu X, Chen H, Lin L, Li Q (2020) Persistence of SARS-CoV-2 virus RNA in
feces: a case series of children. J Infect Public Health 13(7):926–931

36. Pogue JM, Lauring AS, Gandhi TN, Marshall VD, Eschenauer GA, Nagel JL, Baang JH,
Zhou S, Valesano AL, Petty LA (2021) "monoclonal antibodies for early treatment of COVID-
19 in a world of evolving SARS-CoV-2 mutations and variants." open forum. Infect Dis 8(7):
ofab268

37. Zarebska-Michaluk D, Jaroszewicz J, Rogalska M, Martonik D, Pabjan P, Berkan-Kawinska-
A, Bolewska B, Oczko-Grzesik B, Kozielewicz D, Tudrujek-Zdunek M, Kowalska J,
Moniuszko-Malinowska A, Klos K, Rorat M, Leszczynski P, Piekarska A, Polanska J, Flisiak
R (2021) Effectiveness of tocilizumab with and without dexamethasone in patients with severe
COVID-19: a retrospective study. J Inflamm Res 14:3359–3366

38. Taribagil P, Creer D, Tahir H (2021) ‘Long COVID’ syndrome. BMJ Case Rep 14(4):e241485
39. Baig AM (2021) Chronic COVID syndrome: need for an appropriate medical terminology for

long-COVID and COVID long-haulers. J Med Virol 93(5):2555–2556
40. Humphreys H, Kilby L, Kudiersky N, Copeland R (2021) Long COVID and the role of

physical activity: a qualitative study. BMJ Open 11(3):e047632
41. Kumar A (2021) COVID-19 gripped the globe with some unnoticed facts and too many

questions. Virus 32:1–4
42. Pressman AR, Lockhart SH, Shen Z, Azar KMJ (2021) Measuring and promoting SARS-

CoV-2 vaccine equity: development of a COVID-19 vaccine equity index. Health Equity 5(1):
476–483

43. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X, Cheng Z, Yu T,
Xia J, Wei Y, Wu W, Xie X, Yin W, Li H, Liu M, Xiao Y, Gao H, Guo L, Xie J, Wang G,
Jiang R, Gao Z, Jin Q, Wang J, Cao B (2020) Clinical features of patients infected with 2019
novel coronavirus in Wuhan, China. Lancet 395(10223):497–506

44. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA, Niemeyer D, Jones
TC, Vollmar P, Rothe C, Hoelscher M, Bleicker T, Brunink S, Schneider J, Ehmann R,
Zwirglmaier K, Drosten C, Wendtner C (2020) Virological assessment of hospitalized patients
with COVID-2019. Nature 581(7809):465–469

14 SARS-CoV-2 and Microbiota 273

https://doi.org/10.1053/j.jvca.2021.06.030
https://doi.org/10.1016/S2665-9913(21)00175-2
https://doi.org/10.1016/S2665-9913(21)00175-2


45. Xu Y, Li X, Zhu B, Liang H, Fang C, Gong Y, Guo Q, Sun X, Zhao D, Shen J, Zhang H,
Liu H, Xia H, Tang J, Zhang K, Gong S (2020) Characteristics of pediatric SARS-CoV-
2 infection and potential evidence for persistent fecal viral shedding. Nat Med 26(4):502–505

46. Roncon L, Zuin M, Rigatelli G, Zuliani G (2020) Diabetic patients with COVID-19 infection
are at higher risk of ICU admission and poor short-term outcome. J Clin Virol 127:104354

47. Sajdel-Sulkowska EM (2021) A dual-route perspective of SARS-CoV-2 infection: lung-
vs. gut-specific effects of ACE-2 deficiency. Front Pharmacol 12:684610

48. Ackerman J (2012) The ultimate social network. Sci Am 306(6):36–43
49. Proctor LM (2011) The human microbiome project in 2011 and beyond. Cell Host Microbe

10(4):287–291
50. Ursell LK, Metcalf JL, Parfrey LW, Knight R (2012) Defining the human microbiome. Nutr

Rev 70 Suppl 1:S38–S44
51. Fraher MH, O’Toole PW, Quigley EM (2012) Techniques used to characterize the gut

microbiota: a guide for the clinician. Nat Rev Gastroenterol Hepatol 9(6):312–322
52. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI (2006) An obesity-

associated gut microbiome with increased capacity for energy harvest. Nature 444(7122):
1027–1031

53. From the American Association of Neurological Surgeons (AANS), American Society of
Neuroradiology (ASNR), Cardiovascular and Interventional Radiology Society of Europe
(CIRSE), Canadian Interventional Radiology Association (CIRA), Congress of Neurological
Surgeons (CNS), European Society of Minimally Invasive Neurological Therapy (ESMINT),
European Society of Neuroradiology (ESNR), European Stroke Organization (ESO), Society
for Cardiovascular Angiography and Interventions (SCAI), Society of Interventional Radiol-
ogy (SIR), Society of NeuroInterventional Surgery (SNIS), and World Stroke Organization
(WSO), Sacks D, Baxter B, BCV C, Carpenter JS, Cognard C, Dippel D, Eesa M, Fischer U,
Hausegger K, Hirsch JA, Shazam Hussain M, Jansen O, Jayaraman MV, Khalessi AA, Kluck
BW, Lavine S, Meyers PM, Ramee S, Rüfenacht DA, Schirmer CM, Vorwerk D (2018)
Multisociety consensus quality improvement revised consensus statement for endovascular
therapy of acute ischemic stroke. Int J Stroke 13(6):612–632

54. Samuelson DR, Shellito JE, Maffei VJ, Tague ED, Campagna SR, Blanchard EE, Luo M,
Taylor CM, Ronis MJJ, Molina PE, Welsh DA (2017) Alcohol-associated intestinal dysbiosis
impairs pulmonary host defense against Klebsiella pneumoniae. PLoS Pathog 13(6):e1006426

55. Zhang M, Jiang Z, Li D, Jiang D, Wu Y, Ren H, Peng H, Lai Y (2015) Oral antibiotic
treatment induces skin microbiota dysbiosis and influences wound healing. Microb Ecol 69(2):
415–421

56. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E (2017) Dysbiosis and the immune system.
Nat Rev Immunol 17(4):219–232

57. Human Microbiome Project C (2012) Structure, function and diversity of the healthy human
microbiome. Nature 486(7402):207–214

58. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI (2011) Human nutrition, the gut
microbiome and the immune system. Nature 474(7351):327–336

59. Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C, Davies J, Ervine A, Poulter L,
Pachter L, Moffatt MF, Cookson WO (2010) Disordered microbial communities in asthmatic
airways. PLoS One 5(1):e8578

60. Pragman AA, Kim HB, Reilly CS, Wendt C, Isaacson RE (2012) The lung microbiome in
moderate and severe chronic obstructive pulmonary disease. PLoS One 7(10):e47305

61. Willner D, Haynes MR, Furlan M, Schmieder R, Lim YW, Rainey PB, Rohwer F, Conrad D
(2012) Spatial distribution of microbial communities in the cystic fibrosis lung. ISME J6(2):
471–474

62. Budden KF, Gellatly SL, Wood DL, Cooper MA, Morrison M, Hugenholtz P, Hansbro PM
(2017) Emerging pathogenic links between microbiota and the gut-lung axis. Nat Rev
Microbiol 15(1):55–63

274 E. Russo et al.



63. Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-Bru C,
Blanchard C, Junt T, Nicod LP, Harris NL, Marsland BJ (2014) Gut microbiota metabolism
of dietary fiber influences allergic airway disease and hematopoiesis. Nat Med 20(2):159–166

64. Dickson RP, Erb-Downward JR, Martinez FJ, Huffnagle GB (2016) The microbiome and the
respiratory tract. Annu Rev Physiol 78:481–504

65. Invernizzi R, Lloyd CM, Molyneaux PL (2020) Respiratory microbiome and epithelial
interactions shape immunity in the lungs. Immunology 160(2):171–182

66. Dickson RP, Huffnagle GB (2015) The lung microbiome: new principles for respiratory
bacteriology in health and disease. PLoS Pathog 11(7):e1004923

67. Huffnagle GB, Dickson RP, Lukacs NW (2017) The respiratory tract microbiome and lung
inflammation: a two-way street. Mucosal Immunol 10(2):299–306

68. Dickson RP, Erb-Downward JR, Freeman CM, McCloskey L, Beck JM, Huffnagle GB, Curtis
JL (2015) Spatial variation in the healthy human lung microbiome and the adapted island
model of lung biogeography. Ann Am Thorac Soc 12(6):821–830

69. Dickson RP, Martinez FJ, Huffnagle GB (2014) The role of the microbiome in exacerbations
of chronic lung diseases. Lancet 384(9944):691–702

70. Durack J, Lynch SV, Nariya S, Bhakta NR, Beigelman A, Castro M, Dyer AM, Israel E,
Kraft M, Martin RJ, Mauger DT, Rosenberg SR, Sharp-King T, White SR, Woodruff PG,
Avila PC, Denlinger LC, Holguin F, Lazarus SC, Lugogo N, Moore WC, Peters SP, Que L,
Smith LJ, Sorkness CA, Wechsler ME, Wenzel SE, Boushey HA, Huang YJ, National
Heart L, A. Blood Institute’s (2017) Features of the bronchial bacterial microbiome associated
with atopy, asthma, and responsiveness to inhaled corticosteroid treatment. J Allergy Clin
Immunol 140(1):63–75

71. Wu BG, Segal LN (2018) The lung microbiome and its role in pneumonia. Clin Chest Med
39(4):677–689

72. Gadsby NJ, Russell CD, McHugh MP, Mark H, Conway Morris A, Laurenson IF, Hill AT,
Templeton KE (2016) Comprehensive molecular testing for respiratory pathogens in
community-acquired pneumonia. Clin Infect Dis 62(7):817–823

73. Emonet S, Lazarevic V, Leemann Refondini C, Gaia N, Leo S, Girard M, Nocquet Boyer V,
Wozniak H, Despres L, Renzi G, Mostaguir K, Dupuis Lozeron E, Schrenzel J, Pugin J (2019)
Identification of respiratory microbiota markers in ventilator-associated pneumonia. Intensive
Care Med 45(8):1082–1092

74. Woo S, Park SY, Kim Y, Jeon JP, Lee JJ, Hong JY (2020) The dynamics of respiratory
microbiota during mechanical ventilation in patients with pneumonia. J Clin Med 9(3):638

75. Mori G, Morrison M, Blumenthal A (2021) Microbiome-immune interactions in tuberculosis.
PLoS Pathog 17(4):e1009377

76. Wang H, Dai W, Qiu C, Li S, Wang W, Xu J, Li Z, Wang H, Li Y, Yang Z, Feng X, Zhou Q,
Han L, Li Y, Zheng Y (2016) Mycoplasma pneumoniae and Streptococcus pneumoniae
caused different microbial structure and correlation network in lung microbiota. J Thorac
Dis 8(6):1316–1322

77. Rosas-Salazar C, Shilts MH, Tovchigrechko A, Schobel S, Chappell JD, Larkin EK,
Shankar J, Yooseph S, Nelson KE, Halpin RA, Moore ML, Anderson LJ, Peebles RS Jr,
Das SR, Hartert TV (2016) Differences in the nasopharyngeal microbiome during acute
respiratory tract infection with human rhinovirus and respiratory syncytial virus in infancy. J
Infect Dis 214(12):1924–1928

78. Hofstra JJ, Matamoros S, van de Pol MA, de Wever B, Tanck MW, Wendt-Knol H, Deijs M,
van der Hoek L, Wolthers KC, Molenkamp R, Visser CE, Sterk PJ, Lutter R, de Jong MD
(2015) Changes in microbiota during experimental human rhinovirus infection. BMC Infect
Dis 15:336

79. Lloyd CM, Marsland BJ (2017) Lung homeostasis: influence of age, microbes, and the
immune system. Immunity 46(4):549–561

80. Cheng M, Hu S (2017) Lung-resident gammadelta T cells and their roles in lung diseases.
Immunology 151(4):375–384

14 SARS-CoV-2 and Microbiota 275



81. Zhang F, Gan R, Zhen Z, Hu X, Li X, Zhou F, Liu Y, Chen C, Xie S, Zhang B, Wu X, Huang Z
(2020) Adaptive immune responses to SARS-CoV-2 infection in severe versus mild
individuals. Signal Transduct Target Ther 5(1):156

82. Zhang H, Ai JW, Yang W, Zhou X, He F, Xie S, Zeng W, Li Y, Yu Y, Gou X, Li Y, Wang X,
Su H, Zhu Z, Xu T, Zhang W (2021) Metatranscriptomic characterization of coronavirus
disease 2019 identified a host transcriptional classifier associated with immune signaling. Clin
Infect Dis 73(3):376–385

83. Shen Z, Xiao Y, Kang L, Ma W, Shi L, Zhang L, Zhou Z, Yang J, Zhong J, Yang D, Guo L,
Zhang G, Li H, Xu Y, Chen M, Gao Z, Wang J, Ren L, Li M (2020) Genomic diversity of
severe acute respiratory syndrome-coronavirus 2 in patients with coronavirus disease 2019.
Clin Infect Dis 71(15):713–720

84. Fan J, Li X, Gao Y, Zhou J, Wang S, Huang B, Wu J, Cao Q, Chen Y, Wang Z, Luo D,
Zhou T, Li R, Shang Y, Nie X (2020) The lung tissue microbiota features of 20 deceased
patients with COVID-19. J Infect 81(3):e64–e67

85. De Maio F, Posteraro B, Ponziani FR, Cattani P, Gasbarrini A, Sanguinetti M (2020)
Nasopharyngeal microbiota profiling of SARS-CoV-2 infected patients. Biol Proced Online
22:18

86. Minich JJ, Ali F, Marotz C, Belda-Ferre P, Chiang L, Shaffer JP, Carpenter CS, McDonald D,
Gilbert JA, Allard SM, Allen EE, Knight R, Sweeney DA, Swafford AD (2020) Feasibility of
using alternative swabs and storage solutions for paired SARS-CoV-2 detection and
microbiome analysis in the hospital environment. medRxiv

87. Ai JW, Zhang H, Xu T, Wu J, Zhu M, Yu YQ et al (2020) Optimizing diagnostic strategy for
novel coronavirus pneumonia, a multi-center study in Eastern China. medRxiv

88. Budding A, Sieswerda E, Wintermans B, Bos M (2020) An age dependent pharyngeal
microbiota signature associated with SARS-CoV-2 infection (4/21/2020). Available at SSRN:
https://ssrn.com/abstract¼3582780 or http://dx.doi.org/10.2139/ssrn.3582780

89. Zuo T, Zhan H, Zhang F, Liu Q, Tso EYK, Lui GCY, Chen N, Li A, Lu W, Chan FKL, Chan
PKS, Ng SC (2020) Alterations in fecal fungal microbiome of patients with COVID-19 during
time of hospitalization until discharge. Gastroenterology 159(4):1302–1310 e1305

90. Zuo T, Zhang F, Lui GCY, Yeoh YK, Li AYL, Zhan H, Wan Y, Chung ACK, Cheung CP,
Chen N, Lai CKC, Chen Z, Tso EYK, Fung KSC, Chan V, Ling L, Joynt G, Hui DSC, Chan
FKL, Chan PKS, Ng SC (2020) Alterations in gut microbiota of patients with COVID-19
during time of hospitalization. Gastroenterology 159(3):944–955.e948

91. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, Gill SR, Nelson KE,
Relman DA (2005) Diversity of the human intestinal microbial flora. Science 308(5728):
1635–1638

92. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR (2007) Molecular-
phylogenetic characterization of microbial community imbalances in human inflammatory
bowel diseases. Proc Natl Acad Sci U S A 104(34):13780–13785

93. Mahowald MA, Rey FE, Seedorf H, Turnbaugh PJ, Fulton RS, Wollam A, Shah N, Wang C,
Magrini V, Wilson RK, Cantarel BL, Coutinho PM, Henrissat B, Crock LW, Russell A,
Verberkmoes NC, Hettich RL, Gordon JI (2009) Characterizing a model human gut
microbiota composed of members of its two dominant bacterial phyla. Proc Natl Acad Sci U
S A 106(14):5859–5864

94. Ottman N, Smidt H, de Vos WM, Belzer C (2012) The function of our microbiota: who is out
there and what do they do? Front Cell Infect Microbiol 2:104

95. Swidsinski A, Loening-Baucke V, Lochs H, Hale LP (2005) Spatial organization of bacterial
flora in normal and inflamed intestine: a fluorescence in situ hybridization study in mice.
World J Gastroenterol 11(8):1131–1140

96. McConnell EL, Fadda HM, Basit AW (2008) Gut instincts: explorations in intestinal physiol-
ogy and drug delivery. Int J Pharm 364(2):213–226

97. Dave M, Higgins PD, Middha S, Rioux KP (2012) The human gut microbiome: current
knowledge, challenges, and future directions. Transl Res 160(4):246–257

276 E. Russo et al.

https://ssrn.com/abstract=3582780
https://ssrn.com/abstract=3582780
http://dx.doi.org/10.2139/ssrn.3582780


98. Schirmer M, Smeekens SP, Vlamakis H, Jaeger M, Oosting M, Franzosa EA, Ter Horst R,
Jansen T, Jacobs L, Bonder MJ, Kurilshikov A, Fu J, Joosten LAB, Zhernakova A,
Huttenhower C, Wijmenga C, Netea MG, Xavier RJ (2016) Linking the human gut
microbiome to inflammatory cytokine production capacity. Cell 167(4):1125–1136.e1128

99. Sonnenburg JL, Angenent LT, Gordon JI (2004) Getting a grip on things: how do communities
of bacterial symbionts become established in our intestine? Nat Immunol 5(6):569–573

100. Holmes E, Li JV, Athanasiou T, Ashrafian H, Nicholson JK (2011) Understanding the role of
gut microbiome-host metabolic signal disruption in health and disease. Trends Microbiol
19(7):349–359

101. Schwabe RF, Jobin C (2013) The microbiome and cancer. Nat Rev Cancer 13(11):800–812
102. Mukherjee PK, Sendid B, Hoarau G, Colombel JF, Poulain D, Ghannoum MA (2015)

Mycobiota in gastrointestinal diseases. Nat Rev Gastroenterol Hepatol 12(2):77–87
103. Rautava S, Luoto R, Salminen S, Isolauri E (2012) Microbial contact during pregnancy,

intestinal colonization and human disease. Nat Rev Gastroenterol Hepatol 9(10):565–576
104. Gu S et al (2020) Alterations of the gut microbiota in patients with coronavirus disease 2019 or

H1N1 Influenza. Clin Infect Dis 71(10):2669–2678
105. Lamers MM et al (2020) SARS-CoV-2 productively infects human gut enterocytes. Science

369(6499):50–54
106. Zhang Y, Ma ZF (2020) Impact of the COVID-19 pandemic on mental health and quality of

life among local residents in Liaoning Province, China: a cross-sectional study. Int J Environ
Res Public Health 17(7)

107. Sultan S et al (2020) Low vitamin D and its association with cognitive impairment and
dementia. J Aging Res 2020:6097820

108. Zhang D, Li S, Wang N, Tan HY, Zhang Z, Feng Y (2020) The cross-talk between gut
microbiota and lungs in common lung diseases. Front Microbiol 11:301

109. Zhang H, Li HB, Lyu JR, Lei XM, Li W, Wu G, Lyu J, Dai ZM (2020) Specific ACE2
expression in small intestinal enterocytes may cause gastrointestinal symptoms and injury after
2019-nCoV infection. Int J Infect Dis 96:19–24

110. Zuo T, Liu Q, Zhang F, Lui GC, Tso EY, Yeoh YK, Chen Z, Boon SS, Chan FK, Chan PK, Ng
SC (2021) Depicting SARS-CoV-2 faecal viral activity in association with gut microbiota
composition in patients with COVID-19. Gut 70(2):276–284

111. Gu S, Chen Y, Wu Z, Chen Y, Gao H, Lv L, Guo F, Zhang X, Luo R, Huang C, Lu H,
Zheng B, Zhang J, Yan R, Zhang H, Jiang H, Xu Q, Guo J, Gong Y, Tang L, Li L (2020)
Alterations of the gut microbiota in patients with coronavirus disease 2019 or H1N1 influenza.
Clin Infect Dis 71(10):2669–2678

112. Penninger JM, Grant MB, Sung JJY (2021) The role of angiotensin converting enzyme 2 in
modulating gut microbiota, intestinal inflammation, and coronavirus infection. Gastroenterol-
ogy 160(1):39–46

113. Adelman MW, Woodworth MH, Langelier C, Busch LM, Kempker JA, Kraft CS, Martin GS
(2020) The gut microbiome’s role in the development, maintenance, and outcomes of sepsis.
Crit Care 24(1):278

114. Tao W, Zhang G, Wang X, Guo M, Zeng W, Xu Z, Cao D, Pan A, Wang Y, Zhang K, Ma X,
Chen Z, Jin T, Liu L, Weng J, Zhu S (2020) Analysis of the intestinal microbiota in COVID-19
patients and its correlation with the inflammatory factor IL-18. Med Microecol 5:100023

115. Yeoh YK, Zuo T, Lui GC, Zhang F, Liu Q, Li AY, Chung AC, Cheung CP, Tso EY, Fung KS,
Chan V, Ling L, Joynt G, Hui DS, Chow KM, Ng SSS, Li TC, Ng RW, Yip TC, Wong GL,
Chan FK, Wong CK, Chan PK, Ng SC (2021) Gut microbiota composition reflects disease
severity and dysfunctional immune responses in patients with COVID-19. Gut 70(4):698–706

116. Britton GJ, Alice C-L, Cossarini F, Livanos AE, Spindler MP, Plitt T (2020) SARS-CoV-2-
specific IgA and limited inflammatory cytokines are present in the stool of select patients with
acute COVID-19. medRxiv

117. Ahlawat S, Asha, Sharma KK (2020) Immunological co-ordination between gut and lungs in
SARS-CoV-2 infection. Virus Res 286:198103

14 SARS-CoV-2 and Microbiota 277



118. Li X, Geng M, Peng Y, Meng L, Lu S (2020) Molecular immune pathogenesis and diagnosis
of COVID-19. J Pharm Anal 10(2):102–108

119. Derrien M, van Hylckama Vlieg JE (2015) Fate, activity, and impact of ingested bacteria
within the human gut microbiota. Trends Microbiol 23(6):354–366

120. Coperchini F, Chiovato L, Croce L, Magri F, Rotondi M (2020) The cytokine storm in
COVID-19: an overview of the involvement of the chemokine/chemokine-receptor system.
Cytokine Growth Factor Rev 53:25–32

121. Jiao Y, Wu L, Huntington ND, Zhang X (2020) Crosstalk between gut microbiota and innate
immunity and its implication in autoimmune diseases. Front Immunol 11:282

122. Barcik W, Boutin RCT, Sokolowska M, Finlay BB (2020) The role of lung and gut microbiota
in the pathology of asthma. Immunity 52(2):241–255

123. Keely S, Talley NJ, Hansbro PM (2012) Pulmonary-intestinal cross-talk in mucosal inflam-
matory disease. Mucosal Immunol 5(1):7–18

124. Cao J, Wang C, Zhang Y, Lei G, Xu K, Zhao N, Lu J, Meng F, Yu L, Yan J, Bai C, Zhang S,
Zhang N, Gong Y, Bi Y, Shi Y, Chen Z, Dai L, Wang J, Yang P (2021) Integrated gut virome
and bacteriome dynamics in COVID-19 patients. Gut Microbes 13(1):1–21

125. Pan ZY, Chang YX, Han N, Hou FY, Lee BJY, Zhi FC, Yang RF, Bi YJ (2021) Short-term
high-dose gavage of hydroxychloroquine changes gut microbiota but not the intestinal integ-
rity and immunological responses in mice. Life Sci 264:118450

126. Hodzic A, de la Fuente J, Cabezas-Cruz A (2020) COVID-19 in the developing world: is the
immune response to alpha-gal an overlooked factor mitigating the severity of infection? ACS
Infect Dis 6(12):3104–3108

127. Donati Zeppa S, Agostini D, Piccoli G, Stocchi V, Sestili P (2020) Gut microbiota status in
COVID-19: an unrecognized player? Front Cell Infect Microbiol 10:576551

128. Merenstein C, Liang G, Whiteside SA, Cobian-Guemes AG, Merlino MS, Taylor LJ,
Glascock A, Bittinger K, Tanes C, Graham-Wooten J, Khatib LA, Fitzgerald AS, Reddy S,
Baxter AE, Giles JR, Oldridge DA, Meyer NJ, Wherry EJ, McGinniss JE, Bushman FD,
Collman RG (2021) Signatures of COVID-19 severity and immune response in the respiratory
tract microbiome. mBio 12:e0177721

129. Santos-Oliveira JR, Regis EG, Leal CR, Cunha RV, Bozza PT, Da-Cruz AM (2011) Evidence
that lipopolisaccharide may contribute to the cytokine storm and cellular activation in patients
with visceral leishmaniasis. PLoS Negl Trop Dis 5(7):e1198

130. Giron LB, Dweep H, Yin X, Wang H, Damra M, Goldman AR, Gorman N, Palmer CS, Tang
HY, Shaikh MW, Forsyth CB, Balk RA, Zilberstein NF, Liu Q, Kossenkov A,
Keshavarzian A, Landay A, Abdel-Mohsen M (2021) Plasma markers of disrupted gut
permeability in severe COVID-19 patients. Front Immunol 12:686240

131. He LH, Ren LF, Li JF, Wu YN, Li X, Zhang L (2020) Intestinal Flora as a potential strategy to
fight SARS-CoV-2 infection. Front Microbiol 11:1388

132. El Ouali S, Achkar JP, Lashner B, Regueiro M (2021) Gastrointestinal manifestations of
COVID-19. Cleve Clin J Med. https://doi.org/10.3949/ccjm.87a.ccc049

133. Han C, Duan C, Zhang S, Spiegel B, Shi H, Wang W, Zhang L, Lin R, Liu J, Ding Z, Hou X
(2020) Digestive symptoms in COVID-19 patients with mild disease severity: clinical presen-
tation, stool viral RNA testing, and outcomes. Am J Gastroenterol 115(6):916–923

134. Aktas B, Aslim B (2020) Gut-lung axis and dysbiosis in COVID-19. Turk J Biol 44(3):
265–272

135. Zhao Y, Cao Y, Wang S, Cai K, Xu K (2020) COVID-19 and gastrointestinal symptoms. Br J
Surg 107(10):e382–e383

136. Beyerstedt S, Casaro EB, Rangel EB (2021) COVID-19: angiotensin-converting enzyme
2 (ACE2) expression and tissue susceptibility to SARS-CoV-2 infection. Eur J Clin Microbiol
Infect Dis 40(5):905–919

137. Zou X, Chen K, Zou J, Han P, Hao J, Han Z (2020) Single-cell RNA-seq data analysis on the
receptor ACE2 expression reveals the potential risk of different human organs vulnerable to
2019-nCoV infection. Front Med 14(2):185–192

278 E. Russo et al.

https://doi.org/10.3949/ccjm.87a.ccc049


138. Xiao L, Sakagami H, Miwa N (2020) ACE2: the key molecule for understanding the
pathophysiology of severe and critical conditions of COVID-19: demon or angel? Viruses
12(5):491

139. Baker SA, Kwok S, Berry GJ, Montine TJ (2021) Angiotensin-converting enzyme 2 (ACE2)
expression increases with age in patients requiring mechanical ventilation. PLoS One 16(2):
e0247060

140. Meng J, Xiao G, Zhang J, He X, Ou M, Bi J, Yang R, Di W, Wang Z, Li Z, Gao H, Liu L,
Zhang G (2020) Renin-angiotensin system inhibitors improve the clinical outcomes of
COVID-19 patients with hypertension. Emerg Microbes Infect 9(1):757–760

141. Tamuzi JL, Ayele BT, Shumba CS, Adetokunboh OO, Uwimana-Nicol J, Haile ZT, Inugu J,
Nyasulu PS (2020) Implications of COVID-19 in high burden countries for HIV/TB: a
systematic review of evidence. BMC Infect Dis 20(1):744

142. The Lancet Diabetes E (2021) Metabolic health: a priority for the post-pandemic era. Lancet
Diabetes Endocrinol 9(4):189

143. Silverio R, Goncalves DC, Andrade MF, Seelaender M (2021) Coronavirus disease 2019
(COVID-19) and nutritional status: the missing link? Adv Nutr 12(3):682–692

144. Suardi C, Cazzaniga E, Graci S, Dongo D, Palestini P (2021) Link between viral infections,
immune system, inflammation and diet. Int J Environ Res Public Health 18(5):2455

145. Gasmi A, Tippairote T, Mujawdiya PK, Peana M, Menzel A, Dadar M, Benahmed AG,
Bjorklund G (2021) The microbiota-mediated dietary and nutritional interventions for
COVID-19. Clin Immunol 226:108725

146. Storm I, den Hertog F, van Oers H, Schuit AJ (2016) How to improve collaboration between
the public health sector and other policy sectors to reduce health inequalities? - a study in
sixteen municipalities in the Netherlands. Int J Equity Health 15:97

147. Willett WC, Stampfer MJ (2013) Current evidence on healthy eating. Annu Rev Public Health
34:77–95

148. Drew DA, Nguyen LH, Steves CJ, Menni C, Freydin M, Varsavsky T, Sudre CH, Cardoso MJ,
Ourselin S, Wolf J, Spector TD, Chan AT, C. Consortium (2020) Rapid implementation of
mobile technology for real-time epidemiology of COVID-19. Science 368(6497):1362–1367

149. Hamer M, O’Donovan G, Stamatakis E (2019) Lifestyle risk factors, obesity and infectious
disease mortality in the general population: linkage study of 97,844 adults from England and
Scotland. Prev Med 123:65–70

150. Park KH, Park JH (2020) Development of an elderly lifestyle profile: a Delphi survey of
multidisciplinary health-care experts. PLoS One 15(6):e0233565

151. Park KH, Kim AR, Yang MA, Lim SJ, Park JH (2021) Impact of the COVID-19 pandemic on
the lifestyle, mental health, and quality of life of adults in South Korea. PLoS One 16(2):
e0247970

152. Megyeri K, Dernovics A, Al-Luhaibi ZII, Rosztoczy A (2021) COVID-19-associated diarrhea.
World J Gastroenterol 27(23):3208–3222

153. Ngo VL, Gewirtz AT (2021) Microbiota as a potentially-modifiable factor influencing
COVID-19. Curr Opin Virol 49:21–26

154. de Oliveira GLV, Oliveira CNS, Pinzan CF, de Salis LVV, Cardoso CRB (2021) Microbiota
modulation of the gut-lung Axis in COVID-19. Front Immunol 12:635471

155. Park MK, Ngo V, Kwon YM, Lee YT, Yoo S, Cho YH, Hong SM, Hwang HS, Ko EJ, Jung
YJ, Moon DW, Jeong EJ, Kim MC, Lee YN, Jang JH, Oh JS, Kim CH, Kang SM (2013)
Lactobacillus plantarum DK119 as a probiotic confers protection against influenza virus by
modulating innate immunity. PLoS One 8(10):e75368

156. Fijan S (2014) Microorganisms with claimed probiotic properties: an overview of recent
literature. Int J Environ Res Public Health 11(5):4745–4767

157. Kang EJ, Kim SY, Hwang IH, Ji YJ (2013) The effect of probiotics on prevention of
common cold: a meta-analysis of randomized controlled trial studies. Korean J Fam Med
34(1):2–10

14 SARS-CoV-2 and Microbiota 279



158. Su M, Jia Y, Li Y, Zhou D, Jia J (2020) Probiotics for the prevention of ventilator-associated
pneumonia: a meta-analysis of randomized controlled trials. Respir Care 65(5):673–685

159. Ceccarelli G, Statzu M, Santinelli L, Pinacchio C, Bitossi C, Cavallari EN, Vullo V,
Scagnolari C, d’Ettorre G (2019) Challenges in the management of HIV infection: update
on the role of probiotic supplementation as a possible complementary therapeutic strategy for
cART treated people living with HIV/AIDS. Expert Opin Biol Ther 19(9):949–965

160. Kikuchi Y, Kunitoh-Asari A, Hayakawa K, Imai S, Kasuya K, Abe K, Adachi Y, Fukudome S,
Takahashi Y, Hachimura S (2014) Oral administration of Lactobacillus plantarum strain AYA
enhances IgA secretion and provides survival protection against influenza virus infection in
mice. PLoS One 9(1):e86416

161. Auld SC, Caridi-Scheible M, Blum JM, Robichaux C, Kraft C, Jacob JT, Jabaley CS,
Carpenter D, Kaplow R, Hernandez-Romieu AC, Adelman MW, Martin GS, Coopersmith
CM, Murphy DJ, C.-Q. and the Emory and C. Clinical Research (2020) ICU and ventilator
mortality among critically ill adults with coronavirus disease 2019. Crit Care Med 48(9):e799–
e804

162. Azad MAK, Sarker M, Wan D (2018) Immunomodulatory effects of probiotics on cytokine
profiles. Biomed Res Int 2018:8063647

163. Wang L, Zhu L, Qin S (2019) Gut microbiota modulation on intestinal mucosal adaptive
immunity. J Immunol Res 2019:4735040

164. Kurian SJ, Unnikrishnan MK, Miraj SS, Bagchi D, Banerjee M, Reddy BS, Rodrigues GS,
ManuMK, Saravu K, Mukhopadhyay C, Rao M (2021) Probiotics in prevention and treatment
of COVID-19: current perspective and future prospects. Arch Med Res 52:582–594

165. Spagnolello O, Pinacchio C, Santinelli L, Vassalini P, Innocenti GP, De Girolamo G, Fabris S,
Giovanetti M, Angeletti S, Russo A, Mastroianni CM, Ciccozzi M, Ceccarelli G, d’Ettorre G
(2021) Targeting microbiome: an alternative strategy for fighting SARS-CoV-2 infection.
Chemotherapy 66(1–2):24–32

166. Samrah SM, Al-Mistarehi AH, Kewan T, Al-Khatib SM, Ibnian AM, Samrah RS,
Khassawneh BY (2021) Viral clearance course of COVID-19 outbreaks. J Multidiscip Healthc
14:555–565

280 E. Russo et al.



Microbiome in SARS-CoV-2 (Covid-19) 15
Subha Manoharan, Lakshmi Thangavelu,
Mallineni Sreekanth Kumar, Gaurav Gupta, Kamal Dua,
and Dinesh Kumar Chellappan

Abstract

Coronavirus was first identified in the year 1931 as avian infectious bronchitis
virus (IBV). In 1966 and 1967, two new strains of virus causing human infection
were identified (HCoV-229E and HCoV-OC43), respectively. Coronavirus is
positive sense, single-stranded RNA virus with an envelope. It belongs to the
family Coronaviridae, suborder Cornidovirineae and order Nidovirales. The
initial havoc was due to the lack of understanding with the viral pathogenesis.
As the pathogenesis became clear, the management protocol was designed with
many tailor-made combinations suitable for the individual patient requirement.
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15.1 Introduction

Corona, means halo or crown in Latin, is the name of the coronavirus due to its
crown-like projection. Living true to the name it ruled the world for over 2 years
now. The World Health Organization reported 185,291,530 cases and 4,010,834
mortalities till June 2021. Though the virus was identified in 1931, this century faces
the third pandemic by coronavirus. The transformation in the virus itself is the vital
cause and it is not sure if the pandemic ends here. The huge burden of this disease is
mainly due to the lack of understanding of the viral structure, pathogenesis, and its
genomic transformation. Understanding of these phenomena came to light by
extensive research. This challenge to humankind and the technology had been
overcome with proper understanding of the viral pathogenesis. The management
protocol and vaccines were formulated at a rapid pace to save mankind. This chapter
gives an overview on the origin, evolution, structure, mode of transmission, patho-
genesis, clinical features, investigation, and management. Understanding them is
essential to handle the infection better.

15.2 Origin and Evolution

Coronavirus was first identified in the year 1931 as avian infectious bronchitis virus
(IBV) [1]. In 1966 and 1967, two new strains of virus causing human infection were
identified (HCoV-229E and HCoV-OC43), respectively [1]. Guangdong province,
China was reported to face the coronavirus pandemic in 2002. The identified virus
was named as SARS-CoV, correlating with the clinical disease, severe acute respi-
ratory syndrome [2]. Almost 8000 humans were infected with around 800 deaths
[3]. In 2012, there is yet another outbreak emerged in the Middle East, the MERS-
CoV. First reported in Saudi Arabia, infecting 2500 humans with around
800 fatalities [4–6]. The episode repeated itself in South Korea in the year 2015 as
a larger outbreak. In 2019, novel coronavirus emerged from Wuhan, initially named
by China as SARS-CoV-2 and later the WHO renamed it as Covid-19. World
pandemic was confirmed by WHO in early 2020 and a second wave of the disease
caused massive destruction of human life in 2021 too. The total confirmed cases as
of June 2021 reported by WHO were 181,930,736 with a fatality of 3,945,832 [7].
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15.3 Structure

Coronavirus is positive sense, single-stranded RNA virus with an envelope. It comes
from the family Coronaviridae, suborder Cornidovirineae belonging to order
Nidovirales [8, 9]. It is further divided into three groups. It is further classified into
the subfamily Orthocoronavirinae. Orthocoronavirinae has the following four
genera: alphacoronavirus, betacoronavirus, gammacoronavirus, and
deltacoronavirus. Alphacoronavirus and betacoronavirus exclusively involve mam-
malian hosts, whereas gammacoronavirus and deltacoronavirus affect avian hosts
[10]. SARS-CoV belongs to betacoronavirus with 7 different strains: HCoV-229E,
HCoV-NK63, HCoV-OC43, HCoVHKU1, SARS-CoV, MERS-CoV, and SARS-
CoV-2 [11].

Coronavirus has 29.9 kb genomic size with four structural proteins and 16 non-
structural proteins. The four structural proteins are S protein, E protein, N protein
and M protein [12]. The nucleocapsid protein covers the genome which in turn is
covered by an envelope which has three structural proteins; spike (S), membrane
(M), envelope (E) [13, 14]. The spike protein determines the transmission capacity
of the virus. It has three parts: ectodomain (S1 and S2), a transmembrane anchor, and
an intercellular tail [15]. The S1 ectodomain has two terminals: the NTD and RBD
which plays a vital role in binding to the host receptor. S2 ectodomain has FP, HR1,
CH, CD, HR2, TM, and CT which aids in fusion to the host cell membrane
[16, 17]. At the junction of S1 and S2 site is the cleavage site known as S1/S2
protease cleavage site. S2 protein can be in an open gate state and closed gate state.
They need to be in an open gate state to adhere to the host cell. Binding to the host
ACE 2 receptors is aided by the S protein [18].

The M protein has numerous amino acids and is abundant in the virus. There are
two terminus guarding the three transmembrane domain. The two terminus includes
a short amino terminus and a long carboxy terminus lying outside and inside,
respectively [19]. It binds to the nucleocapsid, maintaining the shape and integrity
of coronavirus [20, 21].

The E protein is the smallest polypeptide that acts as a viroporin. This also has
3 domains: a short amino terminal, a large transmembrane domain, which are
hydrophilic hydrophobic, respectively, and an efficient C-terminal domain
[22]. Organizing and releasing of the virus are the main function of E protein
[23]. Any alteration in viroporin alters the virulence of the virus [24].

The N protein has three specific domains: an NTD, an RNA-binding domain, and
a CTD. NTD binds to the viral genome, RNA-binding domain also known as linker
domain containing serine and arginine is responsible for cell signaling [25, 26]. Viral
genomic complex formation, interaction with M protein, and viral transcription are
managed by the N protein [25].
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15.4 Mode of Transmission

The virus gets transmitted physical contact either from an infected person or an
asymptomatic carrier [27]. It is transmitted through droplet infection by sneezing,
coughing. The virus stays in air as droplets can be contacted by a person staying
within 1 m from a patient or carrier while coughing or sneezing. The virus is
transmitted by oral, nasal, and conjunctival secretions. The virus can survive in
dry surfaces too hence they can be transmitted by fomites also. It could survive in
low temperature and low humid surfaces and be infective till 48 h. It can survive for
7 days in plastic, metal, ceramic, glass, wood, gloves, and mask and cause transmis-
sion of the disease [28]. Other means of transmission include airborne, fecal-oral,
sexual, and breastfeed.

Fecal discharge of the virus is identified in patients. Studies show that even
patients who had recovered and expressed negative nasopharyngeal swabs have
discharged the virus until 33 days and 47 day of the positive results [29]. The
presence of ACE2 protein in the rectal epithelium [30] and positive gastrointestinal
symptoms during the course of the disease explains the possibility of fecal route of
transmission [31–33]. Reproductive organ also has ACE2 receptors, hence vertical
transmission from infected mother to baby during labor may occur. Presence of the
virus in placenta and breast milk requires further studies to establish the cause
[34, 35]. ACE2 receptors are present in ovaries, vagina, and male reproductive
organs hence direct sexual transmission can occur [36].

15.5 Pathogenesis

The virus encounters a host cell with an ACE 2 receptor and undergoes sequential
changes [37]. First, it attaches itself to cell surface ACE2 receptor, then enters the
cell membrane by endocytosis or membrane fusion. The spike protein S1 helps in
adhesion of the virus and S2 enhances the fusion of the cell membrane. The S1/S2
junctional protease cleavage activates the spike protein. Furin cleavage is prevalent
while it has transmembrane protease serine 2 and cathepsin L also acting as cleavage
proteins. The virus releases its contents into the host cell, the viral nucleic content,
the RNA enters the nucleus of the host cell and replicates. Viral protein biosynthesis
occurs with the viral mRNA. Maturation of the viral particles occurs and is released
[38]. The SARS-CoV-2 receptor is predominantly seen in the lung; however, it is
also seen in heart, kidney, liver, and ileum which is attributed to the clinical signs of
the organs [39] (Fig. 15.1).

The innate immune system gets activated as the virus paves way into the body and
starts replicating. It detects the viral RNA and secretes antiviral interferons and
chemokines. Though the immune system prevents the host by secreting numerous
inflammatory products, an excessive secretion of cytokines and chemokines would
affect the host system itself. This excess secretion of cytokines is known as the
cytokine storm. Plasma leakage, increased vascular permeability, and disseminated
vascular coagulation are consequences of cytokine storm. Acute lung injuries are
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consequences of excessive proinflammatory host response. The cardiovascular sys-
tem is affected due to availability of ACE2 receptors in the myocardial cells and the
hypoxic state acquired due to the respiratory distress. Similarly renal and neurologi-
cal damage occurs in Covid-19 infected patients. Even though the viral load reduces
after 14 days of infection the damage due to host response continues to progress
causes endotheliitis leading to microvascular thrombosis. This leads to intravascular
coagulation and organ failure of the affected person [40, 41].

15.6 Clinical Signs and Symptoms

SARS-CoV-2 has an incubation period of 14 days but can vary between 6 and
14 days depending on the host immunity [5]. Coronavirus mainly infects the older
adults, there seems to be no gender differences. Any underlying comorbidity like
hypertension, diabetes, cardiovascular disorder, lung disorder is considered as a risk
factor for coronavirus infection [38].

Viral Attachment to host receptor

Fusion and uncoating of the virus

Release of viral content into the host cell

Primary viral translation

Viral genomic protein synthesis

Viral RNA synthesis

Viral Maturation

Viral Exocytosis

Viral release

Fig. 15.1 Sequential events
in viral replication
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The disease is characterized by high grade fever and respiratory infection. Other
features include pyrexia, cough, sore throat, fatigue, headache, body pain, dysgeusia,
lack of taste and smell, nausea, vomiting, diarrhea, dyspnea, chest pain. Based on the
severity, the disease is categorized as mild, moderate, and severe (Table 15.1) [42].

Extrapulmonary disorders also occur with covid 19 infection. It affects the major
organs in gastrointestinal system (GI), hepatobiliary system, CVS, renal system, and
CNS. The possible causes attributed to this multiorgan involvement include, viral
toxicity, ischemic injury due to thrombosis or vasculitis, immune dysregulation, and
renin-angiotensin-aldosterone dysregulation. (Table 15.2).

15.7 Diagnosis

Molecular testing of SARS-CoV-2 includes real time PCR assay of nasopharyngeal
swab for SARS-CoV-2. Oropharyngeal swab, anterior/mid-turbinate nasal swabs,
nasopharyngeal aspirates, BAL for patients in ventilators and saliva can be consid-
ered to obtain samples for investigation. SARS-CoV-2 antigen testing is also
available but less sensitive than real time PCR. Antibody testing by serological
evaluation is also a choice. Usually used in epidemiological studies for checking the
effectiveness of the vaccine and assessing the immunity acquired post-infection.
CBC, LFT, RFT, coagulation test are mandatory for hospitalized patients.

Table 15.1 Classification of Covid-19 patients (clinical)

Clinical type
Clinical signs and
symptoms

Nucleic
acid test Chest imaging

Recovery
period

Asymptomatic Nil Negative Normal Not
applicable

Mild Acute upper respiratory
infection, gastrointestinal
symptoms

Positive Lung lesions may or
may not be positive

2 weeks

Moderate Pneumonia without
hypoxemia

Positive Lung lesions
positive

2–4 weeks

Severe Pneumonia with
hypoxemia

Positive Severe lung lesions 4 weeks

Critical ARDS, shock,
encephalopathy,
myocardial injury, heart
failure, coagulation
dysfunction and acute
kidney injury

Positive Massive lung
involvement
Onset of acute
respiratory distress
syndrome
Mild:
200 mmHg < PaO2/
FiO2 � 300 mmHg
Moderate:
100 mmHg < PaO2/
FiO2 � 200 mmHg
Severe: PaO2/
FiO2 � 100 mmHg

Longer
duration
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Table 15.2 Extrapulmonary disorders

System Disease Pathology Laboratory findings

Cardiovascular
system [43]

Myocardial ischemia/
infarction (MI) and
myocarditis
arrhythmias,
cardiomyopathy, and
cardiogenic shock

ACE2 receptors also
exhibited by
myocardial cells allows
the virus to have direct
effect

Elevated troponin,
interleukins, cytokines

Renal system
[44]

Acute kidney injury Hypervolemia (fluid
overload), injury due to
drugs and vascular
changes, and direct
cytotoxicity of the
virus

Proteinuria, hematuria,
electrolyte
abnormalities, altered
acid-base balance like
metabolic acidosis

Gastrointestinal
system [45]

Dysgeusia, nausea,
vomiting, diarrhea, and
abdominal pain

Viral cytotoxicity on
the ACE2 receptors in
the intestinal mucosa,
mucosal inflammation
induced by cytokines,
disrupted intestinal
flora, and vascular
changes. Acute
mesenteric ischemia
and portal vein
thrombosis

Electrolyte
disturbances

Hepatobiliary
system [46]

Liver failure Viral replication in the
ACE2 receptors in the
liver, virus mediated
cytotoxicity, damage
due to vasculitis

Elevated levels of AST
and ALT

Central nervous
system [47]

Anosmia and ageusia,
headache, stroke,
impairment of
consciousness, seizure
disorder, and toxic
metabolic
encephalopathy

Transsynaptic transfer
across infected neurons
via the olfactory nerve,
vasculitis, or migration
of leukocytes through
the blood–brain barrier

Elevated inflammatory
products

Cutaneous
manifestation
[48]

Erythematous
maculopapular rash,
vesicular rashes,
urticarial rashes,
vascular rashes,
erythema multiforme-
like eruptions [49]

Endocrine
manifestations
[50]

Diabetes mellitus Elevated blood
glucose levels,
metabolic acidosis and
ketonuria with normal
blood glucose levels,
and diabetic
ketoacidosis

(continued)
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Inflammatory status can be evaluated by ESR, CRP, ferritin, lactate dehydrogenase,
D-dimer, and procalcitonin [55].

Imaging modalities include chest radiograph, lung ultrasound, and chest
computed tomography. Chest radiograph does not detect the early stages of the
disease, in advanced stage multifocal alveolar opacities can be seen which can
involve the entire lung. Pleural effusion can be identified. Taylor et al. (2015) in
British Medical Imaging presented a scoring system for chest radiographs
(Table 15.3). Ultrasonographic examination can reveal the lung involvement of
focal interstitial pattern to white lung. The features include irregular thick pleural
line with small consolidations or nodules which progresses to B line, coalescent
white lung which on further progression shows thickening and consolidation
followed by pleural effusion.

Chest Computed Tomography is recommended for routine initial imaging or
screening by The American College of Radiology. High resolution CT reveals
ground glass patterns, consolidations commonly in the posterior region of the
lower lobe, intra and interlobular septal thickening. Characteristic reverse halo
signs can be seen, which are patchy areas of ground glass pattern with a peripheral
halo. Cavitation, calcification, lymphadenopathy, and pleural effusion can also be
detected. Li et al. (2020) prescribed a severity grading in CT (Table 15.4).

Table 15.3 Chest radiograph severity grading

1. Normal appearance

2. Patchy atelectasis and/or hyperinflation and/or bronchial wall thickening of the lungs

3. Focal consolidation in the lungs

4. Multifocal consolidation in the lungs

5. Diffuse alveolar change in the lungs

Table 15.2 (continued)

System Disease Pathology Laboratory findings

Hematological
manifestations
[51]

Thromboembolic
events ischemic
strokes, and arterial
thrombosis

Hypercoagulability,
ACE 2 mediated
lymphocyte
destruction,
lymphocyte apoptosis

Thrombocytopenia,
leukopenia, increased
ESR levels, CRP,
LDH, and
leukocytosis, elevated
D-dimer, fibrinogen
levels, prolonged PT,
and aPTT

Oral
manifestations
[52–54]

Dysgeusia/hypogeusia,
erosion and ulcers,
xerostomia, geographic
tongue, erythema
multiforme,
candidiasis,
mucormycosis

Presence of ACE
2 receptors in salivary
glands and tongue,
immunocompromised
state, drug induced

Elevated cytokines and
inflammatory products
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15.8 Management

Researchers have identified drugs to restrict the virus from entering into the host cell
and to inhibit replication. Chloroquine and hydroxychloroquine, the antimalarial
drugs, prevent viral entry. Chloroquine modifies the glycosylation of ACE-2 and
decreases the adhering capacity of the spike protein. It increases the endosomal pH
and inhibits fusion. It also regulates proinflammatory signaling pathways and gives
symptomatic relief to the patient. Recommended dose is 500 mg twice daily for
10 days. However, doses beyond 5 g may cause ventricular arrhythmia and hypoka-
lemia [56]. Recombinant human angiotensin converting enzyme 2, which is still
under trial, blocks the viral entry by blocking the spike proteins. No serious adverse
effect has been reported so far [57]. Meplazumab, blocks the spike protein adhesion
by blocking the CD147 which is essential for the spike protein to adhere to the host
cell [58]. Human monoclonal antibody (MAB) which is yet another drug under trial
blocks the spike protein ectodomain thereby preventing the adhesion of the virus
[58, 59].

Remdesivir, a broad spectrum antiviral drug is the first line of drug used in
management of SARS-CoV-2. In target cells it becomes active by transforming
into triphosphate form. It terminates the viral replication by getting incorporated into
nascent virus [60, 61]. Favipiravir, a guanine analogue is a promising antiviral drug
under trial [62]. Umefenovir is another broad spectrum antiviral drug, under trial
against SARS-CoV-2. Lopinavir and ritonavir act against viral proteases essential
for maturation of the viral protein thereby inhibiting their progress [56], however on
a trial they had shown adverse effects like headache, vomiting, and diarrhea and does
not show any difference in mortality [63]. N3, a mechanism based, computer aided
drug designed blocks the main protein [64]. Camostat mesylate blocks the serine
protease and inhibits viral fusion [65]. Carmofur, an antineoplastic drug blocks the
protease essential for fusion [64, 66].

Azithromycin, a macrolide antibiotic, is used as an adjuvant antibacterial for sore
throat in SARS-CoV-2. It inhibits bacterial protein synthesis and modulates the host
immune system. It regulates the cytokine release by decreasing the respiratory
syncytial virus (RSV) release [56]. ACE inhibitors and stimulators block the avail-
ability of the host receptor thereby blocking the viral entry [17]. Convalescent
plasma also known as pooled plasma containing immunoglobulins extracted from
patients recovered from SARS-CoV-2 infection [67]. Though all the mentioned

Table 15.4 CT severity
grading

Score Percentage of lung involvement

0 Nill lung involvement or 0%

1 Less than 5% of lung involvement

2 5–25% of lung involvement

3 26–49% of lung involvement

4 50–75% of lung involvement

5 Greater than 75% of lung involvement
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drugs give a logical explanation to act against SARS-CoV-2 virus most of it is under
different phases of trial. Remdesivir is the only antiviral introduced in the manage-
ment protocol. Azithromycin is used along with it and rarely plasma transfusion is
provided for patients. The standard protocol for SARS-CoV-2 management is given
in Table 15.5.

15.9 Conclusion

A pandemic in any century is a challenge to mankind. Covid 19 began at the end of
2019 and almost a year and a half has strangulated mankind physically, emotionally,
and economically too. The initial havoc was due to the lack of understanding with
the viral pathogenesis. As the pathogenesis became clear, the management protocol
was designed with many tailor-made combinations suitable for the individual patient
requirement. This virus is going to exist among us forever like its predecessors
SARS-CoV and MERS. Hence, mass awareness about the virus, its mode of
transmission, pathogenesis, initial signs and symptoms, and personal care among
the population is a must to avoid further disaster to mankind. On the research front,
scientists should be able to formulate a definitive treatment protocol and vaccine.
This demands further research on the genotypic and phenotypic expression of the
virus. Natural disasters are a heavy burden on a nation’s shoulder. That too pandemic
like SARS-CoV-2 curbs the normal functioning of the whole world. This adds to the
economic downfall too which will have an impact on human life for a few years even
after the pandemic ends. Hence, preparedness is essential. All national and interna-
tional health care organizations and systems should be prepared for any such
occurrence in future.

Table 15.5 Therapeutic management of Covid 19 infection recommended by NIH

Severity Recommendation

Hospitalized, does not require oxygen
supplement

Remdesivir for high risk patients
Corticosteroids are not prescribed

Hospitalized and require oxygen supplement For patients with minimal oxygen requirement:
Remdesivir
For patients with increase oxygen requirement:
Dexamethasone and Remdesivir
For patients to whom the above combination is
contraindicated or non-availability of
remdesivir: Dexamethasone

Hospitalized and require oxygen delivery by
high flow device or non-invasive ventilation

Dexamethasone or Dexamethasone plus
remdesivir
In patients with systemic inflammation and
rapidly increasing oxygen need: Baricitinib or
tocilizumab is added

Hospitalized and requires IMV or ECMO Dexamethasone or Dexamethasone plus
tocilizumab
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Abstract

Influenza is an infective virus infection. The indications range from mild-to-
severe and sometimes consist of pyrexia, coughing, runny-nose, muscle pain,
headache, swelling in throat, and weakness. Influenza virus infection continues to
be a major global health threat. Influenza-A virus may create pandemic flu, i.e.,
worldwide epidemic illness. Avoidance and treatment of influenza viral infection
remain restricted, and alternative host protection policies are desperately required.
The microbiomes play a vital position in immunomodulatory and in tissue
homeostasis. The objective of current work is to emphasize the modern
approaches into the regulatory function of microbiome in influenza-A viral
infection and present a fresh fact of the connections and fundamental means of
the bonding among the microbiome and management of influenza-A viral
infection.
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16.1 Introduction

Influenza is an infective virus infection. The indications range from mild-to-severe
and sometimes consist of pyrexia, coughing, runny-nose, muscle pain, headache,
swelling in throat, and weakness. Influenza virus infection continues to be a major
global health threat. Influenza-A virus may create pandemic flu, i.e., worldwide
epidemic illness. Avoidance and treatment of influenza viral infection remain
restricted, and alternative host protection policies are desperately required. The
microbiomes play a vital position in immunomodulatory and in tissue homeostasis.
The objective of current work is to emphasize the modern approaches into the
regulatory function of microbiome in influenza-A viral infection and present a
fresh fact of the connections and fundamental means of the bonding among the
microbiome and management of influenza-A virus infection. Respiratory viral
infectivity results in harsh morbid and mortal effects in humans as well as in animals
globally. Influenza viruses are original sources of rigorous respiration system
diseases that cause 3–5 millions of infective cases. There is steady risk of such
dangers to society, like latest pandemics of swine-flu and Covid-19 clearly
demonstrated [1]. These symptoms ordinarily start 1–4 days subsequent to viral
contact and remain around 3–8 days. Diarrheal and vomit conditions can ensue,
especially in kids. Influenza to pneumonia progression is a viral to bacterial
complications journey. Various else problems of disease like meningitis worsen
the original pathological conditions like asthma. Influenza virus infection continues
to be a major global health threat [2].

Influenza-A/B/C and D are major four categories. Water bird is the main host of
influenza A that may infect human and pig which cause seasonal epidemic. Influenza
B and C basically contaminate people with mild infections, while Influenza D infects
steer and pig that are less infective to humans. In human, these viruses are mainly
transferred through respiration droplet of cough and sneeze [3]. Successive hand
wash and mouth/nose masking during cough and sneeze decrease transmissions.
Yearly vaccines are able to secure in opposition to flu. Influenza viruses, especially
IAV, evolve rapidly, so influenza immunizations are updated routinely to go with
circulation strains. H1N1 and H3N2 subtypes are vaccine protected currently. Many
lab tests are available to recognize such viruses. Antiviral drugs and support services
can cure such infections. Such infections are risky in comorbidity [4]. Every year,
almost 5–15% population indentures such infections. Many severe cases and deaths
are due to influenza worldwide. Children and elder patients are more prone to death.
Winter is more susceptible season for influenza infections compared to summer.
Pandemic threats are occurring after every 20–50 years due to influenza viruses like
Spanish flu or recent COVID-19 [5].

Influenza-A virus is single-stranded RNA virus. It is divided into two types
depending on hemagglutinin/neuraminidase ratio. There are 198 influenza-A sub-
type combinations which are available in nature. Time to time these viruses undergo
genetic and antigenic properties [6] (Fig. 16.1).

Microbiome includes all microorganisms living in digestive tract of any human,
animal, or insect. Even from birth many body parts are prone to expose with various
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microbes, collectively called as microbiome [7–9]. During routine life they affect
their host at different stages like digestion [9–11]. All immunity reactions are
intensely influenced by GIT-microbiome [12]. Avoidance and treatment of influenza
viral illness stay restricted, and substitute host protective guidelines are desperately
required.

16.2 Influenza Viruses

Influenza virus enters the body from first parts of respiratory tract and changes the
microbiota extensively subsequent to illness. It reduces healthy microbes and
increases pathogenic microbial load [13–15]. According to literature, it is found
that nasopharyngeal and oropharyngeal microbiota show discrete alterations after
influenza infection. Ramos et al. found that throat microbiota was flexible to such
infections, with extremely stable compositions subsequent to influenza infections
[16, 17]. Interruptions in microbe–host homeostasis, created by infections that affect
normal physiological mechanisms. According to research, such changes are due to
over-production of interferon. The troubled gut microbiota additionally enthused
Interleukin-15 generation from intestinal epithelium [18–20].

16.3 Host Factors Effect on of Influenza-A Viral Infection

Influenza pathogenesis has two chapters. Initial chapter is for 1–3 days with high
intensive viral load and inflammations. The later chapter is either controlled for virus
or severe and mortal. Death is associated with deregulated immune response. Obese
and old patients with comorbidity are prone for more inflammation and severe
diseases. Extreme inflammations affect tissue repair and cell mediated immunity.

Fig. 16.1 Influenza-A virus
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Various host factors like age, weight, sex, etc. decide the severity. Progress of
effectual and largely defensive vaccines and therapy are major points in future to
control such threats [21–23].

16.4 The Bi-directional Relationship Between Influenza
and the Microbiome

The association of influenza virus and the microbiome is believed to be
bi-directional. First, the microbiome may influence influenza virus infection.
Although not yet examined in human populations, murine studies suggest that the
microbiome can influence influenza virus infection through immunomodulation
[24, 25]. It is still unclear which attributes of the microbiome may be driving this
relationship. However, recent randomized controlled trials report substantial
reductions in the incidence of RTIs among infants known synbiotic treatment
compared to placebo [26, 27]. Further exploration in human populations could
enhance synbiotic approaches for preventing influenza virus infection.

Second, influenza virus may influence the microbiome. Man et al. fittingly
describe the upper respiratory tract (URT) as the “gatekeeper to respiratory health”
[28] as colonization at this site is a necessary precursor of respiratory infection for
certain bacterial pathogens [29, 30]. Influenza can perturb the microbiota, enhancing
the acquisition [31, 32] and overgrowth [33, 34] of microbes. This perturbation
increases danger of persistent diseases [35, 36], mainly through a deep lung
[37]. But, no longitudinal studies among human populations have yet examined
how influenza virus infection alters the microbiome. As the majority of influenza
deaths are attributed to inferior bacterial infections due to common bacterial
residents of the URT, characterizing these alterations in the microbiome would be
a first step towards designing synbiotic methods for improving microbiome resil-
ience and reducing disease severity [38].

16.5 Inducing an Immuno-regulatory Microenvironment

The significance chore of the varied microorganism occupying a major indispens-
able responsibility has been markedly suggested in modifying the improvement of
immunity of host, together within and outer side the intestine [39–42]. The estab-
lishment of an immune tolerant microenvironment contributes immensely in
generating immuno-regulatory cells by growth, demarcation, and instigation of T
cells which bring out of effector immune response and maintain homeostasis, as well
as by encouraging the making of various pro-inflammatory cytokines like interferon
(IFN)-gamma throughout infection [43–45]. Consequently, it potentiates the com-
mensal microbiota persuade Treg cells which impel cytokines and thereby relating to
limit the degrees of antiviral immune responses [44].
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16.6 Influenza Viral Infection Suppression by the Gut
Microbiota

16.6.1 Suppression (Direct) of Viral Infection

The existence of commensal microbiomes at places where some viruses use as get
access into the host is considered as a significant interactions slot for the attacking
viruses and commensal microbiota that possibly have suppressive effects for infec-
tion of virus. Besides, Enterococcus faecium is capable of averting infection by
trapping those influenza viruses by direct adsorptive as well as they build a variety of
metabolites possessing anti-microbial property against virus infestation [46]. Mecha-
nistic approach may be put forward by commensal microbiota-derived LPS that have
potential to bind to and subvert morphological characteristic of influenza virions,
thus diminishing the overall viral stability and later by production of extra-cellular
matrix binding protein formed by Gram-positive bacteria Staphylococcus
epidermidis present in rhinal cavity as a commensal and has capacity to tightly
bind to influenza virus thereby obstructing additional viral contagion [47, 48].

16.6.2 Suppression (Indirect) of Viral Infection

A significant role of commensal microbiota stands influential for the host immune
responses guaranteeing effectual exclusion of viral invasion and has been supported
by numerous studies highlighting with the intention that intact healthy commensal
microbiota benefits to preserve healthy immunity against virus whilst microbiota
disturbance augment infection of virus. Steed et al. in his findings illustrated that
Clostridium orbiscindens an exact human-related gut microbiome produces metab-
olite desamino-tyrosine that amplify loop of IFN (Type-I) signalling thereby protects
from influenza [49]. Yitbarek et al. in their research finding signified modulation of
type-I interferon as well as antibody mediated immune responses by gut microbiota
against influenza virus [50]. Steady with this discovering, it has been shown that
during respiratory flu infection disease, antibiotic exposure led to a faulty generation
of virus specific CD4 and CD8 T cells and antibodies due to a damaged
inflammasome reliant movement of antigen-presenting cells (APC) from the lung
to the depleting lymph nodes [51] (Fig. 16.2).

Safe affirmation of the gut microbiota is significant for the age and commence-
ment of immuno-regulatory cells to debilitate local/systemic stimulation of immu-
nity. Indeed, Rosshart et al. discovered that reconstruction of the gut microbiome
from wild mice confers compelling defending impacts to laboratory mice
(GF) during deadly flu infections, an impact chiefly intervened through the avoid-
ance of extreme inflammation by means of IL-10 and IL-13 creation in the mice
affected by virus by the regular gut microbiota [52] (Table 16.1).

On infestation of the influenza virus, commensal microbiota, in addition to their
components (like various TLR-ligands) or else metabolites (like desamino-tyrosine)
trigger the inflammasome thereby significantly producing two cytokines (IL-1b and
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IL-18) that influence the immigration of dendritic cells commencing lung to the
lymph nodes, wherein acting as an antigen-presenting cells (APC) that prime virus
specific B-cells, macrophages, CD4+T cells, and CD8+T cells. Accordingly, these
effector cells produce antibodies against specific virus or inflammatory cytokines or
exercise direct killing of virus effects to suppress the flu infection [53].

16.6.3 Dysbiosis of Gut Microbiota in Flu Infection

Yearly the more figures of influenza-A virus (IAV)-associated death and morbid-
ness, ensuing deaths in large numbers has raised questions on accomplishment in
fighting virus infections, thus imposing the advancement of novel remedies having
potency to decrease the severity of related infections of IAV. Intestinal

Fig. 16.2 The mechanism of flu infection suppression by the commensal microbiome

Table 16.1 The mechanism of flu infection suppression by the commensal microbiome

Type of
suppression Mechanisms Virus types References

Direct
suppression

Adsorptive trapping of viruses Influenza-
A viruses

[46]

Binding to and destabilizing virion morphology Influenza-
A viruses

[47]

Binding to and blocking further infections Influenza-
A viruses

[48]

Indirect
suppression

Enhancing type-I IFN signalling Influenza-
A virus

[49, 50]

Promoting APC migration and T cell activation Influenza-
A virus

[51]

Encouraging TLR mediated humeral and cellular
immune responses against virus

Influenza-
A virus

[51]

Preventing excessive inflammation and
inflammation-associated pathology

Influenza-
A virus

[52]
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complications during respiratory diseases have exemplified the relationship involv-
ing the intestinal and respiratory tract [54].

Wang et al. demonstrated that gut microbiota dysbiosis resulting from flu infec-
tion is arbitrated by IFN-Υ (INF-I and II) that has been created by lung derived
CCR9 and CD4+T cells which are employed into the small bowel, and interceded by
the CCL25–CCR9 cytokine axis.

Wang et al. in their research findings signified the induction of immune injury in
the intestine by microbiota mediated Th-17 cell reliant inflammation furnish by
H1N1 virus triggered the intestine immune injury, and declined following
neutralizing of IL-17A [55].

The consequences of cellular immune reply to flu infection resulted in immune
mediated in appetence and loss of weight was put forward by Groves et al. [56]

Influenza virus infestation results in dysbiotic microenvironment of intestine and
leading to dynamic reduction of numerous essential groups of bacteria, mucosal
layers distraction and making of more numbers of anti-microbial peptides in Paneth
cells.

Sencio et al. reported dysbiosis of gut microbiota contributed to pulmonary
pneumococcal infection in lungs by changed production of short-chain fatty
acid [57].

16.6.4 Respiratory Tract Microbiome and Influenza-A Viral Infection

An examination Leung et al. showed significantly augmentation of pathogen
Firmicutes and Proteobacteria by Influenza-A (H1N1) 2009 pandemic viral infection
on examination of oropharyngeal microbiome in patients of pneumonia [58]. The
studies revealed by Chaban et al. and Hanada et al. on patients harbouring pandemic
H1N1 signified and characterized the prime phyla of the URT were Actinobacteria,
Firmicutes, and Proteobacteria nevertheless, the authors recommended that influenza
is allied with a development of Proteobacteria which is usually less abundant in
healthy hosts [59, 60].

Greninger et al. revealed that Enterobacter and Moraxella spp. (which are
categorized as Proteobacteria) were found to be the most significantly present
bacteria in samples of nasopharyngeal found in pandemic H1N1 influenza patients
with [61]. Though the studies demonstrated significant inter-subject variability,
subsequently emphasize on the necessity for longitudinal studies to decipher
changes post-viral infection. Subsequent viral exposure alters respiratory tract
microbiome given that bacterial pneumonia every now and again emerges because
of suctioned bacterial microorganisms; an expected system by which viral diseases
may build the danger of auxiliary bacterial contaminations is through expanded
colonization of the URT by bacterial microbes.

In human subjects, live attenuated influenza vaccine (LAIV) and human rhinovi-
rus (hRV) have exposed to disturb the local host bacterial community, with
amplified relative richness of potential pathogens (or pathobionts), such as Neisseria
and Staphylococcal species.

16 Microbiome in Influenza-A Virus Infection 301



Respiratory viruses not only modify the bacterial flora in the URT but in addition
endorse bacterial colonization of the LRT through the different mechanisms that
harm bacterial clearance. Making of mucus in the respiratory tract is augmented to
facilitate virus clearance throughout infections. Nevertheless, extreme production of
mucus can lead to airway hindrance by impeding mucociliary clearance [60, 62].

16.6.5 Microbiome Disturbance of the URT in Influenza-A Virus
Infection in Humans and Ferrets

Bacterial co-infections aggravate the influenza infection whilst resulting in syn-
drome exacerbation owing to host replies and cell damage. The core URT
microbiome is agitated by IAV infection through uncharacterized indirect and direct
processes, in turn facilitating co-infections with bacteria type pathogens triggering
raised number of hospitalizations and morbidity related with infection of IAV.
Examining temporal dynamics of uncontaminated and flu virus infected in humans
and ferrets for URT microbiomes, it was observed that both the uninfected humans
and ferret had stable “healthy ecostate” for URT microbiomes for both within and
among the individuals. On the contrary, infected patients and ferrets revealed huge
alteration in bacterial community structure over time and between individuals. The
“unhealthy” ecostates of contaminated persons developed in the direction of
“healthy ecostate” eventually, subsequently showing clearance of virus infection.
Pseudomonas blooms were observed and measured recurrently in the concerned
microbiomes in the infected individuals. Antiviral responses of the host may be
contributed to microbiome perturbation in a dynamic way which necessitates host’s
microbiome metatranscriptomics or metaproteomics measurements in precise
experiments attentive at the beginning of viral infestation. A close relation was
suggested among dynamic infection, sickness, and disturbance of the microbiome,
showed high disturbance which is correlated amid high viral loads and loss in weight
in the models of ferret, wherein the kinetics are comparable to the antiviral reply that
are induced in infection of IAV. The rationality of potential therapeutic target to
avert IAV related co-infections of bacteria can be significantly related to the dynamic
and flexible form of the microbiome during flu infection for the preservation of the
homeostasis of microbiome [63, 64].

16.7 Conclusions and Future Perspectives

Aforementioned discussion highlights recent consideration of modulation of infec-
tion of virus by the commensal microbiota of the host and the fundamental
mechanisms in this regulation as well as illustrated the role of viral infectivity
towards the disturbances of homeostasis of microbiota in the host. The complete
understanding of the degree to which commensal microbiota may perhaps establish
the competence of viral reproduction, transmission, perseverance, and in many cases
may not be comprehensible clear as well as the reports suggested significant
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mechanistic approaches primarily influencing the microbiota of host by invading
viruses are uncertain.

The information establishes to assist a close interaction of continuous commands
and relation between the commensal microbiota with infecting viruses, an interface
that the result of an infection. The speculation of drugs against virus proposed for the
modulating virus–microbiota interactions has fascinated particularly due to its effec-
tiveness in monitoring the action of numerous virus infections. The medicinal claim
of FMT and probiotic supplement has on date established its usefulness in decreas-
ing the severity of numerous diseases in human and non-human primate-based
studies, while these efforts may end up being ineffective in specific conditions and
could even bring about undesirable complications [65–68]. Subsequently, there
remain a breach in our perception of the interactions amongst the viruses and
commensal microbiota. A continuous amendment of these possible treatment
approaches is apparently desirable to enhance the regulation of viral infections
during the modulation of commensal microbiota. Besides, it is currently well
acknowledged that overuse of antibiotic leads to the development of antibiotic-
resistant bacteria or even super bacteria that may bring about severe life threatening
infections. In view of that, we do not advocate the support for the usage of antibiotics
in treatment or prevention of viral infections. On the other hand, considering how
commensal microbiota augment virus infection, particularly the molecular
necessities for the microbiota mediated encouragement of virus infections, may
possibly direct to the progress of novel, practicable strategies of antiviral. The
mechanism consideration that underlines the modulation of commensal microbiota
by viral infections is not completely clear, thus the intriguing question certainly
warrants further investigations.

Respiratory infestation of infective virus can instigate a surge of host immuno-
logical response altering microbial development environment in the gut, LRT, and
URT. Stimulation of flu virus induced antiviral interferon path may lead to insuffi-
cient responses of innate immune cells through host defense against secondary
infections of bacteria, resulting in the increase of potentially species of pathogenic
bacteria. Attending alteration in microbiome of gut sought to bring about by the
underlying infection of virus can correspondingly modify immune cell priming
beside secondary challenge of bacteria, though still it is not explored scientifically
so far.

Though the image is incomplete, the current literature of microbiome conveys
further insights showing keen interest on the pathogenesis of dysregulated immune
might support the progress of secondary bacterial pneumonias. Thereby making
clear variances and dynamics of microbiota of respiratory tract in both healthy and
cases of chronic infection of lung and in acute type of viral infections of respiratory
tract revealing pathogenesis of virus-bacteria interactions wherein providing a base
in the emerging novel tactics for the anticipation, and the managing acute type of
viral infections of respiratory tract and worsening of chronic diseases of the lung.
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Abstract

Infections of the respiratory tract are result of microbiome dysbiosis. Microbiome
dysbiosis is regularly portrayed by a deficiency of useful bacteria, which secures
host from the abundance of opportunistic pathogenic microbes. Microbiome
occurs in various body areas such as GIT, skin, respiratory tract and occurs in
symbiotic relationship with human micro-habitats. The nasal cavity, anterior
nares, nasopharynx, sinuses, oral cavity, Eustachian tube, oropharynx, middle
ear cavity, and larynx comprise the upper respiratory tract. The middle meatus,
anterior nares, and nasopharynx are the favored destinations for sampling. The
URT microbiome starts developing right after birth. Also, the type of microbiome
formed depends on the type of delivery whether vaginal or cesarean. It also has
role in protecting the host against the foreign substances and infectious agents.
The microbiome of upper respiratory tract keeps on developing and altering with
age. Multiple factors like cigarette smoking, environmental conditions, use of
medications like corticosteroids, use of probiotics also have their effects on the
microbiome. Probiotics and bovine colostrum have been proved to be of great
importance in microbiome dysbiosis. Multiple diseases like chronic
rhinosinusitis, otitis media with effusion, and acute otitis media are some diseases
which have been discussed in this review related to dysbiosis of upper respiratory
tract.
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17.1 Introduction

An intricate group of microorganisms which coexists in a harmonious symbiotic
relationship in human micro-habitats is referred to as the human microbiome.
Microbiome encompasses all surfaces of human body. Human health is a result of
complex interactions between human and its microbiome [1]. Microbial composition
and functionality differ depending on the human body site such as GIT, skin,
airways, owning this difference to microbiome particularity [2, 3]. The upper
respiratory tract (URT) microbiome is a supreme component of others microbiome
occurring in the human body. The URT performs a variety of important physiologi-
cal functions, which includes filtering, warming, humidification of inhaled air, and
also immediate pathogen detection by olfactory sensors [4–8]. The anatomy of the
URTI along with certain factors lead to development of a particular microbiome of
the URT such as sinuses, nasal cavity, oropharynx and nasopharynx microbiomes
[4, 9, 10]. As a grown-up inhales around 7000 L of air on daily basis, the upper
respiratory tract is continuously washed with air stream from the external environ-
ment. In the process of inhalation not only air but 104–106 bacterial cells/cubic meter
of air are breathed in on daily basis. Along with these natural particulates, the URT is
also exposed to certain other factors like humidity, oxygen, nutrients, immunological
factors, or chemicals. Like other microbiomes in humans, the microbiome of the
upper RT starts developing right after birth. Later in life, as the child starts growing,
the adult URT microbiome emerges from this first microbial population, which is
thinner and more diverse. According to many studies, the phyla Firmicutes,
Actinobacteria, Proteobacteria, and Bacteroidetes, representatives of genera Cory-
nebacterium, Bifidobacterium, Streptococcus, Staphylococcus, Moraxella, and
Dolosigranulum dominate the nasal microbiome [11–14].

17.2 Anatomy of Upper Respiratory Tract (URT)

The URT is comprised of the nasal cavity, nasopharynx, anterior nares, sinuses,
Eustachian tube, oral cavity, middle ear cavity, oropharynx, and larynx. The nasal
cavity is a link between the lower respiratory tract, the GI tract, and the external
environment. it is lined by various sorts of epithelium, which gives distinctive micro
niches. The three nasal turbinates further split the nasal cavity into the superior,
middle, and inferior meatus [4, 15]. The non-keratinized skin-like epithelium of the
anterior nares gives way to stratified squamous epithelial cells lacking microvilli,
which is followed by transitional epithelium with small microvilli, which leads to the
pseudostratified columnar epithelium of the center meatus [16]. Adjacent to the nasal
vestibule, lies the middle meatus. It is a great area of interest for researchers as it
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collects drainage from the anterior ethmoids, frontal and maxillary sinuses [17]. In
comparison to other URT regions, the surface in the nasal vestibule and anterior
nares are somewhat dry and are most exposed to the external habitat and consist of
vibrissae (hair) and sebaceous glands. Large particles (>3 μm) from inhaled air are
trapped by these hairs, whereas little particulate (0.5–3 μm, including organisms) is
caught by flowing mucus layer that covers the entire nasal cavity [16, 18]. The
nasopharynx has many crypts and folds and the keratinized and non-keratinized
stratified squamous epithelium, as well as pseudostratified ciliated epithelia
dominates its wall [19]. Lying within the facial skeleton are the air filled, paired
cavities—frontal, ethmoid, sphenoid, and maxillary sinuses. Their function is
warming and humidification of the air inhaled by the individual. They are covered
by ciliated columnar epithelium which is responsible for generating mucus that
drains in the nasal cavity [20] and here a local microbiome with its specific
microbiome is created [21]. Another fascinating specialty for microbiome is the
olfactory region, which has a link with the nasal cavity [22]. It is situated at the
ceiling of the nasal cavity. Though the research focused on bacterial species in the
human nasal cavity, viruses, fungi, and archaea also populate the nasal cavity
[23]. The nasal cavity contains a distinctive, highly diversified archaeal community
in addition to bacterial and viral components. Archaea are microorganisms that are
distinct from the bacteria because of their biology. They are significant segments of
the human microbiome colonizing the oral cavity, skin, GI tract, and many other
parts of body [24]. The archaeal microbiota of nasal cavity is similar to that of the
skin and the gastrointestinal tract. Methanogenic Euryarchaeota (Methanosphaera,
Methanobrevibacter) and also Thaumarchaeota (Nitrososphaera) are the
predominating species. Out of all other body sites, the hotspot of the nasal cavity
is the archaeal community with high archaeal 16S rRNA content [25].

17.3 Dysbiosis of Upper Respiratory Tract microbiome

The role of microbial populations in the URT on human health has long been
debated. Blooming in the URT is the initial step for majority of respiratory
microorganisms such as Streptococcus pneumoniae, staphylococcus aureus, and
klebsiella pneumoniae to cause respiratory disease via dysbiosis of the respiratory
microbiome [26, 27]. A lack of beneficial, commensal bacteria, which protects the
host from opportunistic pathogenic germs, is a frequent problem of microbiome
dysbiosis [28–30]. As previously discussed, being a connection between the external
habitat and the lungs, the nasal cavity especially the anterior nares comes in contact
with more than 7000 L of air which is inhaled [31]. Human health has been depicted
as the consequence of complex interactions between humans and their microbiomes,
and dysbiosis of the microbiome leads to a variety of diseases [32], for, e.g., upper
respiratory tract infections, chronic rhinosinusitis as a result of URT dysbiosis [33–
36]. As a result, in addition to the GI tract, the nasal cavity has been proposed as a
major entry point for foreign particles such as pathogens, pollutants, pollens which
causes dysbiosis of the nasal microbiome. Dysbiosis of the microbiome is thought to
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be an important biomarker for human illness like chronic rhinosinusitis. As a result
of dysbiosis, inflammatory URTIs develop for which a few distinct treatments have
been proposed [37–40]. Intranasal corticosteroids and antibiotics which have anti-
microbial and anti-inflammatory properties are used, microbial diversity is
disoriented as a result of these treatments, which could lead to rise in gram negative
bacteria in the nose [41–43]. Not only the affected microbiome but also in the nearby
microbiome’s alterations are evident [17]. Microorganisms that cause infections of
the lower tract have been considered to enter through URT [44–46]. Studies depict
that upper and lower respiratory tract pathogenesis are closely related. The lungs
were perceived to be sterile traditionally but using recent molecular techniques it was
concluded that even healthy lungs have bacterial microbiome, though at lower levels
than the upper respiratory tract [45, 47, 48]. Microorganisms that cause infections of
the lower tract have been considered to enter through URT. The reasons for
dysbiosis are summarized in Fig. 17.1.

17.4 Analysis of Nasal Microbiome

For nasal microbiome analysis, the most commonly chosen sampling sites are the
nasopharynx, the middle meatus (MM), and the anterior nares (AN) [1, 47, 48]. The
nasopharynx, middle meatus, and anterior nares are the favored destinations for
taking samples because other areas are difficult to reach [47–49]. From the research
conducted by Hoping wang et al., it was derived that anterior nares and nasopharynx
have similarity in their microbiome niche but oropharynx had different microbiome
composition and characteristics. This difference of composition could be attributed
to the factors such as food ingestion and esophageal reflux [50–52]. URT
microbiome research deals with different methodological issues, including deciding
the sample procedures (like swabs, nasal rinses, dry filter paper) and inspecting or

Fig. 17.1 Reasons for dysbiosis of URT
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sampling destinations [53]. This brings about error of exploration in research and
study For, e.g., the center meatus is tested rather than the sinuses when chronic
sinusitis is studied. Therefore, choosing the sampling site is an important part of the
research.

17.5 Protection of Upper Respiratory Tract Microbiome

To protect the host against harmful inhaled microbes, the respiratory tract has innate
and adaptive mechanisms. The mucus layer, the epithelium, nasopharyngeal
associated lymphoid tissue (NALT) all have a role in URT defense [1]. The mucus
layer released by goblet cells, glands, and ciliated cells has a secretory role in
addition to humidification. It captures inhaled germs or microparticles. This mucus
is subsequently evacuated from the nasal cavity via the esophagus [54]. This com-
plete process is termed as mucociliary clearance [55, 56]. Also, the epithelium of the
respiratory tract secretes antimicrobial components including lysozyme, lactoferrin,
or defensins [57–61]. NALT associated cells downregulate the immune responses by
excreting cytokines and chemokines [62–64]. The olfactory and trigeminal system
plays its role in protection by sensing the foreign substances [65]. Therefore, through
these mechanisms the host is protected from the inhaled harmful foreign substances
including microbes.

17.6 Development of Upper Respiratory Tract Microbiome

The URT microbiome of an infant starts developing right after birth which with time
upgrades into the adult URT microbiome. The microbiome in adult is comparatively
more diverse and less thick as compared to a child. Within the elderly, the
microbiome of particular microenvironment ends up being more similar and the
diversity decreases [66]. Therefore, the URT microbiome keeps on changing with
age and had different dominating species at different periods of life.

The type of delivery whether vaginal or cesarean is a major determinant in the
colonization of URT and will decide which species will form the majority [67]. Dur-
ing the last few decades, the total number of cesarean sections (C-sections) deliveries
has skyrocketed. It is a cause for concern because C-sections are linked to both short-
and long-term respiratory illness [68].

17.6.1 URT Microbiome in Infants

The first nasopharyngeal assemblage occurs shortly after the birth and the nasopha-
ryngeal microbiome of the infants look like the maternal vaginal or skin microbiome
in case of cesarean delivery [69]. Dolosigranulum, Streptococcus,Moraxella, Cory-
nebacterium, Hemophilus, and Staphylococcus are the six dominant genera of the
nares and nasopharyngeal microbiome in infants, of which a couple typically
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overwhelms [70, 71]. Except Moraxella catarrhalis, which has been linked to
wheezing in 1 month old infants, along with S. pneumoniae and H. influenza,
children with Moraxella species dominated profile had protection from the URTI.
Also, nasopharyngeal Streptococcus was found to be a solid indicator for asthma in
around 2-month-old kids [72]. Breastfeeding during 1–5 months of age maintains
the original microbiome makeup, resulting in consistent Corynebacterium and
Dolosigranulum profiles. This is distinctive from infants fed with formula in
whom S. aureus predominated. In the nares and nasopharynx of these 1.5-month-
old babies, Staphylococcus, Moraxella, Streptococcus, Corynebacterium, and
Dolosigranulum are the most common bacteria [73]. Overall, Dolosigranulum and
Moraxella, coupled with Corynebacterium, constitute a more stable microbiome in
children’s first 2 years of life than the Streptococcus and Haemophilus dominating
profiles, which have been linked to respiratory viruses and a high risk of bronchioli-
tis in infancy [74].

17.6.2 URT Microbiome in Adults

When it comes to children’s microbiomes, it is more dense but less diverse, whereas
on the other hand, adults have a less dense but more diverse microbiome [75]. When
compared to infants, the URT microbiome of adults is quite similar but the niche
characteristics are comparable. Actinobacteria, firmicutes, and small number of
anaerobic bacteria are the dominating species in adult’s anterior nares [75–
77]. When compared to the anterior nares microbiome, the sphenoethmoidal recess
(SR) and middle meatus (MM) have less proteobacteria, but the MM and SR have
more firmicutes and actinobacteria, and the SR and MM microbiomes are likewise
similar.

17.6.3 URT Microbiome of Elderly

The microbiota of the nasopharynx, tongue, buccal mucosa, oropharynx, and other
sampling site in elderly widely varies from the anterior nares microbiota in adults
(18–40 years). As a result of process of aging, changes in the microbiome of URT
are observed and keep on shifting with age. Within the elderly, the microbiome of
particular microenvironment ends up being more similar and the diversity decreases.
In a middle-aged adult, i.e., age 40–65 years the majority is of Staphylococcus,
Corynebacterium, and Cutibacterium in nasal cavity which changes to more of
oropharyngeal population in the people aged above 65 years [78].
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17.7 Effects of Smoking on Upper Respiratory Tract Microbiome

Exposure to cigarette smoke, whether direct or indirect is linked to increased risk of
not only cardiovascular disease, periodontitis, malignancy but also putting patient to
more risk of developing acute as well as chronic respiratory tract diseases [79]. Cig-
arette smoke comes into direct association with nasal surfaces and consequently has
effect on the microbiome by oxygen hardship, antimicrobial action, and other
mechanisms [80, 81]. Through multiple mechanisms the functionality of
microbiome is disrupted. The mucociliary clearance is impaired in upper as well
as lower respiratory tract infections by toxic agents produced by smoking, also
bacterial colonization and attachment to airway endothelial are also enhanced via
biofilm formation [53, 82, 83]. The URT of non-smoker harbors especially
Peptostreptococcus species, alpha- hemolytic Streptococci, Prevotella species
which appear to relate adversely with microbial presence. Also, on the one hand,
the normal healthy microbiome is disrupted, whereas pathogenic bacterial
(H. Influenza, M. Catarrhalis, Campylobacter species, Streptococcus Pneumoniae,
Streptococcus pyogenes) growth increases in the other [84]. In comparison to
non-smokers, URT microbiome of smokers was discovered to be more diverse but
less robust. The probability of conveying gram-positive anaerobic ancestries
(Eggerrthella, Erysipelotrichaceae, Dorea, Eubacterium) and Enterovirus species is
expanded in the nasopharynx of the smokers, incorporating microbes related to URT
contamination and endocarditis. Surprisingly, after a year of quitting smoking, the
URT microbiome appears to rejuvenate and looks similar to microbiome of
non-smoker. Smoking is not only injurious for grownups yet in addition for babies
when they are presented to passive smoking. S. pneumoniae has been found to be
elevated in babies with smoking parents, according to several research. Smoking
parents’ 2-year-old children are also more likely to have meningococcal meningitis,
otitis media, and lower respiratory tract infections [1, 84].

17.8 Upper Respiratory Tract Infections (URTI)

17.8.1 Chronic Rhinosinusitis

In persistent rhinosinusitis, URT microbiome diversity and beneficial microbes are
reduced. Chronic rhinosinusitis (CRS) is a frequent and long-lasting condition in
which the human paranasal sinuses are inflamed for more than 3 months
[85, 86]. Despite the fact that CRS is classified as an inflammatory rather than an
infectious condition, it is suggested that it will be treated as such, the role of bacteria
in the commencement and advancement of inflammation is important [87]. The
conducted research depict that CRS is caused by involvement of multiple microbes
[88]. Streptococcaceae, Staphylococceae, Pseudomonadaceae, and Corynebacte-
rium were found to dominate in a study of CRS patients to explore the microbiome
of the sinus. Corynebacterium and Staphylococcus Tuberculostearicum enrichment
was discovered in the sinuses, as well as Pseudomonas, Staphylococcus, and
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H. influenza were spotted [89, 90]. A decline in microbial richness, variety, and
evenness, all of which are common hallmarks of other chronic inflammatory
diseases, was observed in multiple investigations [91, 92]. These changes are
attributed to the presence of large number of anaerobic bacteria flourishing in
biofilms [93, 94]. Anaerobic genera which predominated in middle meatus of CRS
patients included Anaerococcus, Lactobacillus, Finegoldia, and Peptoniphilus.
Through their study, Hoggard et al. Staphylococcus, Peptoniphilus, Finegoldia,
Corynebacterium, Propionibacterium, and Anaerococcus, which have been
identified as typical health-related URT bacteria, have been found to be exhausted
in CRS patients [91]. This depletion of healthy microbial community results in more
serious inflammatory response as well as clinical severity [95]. In the middle meatus,
Copeland et al. observed a negative connection between CRS disease state and six
OTUs from the genera Dolosigranulum, Corynebacterium, and Staphylococcus.

CRS is divided into two types: CRS without nasal polyps (CRPsNP) and CRS
with nasal polyps (CRPsNP) (CRPwNP). Inflammation causes nasal polyps, which
are fleshy swellings. Comorbidities like asthma and aspirin intolerance are particu-
larly common in CRSwNP patients [96]. Both subtypes’ microbiomes blooming in
the inferior and middle meatus were studied. Alloiococcus, Staphylococcus, and
Corynebacterium species were present in CRSwNP samples while on the other
hand, CRSsNP samples had anaerobes such as Fusobacteria, Streptococcus, and
Hemophilus species. Because sinus cavities are generally not anaerobic, presence of
anaerobic microbiota is a hallmark of disease progression and pathology
[97]. Another intriguing feature is that CRS patient’s responses to taste molecules
are modified. The responsiveness towards bitter taste decreases, whereas increases
towards sweet molecules [98]. The most usual treatment for CRS is nasal washes,
corticosteroids, and sinus surgery which ultimately leads to dysbiosis of the URT
microbiome.

17.8.2 Otitis Media

Existence of fluid in the middle ears having related sign and symptoms is called
acute otitis media. Majority of children are affected in first 3 years of life and out of
this, 50% cases become recurrent [99]. When 4 or more acute otitis media episodes
occur in 12 months or more than 3 episodes in 6 months, it is defined as recurrent
acute otitis media [100, 101]. Laufer et al. performed the earliest studies in which he
composed a microbiome in children suffering from AOM (acute otitis media) to
healthy children. He found out that the higher abundance of Dolosigranulum and
Corynebacterium along with Staphylococcus, Lactobacillus, and Propionibacterium
leads to low incidence of AOM [102, 103]. These findings of bacterial colonization
during URTI are consistent with the findings of Hilty et al., who claimed that the NP
bacterial density is lower in children with AOM episodes than in healthy children
[104]. By taking 139 neonates Chonmaitree in 2017 collected 971 swabs performed
monthly, since birth of the first to 12 months of life. He looked at the characteristics
of the NP microbiota as the patient progressed from URTI to AOM, as URTI
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frequently precedes AOM. Data revealed that the domination of otopathogens leads
to progression of URTI to AOM along with symptomatic viral infection [105]. On
the Australian population, a complicated investigation with a larger sample size was
done. To uncover putative defense species, the NP microbiota of 103 healthy
children and 93 otitis-prone children were compared. The importance of
Dolosigranulum and Corynebacterium in the NP microbiota in healthy children
versus otitis-prone children is demonstrated in this study. The author next compared
the MEF microbiome (middle ear fluid) taken from children having RAOM surgery
to the NP microbiome of the same individual. In comparison to the NP microbiome,
alloiococcus and turicellawere shown to be more numerous in MEF [106]. Seventy-
nine subjects aged 5–42 months were investigated further by taking MEF microbiota
during an AOM event. According to reports, otopathogens dominated in MEF
during AOM [107]. Spontaneous tympanic membrane perforation is a major com-
plication of AOM [108]. However, research suggests that STMP is deficient in
children who have had RAOM in the past [109].

17.8.2.1 Otitis Media with Effusion
Otitis media with effusion (OME) is defined as the presence of middle ear fluid with
signs or symptoms, as well as an acute infection. It could last for more than 3 months
[99]. Liu et al. in his first study looked at the microbiota of the adenoid, tonsils, and
middle ear of an 8-year-old child with chronic middle ear effusion. He discovered
that the Pseudomonadaceae microbiota dominated the middle ear, while the
Streptococcaceae microbiota dominated the tonsil. Adenoid microbiota was more
complex as it includes Streptococcaceae, Pseudomonadaceae, Fusobacteriaceae,
and Pasteurellaceae. He concluded that adenoid could act as wellspring of all those
pathogens [110].

Fago-olsen conducted an experiment by investigating palatine tonsil microbiota
and adenoids of children undergoing adenoid hyperplasia vs subject having SOM
and likely to be treated with surgery. He concluded that palatine tonsil acts as
wellspring but not adenoid. However, we must keep in mind that the microbiota of
MEFs was not examined in this work [111].

A study of ten children following adenotonsillectomy and grommet implantation
for OME revealed concerns regarding the difference between the NP and MEF
microbiota. He discovered that the tonsil and adenoid microbiotas were very similar,
and that the adenoid and ME microbiotas were also very similar [112].

Ani et al. later verified this finding in a wider group of children with OME.
Alloiococcus otitidis (44%), turicella otitidis (6%), and staphylococcus auricularis
are all found in the ME microbiome (30%). Granulicatella, Staphylococcus, and
Rothia make up the adenoid microbiome.

In a Chinese hospital, researchers compared ME and adenoid microbiota from
children receiving surgery for OME and adenoid hypertrophy to subjects of adenoid
microbiota undergoing adenotonsillectomy for OSA without ear illness. Researchers
discovered that Haemophillus (14.75%), Staphylococcus (9.37%), and Halomonas
(7.85%) are the most common bacteria in ME, with low levels of Alloiococcus
otitidis (3.75%) and turicella. In the OME group, 4 infections were identified to be in
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abundance between ME and adenoid (Streptococcus, Neisseria, Alloprevotella,
Actinobacillus). Adenoid microbiota was dominated with Haemophillus (15.96%),
Streptococcus (13.37%), and Moraxella (12.28%). Researchers concluded that dif-
ference in microbial composition between these two challenges the PRH in OME
[113]. Hemophilus is another major otopathogen in OME, as discovered by examin-
ing the ME microbiota of 55 children with chronic middle ear effusion. Hemophilus
was found to be prominent in children with hearing loss, and it was linked to MEF,
which had MUC5B and MUC5A, implying a link. The existence of the NP
microbiota is rare in children with OME, according to two case control studies
[114, 115].

17.9 Methods for Microbiome Redevelopment

17.9.1 Bovine Colostrum

As compared to human colostrum, the bovine colostrum (BC) has many folds higher
immunoglobulins. It is hundred times higher in bovine milk [116–118]. Additionally,
the bovine milk has multiple components responsible for development of acquired
and innate immunity [119, 120]. BC has been investigated for its potential as a
passive immunotherapeutic agent to combat several infections. BC was proven to be
viable in the anticipation of URTI in a study conducted by Ahmad Alsayed et al., and
it was suggested that BC should be suggested as a therapeutic option for persons
with recurrent RTI. The nasal swab microbiota was largely impacted by BC [121].

17.9.2 Probiotic Therapy

In many respiratory infections, microbial dysbiosis is a result of increased pathogens
and decrease in healthy microbiome. Probiotics (live beneficial bacteria) seems to be
a beneficial option and is intended to provide health advantages to the host [1,
122, 123]. Also, it was helpful in decreasing symptoms of URTI in obese as well as
aged patients. Through multiple mechanisms, probiotics can act as a pioneer in
microbiome dysbiosis [124]. It can also be used as a supplement in daily life.

17.10 Conclusion

This review provides information regarding different factors which have role in
microbiome dysbiosis. An attempt was made to summarize the aspect of microbiome
in maintaining the health and also the outcomes of microbiome dysbiosis on the host.
Also, the upper respiratory tract infections like pharyngitis, chronic rhinosinusitis
can be an etiology for microbiome dysbiosis. Upper respiratory tract microbiome can
alter the nearby microbiomes. The upper respiratory tract infections can also cause
otitis media. Continuous researches are going on to find the accurate relation
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between microbiome of an individual and the corresponding health. Also, studies are
going on to find a method to rejuvenate the disrupted microbiomes like probiotic
therapy and the bovine colostrum.
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Challenges in Understanding the Lung
Microbiota 18
Olorunfemi R. Molehin, Olusola O. Elekofehinti, Adeniyi S. Ohunayo,
and Oluwatosin A. Adetuyi

Abstract

The human lung has been less explored from the microbiological point of view
because of the low concentration of microorganisms in this area, physiological
and anatomic barriers leading to sampling, isolation, and estimation difficulties.
The latest research has found that the lung is not sterile contrary to some belief
that the lung is a sterile environment although the respiratory tract is limiting in
nutrients for the survival of microorganisms. However lack of microbial diversity
has been studied to be associated with disease progression, it is clear that lifestyle
such as smoking and underlying disease such as COPD has declined the microbial
diversity of lungs. The sampling technique of the lung includes bronchoalveolar
lavage (BAL), which is a very technical process that needs to be done with care
for precision and accuracy. Many times, sputum has been used but often provides
misleading and insufficient data due to contamination of pharyngeal microbiota.
Quantity and type of DNA extraction protocol including their analysis are part of
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the challenges facing the study of lung microbiome. Uncontrolled use of
antimicrobials and lifestyle has contributed to the problem facing ease of studying
lung microbiome.

Keywords

Microbiome · Lung · Bronchoalveolar lavage · COPD · Interleukin

18.1 Introduction

Some microorganisms have been studied to live peacefully with man. The role each
group of microbes play in a particular niche cannot be under emphasized. Every
particular habitat is unique in terms of microbes found in them, because of their
diversity, the inability of some of them to be cultured on various media and
reproducible results, it is important for studies to be genetic based. The microbiome
is a term used to describe the totality of the genome of microorganisms living in or
on a particular tissue or host; however, their presence could either be helpful or
harmful. The estimation and evaluation of such microorganisms in their natural
environments are sometimes difficult not because of their growth pattern or lack of
analyzing devices but site or location of the natural environment to be explored [1].

Apparently, the estimation and determination of the roles of microorganism in a
particular habitat are an interesting area of science, as interesting as it is, there are
limiting factor faced in the evaluation and determination of specific functions of
microbes in such an environment. However, colonization of the respiratory tract
most importantly the lungs by microorganisms like bacteria, fungi, viruses may not
necessarily give rise to a cytopathological effect as studies as shown that the
presence of non-pathogenic microbes has contributed greatly to the general
wellbeing of the body [2]. Colonization of the lungs by microorganisms is of
lower microbial load but with higher diversity compared to other tissues and organs
in the body; hence the microbial population of the lungs is of lower bioburden when
compared to many other sites of the body, for example, the human digestive and
genital tracts have more microbial population. The microbial load of the lungs has
been an indication of pathological condition which leads to loss of diversity with
increased colonization of some bacteria general reducing the concentration of some
generals. The lung microbiome is difficult to study and characterize by conventional
isolation and culturing techniques.

However, lifestyle, underlying disease, and misuse of antibiotics have been some
of the problems in studying the lung microbiome [3]. Research has shown that the
lung microbiome and its variations may influence the onset of diseases of the
respiratory system therefore the biology of the lung microbiome has been able to
differentiate between the non-pathogenic, pathogenic, opportunistic, and
commensals. Metagenomics, 16S rRNA sequencing, and other tools such as DNA
hybridization techniques have successful methods in studying lung microbiota. Such
analyses are based on sample collection such could be sputum or bronchioalveolar
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lavage fluids followed by the isolation of the interested DNA (Bacteria, Fungi,
Viruses, etc.) from the sample. Research on lung microbiome is influenced by
changes with age, diet, lifestyle, and antibiotics among others [4]. The figure

Fig. 18.1 Flow chart of showing isolation and determination of lung microbiota [5]
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below is a flow chart showing the order of events in the estimation of lung
microbiota (Fig. 18.1).
• Recently, there have been increased interests in lung microbiome studies through

the development of next-generation sequencing technologies despite the avail-
ability of instrumentations, significant challenges, and difficulty still exist in
studying the lung microbiome.

18.2 Sampling Methods

Sampling the lung for microbial estimation and characterization is difficult and
prone to contaminations due to anatomical barriers as well as its complicated
structure [6]. The majority of the sampling and commonly used biological samples
include BAL, Sputum, Silver. However, BAL is invasive in nature but it reflects
microbiome of the lung more precisely and accurately if only handled with care. On
the contrary, sputum samples are non-invasive but studies have shown that they
often provide inappropriate data as a result of contaminating microbes from neigh-
boring tissues such as pharyngeal microbes. Microbiota of the sputum contains more
genera when compared with BAL samples. Some of the genera include Streptococ-
cus, Veillonella, and Prevotella which are about 2% relatively abundant when
compared to either BAL or protected brush samples from the same individual having
lung disease [7]. However, the presence of underlying ailments and depth of
coughing can contribute to variation in sputum microbiota.

18.3 Contaminations

DNA contamination has been commonly associated with personnel, consumables,
equipment, all which could be direct or indirect. However, due to the anatomical
placement of the lung, contaminating microbes from adjacent or closely situated
tissues can challenge the accuracy of the result. Contaminations can set in during the
insertion and harvesting of BAL by bronchial catheters which pass the upper airway
before assessing the lower lung. If this protocol is not carefully monitored and
carried out, they can be contaminated by resident microorganisms from the upper
airway or external contamination. The bacteria population of the mouth and other
members of the oral cavity are often 2–3 log higher as compared to the lungs [8, 9].

18.4 Microbial Diversity

In time memorial studies, the diversity of microorganisms have been done solely
through culturing. In the process, media (selective and differential) with appropriate
temperature conditions have helped recover a tremendous range of organisms
[10]. However, scientists noticed a lack of correlation in the estimation of no. of
organisms that could be evaluated microscopically [11]. This problem leads to the
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inception of culture-independent techniques that are majorly based on the analysis of
16S rRNA genes. Despite the introduction of metagenomic, the analysis of the lung
microbiome is still very much challenged due to limited nutritional availability.
These features have led to fewer microbiota of the lung, with 103–106/g compared to
the gut with 1011–1012/g (Fig. 18.2).

The microbial load of the lungs does not have the same concentration compared
with other tracts and, therefore, the microbial diversity is influenced by many factors
which include [13];

• Microbial proliferation as a result of micro-aspiration and inhalation of various
microorganisms and direct mucous-dispersion.

• Microbial load reduction through coughing, mucociliary clearance, innate and
adaptive immune responses.

• Bioavailability of nutrients and growth parameters.

The next-generation sequencing has shared more light to the study of microbial
diversity of biological samples; low concentrated microbiome is particularly chal-
lenging because of their low density and they require the development of new
scientific approaches. Low-biomass samples such as the human lungs are
characterized by low density which in turn gives rise to low quantities of DNA.
Low-biomass samples are prone to contaminations which affect the taxonomical
analysis [14]. However, “noise” compromises legitimate bacterial signal originating
from a biological specimen, makes it challenging to convert biological meaning
from sequencing data [15]. Moreover, high microbial diversity is built on high no. of
individuals for each single species capable of quick proliferation. The ability to
proliferate quickly increases the diversification of microbes and expands the

Fig. 18.2 Biological and technical factors that contribute to the diversity of results in studies of the
gut and lung microbiome [12]
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microbial density, where individual bacteria of the same species could potentially
bear different genetic endowments and thus functional characteristics [16].

18.5 DNA Extraction Methods and Statistical Analysis

The lung microbiome may provide an indication of disease progression and patho-
genesis of lung diseases. However, technical challenges do occur during their
analysis. Like all culture-independent techniques, the accuracy of the data is
influenced by the effectiveness of extracting microbial DNA. It has been studied
that the type of microbial profile obtain during metagenomic is dependent on the
DNA extraction method used [17]. Low biomass is a characteristic of the lung, the
DNA of the microbes extracted can be insufficient by PCR for proper detection.
Moreover, high concentrated microbial DNA is needed for better taxonomical
estimation. It is important to develop more reliable and quality-based DNA
extracting protocols from the lungs [18]. Although studies on low microbial biomass
such as lungs are more prone to technical baises due to being overwhelmed by
contaminants from backgroung DNA and do not routinely analyze negative controls
from DNA extractions, even reporting statistically noteworthy taxa that overlap
those observed in �ve controls. Hence, microbial contaminants in low microbial
biomass samples can alter the relative abundance of the microbial communities
under analysis which is often overlooked [17].

18.6 Use of Antibiotics

Antibiotics were quickly recognized as the most effective and life-saving
medications for combating infectious infections, resulting in a significant reduction
in morbidity and mortality. Antibiotic resistance emerged as a result of the careless
and unthinking usage, misuse, and overuse of antibiotics (AR). AR is a severe health
problem that poses a global threat to contemporary medicine and its achievements
[19]. In addition, recent research has shed light on the potential influence of antibi-
otic use on the microbiome of the intestine. Antibiotics have been shown to reduce
the diversity of microbiota in both adults and children [20]. The most common
symptoms treated with antibiotics at drug stores in Ethiopia, Vietnam, China, India,
Europe were respiratory tract problems, diarrhea, and wounds [21].

Irrational antibiotic use has been shown to induce the alteration of the lung
microbiome and leads to the onset of pulmonary disorders. In a healthy rat lung,
the predominant microorganisms are the proteobacteria and are followed closely by
a lower percentage of some phyla such as Firmicutes, Bacteroidetes as well as
Actinobacteria. The lungs are at a high risk of exposure to microorganisms from
the environment, as well as the upper airway via microaspirations.

In a study done by Finn et al. [22], the effect of the usage of the antibiotic
Levofloxacin on the lung microbiota of laboratory rats was investigated. The antibi-
otic understudy possessed a strong activity against most of the commensal bacteria
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in a healthy rat lung. The authors observed that while the lungs of untreated animals
demonstrated a mixed bacteria flora, majorly belonging to the genus Serratia, the
lungs of animals treated with the antibiotic comprised majorly of bacteria of the
genus Pantoea.

Finn et al.[22] thus hypothesized that irrational usage of antibiotics affects the
ecology of the microbiota via a reduction in bacteria diversity, further
complementing the reports of Barfod et al. [23] that Vancomycin possesses the
ability to preferentially disrupt murine lung microbiota.

18.7 The Life Style of the Respective Individual

However, in an era where bacteria are rapidly being identified as agents that aid the
onset of chronic disorders such as malignancies and neurodegenerative disorders, of
great importance is the need for understanding the negative effect and consequences
of smoking on the microbiota in diseased conditions. Microbiome is a population of
microorganisms that live in a specific habitat and includes bacteria, viruses, fungus,
and protozoa, as well as their genes and genomes. The most complicated echo-
system is the gut microbiome, with 10–100 trillion microbial populations, the
majority of which are bacteria, followed by fungi and viruses [24]. Oral communities
are the second type of community in the body of a human [25].

With the advent of the Human Microbiome Project, researchers have been able to
know the constituents of the human microbiota employing methods that are culture-
independent combined with next-generation DNA sequencing methods [25]. Based
on standard culture methods, the once-dubbed sterile lung was discovered to contain
a variety of microbiomes that differed in health and diseased situations
[26]. Although the human microbiome is stable and has the tenacity to recover
following disruption, its constituents are sensitive to various factors which include
antibiotics, food, alcohol, as well as smoking. It is now obvious that the bacteria is
not just a bystander in many clinical processes; its alteration is frequently a contrib-
utory factor or causative factor in pathophysiological processes [27]. Smoking
influences the lung microbiome through changes in immunological balance, biofilm
development, oxygen tension, as well as direct interaction with the bacteria it
contains [26].

Highlighted below are some of the implications of smoking and how they
influence the lung microbiota. For example, tobacco has negatively affected the
human health and has been studied to cause some pathophysiologic changes that
might lead to disease. Such have been implicated and linked with the presence of
chemicals most of which are composed of free radicals, transition metals, pollutants,
reactive oxygen species, and many other ingredients of tobacco forming a complex
mixture of carcinogenic and toxigenic potentials [28]. Pantoea agglomerans,
Acinetobacter calcoaceticus, and specific Pseudomonadaceae species such as
P. fluorescens and Stenotrophomonas maltophilia were identified in fresh tobacco
leaves, many other species were cultured from tobacco flakes and from particles of
tobacco particles before the introduction of DNA sequencing techniques [28].
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In the European Union, 15 different types of bacteria were found in cigarettes.
Sapkota et al., discovered a wide range of bacteria in cigarettes, the commonly
implicated includes Pseudomonas aeruginosa, Acinetobacter, Clostridium, Klebsi-
ella, Bacillus, Burkholderia, as well as some genera from the soil and human
commensals. As a result, smokers of cigarettes and tobacco may have other means
of bacterial acquisition and colonization through this lifestyle. This maybe a process
that leads to varied bacteria profiles of the lungs among smokers. Another reason by
which addicted smokers may have a distinct bacterial load and population could be
connected to decreased host cell defenses as a result of tobacco’s immunosuppres-
sive nature. Tobacco smoking has been shown to have a number of devastating
effects on the peripheral immune response, including a decrease in natural killer cell
activity and an increased susceptibility to infection.

Smoking changes macrophage and neutrophil function by increasing number of
macrophages, neutrophils, eosinophils, and mast cells while reducing the number of
airway dendritic cells [29]. Reduced bacterial-stimulated production of SO and SRE
(e.g., TLR2) that is an integral expression that identifies and terminates many
microbial structures, were found to elicit the immune response indicating defected
phagocytosis process which hinders the clearance of antigen posed by bacteria
[30]. As a result, smoking-related immunosuppression may allow for the coloniza-
tion of new microorganisms. It is also likely that in a smoky atmosphere, certain taxa
gain metabolic benefits such as biofilm development and enhanced epithelial adhe-
sion. Cigarette smoke may promote the production of biofilms by certain bacteria
[31]. The term “microenvironment” may also apply to the impact of smoking on
specific microbiota members, such as dissolved oxygen concentration and acid
production potentials. Because of the decreased dissolves oxygen demand, obligate
anaerobes and microaerophilic are able to dominate the bacterial community
[32]. Zhang et al. [33] concluded in their study that smoking affects the microbial
diversity as well as microbial population of the LRT, indicating the need for studies
of inflammation-induced via smoking to consider lung microbiota variation.

18.8 Biofilm

Biofilm is a complex community of microbial cells built through self-assembling of
polymer matrix that protect and help them evade host defenses and antibiotics,
allowing them to survive longer [34]. Aggregated biofilm complexity observed
among Streptococcus pneumoniae and despite the antimicrobial potency of some
cigarette ingredients other forms of smokes having pneumolysin have been found to
condensate and it is expected to encourage propagation and attachment of microbial
cells, both of which are critical antecedents of pneumococcal illness. According to
Mutepe et al., similarly reported that smoking enhances Staphylococcus aureus
biofilm formation and human cell adhesion. Smoke from cigarette has been proved
to have bioactive effects on smoker’s local microbiota predisposing them to respira-
tory infection [34]. This study has proven that cigarette smoke may increase biofilm
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formation through adaptation, attachment, and colonization of specific bacterial
group in the human lungs.

18.9 Conclusion

The new era of scientific research through metagenomics will not only focus on soil,
gut but also lung and every other sacred environments previously understudied. The
human lung has been less studied due to it anatomical barrier. The position of the
lung in the human body has made direct sampling very difficult. Despite the recent
advancement in metagenomics, the lack of microbial density and loss of microbial
diversity due to some underlying ailments are constantly challenging the ease of
studying lung microbiome. It is important to increase the focus to lung microbiome
just like how gut microbiota is currently studied. Finally, the knowledge on lung
microbiome will not only give us an insight on the microbial population but will also
create an awareness on the role of each individual genera is playing in this complex
niche.
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Microbiome in Inflammatory Lung
Diseases: Challenges and Future Prospects 19
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Abstract

The human microbiome is broadly recognized to have a crucial role in various
bodily mechanisms that impact immunological homeostasis, inflammation, and
metabolic activity. A recent study has revealed about the presence of commensal
microbiome in mucosal surface of human body. The gut microbiome has exten-
sively researched its role in controlling host metabolism or alterations in various
disease states. There is a knowledge gap about the bacteria that live on mucosal
surfaces. Unfortunately, there is currently a scarcity of scientific data on the
involvement of lung microbiota in pulmonary illnesses. Previously lungs were
considered as a sterile organ, and lung illnesses were usually accompanied mostly
by bacterial pathogenesis. Emerging research suggests microbiomes in respira-
tory tracts both the upper and lower along with their importance in respiratory
diseases. The current discusses the possibility of microbial disturbance about
several lung illnesses in this book chapter. (e.g., Asthma, COPD, Pneumonia,
Viral infection). Such disorders may be related to metabolic and biochemical
stress. The book chapter also aims to emphasize the microbiome’s function in
lung illnesses using data from classical microbiology and microbiome literature.
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19.1 Introduction

Microbes populate numerous mucosal areas of body such as lungs and gastrointesti-
nal tract [1]. The primary function of the microbial biome is to maintain immune
balance on diverse mucosal surfaces [2–4]. Food and lifestyle changes, age, and
infections are external variables that have an impact on the commensal microbial
ecology and produce adaptive changes in the host immune system. Although the
current research, foreign gut infection boosts host systemic inflammation while
eliminating healthy gut flora with possible pathogenic characteristics [4–7]. Initially,
Bacterial pathogenesis was mainly produced by lungs illnesses [8, 9]. Emerging
metagenomics and 16s ribosomal RNA (rRNA) investigations have shown the
microbiome habitat in both upper and lower respiratory tracts and their critical
involvement in respiratory disorders [10–12]. The human immune system influences
microbiota, and the lungs have 50 times less microbiome than the oral cavity
[13]. The gut microbiome has a significant effect on most illnesses and has received
much attention in recent years, but little research has been done on the lung
microbiome [9, 14]. One of the most studied lung disorders is cystic fibrosis and
microbial dysbiosis [8, 15]. Research [16–27] has found the involvement of lung
microbiome in allergic illness, asthma and chronic obstructive pulmonary disease
(COPD) [16–27]. Some data hoarded demonstrates the direct and indirect function
of gut microbiota in lung illnesses [27–31]. Clinical data suggest that gut
microbiome modification benefits lung microbial homeostasis and, by extension,
lung immunological homeostasis [31–35]. The function of lung microbiome homeo-
stasis and lung morbidities and the considerations for lung microbiome analysis and
the obstacles involved are discussed in this book chapter.

19.1.1 Interlink Between Inhabitants Microbial Flora and Mucosal
Surfaces

The interaction of microbial flora in mucosal surfaces is of significant interest.
Inflammatory bowel disease (IBD) has long been linked to lung illness and
impairment [36, 37]. Chronic respiratory illness was described in six IBD patients
who had no history of smoking. Bronchiectasis, chronic bronchitis, and obstructive
pulmonary dysfunction were all present in these individuals. It has also been
observed that patients with ulcerative colitis have decreased pulmonary function
[38]. The carbon monoxide diffusion capacity, however, was not evaluated in this
investigation. Another research [39] discovered a connection between Crohn’s
illness and decreased carbon monoxide diffusion ability. In one study, 314 Crohn’s
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disease patients were shown to have an elevated risk of COPD [40]. The main risk
factor for the development of COPD and Chron’s disease and Ulcerative colitis
Cigarette [41–43]. The smoke from cigarettes has the potential to alter the lung
epithelium and the gut microbiota. A potential connection between illnesses and
immunological responses to common commensal microorganisms has emerged. As
a result, the data suggest that smoking disrupts the gut microbiota [44, 45].

19.1.2 Various Environmental Factors Associated with Microbial
Status

19.1.2.1 Smoking
Smoking destroys lung’s epithelial layer and interruption of the gut hindrance have
shown to prompt bacterial movement and systemic immune enactment [46–48]. This
produces the sensible supposition that disruption of the lung epithelial hindrance
could initiate the action of individuals from the lung microbiome [49]. A fascinating
piece of supporting proof for this view was found by Rosas-Salazar et al. [50]. This
examination utilized a lung carcinoma mice model infused with lung carcinoma cell.
Mice exposed with cigarette smoke and aerosolized nontypeable Hemophilus influ-
enza (NTHi) had a higher rate of metastatic growth than control mice injected simply
with lung cancer cells. Furthermore, bacterial movement to acellular breakdown in
the lungs tumors also happened under this joined therapy.

19.1.2.2 Breast-Feeding
Breast milk plays a crucial functions in developing newborn microbiota [50]. First,
the human bosom milk has its microbiome, bragging more than 200 species of
microscopic organisms [51]. These commensals have been demonstrated to prevent
harmful bacteria from colonizing and growing in the host. Second, prebiotic
oligosaccharides are found in milk and are available for bacterial use in the gut.
Human milk oligosaccharides also have antibacterial effects, limiting harmful bac-
teria adhesion and infection [52, 53]. Therefore breast milk plays a major role in the
foundation of gut microbiome in babies. Indeed, breastfeeding care has been
displayed to affect the advancement of the nasopharyngeal microbiome [54]. Fur-
thermore, breastfeeding leads to microbial stability and early upper respiratory
colonization of Corynebacterium, Moraxella, and Dolosigranulum [55].

19.1.2.3 Antibiotics
The use of antibiotic has a crucial influence on microbial homeostasis and limits
microbial diversity [56]. Anti-toxins are regularly recommended during pregnancy
and can be found in mother’s breast milk and in infant’s blood after birth. There is
two way effect of this on the microbiome. Firstly, microbes are killed by the mother
before they are given to the offspring. Second, antibiotics in breast milk can disrupt
the establishment and colonization of bacteria eliminated in the mother and were
transmitted down to the child. In addition, according to research, antibiotic exposure
throughout childhood can cause chronic inflammation and asthma [57, 58].
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19.1.2.4 Diet
Diet has a prominent effect on lung microbiome. While there is some evidence on
how the maternal eating routine can impact the microbiome in a baby and might be
identified with the advancement of child asthma, there are limited studies on the
effect of diet on lung microbiome [59]. Anew report revealed that mice given
treatment of vancomycin showed stable microbiome and metabolite profile with
aggravated Th2 reactions. These creatures likewise showed more significant weak-
ness to hypersensitive lung inflammation. This examination further revealed that gut
dysbiosis could bother hypersensitive lung irritation through T cell-and
DC-subordinate components hindered by bacterial short-chain unsaturated fats
(SCFAs). Even though this investigation showed that lung illnesses might be
influenced by gut microbiome alteration [60]. It is apparent from specific
investigations that the gut microbiome impacts lung irritation and its pathology
(asthma, COPD) anyway [61]. Other investigations have shown that dietary
αtocopherol supplementation brings about inversion old enough instigated vulnera-
bility to Streptococcus pneumonia lung disease [62–64].

19.1.2.5 Pollution
Lung disorders such as COPD and asthma are directly affected by pollutants in our
environment. For example, lung’s exposure to smoke during cooking, consuming
coal, and other biomass energies directly affects lung well-being [65]. The respira-
tory microbiome is assumed to be the first line of defense against toxins in the
environment. Environmental contaminants can disrupt the established microbial
community structure, causing unstability in pro-inflammatory as well as anti-oxidant
conditions, resulting in disease [66]. Unfortunately, there is not much literature
accessible in this field concerning the structure of the occupant microscopic
organisms in the lung microbiome and its alteration against environmental
pollutants [67].

19.2 Microbiome Pathogenic Role in Common Lung Disorders

19.2.1 Chronic Obstructive Pulmonary Disease (COPD)

COPD is a chronic and fatal lung illness. It provides a large epidemic now and has
been expected to increase in this regard [68]. Exacerbations are rapid, brief worsen-
ing of the illness that causes a substantial but ephemeral loss in pulmonary and
baseline function of lung regaining in about a month [69]. Conversely, baseline lung
function is rarely decreased for an extended period of time or permanently [70]. The
vicious circle paradigm [71] has also been used to characterize disease progression in
COPD. Microorganisms cause inflammation and enhanced mucus secretion after
first exposure. Itirritates the respiratory epithelium, impairing the innate immune
responses. The weakened immune responses expose the lungs to further contamina-
tion through harmful germs, completing the vicious loop. H. influenza colonization
and illness exacerbations are characterized due to the existence of that in the
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sufferer’s sputum are defined as COPD [72]. P6is a H. influenzae membrane protein
is mucin secretion has been reported to increase in epithelial cells of human and mice
during COPD grown in vitro [73]. H. influenza is not found in between
exacerbations [74]. Surprisingly, the similar H. influenzae strain was found in
sputum samples from various exacerbation phases. This could suggest that infections
stay primarily inside the host and proliferate throughout exacerbations, although
when microorganisms reach unsafe levels during recurrences.

19.2.2 Cystic Fibrosis

A hereditary illness triggered through CFTR gene mutation is called Cystic fibrosis
(CF) [75]. Symptoms CF causes in different organs across the body are affected;
however the lungs seem to be the most severely affected. The presence of secretions
within lungs and a higher rate of pulmonary bacterial infection are the disease’s
characteristics. These changes in function of lung, obviously, show a massive effect
on microbiome of the lung. CF patients have long been known to suffer from lung
infections caused by S. aureus, H. influenza, B. cepacian, and P. aeruginosa
[76]. M. abscesses, S. maltophilia, MRSA, and S. milleri had actually been found
to be a component of a CF lung microbiota. Lung transplantation is frequently
required when bacterial infection induces lung tissue damage. P. aeruginosa invades
transplanted tissue quickly; according to a recent study [77]. The invasive germs are
likely to even have started inside the sinus prior moving onto other non-CF donor
lungs. Cox et al. [78] investigated that in young and old CF, increasing age is related
to decreased pulmonary performance and also reduced macrobiotic complexity,
variety, and uniformity.

19.2.3 Asthma

According to hygiene theory, early exposure to bacteria can influence asthma and
other disorders [79]. Asthma formation has also been associated with earlier antibi-
otic exposure. Antibiotic usage in pregnant women, as previously noted, can mini-
mize bacterial colonization [80]. Forth to the bacterial endotoxin lipopolysaccharide
(LPS) was shown in research to be preventive against asthma development. LPS
exposure protects mice by increasing the production of the A20 protein that inhibits
NF-kB stimulation. When asthmatic persons’ lung microbiomes had been contrasted
to healthy subjects, it was discovered that they had higher amounts of Proteobacteria
but lower levels of Bacteriodetes [81].

19.2.4 Pneumonia (Idiopathic or Ventilator)

Our understanding of the pathogenesis of pneumonia has enhanced our understand-
ing on the lung microbiome. The fundamental etiology of the disease is currently
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thought to be dysbiosis of the lung microbial flora rather than the introduction of
pathogenic bacteria [82–84]. Children on mechanical ventilation are vulnerable to a
variety of nosocomial infections called Ventilator-Associated Pneumonia (VAP):
This increases\possibility of mortality, necessitates a longer hospital stay, and
necessitates extensive rehabilitation [85]. The bacterial community in airway
samples collected from ventilated children is pretty varied. The findings also reveal
that after the diagnosis of VAP, the diversity declines, and the airways become
rapidly dominated by pathogenic microorganisms. Streptococcus flora was found to
be significantly higher in children with VAP compare to those without VAP in this
research [86]. Streptococcus pneumoniae was shown to be the most significant
causal bacterial pathogen for lower respiratory tract contaminations such as pneu-
monia for analysis of airway microbiome [87]. Environmental stressors, also immu-
nological variations, disrupt the population’s “balance,” resulting in dysbiosis and,
finally, infection [88]. One of the few studies that have done in-depth research
compared geriatric pneumonia (with healthy older control individuals) and adult
pneumonia in terms of changes in microbiota population during illness (with healthy
adult controls). In pneumonia patients, the researchers discovered a reduction in
gram-negative bacteria like Leptotrichia, Veillonella, and Prevotella and as well as
the gram-positive species Parascardovia [89]. Another study found a significant
connection between the microbiota of the tongue and pneumonia death in nursing
care individuals [90].

19.2.5 Lung Cancer

The microbiome’s significance to the growth of several malignancies has previously
been investigated [91]. Latest studies have found an association in lung cancer and
pulmonary microbiota [61, 92]. Studies have found a connection here in lung cancer
and pulmonary microbiome [61, 92]. BAL was collected, and microbiota was
investigated in recent research comparing individuals suffering from lung cancer
with those suffering from benign lung masses [92]. The scientists discovered that
Proteobacteria was the dominating phylum in this research. The Thermus genus was
found more common in individuals with stage 3 or stage 4 malignancies. Legionella,
a Proteobacteria genus, was prevalent in individuals who had metastases. Both of
findings suggest, alterations in the microbiome could be utilized also as novel
biomarker for the lung cancer.

19.2.6 Viral Infections of the Lung

Acute respiratory infections (ARIs) that can be seen between kids and adults are
mostly produced through viruses [93]. ARI has been linked to children account for
40% with all healthcare-linked lung infections [94]. Most viral ARIs are caused by
rhinoviruses (RV), “respiratory syncytial virus (RSV)“and influenza A virus (IAV),
and “metapneumovirus (MPV)”. As per the viewpoint pathophysiology of ARI as
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well as the role of microbial homeostasis with in lung, it is the only opportunity to
explore cross-domain linkages or if the pulmonary microbiota may impact ARI in
good or worse. RSV and IAV had lately been explored detailed during this setting.
According to a recent study, Sublethal transmission with such a reduced variant of
H5N1 IAV may alter bacterial makeup of a lower respiratory tract (LRT) [95]. The
findings display a Bacillus to Lactobacillus shift inside the lung microbiota as well as
gut microbiome reduction. However, it has been found that the pulmonary
microbiome had enriched Streptococcus and reduced Pseudomonas [96]. Interest-
ingly, Bartley et al. showed that time period microbial alterations result in unfavor-
able prognosis and IFN-1 activation as a result of IAV invasion, but that it might be
prevented in proportion through upholding host’s microbial configuration, in just
this instance through calorie reduction [97]. Although Because the majority of ARI
signs are related to increased inflammation, this stands to reason as virus infection-
induced microbiome alteration could contribute into continuous loop of inflamma-
tory response and abnormal immune responses, significantly increasing infection
rate [97, 98]. Furthermore, Lung/or microbial gut regeneration may be used for
therapeutic strategy to control systemically immune system responses to ARI virus-
related causes (Fig. 19.1).

Normal Gut Microbiome

• Bacteria ligands eg. LPS,
metabolites (SCFA)

Healthy Gut Dysbiosis in the gut
Gut Lung 

axis

COPD, Asthma,
Lung fibrosis

• Enhances innate immune
responses to bacteria in
lungs
• Immune modulation

• Alteration in immune response
• Contribute to pulmonary
infections and inflammatory
conditions

Altered Gut Microbiome

• Bacterial components and
metabolites eg. LPS,
Cytokines, PAMPS

Fig. 19.1 The gut-lung microbiome’s function in the pathophysiology of different lung disorders
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19.3 Lung Microbiome and Modulation of the Host Immune
System

The GI microbial flora has been well recognized to have a significant function in
controlling the inflammatory reaction of a host, particularly in the establishment of a
Th17 reaction with in mucosal immune system [99]. Modifications within
microbiota of young adults are related to close to zero inflammation in the lungs
[99]. Microbial profiles linked with Th17 phenotypes in asthma patients have also
been observed [100]. Adherents of the Proteobacteria taxa Bacillaceae,
Pasteurellaceae, and Enterobacteriaceae, were shown to be linked to Th17 related
genes expression in a research by Huang et al. In asthma patients, this Th17
inflammatory phenotype may constitute a separate route from the Th2 response
[101]. However, Yadava et al. discovered, using elastase and LPS treatment led in
a dysbiotic lung microbiota, that led to a significant enhancement in expression of
IL-17A in an interventional animal model. This was attributable to expansion within
phenotype of γδ + T cells [102]. The mouse inflammatory phenotype was linked to
airway alterations that are comparable to those seen in people with COPD. BAL
from these animals exposed to LPS and elastase showed a reduction in variability
and a rise in relative assemblages of Lactobacillus, Pseudomonas, and
Chryseobacterium [103]. Using microbiota-depleted animals, The authors found
the microbiota enhanced IL-17A release by γδ + T-cells. The scientists demonstrated
an elevation of the IL-17A immunological phenotype after shifting the optimized
microbiome through Elastase/LPS infected animals as well as concomitant exposure
with Elastase/LPS in antibiotic-infected mice. As a result, the lung microbiota seems
to have an important role in immunological phenotypes, according to research.

Host with lung dysbiosis have been reported with upregulated IL-17 and Th17
inflammatory pathway. According to a latest study, invasion of microorganism in the
epithelium of pIgR deficient mice resulted in impairement of mucosal immunity
[104]. However there was no difference observed in terms of percentage between the
pIgR deficient mice and wild-type mice which depicted that effects were because of
microorganisms’ invasion. NF-κB-mediated increased chemokine keratinocyte
chemoattractant in BAL fluid was also observed in the BAL fluid of pIgR deficient
mice [105]. Thus according to research, the lung microbiota has a significant impact.
in modulation of inflammatory pathways and immune system within host.

19.3.1 The Respiratory Microbiome and Metabolism

The gut microbiota is essential in the host metabolic activities [106]. Because either
pathogenic and commensal serve critical functions in metabolism. and understand-
ing their roles may aid in the modulation of gut metabolism. The gut microbiota
metabolizes various macromolecules, including phenol, bile acid, and choline
metabolism [107, 108]. Bacterial function in the lung must be investigated further
since certain bacteria perform harmful roles in the lung microbiome [109]. Recent
research discovered metabolomic abnormalities in BAL of HIV-infected people
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compared with healthy and postulated that these differences were caused by
microbiota changes [110]. A subsequent investigation conducted by a similar
group discovered a connection between existences of pathogenic microorganisms
inside the lungs with altered metabolite amounts [111]. Nocardioidaceae,
Staphylococcaceae, and Caulobacteraceae were identified as the significant
determinants to altered metabolite amounts in the research. Those microorganisms
are notable due to their role in the pathogenesis of HIV-related pneumonia. Metabo-
lism of bacteria has been shown to influence host pulmonary immunity. It was
demonstrated in a landmark research that continuous expansion of the lung
microbiome by oral genera results in a unique metabolic environment that promotes
neutrophil-mediated and Th17 inflammation with inhibiting innate mechanisms
[112, 113]. Several techniques have been researched to determine the influence of
lung microbiota upon host metabolome. Garg et al. developed a technique for
visualizing 3D human lungs and used it to map metabolomics and 16S rRNA gene
sequencing information to individual particular related space. It also enabled a more
accurate depiction of the relationship between microbial and molecular
penetration [114].

19.3.2 Microbial Manipulations in the Treatment of Various Lung
Disorders

The complex importance of intestinal microbiome has resulted in a growing number
of clinical and experimental research examining gut microbiota modification as an
intriguing therapeutic option for lung illnesses. Natural products, probiotics,
prebiotics, and antibiotics addressing gut microbiota have also been studied in
patients with lung illnesses.

19.3.2.1 Probiotics and Prebiotics
Dietary supplements that have anti-inflammatory and immunomodulatory properties
are called Probiotics and have been proven to decrease pulmonary exacerbations in
cystic fibrosis patients [115]. Bifidobacterium longum, commonly known as BB536,
is a versatile probiotic that has been demonstrated in a double-blind randomized
experiment of Malaysian preschoolers kids 2–6 years. to attenuate upper respiratory
illnesses with gut microbiota modifying characteristics [116]. As compared to the
placebo group, BB536 therapy dramatically enhanced the population of the species
Faecalibacterium, which is associated with anti-inflammation and
immunomodulation. Many randomized clinical studies have demonstrated the pro-
biotic supplements could be helpful in the diagnosis of respiratory relapse and
inflammation of intestine in patients with “cystic fibrosis”, although the information
is incomplete and more elevated research will be required [117]. COPD patients
receiving antibiotics for respiratory tract infection were given a multispecies probi-
otic or a placebo in a, placebo-controlled, randomized and double-blind trial
[118]. Other herbal ingredient boosted the number of lactic acid-forming
microorganisms Bifidobacterium and “Lactobacillus” spp. in asthmatic rat models
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[119]. Lactobacillus is an important beneficial bacterium in cystic fibrosis. In the
case of cystic fibrosis during randomized Clinical Study of affected children,
Lactobacillus rhamnosus GG partially restored gut microbiome resulting in
decreased microbial richness and intestinal inflammation [120]. In FVB/N mice
with Pseudomonas aeruginosa pneumonia, oral treatment of Lactobacillus
rhamnosus GG enhanced stomach penetrability and controlled inflammatory
responses and spleen and colon homeostasis. The mechanism behind its protection
is that it increases the expression of gut mucin, increases cell growth while decreas-
ing pro-inflammatory cytokine expression [121]. A double-blind anticipated trial of
a probiotic composition of Lactobacillus reuteri enhanced digestive function and
reduced calprotectin concentrations in patients with cystic fibrosis [122]. The antibi-
otic streptomycin influenced the profile of gut microbiota pulmonary lymphocyte
and hyper responsiveness of airway in mice model of cystic fibrosis. It decreased
bacterial excess-growth in Cftr mice and mainly changed Lactobacillus levels [123].

Probiotics have been shown to improve the effectiveness of anti-tumor
medications. L. acidophilus, for example, cisplatin has an anti-tumor effect and
increases success rates in C57BL/6 mice having cancer [124]. During a research,
Barnesiellaintestinihominisand Enterococcus hirae improved the cytotoxic activity
of cyclophosphamide with developed lung cancer in mice by increasing the presence
of IFN-producing T type cells in tumor regions [125].

Various probiotics have been shown to inhibit lung metastases via immune
regulation. By boosting cytotoxic T and T helper cells, a probiotic-containing
fermented milk preparation demonstrated substantial cytotoxicity on 4 T1 breast
carcinoma cells and decreased metastasis to the lungs [126]. Additional research has
resulted in cancer formation inhibition and decreased cancer extravasation and
tumour vascularity, along with metastasis of the lung, due to the treatment of the
BALB/c mice with fermented milk with L. casei CRL 431. The process was ascribed
to changes in immunological response, such as an increase in CD8 + and CD4 + cells
and a reduction in infiltrating macrophages [127].

In melanoma lung meta statics, the number of metastatic lung focuses was
decreased by an α T17 immune-cell-dependent mechanism during commensal
Microbiota transplantation [128, 129].

In addition, the potential therapeutic agent against lung cell cancer
Bifidobacterium infant is, a recombinant probiotic bacterium, was presented. In
C57BL/6 lung cancer mice, the tumor growth reduction and extended surviving
period were shown using Bifidobacterium infants-mediated sFlt-1 gene-transference
system [130].

19.3.2.2 Supplementing Micronutrients to Regulate Gut Microbiota
Vitamin D insufficiency owing to good malabsorption frequently occurs in Cystic
Fibrosis patients [131]. The treatment of vitamin D has been tested in the module of
intestinal microbiota in cystic fibrosis. Vitamin D helps to keep the intestinal mucus
layer intact and helps useful bacteria to fight with pathogenic bacteria [132]. Vitamin
D’s function is to improve intercellular interconnection by inhibiting intestinal
epithelial apoptosis and by decreasing pro-inflammatory cytokines for example
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IL-8 [132]. The intake of vitamin E vitamin C, beta-carotenes, riboflavins, and
niacins is adversely linked to bacteroid intestines whereas vitamin E and beta-
carotenes intakes are favourably linked to Firmicutes when cystic fibrosis occurs
[133]. Consumption of such flavonoids can be linked with intestinal microbiota
changes, as a clinical trial of adults with cystic fibrosis shows [134]. For example,
ingestion of gallocatechin is positive for Actinomyces and Actinomycetacaceae
genera, whereas ingestion is solely negative for Coriobacteria classes. It is likely
to have a major influence on the therapy of cyst fibrosis [134, 135] on immunological
function, inflammation and metabolism. A meal with 5% acidic oligosaccharide
enhanced to reduce the degree of bacterial clearance following P. aeruginosa
infections in mice [136]. Dietary treatments along with prebiotic and probiotic
medications have been demonstrated to improve the symptoms of severe systemic
inflammation in patients with cystic fibrosis, but additional investigation is needed to
evaluate that impact [137, 138].

19.4 Challenges and Future Prospects

Collection and analysis of the sample are the main challenging aspects of the
knowledge of lung microbiome in illnesses. The samples taken from the both the
respiratory tract (upper and lower) and bronchial lavage in most lung microbiome
trials are obtained. Respiratory infections and chronic lung illnesses alter air and
intestinal flora composition. A bridge between these two different components has
been documented concerning lung illnesses. This gut–lung axis allows endotoxins,
cytokines, hormones, and microbial metabolites to enter the circulation. According
to research, Alterations in gut microbiome is associated with alteration in immune
response, inflammation, and development of lung injuries. Although current findings
have shown that the intestinal microbiota is crucial in regulating immunological
responses in lungs; hence, their metabolites can reach other organs via the circulation
and exhibit anti-inflammatory and immune-regulating effects. The introduction of
helpful bacteria from the gut to respiratory tract is an effective therapeutic strategy
for various lung illnesses. The association between gut microbiota and lung diseases
has yet to be investigated. Furthermore, fundamental perspectives into routes and
mediators must be explored. On either side, treatment methods that can modify the
gut microbiome, like antibiotics, prebiotics, and probiotics had been investigated in
clinical and laboratory trials or have yielded promising results. They can improve
immune responses by repairing microbiota dysbiosis. Despite the fact that
microbiota modification as a treatment for inflammatory lung disorder seems
restricted, antibiotic, probiotics, anti-inflammatory drugs, and nutrition may dramat-
ically reduce illness recurrences. Over latest years, the broad application of culture-
independent techniques like as 16s sequencing of rRNA gene and metagenomics
have improved the research of lungs microbiota. Moreover, hence the need to
improve and regulate techniques of extracting DNA across diverse types of samples
while decoding the microbiota in order to minimize infection by products like DNA
extraction kit and PCR master mix and in 16S rRNA sequencing of gene.
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The primary treatment for asthma patients includes anti-inflammatory corticoste-
roid, that been usually given with conjunction to bronchodilators. While combina-
tion treatments relieve ailments, larger dosages cause lengthy negative side effects.
As a result, taking pre- and probiotic supplementation, as well as corticosteroids and
macrolide antibiotics may help to prevent asthma attacks by lowering hazardous
viral contamination. Antibiotic therapy has been found to lower dangerous bacteria
in COPD, but corticosteroids raised bacterial pathogens counts, demonstrating the
efficacy of antibiotic therapy during COPD. In addition to standard treatment using
long-acting muscarinic antagonists, inhaled corticosteroid, and long-acting
-agonists, antibiotic and anti-inflammatory agents, anti-inflammatory and antibiotics
agents aid in the management of COPD recurrences. Therefore, advance research is
required to evaluate its impact upon the lung microbiota.

Pre-clinical and clinical research displays that microbiota is linked to cancer, and
more research into the mechanism of such associations is required. The identification
of particular bacteria such as Capnocytophaga and Veillonella in saliva samples in
cancer patients using 16S sequencing can reveal changes in the lung cancer
microbiota. Moreover, immunotherapy using monoclonal antibodies addressing
immune antagonists like programmed cell death (PD)-1 with ligand PD-L1 is
utilized as a treatment in several metastatic malignancies. There are no instances
of patients utilizing particular therapies to address the microbiota in cancer, and that
might be a diagnostic and therapeutic approach. Therefore, reversing dysbiosis and
addressing the lung microbiota could be helpful in CLDs. By use of antibiotics and
probiotics appears to be helpful, but strong effect evidence is missing, and treatment
trials with translational studies and explanations are necessary to understand and
implement beneficial therapies. It must next to be performed properly during clinical
studies before being applied in medical care.
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Abstract

Lung cancer is the foremost reason of cancer associated deaths globally and poses
a great threat to human health. It has become progressively clear that we live in a
symbiotic association with microbes within us. Human microbiota have been
linked with normal physiology and function, reports have proved that
microbiome may have a significant share in lung cancer progression as well as
advancement, and communications among microbial inhabitants have the ability
to impact disease, signifying that microbiome would be an emergent target
in cancer management. Traditional approaches to modulate the microbiome (for
instance, probiotics, antibiotics) have been revealed to increase efficiency of
treatments of cancer in few cases although complications like collateral harm to
the commensal microbiome and reliability of these strategies inspire works for
evolving new approaches specially devised for the cancer–microbiome interface.
Microbiota modulation can be employed as an adjuvant to conventional cancer
strategies like immunotherapy and chemotherapy. Considering the achievement
of nanoparticles in renovating cancer diagnostics and management, nanoparticles
mediated approaches that are able to modulate interactions between microbiota
and tumor microenvironment (TME) have the aptitude to offer novel approaches
for cancer management. Opportunities at the interface of cancer, microbiome, and
nanotechnology are immense. Here, we will emphasize main adaptable areas for
using nanotechnology towards influencing the microbiome for cancer treatments,
provide overview on current research advances about microbiome in lung cancer
and discuss future challenges in this emerging area.
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20.1 Introduction

Lung cancer is a heterogenic condition and the most collective as well as the most
recurrent reason of cancer associated mortalities globally both in women and men
[1]. Annually, with over 1.8 million cases of lung cancer are reported with1.6 million
casualties and 5 year- survival rates fluctuating within 4–17%, subject to cancer
stage and national differences [2]. It is commonly divided into two types comprising
NSCLC accounting for 80–90% of lung cancers and SCLC that has been reducing in
incidence in various nations over the past 20 years [1]. Various treatments options
for lung cancer comprise chemotherapy, immunotherapy, surgery, targeted therapy,
and radiotherapy. The cause of high mortality rate is that mostly diagnosis happens
at a very advanced stage and thus gets poor assistance from limited treatment options
[3]. Alternatively, multi-organ metastasis and relapse in both pre- and post-
medication are crucial reasons of cancer related deaths without successful treatment.
So, there are rising crisis as well as public requirement in investigating the oncogen-
esis and novel therapeutic strategies for this fatal disease. Lung cancer is extensively
contemplated to be a complex disease initiated by communications amid environ-
mental circumstances and host [4]. Among various ecological harmful
circumstances, microbes have a crucial role in sustaining micro-ecological equilib-
rium and controlling immune responses of the host to multi-therapies. Though the
non-diseased lungs were believed as a sterile ecosystem but currently with the
advancement of high throughput next generation sequencing (NGS) technologies
it has been found that in lung tissues some microbial species existed that influences
the balance between pathogenesis and health in the lung microenvironment [5]. It
has been revealed that particular bacteria and the equilibrium of bacteria in lung
microbiome can cause oncogenesis via several pathways such as inflammation
initiated by bacterial infection, immune response modulation triggered by dysbiosis
or bacteria-derived carcinogens [6]. The primarily genera existing in lungs include
Pseudomonas, Prevotella, Veillonella, Streptococcus and phyla Proteobacteria,
Firmicutes, and Bacteroides. Currently investigations about the lung microbiota
and critical breakthroughs in the association of microbiota with lung diseases are
rising quickly. It has been supposed that advanced knowledge of this interrelation
will offer innovative perceptions into the lung diseases pathogenesis. Some onco-
genic Escherichia coli strains imitate swelling and are precisely magnified at inflam-
mation sites, the microbiota composition can be altered by inflammation that
consecutively stimulates carcinogenesis [7]. Notably, the microbiome role in cancer
expends beyond both the host gut microbiome and the primary tumor site, as
particular cancer causing bacteria are frequently discovered in distal tumor sites
like liver metastases and lymph nodes metastases [7]. The recent advancement in
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microbiome understanding has formed huge curiosity in evolving strategies for
microbiome modulation to eliminate lung cancer triggering bacteria or advances
cancer therapies [8]. Existing strategies for modulation of microbiome such as
prebiotics, antibiotics, diet modifications, and fecal microbiota transplants lack
selectivity in attaining aimed modulation because they were not initially established
with the TME in mind and might not interrelate with microbes that are unreachable
via oral route of administration. As such, new strategies for microbiome interference
headed towards lung cancer treatment should be able to (1) cross the intricate
microenvironment (including the microbiome, the TME, and the tumor–microbiome
interface barriers), (2) precisely intervene with the accountable molecular signaling
pathways, (3) must be performing outside the primary tumor sites (for instance,
metastases to lymph nodes). Nanoparticles are employed to possibly encounter these
various necessities as they are proficient to connect across macroscopic and molecu-
lar length scales a crucial prerequisite for communications with macroscopic tumors,
bacteria, and small molecule metabolites. Although the nanotechnology application
for modulation of microbiome for lung cancer management is still naive but seminal
work present that emphasizes its immense possibilities and capabilities. These
capabilities first depend on categorizing which bacterial species are dangerous in
cancer instigation and advancement verses useful for treatment of lung cancer [9]. In
this chapter, we concise and assessed the recent advancement of the interactions and
fundamental mechanism among microbiome and lung cancer. Similarly, we also
conferred the possibilities about the oncogenesis and medicinal applications of
microbiota in lung cancer. Furthermore, we discussed how the various properties
of nanotechnology make them exclusively suitable for microbiome interference. We
too emphasize seminal work where nanotechnologies have been exploited to
upgrade cancer treatment via modulation of microbiome or intervention with
bacteria-derived carcinogens. We also emphasize an evolving area of exploration
where exclusive roles of the microbe communities, microbiome, or microbes may be
exploited as a source of motivation for refining conventional delivery of nanoparti-
cle. Conclusively, we share our assessment on the contests and stance of nanotech-
nology applications towards lung cancer treatment through microbiome
interferences.

20.2 Gut and Lung Microbiome

Microbiome is defined by protozoa, fungi, bacteria, virus and their associated
genome and metabolites [10]. Presently, more and more attempts have been
engrossed on understanding the interaction of microbiome with the human body,
mainly gut microbiota that is believed as an overlooked organ intervening host
homeostasis through intricate processes. The emerging research on gut microbiome
is entirely assisted by the quick advancement and application of metagenomics,
bioinformatics, and increased throughput molecular technologies [11]. Until now
lungs were considered as sterile organs, but recent investigations supported with
high throughput sequencing technologies questioned the ancient philosophy
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[12]. Nowadays, it is mostly documented that instabilities in microbiota influence
various diseases of the lung. Lung microbiome included virus, fungi, bacteria which
are resultant from inhaling process of oropharynx, nasopharynx, environmental air
exchange, and mucosal secretions [5]. In healthy human body, fungi like Candida,
Penicillium, and Aspergillus coexist with bacteria of the genus, Haemophilus,
Veillonella, Streptococcus as well as Propionibacterium but do not initiate infection
of lungs [10]. It is not unexpected while studying several unfamiliar communications
in other tissues. All the multiple unknown communications between immunity,
metabolism, and microbiome, in microbial niche of other tissues influence several
lung pathogenesis of lung cancer, cystic fibrosis, and asthma [13–15]. Indeed, the
human body is an energetically stable integrity and microorganisms in several body
sites can directly interrelate with each other comprising dispersal of mucosal mem-
brane, digestive and respiratory activities, and indirectly through metabolites in
systematic circulation, cytokine and inflammatory substances that displayed the
potential microbial interaction among the oral cavities, gut, and lungs. The
modifications of native lung microbiome populations generally rest on three phases
that can be briefed as microbial growth rates, eradication, and migration under the
situation of health and diseases [5, 16]. Some investigators have conveyed that the
prime source of lung microbiome is oral microbiome after an established and
authenticated observation (via secretions in oral cavities, micro-aerosols mucosal
dispersion, and swallowing) [16]. Both the gut and respiratory tract can interconnect
with each other through biological activities comprising inhalation and micro-
aspiration. The pH and temperature in gastro-intestinal tract are comparatively stable
and also migration of microbes is single directional as well as continuously amended
by complex chemical and physical conditions. Conversely, lungs regularly exchange
gas with outer atmosphere to sustain ample reserve of microbiota and oxygen.
Additionally, in upper respiratory tract there is no gradient variety of temperature,
pressure, and physical barrier that could offer bidirectional circumstances for lung
inhabitant microbial migration and energetic fluctuations [17, 18]. In spite of
dissimilar alterations in micro-anatomic characteristics, population and composition
dynamics in lung and gut microbiome, both organs have a comparable homeostasis
and some biological features like co-evolution and interaction with immune cells,
mucosal-immune system, constant exposure to outer environment and microbiota
maturation process. Interestingly, cumulative clinical findings showed that various
diseases of the lungs were more possibly to progress in patients having gastro-
intestinal ailments [19]. These remarkable findings direct us to reexamine whether
the microbial communication network actually exists and modifies host vulnerability
to either external or internal pathogenic aspects. Therefore, an innovative hypothesis
was suggested as “Microbiota-Gut-Lung axis” found on varied as well as intricate
gut and lung microbiota networks proven founded on several long-term epidemiol-
ogy studies. Nevertheless, the mechanism underlying the “Microbiota-Gut-Lung
axis” stays indefinable and stronger proofs are still obligatory to kindle the lamp.
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20.2.1 Microbiome and Tissue Homeostasis

The lung and gut microbiome is evolving as a crucial regulator of lung cancer
progress and management. The human beings during their entire lifetime have a
close mutual beneficial association with the microbes and use as a provider of
beneficiary vital molecules and shield against external invasions. Human
microbiome is biological communal of pathogenic, symbiotic, and commensal
micro-organisms comprising bacteria, viruses, protozoa, and fungi. The humans
developed microbiota following birth via direct surface contact with mother and
through vertical transmission inheritance, soon afterwards that its evolution begins
in response to ecological circumstances such as exposure to environment, drugs, and
diet, accumulating in an adult microbiome by the age of two [20]. Since bacterial
composition of microbiota has been the most abundant within commensal
microbiota, majority of studies are focused on them. Undeniably, it is approximated
that a lone human being holds above one billion bacteria and majority of them are
commensals, therefore, total microbiome is approximated to comprise 0.2 kg of
weight [21]. Composition and size of the microbiome display a comparatively
temporal solidity but extensive interpersonal disparity in a single individual based
on anatomical site. Therefore, before using it to design efficient microbiota trans-
plant practices or as a biomarker for cancer therapies, that are key existing contests in
various pathologies comprising lung cancer, the personal composition of
microbiome must be taken into consideration. Among other purposes, microbiota
normalizes tissue homeostasis and host immunity. Thus, the same micro-organisms
which are favorable for human health, in particular conditions can stimulate the
growth of cancer [6, 22]. The eubiosis is acclimatized by various circumstances such
as antibiotic exposure, lifestyle, genetic background, chronic infections, environ-
mental and hereditary factors, and diseases. All these circumstances can promote the
agitation of the equilibrium of microbial community composition, a condition
identified as dysbiosis. This condition can be minor and sequential restoring after
the elimination of unfavorable stimuli. But, sometimes this imbalance can be
chronified changing tissue homeostasis and thus causing conditions such as cancer
[23]. Indirect consequences of microbial constituents associated with a dysregulated
inflammatory IR or direct effects on cell alteration have been observed to be
engrossed in carcinogenesis [24].

20.3 Role of Microbiome in Cancers

Cancers are commonly believed to be multi-factorial pathological progression
wherein healthy cells start multiplying in an un-programmed way causing the
blocking of autophagy, apoptosis, DNA damage, and inflammation. There are
cumulative pathogenic and commensal micro-organisms present in the humans
with stated carcinogenic effects and most of them are notably epidemiologically
associated with carcinogenesis [25]. The findings confirmed the close association
between respiratory tract and microbial communities. The instigations of
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surface-bound tumors are frequently related with the destruction of host mucosal-
immune barrier. Once the mucosal exterior is impaired and if the damage cannot be
restored in time, the microenvironment of the commensal microbiome and original
tissue will be reassembled. Else, this injury will keep intensifying and causes
repetitive inflammation that could prompt cancer at the end. It is promising that to
communicate with the tumor immune microenvironment in the enduring
co-existence the microbiota situated in the intra-tumor or surface-bound tumor,
exploit tumor derivative carbon sources and additional nutrients [26, 27]. In collec-
tive, cumulative findings have proved that the host vulnerability to carcinogenic
reasons can be altered by dysbiosis of commensal microbial communities.
Metabolites or genotoxic toxins generated by bacteria could impair host-DNA
directly as well as trigger genomic instability through natural killer immune
receptors, reactive nitrogen or oxygen species that lead to cancer like distinctive
modifications when increasing injury consequence prevails the host self-restore
ability [28]. These reports projecting the carcinogenesis advancement can offer an
innovative understanding to support us identify the method from normal tissue to
pre-cancerous lesions and to progressive lung cancer. Additionally, lung microbiota
comprising virus or bacterial infection can possibly enter epithelial cells of the
airways initiating the wound remedial cascade in chronic pathogenic stimuli or
prompting host immune response [29]. It is further possible that lung microbiota
could have a dual function in sustaining body constancy and stimulating cancer
(Fig. 20.1). Inclusive, these cohort findings or epidemiological examinations, partic-
ularly whether the microbiota associated with chronic diseases of the lung contribute
in the instigation of lung cancer, still expect additional research. Emergent

Fig. 20.1 Lung microbiota have a dual function in sustaining homeostasis and stimulating
carcinogenesis in distinctive circumstances. Lung microbiome can prompt carcinogenesis through
enhancing mutation load, DNA damage, chromosome instability, inflammatory response
alterations, and instigations of abnormal signaling pathway via multiple cytokines and bacterial
toxins production. Alternatively, the progression of colonization and evolution of lungs inhabitant
microbiome also contributes in the evolution of lung and supporting host homeostasis as well as
convening vulnerability to lung ailments during difficult external environment exposure
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investigations have also outstretched fascinations about associations between
microbiome and lung cancer by high throughput sequencing and epidemiological
investigation.

20.4 Nano-Bioengineering and Bio-nanotools: Types
and Sub-Types

Recently, several nanotechnology derivative tool such as nano-biodevices and nano-
biocarriers have earned remarkable scientific attention in tackling concerns of ca
lung treatment. The most extensively investigated bio-nano carriers for cancer
treatments can be briefed as: Cell and cell membrane-derivative nanocarriers,
microbiotic nanocarriers, nano-biodevices, and ligand-conjugated nanocarriers
(Fig. 20.2).

20.4.1 Cells and Cell Membrane-Derived Nanocarriers

Cells and cell membrane based nanocarriers are also popularizing due to their
distinct characteristics represented as enhanced biocompatibility, biodegradable

Fig. 20.2 Bio-nanocarriers and nano-biodevices for oncological applications in lung cancer
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nature, and tailoring capability for novel targeting strategies against tumor growth.
This diverse group includes whole cell based nano-biocarriers, specialized micro-
vesicles or exosomes based nanocarriers, etc. The source for these bio-nanocarriers
is derived from biological system in the form of desired cells of our interest
(leukocytes, cancer cells) and specialized component (vesicles, exosomes) derived
from them. Such therapeutics can effectively induce multiple actions at target site
with self stealthing ability. Tumor specific macrophages exhibit protumor characters
under the influence from cancer and other immune cells at tumor specific site.
Targeting tumor is not very efficient due to suppressed antitumor immune response
and elevated tumor-interstitial pressure, presence of irregular vasculature and intense
stroma population at tumor site. Designing and fabrication of such macrophages at
target site as engineered bio-nanocarriers can overcome conventional hindrance,
facilitate intra-tumoral infiltration and localization of various cargos like endotoxins,
lipoproteins, antibodies, complement and polysaccharides at site of action
[30, 31]. Similarly, dendritic cells (DC) founded bio-nanocarriers are promising
for cancer immunotherapy and can also be utilized in designing cancer specific
vaccines. This approach can come up with potential outcomes due to presence of
diverse surface receptors and directly employed in antitumor immune response
generation. Its cross talk with other immune cells can also direct the same with
enhance cellular uptake, antigen processing, presentation, and activation of other
immune cells at tumor specific site [30]. Another important immune cells are
lymphocytes such as T cells, these cells were primarily been engineered with gene
editing techniques and are applied for cancer treatment as CAR-T therapy. But
modifications as bio-nanocarriers composed from T cell membrane when attached
to T cells can release specific cytokines like IL-5 and IL-21 in autocrine fashion for T
cell activation and therefore, cytotoxic killer immune response generate for tumor
abolition. This highlights effective contribution that can be applied clinically for
minimizing risk in lung cancer patients [32].

20.4.2 Microbiotic Bio-nanocarriers

The complication coupled with microbiome (complex association of bacteria, fungi)
in the form of associated pathogenicity and toxicity has increased the considerable
interest of researchers in microbiotic derived nanosystems. Their role as a carrier/
vector system for specified delivery of desired agent at target tumor site can be easily
achieved because of their interaction at microbiome–cell interface. Various
microbiotic bio-nanocarriers that are explored for the treatment of malignancies
comprising ca lung are considered in the subsequent segments:

20.4.2.1 Bacterial Based Nano-Biocarriers
Bacterial derived nano-biocarriers area privileged nanoplatform attributed with
bacterial characters which make them exclusive for oncological applications. Slight
modification in them can attenuate pathogenicity, tumor specific target capability
and predetermined drug expression along with flexible payload can do wonder for
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tumor regression. Diverse variety includes nano-engineered bacterial carriers, bac-
terial specific minicells, bacterial ghosts, bacterial derived polymers (for instance,
cellulose, ε-poly-l-lysine, hyaluronic acid, alginate, and poly-l-lactic acid) and
magnetosomes that are proved to be utilized in oncological applications [33].

20.4.2.2 Bacterial Minicells
Bacterial minicells are enucleated bioengineered nanocarrier system with approxi-
mate diameter of 400 nm. They are known for their surface interaction with tumors
cells because of the presence of bi-specific antibodies with O-polysaccharide linker
group presented on minicells and tumor specific receptors that are expressed on
tumor cells. These minicells can effectively be loaded with desired anticancer drugs
(doxorubicin cisplatin, paclitaxel), interfering siRNA or short hairpin loop shRNA
for gene targeted therapy against tumor growth including lung cancer too. Advan-
tage of this nano-biocarriers is its bio-stability that can be maintained for long time
period [33, 34].

20.4.2.3 Magnetosomes
Magnetosomes are referred as nanoparticles coated with organic membrane within
magneto tactic bacteria, their response in presence of applied magnetic field appears
to have magneto-sensitive nature. Its role as nano-biocarriers can be employed for
lung theranostics where it can act as dynamic player for lung cancer detection similar
to MRI reporter gene MagA that act as tracing device for MRI generation and can
also be applied for therapeutic treatment with multiple applications as magnetic iron
mediated lung cancer management [35]. Study led by Maruyama and colleagues has
utilized the potential of nano-engineered biomagnetites isolated as bio-magnetic
particles from bacterium Magnetospirillum magneticum for monitoring the
mutations that occurred at EGFR gene in NSCLC [36]. Improving on to this, further
magnetic manipulation with functional proteins such as protein G (Streptococcus)
and AMB-1 using gene fusion techniques has also enhanced the detection of lung
cancer cells [37]. Similarly, in lung cancer cell line A549 presence of magnetosomes
has initiated apoptosis and reduced viability of lung cancer cells with significant
decrease in Bcl-2 expression [38]. Further, magnetosomes encapsulated with anti-
cancer drug doxorubicin and transferrin are also known to enhance the antitumor
efficacy of designed nano-biocarriers in hepatocellular carcinoma, this reveals its
potential role for oncological applications [39].

20.4.2.4 Bacterial Ghosts
Bacterial ghosts as nano-biocarriers are preserved envelopes of bacterial structures
with no cellular content in it making them ideal for treatment. The desired modifica-
tion can be added to the surface of nano-biocarriers in the form of native or
recombinant antigens or DNA that are required for stimulation of specific antitumor
immune response against growing tumor. Further, it can also be incorporated with
desired payload (anticancer drug, antioxidant, fluorescent agents) for enhanced
effectiveness. Advantages of such nano-biocarrier systems are large scale produc-
tion, easy isolation of desired variant, reduced risk of pathogenicity, and effective
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lyophilization for long-term storage. Such characteristics make them superb, for lung
cancer treatment [40, 41].

20.4.2.5 Bacterial Polymer Derived Nanocarriers
Bacterial polymer derived nanocarriers are known for their wide range of surface
modification added to existing nanocarriers in the form of bio-polymers, this
includes polysaccharides (dextran, bacterial starch, alginate, and hyaluronic acid);
polyamides (poly γ-glutamic acid); polyesters (polyhydroxy alkanoates and
polythioesters); polyphenols (lignin). These modified bacterial polymer hybrids
perform diverse action like drug delivery, biosensor fabrication, imaging, thus
their presence has raised the promising prospects allied to it for lung cancer manage-
ment and related effectiveness in other cancer cases too [18].

20.4.2.6 Fungal Based Nano-biocarriers
Researchers have also focused on fungal based nano-biocarriers. Their development
with added advancement in the form of fungal polymer component (β-glucan, chitin,
and chitosan) coated on nanocarriers for its better utilization in wide oncological
treatment is identified with accelerating trends [42]. Lung and other related cancer
studies have been reported with enhanced efficacy when these nano-biocarriers were
encapsulated with anticancer drugs. Further, production of biogenic metal
nanoparticles such as silver or zinc nanoparticles is also reported with promising
anticancer potential for lung cancer treatment. These nano-biocarriers are designed
with slight modification where nanoparticles are conjugated with yeast cells or vice
versa, synthesizing other similar sub-types; therefore, highlights its progressive
demands as a cost effective alternative for present microbiome associated
counterparts for lung malignancies [43].

20.4.3 Novel Nano-bio-devices

Nano-bio-devices are equipment, tools, or their constituent engineered via multidis-
ciplinary study in bio-nanotechnology for several biomedical and clinical therapies
[18]. There are four different types of nano-biodevices founded on the material of
production such as tissue based, immune-sensors, DNA-based, and microbial based
nano-bio-devices. Further, nano-devices exploiting the purpose of membrane
proteins have been improved for varied oncological uses. The advancement in
bio-nanotechnology leads to use of numerous nanomaterials like nano-dots, nano-
balls, nano-walls, nano-pillars, and nano-tubes for the construction of nano-
biodevices like nano-chips, nano-wire arrays, nano-robots, and nano-biosensors
that have massive oncological applications [18, 44].
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20.4.4 Ligand-Conjugated Nanocarriers

Bio-nanoparticles wherein the traditional nanocarriers are altered for assisting cancer
targeting using bioinspired, natural, bioengineered biomolecules are considered
under this group of bio-nanoparticles. To oblige the tenacity of effective tumor
aiming bio-nanocarriers can be either of the following sub-types: nano-reservoir
(surface coating with biomolecule), conjugate or nano-matrix (entire nano-system is
made-up of biomolecule). In most of the situations, the biomolecules have some
anticancer properties in themselves. Many innovative biomolecules which are
investigated upon for assisting the drive of active tumor aiming via
bio-nanotechnology comprise aptamers and aptasensors, proteins and peptides,
lipoproteins, carbohydrates, and polysaccharides. The simple nanoparticles that
could be altered with any of biomolecules for different oncological applications
are polymeric nanoparticles, lipid nanoparticles, lipid-polymeric hybrid
nanoparticles, carbon nanostructures, inorganic nanoparticles, and quantum
dots [18].

Lipoproteins are an assemblage of nanoparticles constituted of neutral lipids,
phospholipids, and apo-proteins. They have a specific biodegradation, bio-transport,
and bio-synthetic pathway that mark them a striking nanocarrier for focused
applications. Nevertheless, it has been described that only the LDL and HDL are
appropriate for oncological treatments owing to their exclusive alpha-helical protein
intercalation. Other lipoproteins have large diameter and curvature that subjects
them to water and makes them unbalanced [45]. More recently, innovative
bio-nanocarriers conjugated with lipoprotein as their targeting ligand are being
studied for the cancer management. The various alteration approaches that are
used for the assembly of such bio-nanocarriers comprise reconstitution-facilitated
core loading, non-covalent surface loading, and covalent modification of
phospholipids or proteins [45, 46]. Protein and peptide bio-nanocarriers are the
extremely popular types of bio-hybrids due to their superior biodegradability and
biocompatibility than synthetic nanocarriers. As these are the most ubiquitous
biomolecules they have multi-modal responsibilities in the treatment of several
diseases and also have therapeutic and drug delivery purposes along with being
used as biomarkers in lung cancer. Though, peptides are being favored over proteins
for aiming purposes, as proteins are difficult to conjugate to nanoparticles, have low
in-vivo bioavailability and high molecular weights. In recent times, most commonly
used peptides for lung cancer aiming comprising somatostatin peptide sequence,
iRGD peptide sequence, cell-penetrating peptides, and peptides targeting EGFR,
bombesin peptide, fibroblast growth factor peptide (tbFGF) [47]. Hatakeyama et al.
have developed an innovative 7-mer peptide labeled as “I-peptide” which imitate
carbohydrates and prevent carbohydrate–facilitated cell localization for the manage-
ment of several types of cancers comprising lung cancer [48]. Recently, several
carbohydrate and polysaccharide-based nanocarriers have developed as a notable
platform for onco-targeting. The lungs are rich in macrophages and have various
GLUT1 and mannose receptors present on their cell surface that facilitate the
transport and endocytosis of carbohydrate and polysaccharide altered nanocarriers
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into the tumor site [49]. Aptamers are the class of oligonucleotides with unique 3D
conformations that have been fabricated with the blend of systematic ligand evolu-
tion and in-vitro selection procedures to bestow extreme selectivity and likeness for
particular target [50]. With attainment of promptness in bio-engineering the
aptamers are being researched for their oncological applications. The procedure of
bio-engineering and aptamer fabrication is greatly assisted by an in-vitro selection
procedure recognized as SELEX. The details of all the above discussed
bio-nanocarriers are referred to in the next section. Aptamers owing to their consid-
erable molecular detection aptitude are being utilized for modifying nanoparticles
and engineering gadgets such as aptasensors. Aptasensors are bio-sensors
engineered exploiting particular aptamers [50].

20.5 Bio-Nano Carriers for Clinical Management of Lung Cancer

Besides numerous undeterred cancer related questions, the existing situation
necessities an urgent realist strategy. Bio-nanotechnology developed as a result of
the convergent evolution of biotechnology with nanotechnology in oncological
sciences to propose numerous rewards while overpowering their specific downsides.
Bio-nanotechnology has supported discovery of drugs and advancement along with
treatment of several types of malignancies comprising Ca lung. The applications of
all the above discussed bio-nanocarriers in the perspective of lung cancer treatment
have been briefed upon in Table 20.1.

20.6 Conclusion and Future Perspectives

The triple communication between host, environment, and microbiome sustains lung
homeostasis in healthy functioning. Undeniably, microbiome was proved to be
participating in several disease conditions instigation and advancement, but the
intricate mechanisms are still unknown. Communally, there are still certain key
glitches in this field first, several reports prove the part of gut microbiota in numerous
lung diseases but there are methodological contests concerning to the classification
of the low biomass-lung microbiota by the NSG. Secondly, due to the poorer
richness and dearth of fully characterized reference genomes, the function of micro-
bial components other than bacteria like virus and fungi is mostly unknown in lung
cancer. Third, microbiome role in the development of lung cancer has fascinated
more responsiveness to the communication among microbiome and tumor immune
microenvironment, but lung tumor microenvironment derivative microbiome was
also described to perform straight on the tumor tissue and the microbial biomarkers
in initial stage lung cancer are still requisite to be investigated. However, with
numerous optimistic outcomes, the application of principles of
bio-nanotechnology and nano-bioscience has offered an enormous prospective to
redefine the existing oncological development. A complete fleet of diverse forms of
bio-altered nanosystems is being explored to overcome several problems in the way
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Table 20.1 Bio-nanotools for lung cancer treatment

Onco-modality Bio-nanotools Findings Ref.

Diagnostics Nano-device based on nano-
porous glass-integrated
volumetric chip

The ELISA-based detection
device is surface-modified for the
rapid detection of lung cancer
biomarkers like CYFRA21-1,
CEA, and SCCA with extreme
sensitivity

[51]

Gadolinium doped-carbon
11 choline-Lenvatinib
(GdCo@Ln) nanoparticles

GdCo@ln nanoparticles had
clinically assisted PET imaging
of lung cancer and considerably
enhanced the survival in patients

[52]

Bacteriophage-T4 nano-probe
Labeled with Alexa Fluor
546 and Cy3 fluorescent dye

The nano-probes were detected to
give fluorescent signal
improvement of-90%. They had
great intracellular stability and
can be employed as a molecular
nano-probe for cell imaging and
flow cytometry

[53]

Secondary
prophylaxis/
metastasis
prevention

PEGylated liposome polycation
DNA complex for siRNA-
mediated tumor targeting

The nano-biohybrid enhanced the
tumor localization and siRNA-
mediated gene silencing (3-times
higher) via downregulation of
surviving in lung cancer. The
treatment in H-460 cells
was testified to have effective
antitumor activity as revealed by
90% apoptosis, that was 4-times
higher than the non-targeted
nano-hybrids treatment groups

[54]

Chemotherapy Doxorubicin nanoparticles
conjugated with GE-11 peptide

GE11 peptide targets the EGFR
cell receptor over lung cancer
cells with high specificity.
Studies on A549 cells shown that
the liposomes coated with 10%
GE-11 have high antitumoral
activity and 2.6-times lowered
IC50 values as compared to the
non-targeted liposomes. EGFR-
mediated cellular uptake was
considerable from fluorescent
microscopy and flowcytometry

[55]

Anti-carbonic anhydrase IX
antibody and cell-penetrating
peptide (CPP33) dual-ligand
altered triptolide-loaded
liposomes (A-CPP-TL-LP)

The A-CPP-TL-LP confirmed
high in-vitro cytotoxicity and
effective tumor permeability in
the C-IX expressing 3 D tumor
spheroids. In-vivo
pharmacodynamic studies in
orthotopic mice model of lung
tumor stated n systemic toxicity
after pulmonary administration

[56]

(continued)
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Table 20.1 (continued)

Onco-modality Bio-nanotools Findings Ref.

Phototherapy Porphyrin high density
lipoprotein (P-HDL)
nanoparticles

P-HDL mediated photo therapy
to target scavenger receptor class
B type I (SR-BI) is a novel
strategy towards photo thermal
abolition of tumors. Their
radiation of P-HDL nanoparticles
at 671 nm laser showed higher
therapeutic effectiveness in
H-460 cells. The in-vivo study in
the lung tumor model exhibited
73% cell apoptosis with no signs
of cytotoxicity to normal
neighboring tissues

[57]

Platelet membrane (PLM)
cloaked hollow nanoparticles of
bismuth selenide (HNBS) for
ICG delivery

PLM have high tumor
permeability, protracted systemic
circulation and prohibited
non-targeted drug release. The
HNBS had high ICG loading and
great stability under
hyperthermia demonstrating an
effective means of tumor
management

[58]

Immunotherapy T cell labeled with gold
nanoparticles and CT imaging
for immunotherapy

The nano-biohybrids exhibited
high tumor site accumulation and
cancer cell tracking. Substantial
tumor regression and higher
release of cytokines were evident
from proliferation assay

[59]

MicroRNA l25b-encapsulated
hyaluronic acid-PEI-
nanoparticles targeted to TAM
(HA-miR-NPs)

Intra-peritoneal administration of
the HA-miR-NPs confirmed
300-times improved iNOS
(Mlbiomarker) to Arg-l
(M2biomarker) ratio and about
6-times higher Ml toM2
macrophage ratio when
compared to the control group.

[60]

Gene therapy CDC 20 siRNA-encapsulated
cationic-liposomes

The amphiphilic cationic-
liposomes encapsulated with
synthetic CDC20 exhibited
tumor growth inhibition by
arresting cell cycle at the G2/M
phase and prevent lung
metastasis inC57BL/6 J
metastatic lung cancer mice
model

[61]

CD44-targeted lipid-modified
Hyaluronic acid-modified
SSB/PLKl siRNA self-assembly
nanosystems (HA@siRNA)

The cy3-loaded nano-system was
examined to undergo high
cellular endocytosis. The
SSB/PLKl siRNA-encapsulated
nano-system exhibited CD44-
specific gene knock-down in the
tumor initiating stem cells and
primary lung cancer cells

[62]

(continued)
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Table 20.1 (continued)

Onco-modality Bio-nanotools Findings Ref.

Combination
therapy

Photo thermally active
bioinspired lipoprotein
(BL-NPs) nanoparticles

Administration of BL-NPs to
solid lung tumors disturbed the
tumor stromal cells and extra
cellular matrix assisting tumor
priming to the secondary BL-NPs
nanoparticles. With this
approach, about 27-times higher
tumor accessibility, 4.27-fold
higher tumor infiltration, and
97.4% higher anti-metastatic
effects were detected on
consequent administration of the
BL-NPs

[63]

Indocyanine green (ICG) and
imiquimod (IQ) co-loaded poly
(lactic-co-glycolic) acid (PLGA)
nano-biohybrid

Toll-like receptor agonist (IQ),
photo therapeutic agent (ICG) in
combination with the checkpoint-
blockade by CTLA4 confirmed
greater check point blockade and
anticancer activity in mice tumor
models

[64]

Theranostics Folate-functionalized
polyethyleneimine passivated-
reducible carbon dots(F@P-
CDs) loaded with siRNAs
(EGFRandcyclinBl)

F@P-CDs exhibited an
extremely precise intracellular
siRNA payload release escorted
by blue photoluminescence upon
irradiation at 360 nm in the acidic
intracellular microenvironment.
The in-vitro cytotoxicity
assessment exhibited extremely
targeted delivery ability and high
biocompatibility of nano-
biohybrid. The multi-
functionality of nano-biohybrids
offers an assuring theranostic tool
for real-time monitoring and
treatment of several types of
cancers comprising lung cancer

[65]

Octreotide-decorated honokiol
and epirubicin-loaded liposomes
(0-HNE-LP)

The 0-HNE-LP were
demonstrated to have high
in-vitro cytotoxicity in Lewis
lung carcinoma cells (LC).
Molecular signaling including
VE-Cadherin, caspase3, MMP-2,
FAK and PI3K were altered by
0-HNE-LP to display high
anticancer activity. The
0-HNE-LP observed high in-vivo
safety and efficiency in the LC
cell-induced mice tumor model

[66]
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of onco-targeting. These upcoming nano-tools have been believed to direct their
perfectionism upon the approaching diagnostic, protective, theranostic, and thera-
peutic characteristics of numerous forms of neoplasms comprising lung cancer.
Several innovative nanocarriers have been significantly investigated to explain
many disputes encountered by traditional approaches such as drug resistance
non-specific drug targeting, detection of cancer advancement and metastasis,
off-target side-effects and poor tumor bioavailability. Though, the projecting impor-
tance of microbiome, biotechnology and nanotechnology in the oncological per-
spective has derived a magnificent view for inhibition and management of Ca lung, it
was commonly acknowledged that expansion of this field is restricted and needs
extra multidisciplinary and extensive research.
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