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Foreword

The book Human Microbiome: Clinical Implications and Therapeutic Interventions,
edited by Dr. Sabu Thomas of Rajiv Gandhi Centre for Biotechnology, is a collec-
tion of authentic and up-to-date information about the heaviest organ of our body
the gut microbiota and its effect on the well-being of our body in keeping us healthy
and in disease management. The editor has brought together eminent clinical prac-
titioners, scientists, and academicians from the leading institutions in the world to
expose the readers of this book to the latest in the field of the human microbiome.
In the age of antibiotic resistance and difficulty in disease management, people have
turned to understand the gut microbes and their role in neurological diseases, gas-
trointestinal disorders, depression, anxiety, diabetes, cancer, obesity, etc. The book
has covered all aspects of the research going on in the field of the human microbi-
ome and would act as a textbook material for the master’s and PhD programs of
many countries. The chapters of the book are organized in a way that it will also be
a good reference and quick reading material for both beginners and established
researchers in the area of microbiota. The editor is an established researcher with
over two decades of research experience in the field of molecular biology and epi-
demiology of gut pathogens with special emphasis on cholera, probiotics and
microbiomics, bacterial biofilm, and antimicrobial resistance. With his vast experi-
ence in this area, he has put together the best in the field to provide the readers a
lucid description of the field and new challenges and open questions. The book also
provides the future directions in this area and scope. The book is a great book for the
uninitiated as well as established researchers and clinicians looking at gut microbes.

Chandrabhas Narayana
Rajiv Gandhi Centre for Biotechnology
Thiruvananthapuram, India



Preface

Human microbiome is the aggregate of all symbiotic microbes that reside on or
within the human body colonizing various sites and niches. Hippocrates, the ancient
Greek physician and father of modern medicine, stated “All diseases begin in the
gut.” From time immemorial, mankind has been aware of the importance of the
microbial communities inhabiting our gut. It is not just the genes we inherit, but a
large number of microbes as we pass through our mother’s birth canal. At the time
of childbirth, the newborn baby would have been blanketed by a plethora of diverse
microorganisms. Further, these microbes are capable of impacting human physiol-
ogy, both in health and disease, contributing to the enhancement or impairment of
metabolic and immune functions. Any imbalance in the microbiome is central to
elucidating the severity of a range of diseases including inflammatory bowel disease
(IBD), autism spectrum disorder (ASD), diabetes, cancer, and obesity. Psychiatric
illnesses and neurodegenerative diseases such as depression, anxiety, and ASD fre-
quently co-occur with gastrointestinal pathology, as the host microbiome affects
neurological functions through the gut-brain axis. Therefore, the microbiome has
been duly proposed as an “essential organ” of the human body on account of its
significant involvement in the host’s well-being, in terms of nutritional require-
ments and immunomodulation. With the recent development in genomics and
metagenome analysis, significant advances in our understanding of the human
microbiome have been reported. Attempts to therapeutically manipulate microbi-
ome are also rapidly progressing with respect to reversing a damaged, dysbiotic
microbiome by probiotic therapy and fecal microbiota transplantation (FMT) for
managing selected human diseases to attain a better standard of living. Today,
human microbiome research is at a point where the statement of Hippocrates can be
rephrased as “All diseases and its cure begin in the gut.”

Through this book, we bring together eminent clinical practitioners, scientists,
and academicians from different leading institutes to provide authentic and up-to-
date information. The book focuses on various clinical implications of the human
microbiome and opens by introducing the external and internal factors shaping the
microbiome followed by a chapter on oral microbiome and its relation to systemic
health. The next chapters in detail discuss the human gut microbiota and its
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viii Preface

association with functional gastrointestinal disorders, gastric cancer, and alcohol-
associated liver disease. These chapters also provide up-to-date information on vari-
ous diagnostic and therapeutic clinical application of the gut microbiota for the
prevention and treatment of these diseases. Of special mention is the first-hand
information on fecal microbiota transplantation (FMT) as an effective intervention
shared by a team of practicing gastroenterologists. Furthermore, a chapter discuss-
ing the various genetic and epigenetic regulations of the gut microbiome in modu-
lating metabolites and its association with chronic metabolic diseases has also been
incorporated. In the next chapter, a team of neurologists investigates the impacts of
the gut microbiome on neurological disorders which is governed primarily by vagal
tone. The following chapter expounds the pros and cons of probiotics as an alterna-
tive to antimicrobials and the application of omics technologies in probiotic
research. The subsequent chapter deals with the chronic conditions in geriatrics
with respect to metabolic and infectious diseases with gut microbiota and polyphar-
macy. Another remarkable feature of the book is an exclusive chapter dedicated to
virome, the less explored component of the human microbiome and its intricate
relationships with the host. The book closes with a chapter very relevant to the cur-
rent scenario, by exploring the influences of the human microbiome in the patho-
genesis of the COVID-19 pandemic and potential therapies involving modulations
of the microbiota.

I'extend my sincere gratitude to all who have been part of this endeavor. Foremost,
I would like to pen my sincere gratitude to Prof. Chandrabhas Narayana, Director,
RGCB, Prof. M. Radhakrishna Pillai, former Director, and Dr. G. Balakrish Nair,
Honorary Distinguished Professor, for their constant support and encouragement. I
am extremely grateful to all the authors who munificently gave their time and energy
to draft the book chapters, the editorial team for their critical and thoughtful com-
ments, and Springer Nature for their excellent assistance throughout the process. I
also acknowledge the Department of Biotechnology of the Government of India. I
sincerely hope this volume sparks the interest of young researchers in extending the
knowledge on the realm of the human microbiome that will further assist in the
discovery of robust microbial biomarkers underlying various diseases. Widespread
applications of effective microbiome-based therapeutic strategies will reduce the
dependency on conventional medicines and thereby decelerate the pace of antimi-
crobial resistance.

Thiruvananthapuram, India Sabu Thomas
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Chapter 1
Human Microbiome: Implication of Age
and External Factors

Check for
updates

Hilal Bashir, Anchal Bawa, and Rashmi Kumar

1 Introduction

The human body is colonized by a range of microorganisms, including bacteria,
fungi, archaea, viruses, and unicellular eukaryotes, which play an important role in
the development of their host in profound ways. The collective term for all these
organisms on a particular niche is called microbiota, and the combined genome of
constituent microbes is termed as microbiome (Hsiao et al. 2013). The microbiota
residing in the human gut outnumber human cells by a factor of 10 (Sender et al.
2016), out of which bacteria predominate all other microbial forms. According to an
estimate, almost 500-1000 different species of bacteria reside in the human gut
(Sommer and Backhed 2013). Two predominant bacterial phyla Bacteroidetes and
Firmicutes constitute more than 90% of the total gut bacterial community, with the
remaining 10% comprising other phyla including Proteobacteria, Actinobacteria,
and Verrucomicrobia (Qin et al. 2010). This composition basically remains stable
and unaffected by temporal disturbance once established early in life (as early as
within 3 years of birth) after a dynamic nature of gut microbiota in neonatal life
(Rodriguez et al. 2015). The commensal microbial communities remain stable while
the relative abundance of bacteria and their diversity undergo dynamic changes
depending upon the genetic and environmental factors of the host. Even though
inter-individual variation in gut microbiota profile exists, there remains a shared
array of bacterial genes, constituting core microbiome provided by individual
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bacterial taxa having functional redundancy (Lozupone et al. 2012). This stability
starts losing with age-associated dysbiosis and varies from individual to individual,
and in general, the beta diversity of gut microbiota increases and becomes more
variable with advancement in age (Claesson et al. 2011). Apart from the gut, com-
plex aggregates of microbiome reside at various body sites, including oral cavity,
skin, respiratory tract, urinary tract, and reproductive tract (Sender et al. 2016),
where they perform various metabolic functions, provide colonization resistance to
pathogens, and regulate the immune system. Several studies have identified vari-
ables of external and environmental factors and age-related microbial dysbiosis
associated with health complications of old age. However, the identification of
causal relationship is still at large. It has been demonstrated that altering gut micro-
biota with the intervention of diet, probiotics, prebiotics, and synbiotics is a promis-
ing strategy for healthy aging and has a beneficial effect on age-related health
consequences. In this chapter, we have reviewed and summarized all relevant stud-
ies describing the association of microbiome with human host at all stages of life.
Microbial acquisition, their succession with chronological aging of host, role and
impact of acquired microbiota on the host, and reciprocal effect of host-related fac-
tors on microbial abundance are summarized.

2 Acquisition of Microbiota in Early Life

Neonates acquire microbiota quite early in life during the prenatal period, and the
composition of pioneering microbial communities influences early metabolic and
immunologic development of infants. The initial microbiota is highly dynamic in
nature and is acquired both prenatally and postnatally. Infants gain microbiota from
their mother and surrounding environment, and their composition is structured by
many covariates including mode of delivery, type of feeding, early exposure to anti-
biotics, and mother’s health during pregnancy. The prenatal microbial acquisition is
primarily achieved via vertical transmission from the mother through the placenta
during pregnancy, as demonstrated by the presence of Lactobacillus and
Bifidobacterium DNA in the placenta of both vaginal and cesarean born infants
(Satokari et al. 2009). Fusobacterium nucleatum, prominent oral bacteria associated
with intrauterine infections, penetrate the vascular endothelial cells, disseminate
systemically, colonize placenta, and subsequently reach the amniotic fluid and the
fetus through the attachment of FadA adhesin with its endothelial receptor,
VE-cadherin (Fardini et al. 2011). Mode of delivery is another deciding factor for
the structuring of the neonatal microbiome. Vaginally delivered and cesarean sec-
tion born infants differ in their normal gut microbial consortia and immunity.
Vaginally delivered neonatal microbiota resemble maternal vaginal microbial com-
munities, predominantly Bifidobacterium, Lactobacillus, Prevotella, and Sneathia
spp. while the caesarean born have bacterial communities similar to the mother’s
skin, predominated by Staphylococcus, Corynebacterium, and Propionibacterium
spp. (Sampaio-Maia and Monteiro-Silva 2014). The presence of Bifidobacterium,
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Enterobacteriaceae, Enterococcaceae, and Prevotella in first-pass meconium also
suggests in utero acquisition of bacterial communities (Hansen et al. 2015; Martin
et al. 2016). Bifidobacterium predominance has been shown to provide augmented
vaccine response while the dominance of Clostridiales, Enterobacterales, and
Pseudomonadales associates with neutrophilia and weak immune response against
vaccines (Huda et al. 2014). Additionally, although quite controversial, the place of
birth can be a covariate having an impact on the early bacterial colonization of neo-
nates (Chong et al. 2018). The gut microbiota of neonates has been reported to
resemble that of the hospital environment, which can lead to the spread of patho-
gens and vulnerability toward early atopic manifestations (Brooks et al. 2014).
Clostridium difficile was found associated with vaginally delivered hospital born
infants in comparison to home born infants and was linked with wheeze, eczema,
and ultimately the procurement of asthma during 6-7 years of life (van Nimwegen
et al. 2011). Alongside the place of birth, geographical location of birth also has a
role in the build-up of healthy gut microbial consortia. In a study, comparing gut
microbiota of 6-week infants from five distinct geographical locations of Europe
has shown a high prevalence of Bifidobacterium in the fecal samples of infants from
Northern European countries while those belonging to Southern Europe possess
much diverse microbiota, mainly dominated by Bacteroides and Lactobacillus
(Fallani et al. 2010).

After birth, the acquisition of microbiota is governed by nutrition. Breastfed and
formula-fed infants differ in their gut microbial composition, which is simultane-
ously linked with their immune, neurological, and metabolic development (Martin
et al. 2016). Mother’s milk is the chief source of microbial seeding into infants after
birth. Besides being a rich source of nutrients, it possesses a much complex and
diverse microbial ecosystem that lays the foundation for an infant’s immune devel-
opment (de Andres et al. 2017). Bacterial colonization in mammary glands and
consequent prevalence in the milk is supposed to be due to the translocation of
bacteria from the gut to the extra-intestinal regions during pregnancy, as demon-
strated by the presence of orally administered lactic acid bacteria strains—Lacto-
coccus lactis and L. salivarius in the mammary gland of pregnant dams (de Andres
et al. 2017). Streptococcus, Lactobacillus, and Bifidobacteria are the most frequent
genera present in breast milk coinciding with their presence in the infant’s gut (Solis
etal. 2010). Breastfeeding also contributes to the acquisition of Staphylococcus spp.
from the areolar skin of the mother (Stewart et al. 2018). Colostrum, the initial
mother’s milk, is unique and different in its microbial composition from the mature
milk (Toscano et al. 2017). Bacterial communities in the colostrum belong to the
genera Staphylococcus dominated by S. epidermidis, Streptococcus dominated by
S. salivaris, Pseudomonas, Prevotella, and Bacteroides (Toscano et al. 2017;
Obermajer et al. 2014). The gut ecosystem of a healthy breastfed infant as compared
to a formula-fed infant shows the initial prevalence of facultative anaerobes includ-
ing Streptococcus and Enterococcus and later on the obligate anaerobes like
Bifidobacterium and Lactobacillus from day 10 until 3 months of age (Martin et al.
2016; Solis et al. 2010). On the other hand, formula-fed infants possess Clostridium
XVIIL, Lachnospiraceae incertae sedis, Enterococcus, Veillonella, and Streptococcus
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in abundance (Wang et al. 2015). Propionibacterium serves as an important tool for
distinguishing breastfed and formula-fed infants, being significantly abundant in the
fecal samples of breastfed infants (Wang et al. 2020). Transition to solid food leads
to the intrusion by another class of microbes that resembles adult-like microbiota
with high efficiency to digest solid food. This is mainly composed of Bacteroidetes
and Clostridium cluster IV and XIV (Martin et al. 2016; Koenig et al. 2011).
Initial acquisition of microbiota is markedly influenced by the usage of antibiot-
ics by mothers and infants (Penders et al. 2006). Maternal or neonatal antibiotic
exposure has been well documented to induce ecological imbalance in an infant’s
gut characterized by decreased microbial diversity, which impairs appropriate
immune development and predisposes infants to immune disorders quite early in
life (Eck et al. 2020). Antibiotic usage by pregnant mothers during the perinatal
period leads to microbial dysbiosis in the maternal vagina and neonatal meconium,
which further makes infants susceptible to early-onset sepsis (Zhou et al. 2020).
Increased colonization by multi-drug resistant Enterococcus and Enterobacteriaceae
and abatement of commensals like Bifidobacterium, Eubacterium rectale, and
Bacteroidetes were reported in infant gut after administration of broad-spectrum
antibiotics in the first 4 days of life (Tanaka et al. 2009; Eck et al. 2020). This
antibiotic-induced dysbiosis has been shown to normalize within 15 days upon
breastfeeding (Eck et al. 2020). Breastfeeding along with probiotic supplementation
to mother and to the infant has been shown to ameliorate the effect of antibiotics and
birth mode displayed by increased Bifidobacterium and decreased Clostridia and
Proteobacteria abundance in treated infants (Korpela et al. 2018). However, altera-
tion of dysbiosis is transient and lasts only until treatment continues. Durable
changes in gut microbiota are an area of active research, and in this regard, probiotic
inoculation of Bifidobacterium longum subsp. infantis EVC001 has shown signifi-
cant alteration of gut microbiota and colonization of the gut with healthy microbiota
(Jacobsen et al. 1999), even after the cessation of therapy (Frese et al. 2017).
Mother’s BMI, weight, and weight gain during pregnancy are decisive factors for
the establishment of a healthy gut ecosystem in neonates. Kids of overweight moth-
ers or the mothers that gain excess weight during their pregnancies show a prepon-
derance of Staphylococcus, Akkermansia muciniphila, Bacteroides, and Clostridium
difficile group and paucity of Bifidobacterium as compared to those from the normal
weight mothers, and this is concurrently linked with the risk of obesity. The relative
proportion of Bifidobacterium and Clostridium coccoides regulates higher and
lesser body weight, respectively (Collado et al. 2010). Mother’s weight also alters
breast milk composition in respect to cytokines and microbiota, which in turn exerts
its influence on an infant’s development. Overweight mothers possess decreased
levels of transforming growth factor-p2 (TGF-f2) and soluble CD14 (sCD14) and
increased levels of IL-6 in milk. A higher abundance of Akkermansia muciniphila
regulates the level of IL-6 in colostrum of overweight mothers, which in turn relates
to the lower count of Bifidobacteria in infants, making them at risk for obesity
(Collado et al. 2012). Although maternal obesity impinges an infant’s gut microbial
ecosystem during the exclusive breastfeeding period, the same does not seem to
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hold importance during the complementary feeding period, and diet starts regulat-
ing gut microbial diversity during this phase (Laursen et al. 2016).

The bacterial communities at different body sites of a newborn, namely oral,
intestinal, skin, and nasopharyngeal, are very similar to each other (Dominguez-
Bello et al. 2010). Pioneering oral microbial communities including Streptococcus
and Staphylococcus are acquired in the first 24 hrs of birth through breathing,
breastfeeding, and contact with surrounding people (Sampaio-Maia and Monteiro-
Silva 2014; Li et al. 2017), and these early colonizers further condition the subse-
quent colonization leading to the established and complex oral ecosystem. A
complex oral microbial community with a predominance of Streptococcus,
Haemophilus, Neisseria, and Veillonella establishes at around 5 months of age.
Microbial diversity in the oral cavity is influenced by exposure to environmental
factors such as feeding patterns, solid food introduction, and dentition, and this
maturation process continues until adulthood (Cephas et al. 2011).

The skin of the human body provides an extensive interface with the environ-
ment and is also considered to be dominated by diverse commensal microbiota hav-
ing a crucial role in the development of the host’s immune system against foreign
pathogens (Grice et al. 2009). Neonatal skin is structurally similar to adult skin but
with a distinct metabolic profile, environmental exposure, and immune activity.
Early colonizers of neonatal skin are maternal strains that colonize the skin soon
after birth (Casterline and Paller 2020). A shift in microbiota composition was
observed as early as 72 h after birth, and acquisition of antibiotic resistance genes
(ARGs) was reported in postpartum hospitalization settings in newborns (Klassert
et al. 2020).

The initial microbiota of infants is highly dynamic in nature and varies within
hours, days, months, and years of life (Rodriguez et al. 2015). The variations are
observed not only in the microbial diversity but also in the relative richness of dif-
ferent taxa. These fluctuations are majorly observed up to the age of 3 years, and
afterward, an adult-like microbial framework is achieved, which gradually gets sta-
bilized with time (Derrien et al. 2019).

3 Site-Specific Succession of Microbiota with Age

The ecologically stable healthy microbiome of different body niches includes both
bacterial and nonbacterial communities residing in almost all the body parts includ-
ing gastrointestinal tract, skin, vagina, oral cavity, etc. (Backhed et al. 2012). Human
gut microbiota abundance changes along with host aging and manifests in either
expansion or abatement of certain microbial species that are known to be simultane-
ously linked with age-related health implications (Xu et al. 2019). Considering the
gut microbial communities, an infant’s gut is primarily colonized by the populations
of facultative anaerobes belonging to Enterobacteria including E. coli, Klebsiella,
and Enterobacter and coagulase-negative Staphylococcus for the first 2 months of
age. As the infant ages toward adulthood, the population size of these facultative



6 H. Bashir et al.

anaerobes gradually decreases and is soon outnumbered by obligate anaerobes pio-
neered by Bifidobacterium and Clostridium (Adlerberth et al. 2006). The major fac-
tor reasonable for the shift in the microbial composition in the fundamental years of
life is the change in the dietary substrates from milk to solid food containing indi-
gestible carbohydrates. The milk diet favors the growth and proliferation of bacteria
that can efficiently metabolize milk oligosaccharides including soluble and conju-
gated glycans. Thus, infants exhibit a preponderance of Lactobacillus,
Bifidobacterium longum subsp. infantis ATCC15697, Bacteroides fragilis, and
Bacteroides vulgatus (Marcobal et al. 2010; Sela and Mills 2014). With the intro-
duction of solid food, an adult-like microenvironment starts developing, favoring
the growth of Bacteroidetes and Firmicutes (Koenig et al. 2011). A fibrous and pru-
dent-style diet facilitates the growth of beneficial microbes mainly enriched by
Prevotella and Xylanibacter, which hydrolyze the dietary cellulose and xylan and
produce short-chain fatty acids including acetate, propionate, and butyrate, which
provide protection against inflammation and noninfectious colonic diseases,
whereas a high-fat and high-sugar westernized diet causes intestinal impairment and
endotoxemia (Koenig et al. 2011; Pendyala et al. 2012).

In the case of a rare population of extremely long-lived individuals, i.e., cente-
narians and super-centenarians, diverse microbiota with decreased relative abun-
dance compared to healthy individuals was observed where alpha diversity can
predict longevity, and microbial diversity is modifiable with dietary interventions
(Kong et al. 2016). A universal healthy microbial signature of longevity was also
identified, which consists of Clostridium cluster XIVa, Lachnospiraceae,
Akkermansia, and Ruminococcaceace by comparing two super-centenarian cohorts
from distinct geographical locations (Biagi et al. 2016; Kong et al. 2016). Very long-
lived frail individuals were represented with less diverse microbial signatures
(Jackson et al. 2016). A substantial decrease in a “potent probiotic” species like
Ruminococcaceae, Erysipelotrichaceae, Lachnospiraceae, and Faecalibacterium
prausnitzii and an increase in certain species like Eubacterium dolichum and
Coriobacteriaceae (e.g., Eggerthellalenta) have been reported (Jackson et al. 2016;
Rampelli et al. 2013). The extent of age-associated conditions like sarcopenia, sys-
temic inflammation, mental health, and frailty have been demonstrated to correlate
with frail microbiota (Amato et al. 2019). Factors like reduced exercise, dietary
changes, antibiotic exposure, and medication are claimed to be the reason for the
loss of diversity (Claesson et al. 2012). The acquisition and succession of microbi-
ota from birth to old age are depicted in Fig. 1.1.

Skin is the largest body organ with miscellaneous niches and harbors a plethora
of diverse microorganisms with a predominance of Gram-positive bacteria such as
Staphylococcus, Propionibacterium, and Corynebacterium species and fungal
genus Malassezia with under-representation of Gram-negative bacteria (Wu et al.
2020). An age-associated shift in skin bacterial communities reported by recent
studies acknowledges the influence of environmental factors and chronological and
physiological skin aging (Shibagaki et al. 2017). Propionibacterium spp. were
enriched in the skin of young when compared with elderly and centenarians and
correlated with the activity of the sebaceous gland, while potential pathogenic
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Fig. 1.1 Microbial succession from early life to late life: (a) different microbial stratum with
varied modes of delivery like vaginal and cesarean section, (b) location of delivery resulting in the
predominance of many microbial species, (¢) postnatal factors like food-liquid/solid resulting in
different microbial structure, (d) site-specific microbial abundance through the adult stage, and (e)
microbial divergence in different elderly stages like healthy, nursing home, and frail

strains of Staphylococcus and Streptococcus spp. were detected in centenarians (Wu
et al. 2020).

Microbial communities of the vagina play an important role in promoting homeo-
stasis and prevention from pathogenic bacteria. The vagina is predominantly occu-
pied by the lactic acid-producing bacteria including Lactobacillus iners, L. crispatus,
L. gasseri, and L. jensenii. They provide protection by lowering the vaginal pH
through lactic acid, producing hydrogen peroxide and bacteriocins, and giving com-
petition to pathogenic strains for nutrients and space (Ravel et al. 2011). Acquisition
of vaginal microbiome occurs shortly after birth, and as of other body sites, it is also
influenced by the mode of birth and resembles maternal microbiota. Composition of
the vaginal microbiome changes with hormonal shifts associated with age, which
makes the environment from neutral/slightly alkaline environment in childhood to
acidic at the attainment of puberty and again alkaline at menopause (Fettweis et al.
2019). In young children, the vaginal microbiome consists of a mixed population of
aerobes, anaerobes, and enteric organisms; this changes to the predominance of
Lactobacillus during adulthood (Hickey et al. 2012). Menopause causes physiologi-
cal changes in the vaginal environment and is accompanied by depletion of
Lactobacillus and increase in biodiversity with enrichment of Prevotella,
Porphyromonas, Peptonipjilus, and Bacillus (Gliniewicz et al. 2019; Hummelen
et al. 2011).

In comparison to other body sites, studies related to age-associated alteration in
the oral microbiome are still scarce (Garcia-Pena et al. 2017). With age, a shift in
the oral microbiome occurs from core microbiota to periodontal pathogens (Dewhirst
et al. 2010). Analysis of oral microbiome in the elderly, living in nursing homes, has
depicted less diversity at phyla level as compared to those living independently. The
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nursing home elderly are also found to have a higher abundance of Streptococcus,
Actinomyces, Selenomonas, Bacilli with a reduced abundance of Campylobacter
and Fusobacterium (Ogawa et al. 2018). On comparing oral microbiome in healthy
and non-healthy elderly individuals, alpha diversity was found to be much richer in
healthy individuals with an increased abundance of Fusobacterium and
Capnocytophaga (Singh et al. 2019).

Although it is well known that there is a relative stability of microbial diversity
at middle age approx. at 40 years in humans (de la Cuesta-Zuluaga et al. 2019), loss
of stability occurs at extremes of age and is associated with dysbiosis (O’Toole and
Jeffery 2015). Determination of relative contribution of age, medication, co-mor-
bidities, and diet is quite challenging, but effects of the said factors have been
reported in model organisms like mice, fruit flies, and nematodes, thus suggesting
dysbiosis to be the attribute of aging (Clark et al. 2015; Smith et al. 2017; Cabreiro
et al. 2013; Broderick et al. 2014). Hence, in accordance with these studies, it would
be quite interesting and imperative to study the interaction among different tissue/
organ-associated microbial diversities with age to prevent associated diseases.

4 Host and Environmental Factors Influencing Microbiota
with Age

The microbiome of different body niches, as discussed above, are essential to human
health; their abundance and composition are influenced by various environmental
and host-related factors. Here, in this section, we will summarize the influence of
various factors such as host physiology, diet, nutrition, and medication on microbial
composition with age.

4.1 Host Physiology

Host physiology drastically changes with age and is one of the key factors that
shape microbiome structure (Amato et al. 2019). Life span can be extended by pre-
venting age-associated changes in physiology, which dampens dysbiosis at old age
(H. Li et al. 2016). Mucin provides protective lining to the gastrointestinal tract
(GIT) and prevents microbial infiltration through epithelial cells (Dieterich et al.
2018). A decrease in mucin production with age leads to chronic inflammatory
response due to unregulated infiltration of microbes (Elderman et al. 2017).
Members of Clostridiaceae, Akkermansiaceae, Bifidobacteriaceae, and
Bacteroidaceae families show alteration with age, which uses mucin as a nutrient
source (Derrien et al. 2010). Administration of Akkermansia muciniphila, a potent
inducer of mucin production, has been found to mitigate age-associated loss of
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mucin, resulting in improved immune and health status with increased lifespan in
animal models (Barcena et al. 2019; Depommier et al. 2019).

Increased intestinal permeability is an important cause of intestinal dysbiosis
(Dumic et al. 2019). Loss of tight junction proteins like zonulin and claudins during
uncontrolled pro-inflammatory response results in loss of many microbial niches
(Mabbott 2015). Low-grade inflammation with increased levels of inflammatory
cytokines like IL-6 and TNF-a contribute to frailty and chronic inflammatory disor-
ders (Franceschi et al. 2000). This leads to impairment of monocytes, neutrophils,
and tissue macrophage development, which are important for intestinal integrity
maintenance in response to dysbiosis (Zhang et al. 2015). Although studies related
to the role of myeloid immunosenescence in barrier or microbial dysfunction are in
paucity, it has been shown that retarding chronic inflammation alleviates myeloid
dysfunction and dysbiosis (Thevaranjan et al. 2017).

4.2 Diet

Components of diet, such as macronutrients; carbohydrates, proteins, and fat, play
a quintessential role in regulating intestinal microbiome diversity and shift in human
microbiota (David et al. 2014; O’Keefe et al. 2015). Factors like sex, medication,
age, and ethnicity corroborate with diet in shaping the microbiota, which results in
further complexity to decipher the collective responsiveness (Sanz et al. 2018).
Richness and diversity of human microbiota decrease on the consumption of
dietary saturated fatty acids in adults and infants (Wolters et al. 2019). High-fat diet
intervention in healthy adults results in elevated levels of Bacteroides and Alistipes,
which is inversely proportional to Faecalibacterium species and is in concurrence
with cardiovascular and metabolic disorder-associated metabolites like p-cresol and
indole (Wan et al. 2019). Consumption of omega-3 polyunsaturated fatty acids
(PUFAs), which are known for anti-cancer and anti-inflammatory effects, increases
certain butyrate-producing bacteria (Watson et al. 2018). Dietary proteins similar to
fats are also very potent in altering the normal microbiota structure with consider-
able inter-individual variation in microbial abundance and composition. In addition
to the type of proteins, the source of the same, i.e., animal or plant derived, also
plays a crucial role in determining the response (Zhu et al. 2015). Consistent con-
sumption of protein-rich diet results in enrichment in bile-tolerant species like
Bacteroides, Alistipes, and Bilophila and reduction of saccharolytic species like
Roseburia, Ruminococcus bromii, and Eubacterium rectale (David et al. 2014).
Consumption of plant-based protein diet like glycated pea proteins significantly
increases Lactobacilli and Bifidobacteria with concurrent production of short-chain
fatty acids (SCFAs) in humans (Swiatecka et al. 2011). Carbohydrate-rich diet
selectively flourishes microbial species having the ability to digest them.
Carbohydrates consumed in the form of fibers found in fruits, grains, vegetables,
and milk products affect gut microbiota composition, which is restricted to the type
and duration of intake. Long duration of complex carbohydrate intake increases
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Prevotella abundance in humans (Lang et al. 2018), while arabinoxylan-degrading
Bifidobacteria were absent in hunter-gatherer populations with reduced grain diet
(Schnorr et al. 2014). Non-digestible carbohydrates favor a significant increase in
phylum like Firmicutes with species including Ruminococci, Eubacterium, and
Roseburia (Walker et al. 2011), while low intake of carbohydrates leads to a signifi-
cant decrease in butyrate-producing Firmicutes and Bifidobacteria along with low
levels of fecal butyrate in obese subjects (Duncan et al. 2007). Diet has an important
role in defining frail microbiota signature. Low-fiber/vegetable and high-saturated
fat/sugar diet contribute substantially to the frail microbiome (Claesson et al. 2012).
Changes in specific metabolites on nutrient acquisition and inflammatory modula-
tion are known to be the common feature of extreme age with frailty (Krishnan et al.
2018). Short-chain fatty acid (SCFA)-producing species have been reported by
many studies to decrease with age, but a concordant decrease in the fiber-rich diet
makes it quite difficult to determine the exact cause. At the population level, person-
alized microbial signature has been found associated in response to specific dietary
fiber- and carbohydrate-containing prebiotics (Korem et al. 2017), and such base-
line microbial diversity plays an important role in predicting microbial response to
dietary carbohydrates (Salonen et al. 2014).

These studies collectively affirm that beyond genetic make-up, factors like nutri-
tional content, meal timing, gut microbiome, and host metabolism are some key
determinants for the dietary response.

4.3 Nutrition

Nutrition is recognized as a spearhead in regulating human microbiome structure
via modulating numerous individual species and their functionality (David et al.
2014). Combinatorial effects of host and microbial features direct the observed
interpersonal variation in a population in response to nutritional components
(Rothschild et al. 2018). Various chemical molecules of nutrients regulate host
metabolism by promoting the secretion of enzymes and other regulatory molecules,
directing immune response toward bacterial colonization (Zmora et al. 2019).

SCFAs like butyrate, propionate, acetate, lactic acid, and acetic acid have an
imperative role in promoting the proliferation of epithelial cells and enhancing the
expression of tight junction proteins (Makki et al. 2018). Apart from these core
molecular functions, SCFAs have a quite considerable role as an energy source for
resident microbes, thus maintaining the diversity of the same (Van den Abbeele
et al. 2013). However, how age and frailty-associated decrease in SCFA-producing
species like Lachnospiraceae and Ruminococcus spp. directly impact extreme age
conditions and barrier integrity is still elusive.

Vitamin D is another covariate that regulates intestinal microbial composition
and tissue homeostasis by governing adaptive immune system components: Treg,
Th17,Thl, and B cells (Yamamoto and Jorgensen 2019). It acts on vitamin D recep-
tor (VDR), a nuclear receptor, expressed in immune cells and colonic epithelial
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cells (Bizzaro et al. 2017; Thomas et al. 2020). Increased vitamin D activation ratio,
i.e., hormone to prohormone ratio, augments the microbial diversity with a prepon-
derance of butyrate-producing bacteria, including Firmicutes in the gut. These
butyrate-producing bacteria synthesize SCFAs, which are used by the colonic
immune cells and enterocytes for energy production and further
1,25-dihydroxycholecalciferol synthesis (Thomas et al. 2020). This bidirectional
interplay maintains both tissue and immune homeostasis. Any perturbation in their
interaction, either due to impaired vitamin D biosynthesis or absence of VDR or
both, results in intestinal dysbiosis with increased levels of Bacteroides and
Proteobacteria and decreased levels of Lachnospiraceae, Lachnobacillaceae, and
Ruminococcaceae linked with the elevated risks of developing autoimmune dis-
eases (Thomas et al. 2020; Bizzaro et al. 2017). Additionally, vitamin D also pro-
motes microbial vitamin B synthesis and simultaneously maintains normal levels of
Actinobacteria, Firmicutes, Bacteroidetes, and Proteobacteria and averts the devel-
opment of atherosclerosis and autoimmunity (Gominak 2016). We may interpret
that a comprehensive study about the role and mechanism of action of vitamin D in
regulating intestinal microbial diversity can help avert the trailing ailments that
appear with its deficiency.

4.4 Medication

Antibiotics are consumed to prevent pathogenic infections, but they affect commen-
sals as well and their long-term consumption can severely disrupt a healthy micro-
biome (Langdon et al. 2016). Administration of ciprofloxacin in healthy adults has
been reported to affect about one-third of the total gut bacterial taxa, thereby influ-
encing the richness, diversity, and evenness of residential communities (Dethlefsen
et al. 2008). Similarly, clindamycin, which is used against Gram-positive and anaer-
obic bacterial infections and is prescribed to patients allergic to f-lactam antibiotics,
causes loss of intestinal microbial diversity with about 90% reduction in cecal
microbial taxa, thus enhancing intestinal pathogenic bacterium Clostridum difficile
and predisposing individuals toward C. difficile-induced colitis (Bulloch et al. 2016;
Buffie et al. 2015). Similarly, the combined action of streptomycin and vancomycin
causes alteration of gut microbial composition culminating in host’s susceptibility
to pathogenic infection by Salmonella enterica serovar Typhimurium (Sekirov et al.
2008). Antibiotics can have a long-term influence on indigenous gut microbiota
even after cessation of treatment, and further acquisition of antibiotic-resistant
genes was also reported. The use of clarithromycin and metronidazole for therapy
against Helicobacter pylori-induced peptic ulcers and gastric cancer resulted in a
reduction of the abundance of Actinobacter in both throat and feces along with the
expression of antibiotic-resistant genes, which make subsequent antibiotic treat-
ment more challenging (Jakobsson et al. 2010). The gut microbiome was found to
be more susceptible to several antibiotic classes than the oral microbiome, and the
knowledge about the mechanism for resilience toward antibiotic-induced dysbiosis
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in the oral microbiome can help combat dysbiosis in other body niches after antibi-
otics treatment (Zaura et al. 2015). Hence, antibiotics must be consumed with high
precision, considering their effects on the innocuous microbes in different body sites.

Rapamycin, an immunosuppressant drug and inhibitor of mammalian target of
rapamycin and metformin, an anti-diabetic drug, possesses both anti-aging and anti-
cancer properties. It prevents immune cell activation of macrophages and mono-
cytes and impedes the age-related autoimmunity and inflammatory responses (Xu
et al. 2020). However, it is a potent modulator of the gut microbiota (Blagosklonny
2019). A recent finding has shown that transient administration of rapamycin for
3 months in middle-aged mice remodels the small intestinal microbiota with a sig-
nificant upsurge in the population of Gram-positive segmented filamentous bacteria,
as confirmed from their fecal DNA real-time PCR analysis and increases the life
expectancy by up to 60% (Bitto et al. 2016). When studying the role of rapamycin
in the resolution of multiple sclerosis, an autoimmune disease, Xu et al. found that
rapamycin administration in the experimental autoimmune encephalomyelitis
(EAE) model can restore the gut microbial abundance to normal. They found that
the EAE group shows a decrease in Bacteroidetes and an increase in Firmicutes in
their fecal sample analysis with a simultaneous appearance of Enterobacter, a patho-
genic form of Proteobacteria. Moreover, both rapamycin and MCC950 (a specific
small-molecule inhibitor of NLRP3 inflammasome) treatment, individually or syn-
ergistically, can revive their normal microbial composition, alleviate the associated
symptoms, promote autophagy, and narrow down the autoimmune responses (Xu
et al. 2020).

Skin microbiota that stably colonizes over time gets destabilized with topical use
of antibiotics, pre-operative antiseptics, and temporal bleach bath, resulting in tem-
poral depletion of skin microbiota. These treatments typically target pathogenic
skin colonizers like group A Streptococci or methicillin-resistant Staphylococcus
aureus, but due to their nonspecificity, they often lead to collateral damage and
reduced microbial diversity (Claesen 2018); however, recovery occurs quickly
within 6-12 hrs (SanMiguel et al. 2018). Frequent use of soap and skin cleansers
alters the diversity and richness of skin microbiota and also reduces the abundance
of antimicrobial peptides (Yu et al. 2018; Two et al. 2016). Similarly, oral microbi-
ota gets influenced by lifestyle and behavior. Dietary choice, consumption of
tobacco and alcohol, and oral hygiene practices influence oral microbiome compo-
sition. Oral microbiota undergo dysbiosis in response to external stimuli such as
cigarette smoke and alcohol (Camelo-Castillo et al. 2015; Fan et al. 2018). Mouth
washes, which are effective for oral conditions like gingival inflammation, bleeding,
and dental plaque, impact the oral microbiome. A seven-day use of chlorohexidine
mouth wash led to an increase in the abundance of Neisseria, Streptococcus, and
Granulicatella while lowering the abundance of Actinomyces (Bescos et al. 2020).
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S Age-Associated Diseases and Their Influence
on Gut Microbiota

The physiological process of aging contributes to the onset of many diseases, and a
decrease in gut microbiota diversity with age has been shown to be a potent risk
factor. Age-associated ailments like inflammatory bowel disease (DeJong et al.
2020), cancer (O’Keefe et al. 2009), neurological diseases (Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis) (Sampson et al. 2016; Hu et al. 2016), met-
abolic diseases (obesity, diabetes) (Barlow et al. 2015; Komaroff 2017), musculo-
skeletal conditions (frailty, osteoporosis, rheumatoid arthritis, gout) (Jackson et al.
2016; Vieira et al. 2015; Britton et al. 2014; Scher et al. 2013), and tuberculosis
(Negi et al. 2019) have been reported to be associated with microbial dysbiosis.
However, there is still a causality dilemma, whether alteration in microbiome causes
age-associated inflammation and senescence, which results in various diseases, or
the latter is involved in microbial dysbiosis. Human studies have shown a substan-
tial difference in long-lived and frail individuals’ microbiome, but their impact on
the promotion or prevention of later life diseases is still in paucity (DeJong
et al. 2020).

Chronic and low-grade systemic inflammation known as inflammaging, related
to changes in pro-inflammatory cytokines (IL-6, IL-8, C-reactive proteins and
TNFa), has a key role in the pathogenesis of various age-associated diseases
(Ferrucci and Fabbri 2018; Castaneda-Delgado et al. 2017; Sarkar and Fisher 2006).
Concurrently, numerous studies have shown a substantial role of microbiota in these
age-related inflammatory conditions (Buford 2017), along with key geriatric syn-
dromes like dementia and physical frailty (Jackson et al. 2016; Cattaneo et al. 2017).
A gradual reduction in microbial components, especially in the gut, results in
retarded resilience and homeostasis, making individuals susceptible to diseases
(Elinav et al. 2011; Kranich et al. 2011). A decrease in biodiversity weakens host
defense toward invading pathogens, as in the case of Clostridium difficile-associated
diarrhea, the major complication in hospitalized elderly (Rea et al. 2012). Microbiota
composition in older people is highly variable and differs from core phyla with
respect to young (Claesson et al. 2011). They regulate the homeostasis and activa-
tion of the innate and adaptive immune system and induce age-associated immu-
nosenescence, evident with persistent NF-kB-mediated inflammation and loss of
naive CD4* T cell pool (Garrett et al. 2010). Increasing focus on the possible
involvement of microbiota on the pathophysiology of physical frailty and sarcope-
nia with age has led to many findings regarding alteration of microbiota involved in
reduced muscle size and function with adverse clinical outcomes (Grosicki et al.
2018; Ticinesi et al. 2017). Increased gut mucosal permeability with age results in
uncontrolled intake of bacterial products like lipopolysaccharides, leading to
enhanced inflammatory response through increased circulatory levels of pro-
inflammatory cytokines tumor necrosis factor (TNF) and interleukin-6 (IL-6)
(Thevaranjan et al. 2017). Increased abundance of opportunistic pro-inflammatory
bacteria, notably pathobionts, and reduced prevalence of anti-inflammatory
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symbiotic species like clostridial clusters such as Faecalibacterium prauznitzii and
related species in centenarians have been linked with systemic inflammation
(Santoro et al. 2018). Levels of circulatory pro-inflammatory cytokines like IL-6
and IL-8 correlate with enrichment of Proteobacteria phylum and decrease in anti-
inflammatory butyrate-producing Firmicutes phylum such as clostridial clusters
(Biagi et al. 2010). This clearly depicts that microbiota in older individuals are a key
risk factor for inflammaging (Franceschi et al. 2018). Hence, exploring the role of
microbial alteration on age-associated diseases with emphasis on inflammatory
conditions would be quite envisaging for future therapeutics. As the onset of these
conditions is mostly evident with age progression, it is very much conducive that
alteration in microbiota with age may stem the associated pathologies.

The estimated rate of cancer, mostly known as the disease of old age, is predicted
to correspondingly increase with life expectancy. In the United States, by 2030,
individuals above 65 years are thought to contribute around 70% of all cancer types
(White et al. 2014). A plethora of clinical studies from the past decade has enhanced
our understanding of the role of microbiota in the development of cancer and associ-
ated therapies. Considering their roles, microbiota seem to influence many aspects
of immune and cancer development (Fulbright et al. 2017). Microbes can induce the
onset and progression of cancer directly by producing genotoxins or indirectly by
modulation of antitumor immune response and cancer therapy (Gopalakrishnan
etal. 2018; Boleij et al. 2015). Native microbial species are reported to affect cancer
therapy by altering drug metabolism, immune response, and toxicity across a range
of diverse cancer treatments, including chemotherapy, immunotherapy, radiother-
apy, and immune checkpoint therapy (Geller et al. 2017; Al-Dasooqi et al. 2011;
Singh et al. 2021). Therefore, it is essential to understand the role of microbiota
interaction in age-associated cancer progression for the development of suitable
antitumor therapies.

Age-associated gut dysbiosis can also lead to a decline in cognitive function.
Peripheral inflammation and brain amyloidosis among cognition-impaired elders
like in Alzheimer’s disease (AD) have been reported to have an increased abun-
dance of pro-inflammatory microbiota. Pro-inflammatory microbial taxa such as
EscherichialShigella, Pseudomonas aeruginosa, Eubacterium rectale, and
Faecalibacterium prausnitzii with concurrent increase in pro-inflammatory circula-
tory cytokines, viz., IL-1f, IL-6, IL-18, IL-8, and TNFa were found to be abundant
in stool samples of cognitively impaired patients (Cattaneo et al. 2017). Numerous
studies, using models for age-related cognitive declines like Parkinson’s disease and
multiple sclerosis, have demonstrated a well-entrenched gut-brain axis leading to
age-related dementias (Proctor et al. 2017).

The risk of cardiovascular disorders and atherosclerosis is associated with the
gradual advancement of age (Benjamin et al. 2017; Gregory et al. 2015) owing to
chronic low-grade inflammation and increased oxidative stress. Reduced bioavail-
ability of nitric oxide, a potent vasodilatory molecule and deteriorative modifica-
tions in extracellular matrix components, results in pathophysiological events like
stiffening of elastic arteries and vascular endothelial dysfunction (EI Assar et al.
2012). Although there is a paucity of mechanistic details behind age-driven chronic
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inflammation, vascular oxidative stress, and dysfunction, the host microbiome is
considered to be one of the driving factors in these pathophysiological adversities
(Clemente et al. 2012). In experimental studies, gut dysbiosis promoted by a high-
fat diet has been found to impair arterial function (Battson et al. 2018) while
antibiotic-mediated microbial suppression ameliorated age-related arterial dysfunc-
tion. Similarly, increased oxidative stress due to reduced abundance of genus
Desulfovibrio was shown to be involved in the synthesis of trimethylamine N-oxide
(TMAO) (Brunt et al. 2019). Metabolites like TMAO and pre-cresyl sulfate, which
are produced via microbial conversion of dietary precursors, viz., L-carnitine, cho-
line, tyrosine, and tryptophan are known to increase CVD risk by promoting athero-
sclerosis (Tang et al. 2013; Wu et al. 2015). Several interesting studies have found
the DNA of intestinal bacteria such as Proteobacteria, Cryseomonas spp.,
Staphylococcus spp., Propionibacterium spp., and Chlamydia spp. in coronary
plaques (Ott et al. 2006). Enterobacteriaceae and Streptococcus spp. have been
found to be in high abundance in atherosclerotic CVD patients as compared to
healthy controls (Jie et al. 2017). Differential abundance of bacteria was reported
from feces of atherosclerotic and chronic heart failure (CHF) patients wherein
patients harbored elevated levels of Collinsella while Eubacterium and Roseburia
were reported in controls (Karlsson et al. 2012). Moreover, pathogenic bacteria
Campylobacter, Candida, and Shigella were found positively correlated with the
severity of the disease (Pasini et al. 2016). Age-related disorders reported having an
association with gut microbial dysbiosis are depicted in Fig. 1.2.

Thus, in accordance with current findings, it will be very intriguing and quintes-
sential to decipher the significance of intertwining interactions of microbiota with
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Fig. 1.2 Gut microbial dysbiosis in age-related disorders: (a) risk factors involved in gut dysbio-
sis, (b) increased inflammaging and permeability resulting in enhanced inflammatory and patho-
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different age-associated diseases
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age-related diseases for the development of the same as a therapeutic tool for healthy
aging. In corroboration with this, from the past decade, a multitude of seminal stud-
ies on microbiota and its imperative role in human health and diseases have prompted
the utilization of this interaction to develop microbiota-based therapeutics. Among
the various microbiome-based therapeutic interventions, a vast number of studies
have demonstrated that fecal microbiota transplant (FMT) probiotic and prebiotic
interventions play a substantial role in the management of many microbiome-
associated diseases.

6 Conclusions

In recent years, advancements in high-throughput sequencing technologies and
other culture-independent techniques for the identification of microorganisms have
enabled researchers to identify and assign functional attributes to complex micro-
bial niches. Microbial association with health and disease has been studied in great
detail, and now a determinant role has been assigned to microbiota for host health.
As discussed, a plethora of studies have characterized and identified microbiota,
specific to different body sites, with a succession of age and their dependence on
host-related factors. Aging microbiota is distinct from early age microbiota and is
often less diverse. These studies have explored the changes not only in gut micro-
biota but other body sites with chronological age. However, more exploration in
terms of inter-microbiota interaction at different ecological niches is warranted to
understand the exact mechanism of microbiota shift with age. Mechanistic details
underlying the beneficial effect of microbial manipulation, especially through pre-
biotics, probiotics, diet, and nutrition, hold great promise for future personalized
diet-mediated therapy. Inflammation-prone environment of the elderly gut set the
baseline for various age-associated disorders, especially metabolic disorders. In this
case, precise molecular detail of microbial community-mediated alteration of host
physiology at the cellular level can improve human health with age. Studies related
to age-associated disease management, medication, and response of complex micro-
biota are an intensive area of research that will establish personalized microbial
therapy as an alternative therapeutic option. A unified approach for data acquisition,
analysis, and extensive amalgamation with clinical research across the globe will
help in further characterization of the microbiome with age in health and disease
and will aid in the discovery of age-associated preventive therapy.
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Chapter 2
Oral Microbiome: An Opening to Healthy
Possibilities

Check for
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Sahana Vasudevan, Prasanna Neelakantan, and Adline Princy Solomon

1 Introduction

The association of the human and microbiome hosted by humans is referred to as
“supraorganism” where the core and variable microbiome define the fine balance
between human health and disease states (Turnbaugh et al. 2007; Sonnenburg and
Fischbach 2011). However, each microhabitat maintains an inter/intra species and
cross-kingdom-level interaction with their co-partners in an ecosystem having var-
ied environmental and nutritional compositions (Sonnenburg and Fischbach 2011).
Interestingly, the diverse oral microbiome is observed as an ecologically balanced
ecosystem as individual members practice commensalism with their co-habitants to
allow each one of them to flourish in the same ecosystem at no expense, as it is
crucial for human health (Ruby and Goldner 2007; Filoche et al. 2010). Most impor-
tantly, dysbiosis in the oral microbiome may disturb the ecosystem as it is a primary
gateway for oral inhabitants to spread to non-oral sites of the human body and cause
diseases (Dewhirst et al. 2010). This chapter offers a glimpse into the biogeography
of the oral microbiota that predominate healthy oral cavities and the various factors
that cause ecological shifts in the oral microbiome to cause systemic disorders.
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2 Oral Microbiome: The Site Specialist in Natural Niches

Biogeography aims to explain the spatial and temporal distribution and patterns of
diversity in a certain region to understand variation and the important compositional
microbes present. Knowing the biogeography of the buccal cavity is necessary to
understand the transition of a microbiome from a healthy state to a diseased state.
Biogeography of a niche is characterized by culture-independent methods of
sequencing such as whole genome sequencing or 16S rRNA amplicon (16S)
sequencing. The oral cavity contains different niches, which are the tongue, teeth,
palate, gingiva (supra- and sub-gingival), periodontal pockets, buccal mucosa, and
saliva (Proctor et al. 2020). The microbiome differs from niche to niche as it depends
on factors including moisture and oxygen content, salivary flow, temperature, and
pH. Other factors that affect microbiome composition are metabolites and mole-
cules of inhibitory activity, which can lead to inter-species co-existence and co-
exclusion (Wilbert et al. 2020). It has been shown that the oral microbiome, much
like other microbiomes, is dominated by one-to-many genera while also containing
multiple unidentified microorganisms (Welch et al. 2019). The different niches have
varied features and provide unique habitable areas for microbes. For instance, the
chewing surfaces of teeth provide a permanent surface for adhesion thanks to the
numerous grooves and fossae, while the pockets and crevices between teeth and
gums provide a nutrient-rich region. On the other hand, the palate and the gingiva
provide a sturdier surface while the mucosa and saliva provide a fluid, flexible sur-
face on the cheeks, tongue, and the further regions of the oral cavity, and the tongue
has a rough surface due to the papillaec (Welch et al. 2014). The oral environment
has low oxygen levels leading to the development of predominantly anaerobic
microbiota (Bernardi 2019). Besides these physical features, chemical features also
vary across these regions. We will go about each region individually.

The teeth provide multiple surfaces for growth as each tooth has five surfaces:
occlusal surface or the biting/chewing surface, the proximal surfaces (mesial and
distal), the buccal surface or the surface facing the cheek, and the lingual/palatal
surface or the surface facing the tongue/palate of the mouth. However, it is difficult
to estimate the composition of the community at such a small level. Before microbes
bind to the surface of the tooth, a pellicle is formed by the adhesive proteins secreted
by the microbes. The microbial community attaches to the solid surface when the
planktonic cells embed in an exopolysaccharide matrix. The initial colonizers
belong to the Actinomyces sp., Streptococcus sp., Lactobacillus sp., and Candida
sp. Variations in this colonizing community will affect the formation of the biofilms
over the basal layer of the supragingival biome (Liu et al. 2012; Hannig et al. 2017).
Studies focus on the supragingival plaque and the subgingival plaque as the two
regions depend on the tooth and have varied microbiota due to the location. Gram-
positive anaerobes dominate the supragingival plaque while Gram-negative
microbes dominate the subgingival plaque. The plaque microbiota is strongly orga-
nized into many multi-genus consortia. The genus Corynebacterium has been found
to be specific to supragingival and subgingival plaque alone and is thus a biomarker



2 Oral Microbiome: An Opening to Healthy Possibilities 29

for dental plaque (Welch et al. 2019). Corynebacterium spp. have been found to
have specific interactions with cocci. Other species that are specific to this region
belong to the Capnocytophaga and Lautropia genera (Welch et al. 2014, 2016).

In a study done to summarize the subgingival microbial architecture, it was
shown to have four layers: outside layer, top layer, intermediate layer, and basal
layer. The outside layer had no characteristic organization but was primarily inhab-
ited by the Sphirochaetes and other bacterial aggregates. Initial colonization is
achieved at the basal layer by Streptococcus sp. and Actinomyces sp. With time, the
population density proportion between the Streptococcus sp. and Fusobacterium
nucleatum is inverted. The top and intermediate layers contain bacteria under the
Cytophaga—Flavobacterium—Bacteroides group (CFB-cluster) and the Synergistetes
group. The intermediate layer contains spindle-shaped bacteria, including Tannerella
forsythia and other species belonging to the same genus, and rod-shaped bacteria,
such as Prevotella sp. and the Bacteroidetes sp. (Zijnge et al. 2010). The supragin-
gival microbiota has two general layers: the basal layer and the layer above it. The
basal layer plays its role as a foundation for the four different kinds of biofilms that
form over it. These types of biofilms have compositions as follows: type one has
Actinomyces sp., type two has some cocci in addition to Actinomyces sp., type three
has Streptococcus sp. and yeast that form unique colonies with the yeast at the cen-
ter of streptococcal colonies, and type four has coexistence of Lactobacillus sp. and
Streptococcus sp. The layer above this basal biofilm layer comprises Streptococcus
sp. varyingly. There are also scattered colonies of Lactobacillus sp. and bacterial
cells belonging to the CFB-cluster. Corncobs can also be found as the Streptococcus
sp. adhere to a Candida cell or hyphae, and test-tube brushes are observed when
filaments from the CFB-cluster and 7. forsythia and F. nucleatum adhere perpen-
dicularly to the Lactobacilli in the supragingival plaque (Zijnge et al. 2010). The
corncob structures (single or double layered) are commonly found and indicate
commensalistic, mutualistic, and competitive interspecies interactions. Some sin-
gle-layered corncobs comprised either Porphyromonas or Streptococcus; double-
layered corncobs had an inner layer of Streptococcus and an outer layer of
Aggregatibacter/Haemophilus (Welch et al. 2016). In a situation where the environ-
mental conditions of the subgingival and the supragingival regions are the same, the
microbial composition does not vary due to the absence of different dietary factors,
oxygen concentration, saliva, and gingival crevicular fluids (Zijnge et al. 2010;
Welch et al. 2019).

The dorsum of the tongue has a unique microbial community too. It is in direct
contact with the mucosa and is in indirect contact with all other parts of the mouth
through saliva. Although the regions in closest proximity and in constant contact are
the teeth, the species that exist predominantly in the mucosal regions are not found
on the teeth. There are around 17 genera with more than 100 species in total that
prevail on the tongue. Actinomyces spp. are found on the tongue dorsum as well, but
the two species found in abundance here are not the same as the two species found
in abundance in the dental region. Streptococcus mitis are found in abundance in the
mucosal and nonmucosal surfaces (Wilbert et al. 2020). The surface of the tongue is
lined with mucosal papillae that provide niches on their hairy surfaces and in the
crevices. The varied geography of the tongue leads to the formation of two layers of
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biofilms with the lower, thinner layer being anaerobic as the top layer of biofilm is
thick. Mechanical stress does not alter the anaerobicity of the lower layer as the
papillae protect the layers from being disengaged (Bernardi 2019). The most preva-
lent species belonged to the genera Streptococcus, Veillonella, Prevotella, Neisseria,
Actinomyces, Fusobacterium, Haemophilus, and Rothia. Veillonella spp. are good
biomarkers for the tongue dorsum microbiota (Welch et al. 2019). The three genera
that are present in all individuals and in all the consortiums are Actinomyces, Rothia,
and Streptococcus. Actinomyces spp., A. odontolyticus and A. graevenitzii, occupy
a region closer to the core of the tongue, while Streptococcus spp., S. mitis, S. sali-
varius, and S. parasanguinis, inhabited the outlying regions, as a crust, and as
stripes. Rothia mucilaginosa formed large patches with interspersed cultures of
other taxa studied through spatial patterning (Sato et al. 2015; Wilbert et al. 2020).

The salivary microbiome is derived from different regions of the buccal cavity
and can be considered as a broad representative of the overall general microbiota.
The composition of the salivary microbiome is influenced by oral health conditions
more than other niches. In an orally healthy person, the microbiome can contain
various species prominently across different geographic locations in the world due
to external socio-environmental or socio-economic factors. Streptococcus,
Neisseria, Rothia, Prevotella, Actinomyces, Granulicatella, Porphromonas,
Haemophilus, and Porphyromonas are the prevalent species present. These species
are not always found together but instead exist as cohabiting groups with slight
variations on a case-by-case basis. The species in the different clusters are Prevotella
histicola, Prevotella melaninogenica, Veillonella parvula, Veillonella atypica,
Streptococcus salivarius, and Streptococcus parasanguinis; and Neisseria flaves-
cens, Haemophilus parainfluenzae, Porphyromonas pasteri, Gemella sanguinis,
and Granulicatella adiacens. The salivary microbiome is a proven indicator of oral
and systemic health (Yamashita and Takeshita 2017). Good biomarkers for the sali-
vary microbiota belong to the Oribacterium spp. (Welch et al. 2020). The oral
microbiome is ever-changing, and at any point in time, it will have a unique micro-
bial community/fingerprint. Microbes can also disperse through active fluid flow or
by chemotaxis. However, such variations do not deviate greatly. The dynamic com-
munity stays within a large cloud of possible microbiome populations.

With more than 700 microbial species, it is imperative to understand the compo-
sition of the human oral microbiome to understand the disease dynamics. The
expanded Human Oral Microbiome Database (eHOMD) has comprehensively
curated the bacterial species present in the human aerodigestive tract, which details
the site-specific bacterial composition in the oral cavity (http://www.homd.org/).
This database is part of the Human Microbiome Project (HMP) and aims to provide
complete information on taxonomy, bibliography, and genomics. Several tools are
available for data mining and related analyses. The information about the same
organism in different niches is given a unique HOT (Human Oral Taxon) number.
This is particularly useful as it interlinks the information of bibliographic, genomic,
clinical, phylogenetic, and phenotype of each taxon. This freely available online
resource can be used to understand the oral microbiota (Chen et al. 2010).


http://www.homd.org/

2 Oral Microbiome: An Opening to Healthy Possibilities 31
3 Oral Microbiome: Our Coevolved Holobiont

The composition of the microbial community is influenced by its dynamic interac-
tion with the host. Host factors influence the diversity of the microbiome and intri-
cate balance among different species that promotes symbiosis or dysbiosis of oral
health. This bidirectional interaction is governed by several intrinsic and extrinsic
components (Fig. 2.1) that contribute toward maintaining oral homeostasis (Cornejo
et al. 2019). Studies have shown that the host and the oral microbiome have co-
evolved together with well-established biochemical and immune networks forming
a “holobiont” (Bordenstein and Theis 2015; Youle et al. 2013). Evidence that the
presence of the similar microbial composition in placenta and in the oral cavity of
the mother strongly supports the commencement of shaping of this co-evolution
even before birth (Aagaard et al. 2014). The initial acquisition of the oral microbiota
is a dynamic process that is strongly influenced by birth, diet, other exposures, and
horizontal transmissions from parents and other peers (Xiao et al. 2020). Gradually,
the microbial composition is developed and established, which forms the strong
basis for the innate and acquired immune response and overall physiological health
(Idris et al. 2017). Such a bidirectional interaction between the host and the oral
microbiome is of primary importance in maintaining the overall physiology
and health.

Core Microbiome
Delivery Mode
Feeding method

Immune Response

ost — Oral Microbiome
Interaction

Innate and Adaptive
response
Inflammation
management

Ethnicity, Chromosomal
SNPs and Heritability of
the certain genus of the
oral microbiome

Physical Factors

Salivary Composition,
Oral hygiene practices, pH. temperature
usage of tobacco and

betel nut elc.

Fig. 2.1 Host—oral microbiome interactions: the intrinsic and extrinsic factors that contribute to
the development, establishment, and maintenance of the oral microbiome
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Such factors drive the overall balance and imbalance of the oral homeostasis and
promote the stable development and establishment of the stable core oral microbi-
ome from infant to early childhood.

The host factors such as genetics, pregnancy period, method of delivery, feeding,
and maternal transmission from vaginal and gut influence the oral microbiome tran-
sition from infant to early childhood (Xiao et al. 2020). As the core microbiome is
established, factors including circadian rhythm, immune response, saliva and sali-
vary proteins, diet, lifestyle, and oral hygiene play an important role (Cornejo
et al. 2019).

3.1 Genetic Factors

There is a close association of genetics with all other host factors that contribute to
the development and maintenance of the oral microbiome (Blekhman et al. 2015).
The salivary components (Lips et al. 2017), diet habits related to taste perception
(Kulkarni et al. 2013), hard tissue components (Jeremias et al. 2013), and the host
immune response (Moutsopoulos and Konkel 2018) are governed by genetic inheri-
tance. A study on the monozygotic and dizygotic twins in the age group 5-11 con-
firmed that there is a considerable proportion of the oral microbiome that are
heritable (Gomez et al. 2017). It was found that similarity in the human genome
showed a similar microbiome composition of the saliva and plaque, reenforcing the
importance of the host genetics in the microbiome composition. The most heritable
oral bacteria were Prevotella pallens, which decreased as age and sugar intake
increased. The same study confirmed that a close association existed between host
genetic factors and acid production by S. mutans among cariogenic twins. It was
also found that the single nucleotide polymorphism found in the host gene that
encodes for the vital processes like protein synthesis, cell division, and tumor sup-
pression was well associated with the abundances of the oral species—Prevotella,
Leptotrichia, and Pasteurellaceae (Blekhman et al. 2015). The abundance of a genus
in a specific site is related to the host genetic variations and vice versa. An interest-
ing comparative analysis made by Davenport of the above two studies highlighted
the heritability of the genus Aggregatibacter (h* = 0.35) being associated with the
genetic variants of chromosomes 3 and 11 whereas Leptotrichia (h* = 0.54) is asso-
ciated with chromosome 15 (Davenport 2017). MUC?7, which encodes for the abun-
dant salivary protein, MUCIN?7, is associated with the Neisseria abundance having
the heritability, 4% = 0.38 (Xu et al. 2017). Another large-scale twins’ study with 752
twin pairs by Demmit 2017 further expands the role of SNPs in the heritability of
the oral microbiome. This study highlighted the role of chromosomes 7 and 12 in
the oral microbiome heritability; more specifically, the SNP near the gene, IMMPL2,
was related to the heritability of the genus Granulicatella having h? = 0.55 (Demmitt
et al. 2017). More interestingly, studies have shown an interesting relationship
between host immune response and acquiring fungal infections. It was shown that
the individuals defective in STAT3, which is a gene responsible for the cytokine
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regulation ((IL-6), IL-21, IL-10, and IL-23), are prone to C. albicans-mediated oral
infections (Abusleme et al. 2018; Holland et al. 2007). This in turn increased the
abundance of Streptococcus mutans-mediated dental caries. Ethnicity is also a fac-
tor that was proved to play a role in the oral microbiome and its associated homeo-
stasis (Liu et al. 2012). Further in-depth studies are required to clearly establish the
relationship between host genetic factors and components of the oral microbiome,
such as composition, host immune response, and susceptibility to an infection. The
above studies give a strong clue that such factors do play a role in the oral ecosystem
and overall health.

3.2 Childhood

Maternal vertical transmission is the first step toward the development of the oral
microbiome (Xiao et al. 2020). The acquisition either from the vaginal microbiome
or skin-derived microbiome is determined by the mode of delivery (Dominguez-
Bello et al. 2010). The infants born through vaginal birth were observed to have
improved microbial diversity as compared to the C-section birth. More specifically,
in the case of vaginal birth, the microbial profile closely resembles vaginal microbi-
ome—Lactobacillus, Sneathia spp., Prevotella, Bacteroids, and TM7. The cesarean
section infants have a microbial profile like the mothers’ skin having Staphylococcus,
Propionibacterium spp., Corynebacterium, Veillonella, etc. (Drell et al. 2017; Lif
Holgerson et al. 2011). It was also observed that the acquisition of S. mutans was
faster in the C-section infants than in the vaginal birth, making them prone to early
childhood caries (Li et al. 2005). The importance of the Lactobacillus sp. is high-
lighted in the recent researches in overcoming oral dysbiosis (Caufield et al. 2015).
According to the Developmental Origins of Health and Disease (DoHaD) theory,
the first 1000 days in the development of healthy children is critical. In this regard,
it was shown that the type of feeding—breastfeeding and formula feeding—shapes
the oral microbiota. The vital Lactobacillus sp. bacteria were found to be predomi-
nant in breastfed infants, which were absent in the formula-fed infants (Holgerson
etal. 2013; Vestman et al. 2013). A recent long-term study explored the link between
the feeding type and adolescent oral microbiota composition. The study considered
approximately 11,400 adolescents who were grouped based on the initial 6 months
feeding pattern in addition to other factors. Even though there was no significant
difference in the oral microbiota, Veillonella and Eubacteria were found to be
higher in the adolescents who were given breast milk only (Eshriqui et al. 2020).
The importance of Veillonella, which is found in breast milk, is associated with the
prevention of dental plaque by metabolizing the acid production by plaque patho-
gens. Thus, the crucial role of breast milk in the healthy oral microbiota is estab-
lished. The sustenance of the oral microbiome is further taken care of by the other
necessary host factors, which include immune response, lifestyle changes, and
microbial interactions with itself and with the host.
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3.3 Immune Response

The oral mucosa is home to a wide range of microbial species, and the responsibility
of differentiating commensals and pathogens rests on the host immune system.
Although surface colonization of species is harmless, under certain conditions
innate residents can turn pathogenic and thus induce stress on the host immune
system. Hence, the immune system pertaining to the oral cavity is inclined toward a
tolerogenic state as assertive immunogenic responses against harmless colonizing
bacteria are metabolically redundant and damaging to the host tissue (Feller
et al. 2013).

There are several host defense mechanisms in the oral ecosystem that continu-
ously function to provide homeostasis. The coordinated interaction between innate
and adaptive immunity helps in maintaining tolerance to the commensals and elimi-
nating pathogens. The innate immune response is imparted by the mucosal surface
and enamel along with the physical barriers such as saliva, gingival crevicular fluid
(GCF), and transmigrating polymorphonuclear leukocytes (PMNs). They provide
the first line of defense against bacterial invasion and pathogenesis (Meyle et al.
2017). Several antimicrobial peptides released by the epithelial cells and neutro-
phils monitor the oral environment by preventing bacterial buildup (Hans and Veenu
2014). The role of the innate immune system is crucial even though it is short term
and nonspecific.

Adaptive immune surveillance is much broader; specifically, the role of inflam-
mation is important in the maintenance of oral homeostasis. Even though the inflam-
matory response is a protective immune process, the unresolved inflammation leads
to several infectious and systemic disorders (Kleinstein et al. 2020). The resident
dendritic cells present in the oral mucosa are inclined toward a tolerant state.
Dendritic cells are inherently APCs (antigen presenting cells), which release proin-
flammatory cytokines that activate the adaptive immune system. However, dendritic
cells of the oral mucosal secrete anti-inflammatory immune modulators, including
interleukin 10 (IL-10), transforming growth factor-beta (TGF-f), and prostaglandin
E2, which suppress T-regulatory cell formation. It is also to be noted that pathogen-
associated molecular patterns (PAMPs) pertaining to the oral mucosa do not trigger
inflammatory responses against commensals, and since the bacterial molecular pat-
terns do not change despite a shift toward pathogenicity, the PAMP immune
response continues to remain redundant (Sultan et al. 2018).

Periodontitis and gingivitis are infective oral diseases predominantly driven by
prolonged inflammation that has failed to resolve and restore homeostasis. The host
inflammatory response plays a significant role by responding to harmful stimuli
including pathogens. However, contrary to the intended function, the inflammatory
host response favors the progression of gingivitis and periodontitis, inducing bacte-
ria, especially Porphyromonas gingivalis and Fusobacterium nucleatum. The onset
of inflammation results in tissue damage and release of degraded collagen, heme,
amino acids, and iron, which in turn serve as a rich source of nutrients for the facili-
tation of subgingival proteolytic and saccharolytic bacteria (Hajishengallis 2014;
Diaz et al. 2016). Nitrate release as a by-product of inflammation also facilitates the
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growth of Enterobacteriaceae, which take up nitrates as an electron acceptor for
anaerobic respiration. Only certain bacteria which can surpass the inflammatory
response survive in this niche, and these species are known inflammophilic pathobi-
onts. They tend to take over the inherent microbiome as other species which are
unable to survive this environment perish, leading to a state of dysbiosis. Thus,
begins a vicious cycle where the dysbiosis biofilm induces host cytokine production
leading to inflammatory responses, which further facilitate the growth of dysbiosis
pathobionts. The inflammation-dysbiosis dynamics act as a sustained feed forward
loop aggravating the onset of periodontitis (Kleinstein et al. 2020). A recent study
highlighted the possibility of nitrate as the potential prebiotic where dysbiosis caus-
ing genera Streptococcus, Veillonella, Porphyromonas, Fusobacterium, Prevotella,
and Alloprevotella were significantly reduced and health associated genera
(Neisseria and Rothia) were enhanced significantly (Rosier et al. 2020). Hence,
most therapeutic research directs focus toward anti-inflammatory treatment options,
which have proven to be successful in the restoration of the eubiotic microbiome
and in tackling periodontitis.

3.4 Physical Factors

Saliva is the most predominant component of the oral ecosystem and plays multiple
roles in the homeostasis maintenance of the oral microbiome. Saliva provides the
required nutrients and trace elements for the survival of the microorganisms
(Pedersen et al. 2018). The nutrients include sugars, amino acids, protein, hor-
mones, and vitamins (Marsh et al. 2016). Studies have shown that Aggregatibacter
actinomycetemcomitans, P. gingivalis (Garcia-Goémez et al. 2013; Kumar 2013),
and Treponema denticola (Clark and Soory 2006) can utilize the testosterone and
cholesterol, respectively, as the nutrient source, which is provided by saliva. In addi-
tion to providing lubrication, it also plays a role in the formation of acquired pelli-
cle, which forms the initial step for the adhesion of oral bacteria to a surface. Saliva
contains several proteins, such as glycoproteins and other factors such as lactofer-
rin, statherin, histatins, defensins, and mucins, which play a protective role in inhib-
iting the adhesion of microbes to the oral surfaces (Lynge et al. 2019). Secretory
immunoglobulin A is also present in the saliva, which controls the adhesion and
colonization of the pathogenic microbes. Interestingly, the commensals, S. mitis,
S. oralis, and S. sanguinis can produce IgA proteases, which can neutralize S-IgA
in the saliva (Kilian et al. 1996; Feller et al. 2013), but the host factor and the com-
mensals of the oral microbiome have perfected the balance to co-exist and co-evolve
together to maintain ecological balance.

Another important role of saliva is the maintenance of the salivary pH. pH plays
a predominant role in the oral microbiome homeostasis. Studies have shown the
importance of an acidic environment in the establishment of virulence by the caries-
causing pathogens (Tanner et al. 2018). Saliva has a buffering role in maintaining
the normal pH of 6.75-7.25 (Samaranayake and Matsubara 2017). Currently, stud-
ies are focused on improving the alkalizing capacity of the saliva to prevent the
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growth and pathogenesis of cariogenic organisms (Bijle et al. 2019). The efficient
salivary role can be enhanced by following proper lifestyle habits, particularly
dietary habits. Salivary flow and temperature also influence the oral ecosystem. The
salivary flow decides the colonization of the specific species in the oral habitat
(Marsh et al. 2016).

3.5 Lifestyle

The paradigm shifts in the current oral microbiome composition, when compared to
the ancient period, emphasize the importance of lifestyle in the oral microbiome
(Adler et al. 2013; Cross et al. 2018). Among the different lifestyle changes, diet
and oral hygiene play a crucial role (Chapple et al. 2017). The major causative fac-
tor for oral dysbiosis is the diet, specifically, the excessive consumption of ferment-
able carbohydrates. Such fermentable carbohydrates are converted into organic
acids by microbes, which creates an acidic environment. This gives a selective
advantage for the acidophilic and acid-tolerating pathogens to bring about an imbal-
ance in the oral ecosystem (Kato et al. 2017). The notable example is Streptococcus
mutans, a primary driver of dental caries, which is both acidogenic and aciduric
(Lemos et al. 2019). In addition, certain micronutrient deficiencies have also led to
the development of periodontal diseases. In particular, it was shown that deficiency
in vitamin B-complex (Neiva et al. 2005), vitamin C (Yussif et al. 2016), vitamin D
(Miley et al. 2009), minerals, carotenoids, and flavanoids leads to dysbiosis in the
oral microbiome (Kaur et al. 2019).

One of the well-known, yet often overlooked, factors affecting oral homeostasis
is oral hygiene, which includes regular brushing, usage of oral hygiene products,
and the usage of tobacco, betel nut, etc. Studies have shown that regular brushing
with fluoride-based oral hygiene products is effective in removing dental plaques
mechanically, but it should be noted that the oral hygiene products should target
only the pathogens and not the commensals in the cleaning process (Figuero et al.
2017; Kumar et al. 2016). The current oral hygiene products compromise these fac-
tors by eliminating both the pathogens and the commensals, leading to oral ecosys-
tem dysbiosis.

Human practices such as cigarette smoking (Kato et al. 2016; Wu et al. 2016; Al
Kawas et al. 2021; Darwazeh et al. 2010) and betel nut consumption (Hernandez
et al. 2017) have an impact on the imbalance in the oral ecosystem. Oral cavity is
the first system that encounters the toxicants of cigarettes and irritants of betel nut
due to which it suffers dysbiosis. The onset of the periodontitis and the abundance
of Streptococcus sp. in cigarette smoking individuals as well as betel nut consumers
strongly establishes the imbalance created by such practices. While it is established
that such practices compromise oral hygiene, they also have a profound effect on the
commensals of the oral microbiome (Hernandez et al. 2017). The alterations in the
oral microbiome were shown to be associated with an increased acidic environment,
depletion of oxygen, and the toxic chemicals impairing the host immunity. In the
cigarette smoking individuals, there was a vast difference at the phylum level, where
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Firmicutes and Actinobacteria were found in abundance compared to the
Proteobacteria (Kato et al. 2016). A notable observation is a lack of or impaired
xenobiotic degradation pathways, which explains the accumulation and dissemina-
tion of toxic compounds in the oral cavity, causing overall damage to the health.
Strikingly Gram-positive anaerobes (Streptococcus sp.) were increased as com-
pared to the aerobes Neisseria and Corynebacterium sp. (Sellappa et al. 2015). The
current understanding of the effect of lifestyle in the oral microbiome is limited to
the specific set of population, sample processing, time, age, and other factors.
Although further studies are required to clearly link the lifestyle changes and oral
microbiome maintenance, it can be concluded that lifestyle plays an important role
in the overall maintenance of the oral ecosystem.

4 Oral Microbiome: The Link to Health and Diseases

Oral microbiome dysbiosis has often been linked to systemic disorders. While the
evidence on this is certainly unclear and most studies demonstrate a correlation
rather than a cause-effect relationship, this section will cover what has been reported
in the literature. However, the authors of this chapter forewarn the readers that the
summation of findings here is not definitive and do not strongly support or deny that
oral dysbiosis is the causative factor for these systemic conditions and more research
in this area is warranted. The inter-relationships between oral bacteria and suscepti-
bility to systemic diseases were based on the theory of focal infection. The focal
infection theory expands the understanding that bacteria or their metabolites, toxins,
and inflammatory products from the existing focal point of the host niche dissemi-
nate to distant parts of various organ systems (Paster et al. 2001; Shchipkova et al.
2010). The dissemination of the dispersal of biofilm cells and their by-products to
non-oral sites is being favored by the vascular supply of the periodontium, break-
down of the epithelial integrity, and simple oral hygiene and dental procedures
(Baltch et al. 1988; Carroll and Sebor 1980). Also, the problem exists with the epi-
sodes of bacteraemia where the biofilm cells or microcolonies disseminate to the
non-oral sites of the immunocompromised individuals, contribute to systemic
inflammations, and cause several disorders (Hernichel-Gorbach et al. 1994,
Offenbacher et al. 1993). In this regard, oral microbial dysbiosis is probably con-
nected to various systemic disorders, which include arthritis, inflammatory bowel
syndrome, Alzheimer’s, cardiovascular diseases, oral cancer, and related inflamma-
tory-linked systemic disorders (Fig. 2.2). The oral microbiota dysbiosis leads to the
invasion of the pathogens. In most of the systemic diseases, P. gingivalis, F. nuclea-
tum, and Neisseria are the most common pathogens commonly isolated. In addition
to the above pathogens, C. pneumoniae is strongly associated with respiratory dis-
orders, T. forsythia, T. denticola, P. intermedia, and Camphylobacter rectus are
associated with cardiovascular disorders, Rothia aeria is found commonly in rheu-
matoid arthritis, and Spirochaetes are found in the brain-related disorders such as
Alzheimer’s disease. Site-specific pathogens also interact with the disseminated
oral pathogens and target the host immune system.
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Fig. 2.2 Schematic showing common microbiota that cause oral diseases, which have also been
isolated from other immune-inflammatory diseases elsewhere in the body. While the exact link
between the systems is unclear, a large body of evidence does correlate oral infectious diseases to
increased inflammatory diseases elsewhere in the body

The host adaptive immune system, more specifically the inflammatory network,
plays an important role in maintaining oral homeostasis. The problem arises when
the inflammation is prolonged, leading to abnormalities in cytokine levels and
phagocytosis. One of the classical links between the oral microbiome-induced
chronic inflammation and systemic disorder is autoimmune disorder. A recent study
has provided an insight into their association with the autoimmune disorders such as
osteoarthritis (OA) and rheumatoid arthritis (RA) (Diaz et al. 2016). OA is mediated
by the innate immune system with chronic, low-grade inflammation and damages
the joints of the hands, knees, hips, and spine in due course of time, whereas RA is
an autoimmune disorder where the body’s own immune system affects the fluid
secretion required for cartilage lubrication (Li et al. 2016). The oral microbiota
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released into systemic circulation is the root cause for stimulating specific inflam-
matory processes such as cytokines, which decrease joint cartilage amount (Li et al.
2016). There are reports confirming the links between gut—oral microbiota and dis-
orders like OA and RA, majorly the influence of nutrition and inflammation-reduc-
ing dietary factors on the ratio of the intestinal microbiota for improving the arthritis
disease state (Sakaguchi et al. 2011; Conti et al. 2015). One of these findings sup-
ports the role of environmental factors, in particular, that of microbial presence, in
the causal genetic anomaly of ZAP-70 mutation and a polymorphism of the MHC
gene as it is genetically susceptible to OA and RA initiation (Sakaguchi et al. 2011).
The biomarkers between the arthritis patients and normal healthy subjects were
quantified using rRNA gene amplicon sequencing, which determined eight unique
signatures (Prevotella melaninogenica, Veillonella dispar, Prevotella, Neisseria,
Porphyromonas, Veillonella, Haemophilus, Rothia, Streptococcus, Actinomyces,
Granulicatella, Leptotrichia, Lautropia, and Fusobacterium) in the oral microbi-
ome (Scher et al. 2012). Notably, the microbial diversity in the oral microbiota of
OA and RA was higher than in healthy individuals. Recent studies show the direct
link of P. gingivalis to RA through citrullination, where it induces anti-peptidyl
citrulline antibodies reacting to citrullinated human self-proteins to increase the
severity of RA (Rutger Persson 2012). Although studies speculate the influence of
gut—oral microbiota in OA and RA, a deeper understanding is required to decode the
biological complexities of involving several confounding factors that trigger inflam-
mation in the progression of disease pathogenesis. Another important inflamma-
tion-related disorder is inflammatory bowel disease (IBD), which is the chronic
inflammation of the bowel. Chronic inflammation exists due to the dysbiosis in the
gut microbiome due to the involvement of the Gram-negative oral bacteria LPS-
induced release of pro-inflammatory cytokines such as TNF-alpha, IL-6, and IL-1
from the macrophages (Hakansson and Molin 2011). Although multiple factors
aggravate the pathological condition of IBD, the gut microbiota is a key driver of
disease progression, and food supplements with refined sugars or regular use of
certain toothpaste was observed to promote the growth of specific bacterial species
that modulate the host’s immune homeostasis (Becker et al. 2015). A notable obser-
vation in IBD disease state is the depletion of anti-inflammatory bacteria, such as
Clostridium Cluster IV and XIVa, which produce short-chain fatty acids and an
increase in the level of inflammatory members belonging to the Proteobacteriaceae
and Pasteurellaceae group (Burman et al. 2016; Sokol et al. 2009). Another impor-
tant brain disorder, Alzheimer’s disease (AD), is a pathological condition where
cerebral amyloid-pf(Ap) plaque deposition in the brain results in synaptic disconnec-
tion, leading to progressive neuronal death (Aguayo et al. 2018). Several scientific
reports show a connection of the periodontal pathogen P. gingivalis (Poole et al.
2015) in AD. The endotoxin lipopolysaccharide (LPS) is derived from the brain
samples of AD, and this aligns with the previous observation where LPS is directly
proportional to the AP deposition in AD patients (Poole et al. 2013; Hauss-
Wegrzyniak and Wenk 2002; Lee et al. 2008). Importantly, a study showed the
ApoE—/— mice orally infected with P. gingivalis for 24 weeks leading to the direct
infiltration of the pathogen to affect the pyramidal neurons of the hippocampus and
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cause memory-related responses (Poole et al. 2015). However, the study demon-
strated a direct influence of the periodontal pathogen P. gingivalis in contrast to an
indirect effect via inflammatory mediators like LPS, which promote releasing of
peptides that act as porins. These porins may increase the permeability of blood—
brain barrier (BBB) to permit bacterial penetration into the brain and cause cogni-
tive decay (Poole et al. 2015). Other than P. gingivalis, Enterococcus faecalis,
known to cause root canal and chronic periodontal infection, migrate into the brain
and form abscesses, suggesting a potential link to the pathogenesis of AD (Mylona
et al. 2012; Underly et al. 2015).

Finally, one of the most studied and most devastating oral diseases is oral cancer.
Combinations of factors including poor oral hygiene and usage of tobacco and alco-
hol lead to the colonization of inflammatory bacterial members and increase the risk
of the most common oral cancer, squamous cell carcinoma (OSCC) (Cankovic et al.
2013; Tanaka and Ishigamori 2011; Sarode et al. 2017). The pathology of the squa-
mous cell carcinoma was observed between the vermilion border of the lips, and the
junction of the hard and soft palates or even may extend to the posterior end of the
tongue. The colonization of inflammatory bacterial members is likely to modulate
the tumor microenvironment via stimulation of chronic inflammation, cell prolifera-
tion, inhibition of cellular apoptosis, and promotion of cellular invasion (Al-Hebshi
et al. 2019; Kudo et al. 2016). However, an inflammatory response triggered by the
colonized microbes or their by-products, toxins, etc., plays a crucial role in all
stages of cancer development. It was shown that the reactive oxygen species (ROS)
indirectly affect the transcription factor of NF-kf (nuclear factor-kappa f3) and cyto-
kine production. These cytokines are formed in a dysregulated manner and play a
role in processes like cell growth, inhibition of tumor suppression, immune system,
and even survival. Even though not widely accepted, the link between the oral
microbiome and oral cancer cannot be disregarded. Several studies associate the
involvement of Streptococcus sp., Peptostreptococcus sp., Prevotella sp., P. gingi-
valis, and Capnocytophaga gingivalis in causing OSCC (Sasaki et al. 2005; Mager
et al. 2005; Katz et al. 2011; Pushalkar et al. 2012; Atanasova and Yilmaz 2014;
Galvao-Moreira and da Cruz 2016; Lee et al. 2017). Interestingly, Capnocytophaga
gingivalis, Prevotella melaninogenica, and Streptococcus mitis were found to be in
higher proportions in the saliva of OSCC patients and scored as significant diagnos-
tic markers (Karpiniski 2019). The effect of chemotherapy on oral mucositis was
recently reported, which impairs the oral epithelium and thereby brings about oral
dysbiosis (Hong et al. 2019), in addition to enhanced tissue destruction by Candida
albicans (Sobue et al. 2018). Hence, the effect is bidirectional, oral dysbiosis affect-
ing the systemic health and vice versa.

In addition to the above disorders, diabetes, cardiovascular diseases, and respira-
tory disorders are related to the shift in the oral microbiota dynamics. In the case of
diabetes, there are strong reports that prove the enhancement of the pathogenic
microorganisms by delaying the inflammatory process, leading to periodontitis
(Kuo et al. 2008; Lalla and Papapanou 2011; Pacios et al. 2012). A recent study
reported the role of the exaggerated expression of IL17, which induces the overex-
pression of the cytokines IL6 and RANKL, which in turn prolongs the inflammatory



2 Oral Microbiome: An Opening to Healthy Possibilities 41

response (Xiao et al. 2017). P. gingivalis is also shown to increase insulin resistance
(Andriankaja et al. 2012; Kuo et al. 2008). The relationship between type 2 diabetes
and oral microbiota establishes that Betaproteobacteria are found in abundance in
diabetes patients (Almeida-Santos et al. 2021). Like diabetes, cardiovascular dis-
eases are the risk factors for the development of clinical periodontitis. It is well
known that atherosclerosis, where cholesterol accumulates, is accompanied by
inflammation (Ketelhuth and Hansson 2016). The inflamed arteries serve as the
breeding ground for the pathogens that escape from the oral microbiota dysbiosis.
The PAVE (Periodontal and Vascular Events) study highlights the reduction in the
risk of cardiovascular disease by treating periodontitis. Even though significant
results were not obtained, this study paved the way for the researchers to further
explore the link between CVD and periodontitis (Beck et al. 2008). Later, several
reports were published to insist on the lack of oral hygiene and its associated risk of
CVD (Palm et al. 2016). The increased incidence of the species Anaeroglobus were
found in the atherosclerosis patients (Sen et al. 2018). It was proved that the man-
agement of periodontitis reduced subclinical atherosclerosis in a 3-year follow-up
study (Fék et al. 2015). Also, in CVD, P. gingivalis is the major player accompanied
by Aggregatibacter actinomycetemcomitans (Pussinen et al. 2007). The lipopoly-
saccharide, virulence factors, and the whole bacteria themselves act as mediators for
the onset of the prolonged inflammation and are even used as biomarkers for the
diagnosis. The unusual increase in the C-reactive protein levels, IL-6, IgG response,
and IgA seropositivity are associated with the presence of P. gingivalis and
Aggregatibacter actinomycetemcomitans (Pietidinen et al. 2018).

The respiratory tract encounters the inflow of oral bacteria exposing the lung to
the diverse oral microbiota. The relationship between the oral and lung microbiota
is defined by the prominent contradicting theories—topological continuity theory,
which states that the oral microbiome and lung microbiome are similar or indistin-
guishable, and island biogeography theory, which states that each anatomic location
is different from each other (Mammen and Sethi 2016). Studies have shown that the
benign oral microbial species—Pervotella sp.—regulate IL-17, a pulmonary inflam-
matory response. A dysbiosis in the oral microbiome is related to poor oral hygiene
and leads to severe lung disorders such as pneumonia, cystic fibrosis, and other
pulmonary disorders (Pu et al. 2020). The acquisition of the pathogenic microbes in
the lung is from oral microbiota through aspiration, airborne translocation, or
destruction of salivary pellicles by adhesion and colonization of pathogens. In any
of the cases, the useful microbes are replaced with pathogenic strains such as
K. pnuemoniae and P. aeruginosa (Dickson et al. 2015; Munro and Grap 2004).
Here, the cytokines released from the pathogens destruct the mucosal layer and
neutralize the salivary mucins, which leads to hospital-acquired pneumonia and
ventilator-acquired pneumonia (Huffnagle et al. 2017). Thus, oral hygiene is given
high priority to prevent nosocomial infections (Price et al. 2014). This evidence sup-
ports the evolutionary symbiotic relationship between the host and the microbiome,
making the human microbiome a “superorganism.”
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5 Oral Microbiome: CRISPR Cas: Versatility vs Fatality

The second most diverse microbial community is housed in the mouth, and it har-
bors over 700 species of microbial species playing a significant role in our physiol-
ogy and health (Kilian et al. 2016). In this context, research studies provide evidence
of the involvement of a natural adaptive immune process known as CRISPR-Cas in
their ubiquitous and physiological existence in the oral microbiome (Mojica et al.
2000, 2005; Barrangou et al. 2007). CRISPR (clustered regularly interspaced short
palindromic repeats) are short palindromic repeats of base sequences, which are
separated by short “spacer DNA.” Cas (CRISPR-associated) protein, with helicase
and nuclease motifs, utilize the memory sequences called “spacers” to recognize the
sequences of phages presented to target and cleave the invading DNA in a sequence-
specific manner (Naidu et al. 2014; Pride et al. 2012). However, the recognition of
the foreign single-stranded target DNA with the single guide RNA (sgRNA), a
known chimera of CRISPR-RNA (crRNA) and trans-activating cRNA (tracrRNA),
is regulated by a protospacer motif(PAMs), 5’NGG adjacent to the target DNA (N1-
N20), and is critical for the CRISPR/Cas9 system to differentiate self- and non-self-
DNA (Moon et al. 2019). Furthermore, the CRISPR-Cas systems are classified into
various types: I, II, III, IV, and V, with several subtypes in each category. Most
bacterial species possess one or a combination of two CRISPR-Cas types, whereas
the oral bacterial species, Streptococcus, harbors all types of CRISPR-Cas systems
except IV and V. In the oral microbiome perspective, the most widely studied oral
microbes are Streptococcus mutans, Enterococcus faecalis, and P. gingivalis.
Figure 2.3 depicts the various reported roles of the CRISPR-Cas system on oral
microbiome: Broadly, the CRISPR-Cas system is proved to be deleterious to the
host system by promoting the pathogenicity and also reducing the interspecies
diversity, causing dysbiosis in the oral microbiota. At the same time, such discover-
ies have led to developing CRISPR-Cas-based antimicrobials.

The major role of this system is to provide the bacteria with an adaptive immune
mechanism. This is well-documented in S. mutans in the regulation of stress
responses associated with DNA repair and virulence factors. The mutations in the
genes that involve regulatory factors, stress responses, and virulence are found to
affect a differential pattern of expression in the type II Cas protein (Xie et al. 2010;
Kajfasz et al. 2010, 2011; Liu et al. 2011). It is also observed that in the oral bacte-
ria, S. mutans UA159 CRISPR-Cas systems, there exists a sequence homology
between the Casl and 2 proteins, and the deletion of their respective genes decreased
the survivability of S. mutans UA159, on exposure to DNA-damaging agents, mito-
mycin C (MMC) and ultraviolet (UV), thereby suggesting a role for Cas protein
involvement in the protection of bacteria against stress-induced conditions
(Serbanescu et al. 2015). The same study highlighted the inter-relationship of a
VicR/K two-component regulatory system with Cas gene expression to regulate the
environmental stress tolerance. Thus, the role of highly conserved Casl protein in
DNA repair is crucial (Ka et al. 2016). Furthermore, the involvement of the second
messenger cyclic-di-AMP bipolar effect in the expression of CRISPR1 and 2 was
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Fig. 2.3 CRISPR-Cas and oral microbiome: the fatality and versatility aspects of the CRISPR-
Cas system

found to enhance the adaptive nature of S. mutans toward hydrogen peroxide and
EPS production (Cheng et al. 2016). The above observation was further confirmed
with S. mutans Casl and 2-deficient mutants in comparison to the wild-type (WT)
strains, where the survival fitness of the cells was higher at low acidic pH (5.5) and
also susceptible to stress induced by H,O,, paraquat, SDS, and high temperatures,
suggesting their involvement in acid, oxidative, cell membrane, and temperature
stress response (Serbanescu et al. 2015). Clinical isolates of S. mutans expressing
CRISPR1 and CRISPR2 were shown to enhance the expression of g#/B and gtfC
genes, which are required for strong biofilm formation (Chen et al. 2017). Even
though the exact role of the CRISPR-Cas system in promoting biofilm formation is
yet to be studied, the preliminary results obtained show that this system might have
an important role in biofilm formation (Tong et al. 2017).

Another important aspect of this system is the changes associated with bacterial
physiology. A link between CRISPR loci and acquired antibiotic resistance genes in
the root canal pathogen Enterococcus faecalis was well established (Hullahalli et al.
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2017, 2018; Price et al. 2019). It was evidenced that the root canal pathogen E. fae-
calis lacking CRISPR-Cas showed a higher level of resistance to irritants such as
chlorohexidine (CHX), a mixture of tetracycline isomer acid and detergent (MTAD)
(Tong et al. 2017). By different means, the CRISPR-Cas system was proven to pro-
tect the pathogenic bacteria, but, surprisingly, this system has an inverse relation-
ship to the acquisition of the resistance genes. In E. faecalis, the MDR strain does
not have CRISPR loci and vice versa (Palmer and Gilmore 2010; Lindenstrauss
etal. 2011; Burley and Sedgley 2012).

The CRISPR-Cas system has an important role in species diversification and
competition. Studies have shown that the CRISPR-Cas system limits the intraspe-
cies diversity by reducing the transposition and recombination. This is well proved
in the “red” complex of the oral microbiome wherein 7. forsythia-acquired spacers
showed homology with the methyltransferase (MT) gene of other coexisting spe-
cies, P. gingivalis and T. denticola, in the same ecological niches, thereby evolving
a higher level of persistence (Endo et al. 2015; Watanabe et al. 2013).

The CRISPR-Cas9 system is exploited for many revolutionary applications,
including the development of antimicrobials and genome editing (Singh et al. 2017,
Bikard et al. 2012). In the perspective of the oral microbiome, the CRISPR-Cas
antimicrobials are programmed to eradicate antimicrobial resistance (AMR) genes
from the dysbiosis-causing pathogens present in the microbiome, which helps in
effective synergy treatments with antibiotics (Bikard et al. 2012; Yosef et al. 2015).
Even though the sequence-specific advantage is available, they are tested only in
limited clonal populations. Extrapolating the microbiome setup with billions of
microbes of different species and phyla will be far-more challenging and may lead
to the lethality of the commensals (Thomas and Nielsen 2005). First, it may have
unwanted knock-on effects of removing or affecting the growth/metabolism of a
strain in a population that may allow the outgrowth of clinically problematic patho-
gens, and such shifts in species in the oral microbiome structure may affect oral
health (Theriot et al. 2014; Jorth et al. 2014). Second, over the course of time, the
resistance mutation will be mapped in the CRISPR-Cas loci or will inactivate the
CRISPR to deactivate AMR genes by selecting anti-CRISPR loci that are critical for
cleaving or encoding factors (Bikard et al. 2014; Jiang et al. 2013; Vercoe et al.
2013). However, the resistance through mutation may be overcome by using the
multiplexing approach of targeting multiple sequences to decrease the chance of
recurrence of resistance against CRISPR-Cas antimicrobials (Bikard and Barrangou
2017). The hurdles of using CRISPR-Cas antimicrobials in natural microbial com-
munities require a better optimization process for a safe delivery and active engage-
ment with communities and highly adhere to clear guidelines and score as a
next-generation drug class (Pursey et al. 2018).
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6 Conclusion

The co-existence and co-evolution of the host and the microbiome have led to a
deeper understanding of the role of the oral microbiome in health and disease. The
diversification in the oral microbiota is naturally set to protect and be resilient to the
perturbations caused. With everyday technological advancements, the purpose of
each microorganism in the oral microbiome is understood. The varied landscape of
the mouth, host, and microbiome-derived factors decides the core microbiome. The
different causative factors for dysbiosis in the oral ecosystem are mapped. The tri-
angular relationship between host factors—mainly the immune inflammatory net-
work—oral microbiome, and systemic disorders are well established. With such
advanced and ever-growing knowledge of the oral microbiome, it is imperative to
take necessary measures to maintain a healthy oral microbiome and in turn healthy
life. The core microbiome is established from childbirth; thus, the awareness and
importance of the healthy oral microbiome should be educated. Preventative mea-
sures such as healthy lifestyle choices and proper oral hygiene practices, which
maintain the correct balance of the healthy microbiome, should be given priority.
The treatment measures should be directed toward safeguarding or promoting the
beneficial microbiota rather than destroying it with indiscriminate use of antimicro-
bials. More focus should be given on improving the host immune system, right from
the beginning. There should be a paradigm shift from the current antimicrobials and
mechanical based management to ecological based proactive management of the
oral ecosystem. The repositories like HOMD have helped researchers to understand
the diversification of the oral microbiota and its importance in health and diseases.
Such deeper understanding will help researchers to understand the specific markers
of the systemic diseases, which can be exploited for the diagnosis and drug develop-
ment purpose focusing on personalized medicines.
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Chapter 3
Emerging Role of Gut Microbiota
in Functional Gastrointestinal Disorders

Philip Augustine, Uday Chand Ghoshal, Rizwan Ahamed Zulfikar,
and Cyriac Abby Philips

1 Introduction

The brain—gut interrelation plays a central role in linking psychological factors and
gut dysfunction that clinically present with gastrointestinal (GI) symptoms and dis-
ease. The major clinical domains that involve brain—gut axis function include
organic (structural pathology at macro-and micro-level), motility (measurable organ
dysfunction), and functional GI disorders (FIGD). The latter is specifically defined
in the presence of “illness experiences,” symptoms rather than signs, strongly linked
to psychosocial impact and diagnosed by specific subjective (Rome) criteria. The
biopsychosocial concept of disorders of the GI system linked genetics, culture, and
environmental factors to stress, personality traits, psychology, coping, cognition,
and social functions further to central (CNS) and enteric (ENS) nervous system
influences that formed the pathophysiological basis of FGID. In this regard, current
research has demonstrated that the motility, sensation, immune function, and muco-
sal physiology of the gut influenced by food and dietary habits have been linked to
alterations of the intestinal microbiota and its functional metabolism. This liaison
between the gut microbiota, the local (enteric), and central nervous systems have
been shown to influence symptoms, severity, and behavior among patients with
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FGID. Thus, FGID is a syndrome of “clustered” GI symptoms, related to GI func-
tioning, associated with perturbed gut-brain interaction and gut microbiota, associ-
ated with visceral hypersensitivity, motility disturbance, and altered mucosal and
immune function in the presence of disturbed CNS processing, diagnosed by the
Rome Criteria. The Rome IV Ceriteria classified FGIDs into 33 adult and 20 pediat-
ric variants, primarily based on symptoms into anatomic regions (esophageal, gas-
troduodenal, bowel, biliary, and anorectal and centrally mediated disorders of GI
pain) for easy utilization in clinical practice (Drossman 2016; Schmulson and
Drossman 2017).

The role of the luminal microenvironment, especially the microbiota and asso-
ciated functional metabolism and its relationship with the enteric neuromuscular
apparatus and its central connections through the gut-brain axis, was initially
noticed in patients who developed and sustained FGID-type symptoms after enteric
infections. Gut—brain axis communications are dependent on several complex sig-
naling pathways that involve the sympathetic (splanchnic) and parasympathetic
(vagal) nerves, the ENS, hypothalamus—pituitary axis, and CNS that are in turn
affected by intestinal microbiota (microbiota—gut—brain axis) and psychosocial
factors—a bidirectional interaction. Our knowledge on gut microbiota-associated
changes and strong links to FGIDs stems from translational research studies
encompassing direct and indirect intestinal microbiota modulation predominantly
in patients with functional dyspepsia (FD) and irritable bowel syndrome (IBS) and
its subtypes. The interaction between psychosocial and dietary factors (food/food
components) trigger morphological changes to the gut epithelium and alters the
mucosal endocrine signaling, leading to perturbation in local and systemic immune
and inflammatory responses that culminate in FGID—whether the role of intestinal
microbiota is a cause or an effect to this ultimate event is a matter of further
research (Fig. 3.1). Nonetheless, specific gut microbiota changes have been shown
to directly and indirectly (through functional metabolism) promote symptoms,
affect the severity, and engage treatment responses in patients with FGIDs (Barbara
et al. 2016).

2 Gut Microbiota Associations in FGID

The microbiota—gut—brain axis activity in FGID was demonstrated initially in small
animal experiments. When male rat pups were stressed by separating them from
their mothers in the immediate postnatal period, increases in plasma cortisol and
alterations in fecal microbiota were noticeable compared with an unseparated con-
trol group. Similarly, when germ-free mice underwent fecal microbiota transplan-
tation (FMT) with stool derived from severe depressive patients, they demonstrated
anxiety-depression behavior compared to a control group undergoing FMT from
“normal” human controls. These studies represent the bidirectionality of the role of
gut microbiota in FGIDs (Luo et al. 2018). The introduction of pathogenic bacteria
or short or repeated antibiotic feeding courses in healthy mice was associated with
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mood changes, anxiety-like behavior, and cognitive decline in the short and long
term that occurred in tandem with a modulation of the intestinal microbiota. Germ-
free mice demonstrated developmental changes and perturbed gut mucosal immu-
nity, which was partially reversible through recolonization using stool transfer from
healthy mice. Correspondingly, mice receiving feces from diarrhea-predominant
irritable bowel syndrome (IBS) patients exhibited faster gastrointestinal transit, gut
barrier dysfunction, innate immune activation, and anxiety-like responses, demon-
strating a strong association between intestinal dysbiosis and intestinal and behav-
ioral manifestations in FGID (De Palma et al. 2017; Ceylani et al. 2018; Kwon
et al. 2020). Much of our understanding of microbiota (bacterial taxa) in FGID
emanates from quantitative polymerase chain reaction (qPCR), PCR-denaturing
gradient gel electrophoresis (DGGE), fluorescent in situ hybridization, pyrose-
quencing, and the recent, next-generation sequencing (NGS) studies conducted in
patients with functional dyspepsia (FD) and IBS. Multiple studies have looked at
gut microbial diversities within the adult and pediatric groups, between genders,
and at various sites of the GI tract resulting in heterogeneous findings across popu-
lations and regions.

Furthermore, striking differences between the luminal microbiota and the
mucosa-associated microbiota (MAM), the latter, considered more stable and
reflective of host—disease interaction, also portend differences across studies in
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FGID. Nonetheless, taken together, from a bird’s eye view, all these studies provide
insights into common associations between specific bacterial taxa and the type of
FGID considered (Mottawea et al. 2019) (Fig. 3.2).

2.1 Gut Microbiota in Functional Dyspepsia

In patients with FD [post-prandial distress syndrome (PDS), epigastric pain syn-
drome (EPS), or PDS-EPS overlap], higher levels of Prevotella were notable in
gastric fluid aspirate, and those with PDS, an inverse correlation between Prevotella
abundance and disease severity was noted (Nakae et al. 2016). Similarly, in the
gastric fluid, at the phylum level, higher Bacteroides compared to Proteobacteria
and absence of Acidobacteria were remarkable in FD patients compared to healthy
controls (Igarashi et al. 2017). In studies that looked at MAM (gastric and small
intestinal mucosa biopsies), an inverse relationship between Streptococcus and
Prevotella (Zhong et al. 2017), negative correlation between the abundance of
Veillonella and gastric emptying time (Shanahan et al. 2018), and higher levels of
Firmicutes, especially Streptococcus, positively correlated with symptoms (Fukui
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et al. 2020) in patients with FD. Studies have also demonstrated important interac-
tions between Helicobacter pylori and gut microbiota in patients with nonulcer and
ulcer dyspepsia. H. pylori-negative biopsy-proven gastritis was found to be associ-
ated with greater enrichment of Firmicutes, Fusobacteria, Bacteroidetes, and
Actinobacteria. At the same time, in those patients positive for H. pylori, the fecal
samples were enriched with Proteobacteria. Interestingly, it was seen that bacterial
species and richness diversity were higher among persons living in less industrial-
ized nonmodern regions in whom H. pylori incidence was also very low. Patients
with nonulcerative dyspepsia had a greater abundance of Cutibacterium acnes at the
species level (Gantuya et al. 2019; Chua et al. 2019).

2.2 Gut Microbiota in Irritable Bowel Syndrome

In patients with IBS (diarrhea or constipation-predominant or mixed type and
unclassified), deep molecular analysis of microbiota has revealed specific bacterial
taxa changes associated with symptoms and severity compared to healthy controls.
The first such study to utilize state-of-the-art techniques was performed in 2007 in
which authors identified changes in Coprococcus, Collinsella, and Coprobacillus
abundances in patients with IBS (Kassinen et al. 2007). In general, a “healthy”
microbiota is characterized by a higher prevalence of Firmicutes and Bacteroidetes
and a lack of Proteobacteria. The most crucial aspect of gut microbiota related to
IBS stems from observations and studies in small animal models and patients with
post-infection (following acute gastroenteritis) IBS. It was noted that approximately
10% to 14% of patients within 3 to 12 months after an acute GI infection developed
IBS symptoms driven by bacterial and host factors, local and systemic immune
activation, and enteric neuronal changes that ultimately led to changes in intestinal
motility and development of symptoms. In small animals infected with
Campylobacter jejuni, it was shown that post-infection, alteration in stool form,
increase in rectal lymphocytes, reduction in interstitial cells of Cajal, and bacterial
growth predominated along with the production of cytolethal distending toxin
resulting in subsequent autoimmunity to enterocyte adhesion protein vinculin
impressing the fact that IBS development and progression had strong links to
bacteria-driven local as well as systemic immune-related and neuroendocrine
changes (Pimentel et al. 2015).

The parasite Giardia duodenalis has been shown to reduce thickness and disrupt
extracellular matrix compositions and structural integrity of the mucosal microbiota
biofilms leading to over-representation of Clostridiales and a decreased amount of
Phascolarctobacterium species in experimental models of post-infection IBS,
which was also clearly demonstrated among IBS patients from Italy and Norway
(Beatty et al. 2017). From a dysbiosis point of view, at the phylum level, a twofold
increase in Firmicutes to Bacteroidetes ratio, increase in Actinobacteria, and reduc-
tion in Bifidobacterium correlated with symptoms and severity in patients with IBS
(Jeffery et al. 2012; Pimentel and Lembo 2020). A large body of evidence from gut
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microbiota studies in IBS emphasizes the relative richness of pro-inflammatory bac-
terial species (Enterobacteriaceae) associated with a parallel decline in beneficial
species Bifidobacterium and Lactobacillus. The differential dysbiosis in IBS has
been demonstrated between patients with and without abdominal bloating, further
classified into different subtypes based on bowel habits and between patients from
various regions. Subdoligranulum and Anaerovorax (belonging to the families
Ruminococcaceae and Eubacteriaceae, respectively) were found to increase in those
without bloating. In patients with constipation-predominant IBS, Collinsella was
increased, while among those with predominantly diarrhea, members of the
Firmicutes phyla (Oscillibacter, Anaerovorax, Streptococcus, and Eubacteriaceae)
were significantly decreased (Ringel-Kulka et al. 2016; Zhuang et al. 2017; Ringel
et al. 2018). Similarly, in a study on fecal and mucosal microbiota, researchers
found that IBS symptom severity was associated negatively with microbial diversity
or richness, exhaled methane levels, presence of methanogens, and reduced preva-
lence of Methanobacteriales or Prevotella species. Only two previous studies have
shown the predominant role of Pseudomonas aeruginosa among patients with IBS
(Kerckhoffs et al. 2011; Shukla et al. 2015; Ghoshal et al. 2018a, b).

Contrary to study findings on bacterial communities, in a study published from
Korea, authors found that halophilic archaea such as Halorubrum and Halococcus
species predominated. This was possibly due to high-salt food intake notable among
Korean populations, implying the role of dietary factors on qualitative and quantita-
tive gut microbial aspects, which is not yet fully weighed into studies on IBS and its
subtypes (Nam et al. 2008). Metagenomic analysis on fecal samples from patients
with constipation-predominant IBS revealed predominant microbiota directed anti-
inflammatory activity when transferred to conventional mice due to increased
Akkermansia muciniphila even with a decrease in the relative abundance of
Bacteroides, Roseburia, and Eubacterium rectale and an increase in pathogens
belonging to Enterobacteriaceae and Desulfovibrio species, demonstrating the
importance of cross-talk between microbial taxa and host intestinal homeostasis
(Gobert et al. 2016). A recent study analyzed the fecal and mucosa-associated bac-
terial composition along the GI tract in patients with IBS. The authors found that
feces’ bacterial profiles and the sigmoid colon mucosa, but not duodenum, differed
between IBS patients. The IBS-specific bacterial profiles were linked to the colonic
antibacterial gene expression. Furthermore, the fecal bacterial profile differed
between IBS subtypes, while the mucosa-associated bacterial profile was signifi-
cantly associated with IBS symptom severity (Sundin et al. 2020). Large-scale stud-
ies on specific microbial changes and interactions in patients with IBS subsets seem
incomplete in current literature. Nonetheless, a recent study showed that diversity
richness was reduced, and levels of Faecalibacterium and Dorea were lower and
higher, respectively, in patients with diarrhea-predominant IBS (Maharshak et al.
2018). Another study demonstrated an increased abundance of Prevotella and asso-
ciation with a high risk of diarrhea-predominant IBS in the Chinese population (Su
et al. 2018). In a systematic review and meta-analysis that included differential
expression of intestinal microbiota in patients with IBS versus healthy controls and
subgroup analysis, authors found lower levels of Lactobacillus, Bifidobacterium,
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and Faecalibacterium prausnitzii in patients with diarrhea-predominant IBS (Liu
et al. 2017). A recent systematic review involving 777 patients and 461 healthy
controls demonstrated that, for most studies, those with IBS had lower a-diversity
in both fecal and mucosal samples. Relatively consistent findings on intestinal
microbiota analyses included increased Firmicutes, decreased Bacteroidetes, and
increased Firmicutes:Bacteroidetes ratio at the phylum level and increased
Clostridia as well as decreased Bacteroides (Duan et al. 2019). A more recent meta-
analysis showed that the family Enterobacteriaceae (phylum Proteobacteria), the
family Lactobacillaceae, and the genus Bacteroides were increased. In contrast,
uncultured Clostridiales I, Faecalibacterium, and Bifidobacterium were decreased
in patients with IBS (Pittayanon et al. 2019). A study comparing fecal and mucosal
gut microbial signatures among patients with inflammatory bowel disease (IBD),
IBS, and healthy controls showed that Erysipelotrichi was a potential biomarker of
IBS. In contrast, Enterococcus was significantly identified in patients with IBD (Lo
Presti et al. 2019). Several authors have described changes associated with intestinal
bacterial communities at the luminal and mucosal level in patients with IBS since
the original description more than a decade ago. A summary of gut microbial (bac-
terial) interactions in patients with the FGIDs, FD, and IBS and its subsets are illus-
trated in Fig. 3.3.

3 Gut Microbiota and Functional Metabolites in FGID

Metabolomics, the exhaustive study and profile generation of small-molecule meta-
bolic products of cells, tissues, and organisms at a specific point in time, is a novel
approach to analyzing complex interactions between gut microbiota functions.
Mass spectrometry and magnetic resonance spectroscopy are powerful tools to
identify, quantify, and apply biostatics and mathematical models and discern bio-
logically significant metabolites from large data sets (Liu and Locasale 2017). Apart
from this, analysis and identification of functional metabolism based on metage-
nomic data and biomarker discovery, in the absence of quantification, can be
achieved through bioinformatic pipelines such as Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt), which allows
inference of the functional profile (significant pathways of metabolism) of a micro-
bial community using operational taxonomic units-based marker gene sequence and
survey (Douglas et al. 2020). Fermentation of polysaccharides and generation of
short-chain fatty acids (SCFAs; acetate, propionate, butyrate) by intestinal bacteria
lead to hydrogen, methane, and other by-products that affect gut mucosal barrier,
gut permeability, and bowel motility. Intestinal bacteria also play a central role in
gut—brain interactions through the production or degradation of various locally act-
ing neurenteric and systemic neuroactive substances such as the anti-inflammatory
S-adenosylmethionine, neurotoxin quinolinic acid, glutamic acid, hydroxybutyric
acid, dopamine, acetylcholine, kynurenine, histamine, and serotonin (Valles-
Colomer et al. 2019). The bacteria also harbor hormonal receptors that mediate
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cross-talk between the host and microbiota. SCFAs are an important energy source
for colonocytes but are also chemical messengers or signaling molecules for various
host cells. The G-protein coupled receptors (GPR41, GPR43), also known as the
free fatty acid receptor types 3 and 2 (FFAR), have been identified as receptors for
SCFAs and expressed in a variety of cells, including colonic endocrine L cells, adi-
pose tissue, neutrophils, monocytes, and mucosal mast cells. SCFAs upregulate the
secretion of glucagon-like peptide 1 (GLP-1) and peptide tyrosine-tyrosine (PYY)
that take part in “ileal-brake,” a primary inhibitory feedback mechanism to control
the transit of a meal through the GI tract to optimize nutrient digestion and absorp-
tion. Similarly, medium—and long-chain fatty acids produced by bacterial activity
on dietary substrates within the host act on GPR40 and GPR120 receptors on the
enterocytes and promote cholecystokinin’s secretion and regulatory activity and
glucose-dependent insulinotropic polypeptide/gastric inhibitory polypeptide.
Similarly, reducing certain gut microbiota metabolites and subsequent increase in
certain others (due to host, environment, or associated comorbidity) lead to mucosal
barrier dysfunction leading to leakage of pathogens into the lamina propria of intes-
tinal mucosatriggering the mucosal immune system. This results in pro-inflammatory
cytokine production and stimulation through direct bacterial or indirect bacterial
products-related activity on the toll-like receptors on the enterocytes, mast cell, and
macrophage activation. This local and subsequent systemic immune activation and
pro-inflammatory profile have been considered to play a central role in
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neurovisceral sensitivity and associated symptoms in patients with FGID, espe-
cially IBS (Fukui et al. 2018). Thus, it is evident that secondary bacterial metabo-
lites play a central role in intestinal function and systemic neuroendocrine and
immune regulation in humans. In patients with FGID, especially those with IBS, it
was found that perturbed metabolite profiles in fecal samples, such as an increase in
gaseous hydrogen, phenols, and indoles, were associated with symptoms and dis-
ease severity. Colonic spore-forming bacteria belonging to the Clostridiales order,
enriched in Ruminococcaceae and Lachnospiraceae, were associated with biosyn-
thesis and release serotonin from intestinal enterochromaffin cells and modulate
intestinal motility, a serotonergic dysfunction notable in patients with IBS (Yano
et al. 2015; Labus et al. 2019). Metabolism of polysaccharides in the gut lumen
leads to the production of hydrogen and methane by-products. Colonic bacteria also
produce short-chain fatty acids such as acetate, propionate, and butyrate that affect
intestinal permeability and motility. Methane gas production, specifically by metha-
nogens in the colon, slows intestinal transit and augments small intestinal contractil-
ity. It was shown that reduction in butyrate production and butyrate-producing taxa
was found among patients with diarrhea and mixed (diarrhea, constipation)-type
IBS. Similarly, lower methane production in the intestinal lumen was notable in
patients with diarrhea-predominant IBS, while higher levels were noted in patients
with constipation-predominant IBS. The symptoms of flatulence in FGID patients
have been linked to reduced hydrogen gas removal from the colon due to decreased
sulfate-reducing bacterial taxa (Pozuelo et al. 2015; Tap et al. 2016; Chong et al.
2019). The role of metabolite production and its effects on gut motility, mucosal
immunity, local immune regulation, and symptom development in IBS and FD
patients have been identified through prebiotic interventional studies and subse-
quent observations. It was shown that inulin-type fructans and arabinoxylan oligo-
saccharides fermentation capacity by Bifidobacteria strains depended on bacterial
cooperation, and the metabolites rich in short-chain fatty acids thus produced acted
on metabolite-sensing G-protein-coupled receptors to regulate inflammatory
responses and motility. An essential metabolite of the human colon, butyrate, the
central energy source for the colon epithelial cells, maintains gut mucosal integrity
and promotes immunomodulatory and anti-inflammatory properties within the
intestinal milieu. Bifidobacteria and other butyrate-producing bacteria, such as
Faecalibacterium prausnitzii, Anaerostipes, Eubacterium, and Roseburia, interact
with each other through cross-feeding pathways that generate metabolites beneficial
for the host (Riviere et al. 2016, 2018; Chong et al. 2019). Bile acid metabolites are
produced from cholesterol in hepatocytes with cholic and chenodeoxycholic acids.
Intestinal bacteria deconjugate bile acids to form secondary bile acids such as litho-
cholic acid and deoxycholic acid. These stimulate enterocyte secretion through their
actions on sodium and chloride channels. Excessive bile acid secretion is negatively
controlled by fibroblast growth factor 19 (FGF-19). This inhibitory molecule and its
regulation are affected by gut microbiota functions and metabolite production. The
levels of bile acids within the intestinal lumen decide motility functions—high lev-
els lead to diarrhea-like symptoms. In contrast, very low levels result in constipation
in the host. Thus, gut microbial metabolite generation affects the host, which
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depends on the quality and diversity of intestinal microbiota (Raskov et al. 2016). In
a China study, authors identified gut microbiota and metabolite signature in patients
with IBS using gas chromatography coupled to time-of-flight mass spectrometry
(GC-TOFMS) and 16S rDNA amplicon sequencing. They found that metabolites
ornithine, putrescine, N-acetyl tryptophan, and L-tryptophan were associated with
abdominal pain and discomfort and stool characteristics. In contrast, eicosatrienoic
acid, oxoadipic acid, L-phenylalanine, L-valine, and gamma-aminobutyric acid
were associated with the duration of symptoms in patients with IBS (Zhu et al.
2019). Thus, it is clear that the quality and type of bacterial taxa, their interactions,
and beneficial cooperation lead to favorable metabolite generation that acts at the
local and systemic levels to promote or improve intestinal function. These findings
led to the use of healthy donor FMT or prebiotic use, which promotes advantageous
metabolite generation for the treatment of FGID, especially in patients with IBS.

4 Fecal Microbiota Transplantation in FGID

Fecal microbiota transplantation or FMT is the infusion of screened fresh or stored
(frozen or encapsulated) feces from a healthy donor into the GI tract of a patient
with a specific disease addressable to intestinal dysbiosis, intending to restore
microbial homeostasis and advantageous functionality toward the host. The FMT
procedure gained interest with its extremely beneficial therapeutic role in patients
with a mild and severe recurrent form of Clostridium difficle infection, a condition
well known to be associated with intestinal dysbiosis (Cammarota et al. 2017,
Cheng et al. 2020). The use of FMT includes stepwise, scrutinized, protocol-based
donor screening followed by different methods for feces infusion that is dependent
on the treating unit’s expertise. In brief, donor screening must include a thorough
clinical history, including history of chronic as well as recent drug and medications
such as antibiotics and proton pump inhibitors; GI symptoms, history of travel
within 3 months; neuropsychiatric disorders, the latter, in the donor as well as first
degree relatives; and physical examination and blood investigations to rule out acute
as well as chronic infections, metabolic disorders, and possible transmissible dis-
eases. A minimum of 30 g of freshly donated or frozen stool material (stored
at -80 °C with added glycerol to a final concentration of 10%) homogenized with
normal saline (three to five times larger volume of solvent) through blending and
gauze filtering or manual/device straining can be infused into the recipient through
a colonoscope into the lower GI tract or through a fluoroscopy-guided, nasally
placed tube or gastroduodenoscopy-directed introduction into the upper GI tract
(Wang et al. 2019; Kim and Gluck 2019; Cammarota et al. 2019). Researchers from
China extracted and analyzed microbiota in feces from constipated donors who had
undergone effective therapy with FMT and transplanted the extracted microbiota
into pseudo-germ-free mice while measuring parameters of intestinal motility. They
found that the treated mice developed lower pellet frequency and stool water per-
centage, smaller pellet size, delayed gastrointestinal transit time, and weaker
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spontaneous contractions of colonic smooth muscle. To identify the mechanism
underlying delayed gut motility in detail, the authors evaluated microbial metabo-
lites. They found that SCFAs and secondary bile acids were decreased in mice
receiving microbiota from constipated donors. They also demonstrated that the
compositional changes of gut microbiota in constipated patients (taxa and the spe-
cies richness and alpha diversity) were greater than healthy volunteers (Ge et al.
2017). The effect of allogenic and autologous FMT on IBS symptoms, visceral
sensitivity, and compositional changes in fecal and mucosa-adherent microbiota
was studied by researchers from Finland and Sweden in a randomized controlled
study. They showed that single FMT via colonoscopy might have beneficial effects
in patients with IBS. Still, allogenic fecal material was not superior to autologous
feces, suggesting that prior bowel cleansing may contribute to symptoms and gut
microbiota changes in IBS. This study sheds light on discovering standardized prac-
tices that minimize inadvertent microbiota modulation in patients treated with FMT
(Holster et al. 2019). A single-arm open-labeled study included patients with IBS
who underwent colonoscopy-directed FMT with a change in Bristol stool form
scale (to types 3 or 4) at 4 weeks post-treatment as the primary endpoint. The authors
noted that among responders to FMT, stool bacterial diversity increased with
improved psychological status (measured using the Hamilton Rating Scale), espe-
cially in donor feces enriched in Bifidobacterium (Mizuno et al. 2017). Improvement
in depression and anxiety symptoms after FMT in a group of patients with IBS,
functional diarrhea, or functional constipation associated with microbial alpha
diversity improvement was demonstrated in an open-label observational study from
Japan (Kurokawa et al. 2018). A randomized placebo-controlled, double-blind
study from Denmark on FMT in patients with moderate to severe IBS demonstrated
significant improvement in symptoms gauged by amelioration in the IBS-Severity
Scoring System (IBS-SSS) in patients receiving placebo compared to those on fecal
capsules. Even though FMT improved bacterial richness and diversity compared to
placebo, clinical improvements per predefined primary endpoints were notably
absent in the FMT group (Halkjer et al. 2018).

In another double-blind, randomized, placebo-controlled, parallel-group, single-
center trial from Norway, 90 participants with moderate to severe IBS were ran-
domly assigned to receive either freshly processed feces (50 to 80 g stool in 200 mL
saline and 50 mL of 85% glycerol) or patients’ own feces as placebo along with
loperamide for retention benefit. On modified intention-to-treat analysis (55 in the
active treatment group and 28 in the placebo group), 65% of participants receiving
active treatment versus 43% receiving placebo showed a response in the form of
graded symptom improvements at 3 months (Johnsen et al. 2018). The previous
Danish and the current Norwegian studies were contrasting, probably because of the
higher dosing and better route of FMT utilized in the latter, which beckons stan-
dardization of the FMT procedure in specific subsets of patients with FGID. This
was also confirmed in a recent study in IBS patients wherein authors repeated the
FMT procedure by infusing 60 g of freshly prepared faces into the duodenum
through a gastroscope in patients not responding to the initial 30 g volume FMT. It
was shown that repeated and higher dosed FMT improved responses and alleviated
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symptoms in patients who did not initially respond to the treatment (El-Salhy
et al. 2019).

A more recent study showed that in patients with diarrhea-predominant IBS,
several intestinal microbiota taxa and SCFAs, which were significantly different in
the patients at baseline compared to their donors, normalized by the third week fol-
lowing FMT in parallel with significant improvement in symptoms and quality of
life that was maintained up to 28 weeks post-treatment (Mazzawi et al. 2019). In a
meta-analysis of eight single arm (SATs) and five randomized controlled trials
(N =105 patients on FMT and 105 controls), the authors found that 59.5% of IBS
patients had significant improvement in the former of symptoms. In contrast, there
were no differences between FMT and control treatment in IBS symptom, severity,
or quality of life in the latter. This meant that randomized controlled trial results
were dependent on and affected by the placebo effect; dosing, route, and FMT
source were confounding factors. The effectiveness of FMT was dependent on the
IBS subtype (Myneedu et al. 2019).

In a meta-analysis, the authors examined the efficacy of FMT in 267 IBS patients.
They found that, for all individuals, there was no improvement in IBS symptoms as
compared to placebo and concluded that the dose and method of delivery might
have influenced response, and that fresh or frozen donor stool delivered by colonos-
copy or nasojejunal tube may be associated with the better response, which needs
further validation through larger more rigorously conducted trials (Ianiro et al.
2019). In a more recent systematic review and meta-analysis on 742 citations with
ultimately 254 eligible participants with IBS undergoing FMT, the authors noted no
significant difference in the global improvement of IBS symptoms at 12 weeks in
those receiving FMT to placebo. The heterogeneity among studies was significant,
and subgroup analyses revealed benefits of single-dose FMT using colonoscopy and
nasojejunal tubes in comparison with autologous FMT for placebo treatment (num-
ber needed to treat = 5, RR = 1.59) and a reduction in the likelihood of improvement
of multiple-dose capsule FMT RCTs (number needed to harm = 3, RR = 0.54). The
authors also found that the placebo response was 33.7% in non-oral FMT RCTs and
67.8% in capsule FMT RCTs. Thus, current evidence from RCTs does not suggest
a benefit of FMT for global IBS symptoms (Xu et al. 2019) (Fig. 3.4).

5 Conclusions and Future Directions

Current evidence sheds light on the influential role of intestinal dysbiosis in patients
with FGIDs. However, our knowledge regarding specific taxa and their functions in
different subsets of FGID remains limited to patients with IBS and, to some extent,
FD. Even so, there remain wide variations in observed changes in the species and
genera of these patients dependent on the region (Asian versus European), method-
ology (16 s RNA sequencing versus shotgun sequencing), and sites (fecal versus
mucosal; duodenum versus colon) studied. With improved standardization of study
methods, our comprehension of the precise role of qualitative and quantitative gut
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Fig. 3.4 Brief summary of FMT in IBS patients. H/V, human immunodeficiency virus; HTLV,
human T-lymphotropic virus; SARS-Cov-2, novel coronavirus; ESR, erythrocyte sedimentation
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microbial functions in patients with FGID and subgroups has been steadily improv-
ing. In similar lines, FMT’s use as a therapeutic option in patients with FGID, espe-
cially those with IBS, has not yielded favorable results due to differences in dosing,
route, and duration of therapy utilized across studies. In the future, understanding
and identifying specific groups of patients with FGID in whom intestinal dysbiosis
plays a central role in the pathogenesis of the disease, independent of other factors,
who would benefit from gut microbial modulation, through large population-based
observational and randomized controlled interventions needs effectuation.
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Chapter 4

The Human Gut Microbiota

and Gastrointestinal Cancer: Current
Status and Therapeutic Perspectives

Goutam Chowdhury and Dharanidharan Ramamurthy

1 Introduction

The human gastrointestinal tract (GIT) is one of the most complex networks in the
body and is colonized by trillions of microorganisms, including bacteria, viruses,
archaea, parasites, and fungi (Faith et al. 2013). Bacteria are considered to be the
foremost domain of microbiota colonizing in the GIT. Bacterial populations occu-
pying the gut differ significantly between individuals, depending on host specifici-
ties such as environmental conditions, lifestyle, age, smoking habit, genetic factors,
antibiotic therapy, and contact with pathogenic organisms (Gill et al. 20006).
Microorganisms participate in host health via synthesis of essential amino acids,
short-chain fatty acids (SCFAs), and vitamins (Marchesi et al. 2016). The gut micro-
biota has emerged as a critical player in the maintenance of human health, influenc-
ing not only the GI tract but also distal organs such as the brain, liver, and pancreas
(Flint et al. 2012). Various studies have shown that microbial alterations, and a rela-
tive decrease in levels of beneficial bacteria, relate to the development of gastroin-
testinal and extra-gastrointestinal cancers (Panebianco et al. 2018a, b). Several lines
of evidence suggest that the gut microbiota is related to a variety of cancers, which
may educate potential development of cancer therapies targeted at the gut microbi-
ome (Meng et al. 2018). This chapter provides a complete review of the studies on
the human gut microbiota and GIT cancers, specifically gastric, esophageal, colorec-
tal, and pancreatic cancers.
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Cancer is considered a main reason for mortality and morbidity in the world.
According to the latest report released by the World Health Organization (WHO),
the global cancer burden is estimated to have risen to 18.1 million new cases and
9.6 million deaths in 2018 (WHO 2018). Currently, cancers affecting the GIT
system are well known as a major health problem, and according to the Global
Cancer Statistics 2018, GIT cancers have high incidence and mortality rates (Bray
et al. 2018). The conventional and traditional treatments of cancer are surgery,
radiotherapy, and chemotherapy (Sohda and Kuwano 2017). Recent novel thera-
peutic approaches include stem-cell therapy, hormone-based therapy, and immu-
notherapy. Both conventional and modern therapy strategies however encounter
some limitations and side effects such as specific toxicity toward normal body
cells (Axelrad et al. 2016). The surgical procedure for the excision of tumors is a
limited and insufficient approach on its own since it needs to be followed up by
chemotherapy and radiotherapy (Sohda and Kuwano 2017). Besides, as a conven-
tional and most used type of cancer treatment, chemotherapy could lead to the
development of multidrug-resistant (MDR) cells in some patients (Arruebo et al.
2011). Therefore, there is a need for novel therapeutic agents with fewer compli-
cations. Several bacterial species have been used in live, attenuated, or genetically
modified and bacterial products (including bacterial peptides, bacteriocins,
enzymes, and toxins) that could multiply selectively in tumors and inhibit their
growth (Elsalem et al. 2020). In addition, there is substantial data indicating the
role of GIT microbiota in modulating tumor response to anticancer drugs such as
conventional chemotherapy and molecular-targeted therapeutics (Cheng et al.
2020). Bacterial microbiota are therefore attractive targets for modulation, pre-
vention, or treatment of GIT cancers.

2 Gut Microbiota and GIT Cancer

During the last few decades, the relationship between the gut microbiota and car-
cinogenesis was documented promptly (Elsalem et al. 2020). In the gut, the micro-
bial dysbiosis or individual bacteria can promote carcinoma or induce cancer
process through a variety of mechanisms such as damaging DNA, production of
carcinogenic metabolites, stimulation of chronic inflammation, activating onco-
genic pathways, inhibition of antitumor immunity, deleterious alterations in phys-
iological host processes like inflammation, antigen-driven lymph proliferation,
damaging host DNA, and induction of hormones that increase epithelial cell pro-
liferation (Schwabe and Jobin 2013; Francescone et al. 2014; Fulbright et al.
2017). Several bacteria may also possess and promote cancer through direct
effects on cell transformation or through the production of toxic, carcinogenic
metabolites that activate the f-catenin signal pathway involved in carcinogenesis
(Kamada et al. 2013).
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Gut dysbiosis or alterations in gut microbiota composition have been implicated
in the initiation and development of various pathological conditions within the gut
microbiota, ranging from bowel inflammation, to diabetes, obesity, neurodegenera-
tive diseases, and development of various cancers, including gastric cancer, colorec-
tal cancer, hepatocellular carcinoma (HCC), and pancreatic cancer (Garrett 2015;
Virtue et al. 2019). In gut dysbiosis, certain bacterial pathogens can negatively dis-
turb the host’s metabolism and immune system functionalities, and many bacteria
can damage DNA by releasing specific metabolites, thereby triggering tumor growth
and promoting GIT cancer (Coker et al. 2018). Epidemiological evidence supports
the opinion that long-term antibiotic exposures change the composition by decreas-
ing the diversity of gut microbiota and increasing the risk of GIT cancers (Wong
etal. 2017). Recent studies also suggest that due to dysbiosis or microbial commen-
sal imbalance, 20% of gut microbial pathogens have been driven to GIT tumorigen-
esis or malignancies (Sethi et al. 2018), and long-term antibiotic use was highly
correlated with increased colorectal tumor progression. Remarkably, there is con-
vincing evidence linking bacterial dysbiosis to cancer like Helicobacter pylori with
gastric cancer (Coker et al. 2018), Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans with pancreatic cancer (Fan et al. 2018), Streptococcus
mitis/anginosus with esophageal cancer (Narikiyo et al. 2004), and Streptococcus
bovis/gallolytucis with colorectal cancer (CRC) (Rezasoltani et al. 2018).

Gut microbial dysbiosis also has a key role in therapeutic responses toward anti-
cancer treatment. These depend on the microbial ability to metabolize drugs and to
influence inflammation as well as immune responses within the tumor microenvi-
ronment (Panebianco et al. 2018a, b). However, the association between microbiota
and responses to anticancer therapies has been defined as a bidirectional relation-
ship, where both factors can have an extensive effect on each other (Li et al. 2019).
Recently, the approaches of using next-generation sequencing, mass spectrometry,
and pharmacomicrobiomics have emerged as a new field for investigating and eval-
uating the microbiota structure and investigating the metabolic, functional, and
genetic action of the microbiota (Fessler et al. 2019). Therefore, the role of probiot-
ics and antibiotics either alone or in combination with anticancer drugs has been
explored to manipulate the microbiota, which in turn might have positive outcomes
for GIT cancer prevention and treatment (Javanmard et al. 2018). The gut microbi-
ota interventions in GIT cancers are explained in Table 4.1.

3 Gut Microbiota and Esophageal Cancer

Esophageal cancer is the eighth most commonly diagnosed cancer and the sixth
leading cause of cancer death worldwide (D'Journo and Thomas 2014). Esophageal
cancer is divided histologically into two major groups: esophageal squamous cell
carcinoma (ESCC) arising from the epithelial cells, with different geographical
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Table 4.1 Microbiota interventions in GIT cancers
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Cancer

Microbes
associated

Virulence or risk
factor

Mechanisms

References

Gastric
cancer

H. pylori

Cag-PAl, vacA,
mucosal alterations,
inflammation,
chronic superficial
gastritis, intestinal
metaplasia, and
finally to dysplasia
and adenocarcinoma

Infection with CagA or vacA
H. pylori promotes the
secretion of gastrin, which
may induce the proliferation
of mucosal cells and affect
the epithelial cell barrier,
create vacuoles in the host
cells, and inhibit the T-cell
mediated immune response
and inflammation.

CagA promotes GC through
multiple cellular signaling
pathways, such as the
mitogen-activated protein
kinase (MAPK) cascade,
NF-«B expression, PI3K/Akt
signaling pathways, EMT
through the oncogenic
associated protein (YAP)
pathway, and induction of
gene mutation of p53. VacA
encourages the GC through
affecting the epithelial cell
barrier and inhibiting the
T-cell-mediated immune
response.

Palframan
et al.
(2012);
Yang et al.
(2015)

Pancreatic
cancer

H. pylori,
Streptococcus
mitis,
Pseudomonas
aeruginosa

CagA, LPS
Taste receptor 2
member 38 (T2R38)

H. Pylori infection activates
STAT3, NF-jB, and AP-1 to
mediate pancreatic cancer
progression via increasing
the level of anti-apoptotic
and proproliferative proteins
such as B-cell lymphoma-
extralarge (Bcl-xL) and
myeloid cell leukemia- 1
(MCL-1).

P. aeruginosa infection
activates T2R38, induces
multidrug resistance protein
1 (ABCB1), and gets
involved in cancer invasion
and metastasis

Manes
et al.
(1998);
Gaida
et al.
(2016)
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Table 4.1 (continued)
Microbes Virulence or risk
Cancer associated factor Mechanisms References
Colorectal | S. gallolytucis | S. gallolytucis toxin | Increased the expression of | Boleij
cancer Enterotoxigenic | B. fragilis toxin, proliferation markers and et al.
B. fragilis fragilysin polyamines and production | (2011);
(ETBF) FadA of interleukin IL-1 and Kim et al.
Fusobacterium IL-8 in the colonic mucosa, | (2006);
nucleatum which promotes the Rubinstein
neoplastic process for CRC | et al.
ETBF producing (2019)
metalloprotease fragilisyn
activates STAT3 and
stimulates the IL-17
production, consequently
promoting NF-kB and Wnt
pathway activation leading
to tumor formation.
FadA interacts with
E-cadherin on the
endothelium, activates
f-catenin signaling pathway,
resulting in an increased
expression of transcription
factors and inflammatory
and oncogenic responses.
Esophageal | Bacteroidetes, | LPS Activating innate immune Yang et al.
cancer Proteobacteria, | Esophageal responses that lead to NF-jB | (2009)
Fusobacteria, | squamous cell activation, promoting the
Veillonella, carcinoma (ESCC) release of inflammation-
Prevotella, and esophageal associated mediators
Neisseria, and | adenocarcinoma including IL1b, IL6, ILS,
Fusobacterium | (EAC) and TNFa, increasing the
risk of reflux through
relaxing lower esophageal
sphincter.

distribution, and esophageal adenocarcinoma (EAC) arising from the glandular
cells of the distal esophagus (Sohda and Kuwano 2017). The known risk factors of
cancer esophageal cancer are genetics, gastroesophageal reflux disease (GERD),
alcohol and tobacco consumption, low fiber intake, and obesity (Wang et al. 2016).
Bacterial and viral infections also contribute to the formation of esophageal malig-
nant neoplasms. Results from several studies reported that Bacteroidetes,
Proteobacteria, Fusobacteria, Veillonella, Prevotella, Neisseria, and Fusobacterium
were prevalent in patients with esophageal cancer but were not detected in controls
(Narikiyo et al. 2004). Gram-negative bacteria participate in the oncogenic process
of esophageal cancer through multiple mechanisms, which include activating innate
immune responses that lead to NF-kB activation, promoting the release of
inflammation-associated mediators including IL1b, IL6, IL8, and TNF-a,
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increasing the risk of reflux through relaxing the lower esophageal sphincter, and
delaying gastric emptying (Runge et al. 2015; Zaidi et al. 2016).

Currently, limited evidence is available regarding the role of microbiomes in
esophageal cancer treatment or prevention. A study showed that disturbance of the
commensal microbiota using antibiotics reduced the sensitivity of xenograft tumors
in animal models (Sawada et al. 2016). Therefore, more studies should be directed
toward understanding the pathogenesis of esophageal cancer and the role of micro-
biomes, which might have diagnostic and therapeutic implications (Snider
et al. 2016).

4 Gut Microbiota and Gastric Cancer

Gastric cancer (GC) is ranked as fourth for incidence and one of the leading causes of
cancer-related deaths worldwide (Siegel et al. 2017). GC commonly develops through
a multifactorial process, depending on genetic, environmental, dietary, and host-
related factors, such as age, sex, diet, smoking, and alcohol consumption (Fig. 4.1)

— -

Host Factors ‘l Host Mucosa l "'\,‘ Environmental Factors ‘

. ‘ Helicobacter pylori ‘

‘ Normal Gastric Mucosa ‘

babA p= 5‘1—'Iagella
= flaA

Host Gene 1 ———— A Sl
q —_— ~ —
Polymorphisms || .g || -10 P cupnd_
TNF-o ‘ Acute Infection (Rare) ‘
Week 1 i | Helminth Infection ‘
-

‘ Superficial Gastritis ‘

Year 1
Host Immune

Responses Chronic Gastritis

: |
Oxidative Stress J_ 1 .

Atrophic Gastritis I

Salt Intake ‘

Cigarette Smoking ‘

— l

Low Acidity |

|_‘ Antioxidant Intake ‘

Intestinal Metaplasia/
Gastritis Ulcer

1 -
‘ Dysplasia ‘
l §

%astric Adenocarcinoma ‘

i

Fig. 4.1 Multifactorial pathway leading to gastric carcinoma. Host, H. pylori, and environmental
factors act in combination to contribute to the precancerous cascade leading to the development of
gastric cancer
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(Zabaleta 2012; Ishaq and Nunn 2015). The main risk factor for GC is chronic
infection by H. pylori, a Gram-negative bacterium living in the gastric mucosa of
50% of the human population (Doorakkers et al. 2016). According to the World
Health Organization (WHO 2018), H. pylori was described as a class I carcinogen
since it has a crucial role in the initiation of GC. H. pylori infection may result in
intestinal-type GC through different mechanisms such as the indirect processes
from inflammation mediation or through direct pathological role caused by bacterial
virulence factors (Doorakkers et al. 2016). Chronic inflammation or GC caused by
H. pylori infection first initiates early pre-neoplastic lesions such as atrophic gastri-
tis and enhances the progression to advanced lesions, including metaplasia, dyspla-
sia, and ultimately the development of gastric adenocarcinomas. The entire
inflammatory procedure is multifaceted and incidental, involving the interplay
between H. pylori, immune cells, acidic environment, reactive oxygen, and nitrogen
species, collectively, leading to increased oxidative stress, DNA damage, and the
expression of pro-inflammatory mediators (Wroblewski et al. 2010; Guevara and
Cogdill 2000; Sukri et al. 2020).

Cytotoxin-associated gene A (cagA) and vacuolating cytotoxin A (vacA) are
among the most frequently investigated critical virulence factors of H. pylori
(Khatoon et al. 2016). CagA is translocated into the host cell by the type IV secre-
tion system and acts as a classic oncogene. CagA has been suggested to potentiate
the inflammatory reactions, which in turn facilitate the development of gastritis to
GC (Odenbreit et al. 2000). Cag pathogenicity island (cag PAI) and CagA proteins
are delivered into gastric epithelial cells and activate several pathways associated
with carcinogenesis (Kwok et al. 2007). Another virulence factor, VacA, was found
to affect the epithelial cell barrier, create vacuoles in the host cells, and inhibit the
T-cell mediated immune response, which results in a favorable environment for
H. pylori for promoting GI cancer (Yahiro et al. 2015).

H. pylori-positive individuals in GC patients are characterized by an increase in
the counts of different microbial community like Acidobacteria, Proteobacteria, and
Spirochaetes as well as a decrease in the counts of Bacteroidetes, Actinobacteria,
and Firmicutes. Conversely, H. pylori-negative individuals carry more abundant
phyla of Firmicutes, Bacteroidetes, and Actinobacteria (Maldonado-Contreras et al.
2011). Another study has shown that gastric cancer patients have a much-extended
composition of microbiota, demonstrated by the reduction of Porphyromonas,
Neisseria, Prevotella pallens, and Streptococcus sinensis and simultaneous enrich-
ment of Lactobacillus coleohominis, Klebsiella pneumoniae, Acinetobacter bau-
mannii, and Lachnospiraceae (Dias-Jaicome et al. 2016). Other members of
Helicobacteraceae also express pathogenic components such as the outer membrane
proteins, phospholipase protein, and nickel-binding proteins, assist microbes with
colonization in the mucosal layer of the gastric tract, and then promote the process
of gastritis, ultimately causing tumorigenesis in the stomach (De Witte et al. 2016).

Eradication of H. pylori is the key consideration for the prevention of gastric
carcinoma. Many studies have examined the effects of H. pylori eradication and
prevention of gastric carcinoma (Ajani et al. 2017). According to the WHO and
United Nations, probiotics are live microorganisms that, directed in suitable
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amounts, confer a health benefit for the host (Pormohammad et al. 2019). Results on
the application of probiotics in gastric cancer are mainly directed toward the eradi-
cation of H. pylori infection since it is a major risk factor. The use of probiotics
showed inhibitory effects on H. pylori infection using animal models (Ford et al.
2020). In addition, findings from a recent meta-analysis on clinical trials investigat-
ing the use of probiotics as a supplement with antibiotic therapy reported positive
effects, which include a reduction in side effects, better patient compliance, and
enhanced eradication (Tang et al. 2020).

5 Gut Microbiota and Pancreatic Cancer

Pancreatic cancer (PC) is one of the most common and deadly cancers worldwide,
with more than 432,242 deaths annually (Rawla et al. 2019). There are several risk
factors for PC like obesity, alcohol, smoking, chronic pancreatitis, familiarity, and
type 2 diabetes (McGuigan et al. 2018). Several studies demonstrated that gut
microbiota might influence pancreatic carcinogenesis by promoting inflammation,
activating the immune response, and perpetuating cancer-associated inflammation
(Farrell et al. 2012). Studies also revealed more than a twofold increase in the risk
of pancreatic cancer in patients with high levels of bacterial species like
Streptococcus, Actinomyces, Prevotella, Porphyromonas  gingivalis, and
Bacteroidetes (Michaud et al. 2013). Inflammation due to an immunological
response to these bacteria and their toxins has been shown to play an important role
in PC (Zhang et al. 2010). Another study showed that Neisseria elongata and
Streptococcus mitis were found to achieve the highest discriminatory power between
PC patients compared with healthy controls, but Granulicatella adiacens and
S. mitis were significantly altered in patients with PC (Farrell et al. 2012). Microbiota
as a target for pancreatic cancer treatment was recently evaluated. Lactobacillus is
a commensal bacterium that reduces gingival inflammation and cariogenic peri-
odontal pathogenic bacteria (Pushalkar et al. 2018). Olah et al. showed that admin-
istration of Lactobacillus plantarum to patients with acute pancreatitis reduced the
development of pancreatic sepsis compared with control patients (Oldh et al. 2007).

6 Gut Microbiota and Colorectal Cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and cancer-
related mortality (Siegel et al. 2020). CRC is the most common histopathological
subtype; however, the specific mechanism of the intestinal flora in causing CRC is
unclear. Many environmental factors such as smoking, diet, heavy alcohol con-
sumption, and lifestyle strongly impact the pathogenesis risk for CRC (Fleming
et al. 2012; Tan and Chen 2016). The human intestine is a perfect habitat for differ-
ent species of bacteria, with the highest concentration found in the colon. CRC is a
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development from the colon and is associated with specific bacteria (Jahani-Sherafat
etal. 2018; Garrett 2019). Recently, the metagenomic analysis showed that the sam-
ples from patients with CRC identified CRC-enriched bacteria, including
Streptococcus gallolyticus, Enterococcus faecalis, enterotoxigenic B. fragilis
(ETBF), Escherichia coli, Fusobacterium nucleatum, Porphyromonas asaccharo-
lytica, Parvimonas micra, Prevotella intermedia, Alistipes finegoldii, and
Thermanaerovibrio acidaminovorans (Mira-Pascual et al. 2015; Toprak et al. 2006;
Arthur et al. 2012). Results from recent studies showed that the role of S. gallolytu-
cis is associated with a carcinoma of the CRC. In addition, patients with CRC
showed higher fecal carriage of S. gallolytucis in comparison with control subjects
(Abdulamir et al. 2011). Animal studies also showed that S. gallolytucis increased
the expression of proliferation markers and polyamines (Gagniere et al. 2016).
Bacteroides fragilis is considered normal flora in the colon, with 80% of children
and adults being colonized by the bacterium. However, recent studies showed that
enterotoxigenic B. fragilis (ETBF) was detected significantly higher in the stools of
CRC patients compared with controls (Toprak et al. 2006). Virulence of ETBF is
essentially due to the B. fragilis toxin (BFT), which cleaves the E-cadherin tumor
suppressor protein, resulting in enhanced nuclear Wnt/B-catenin signaling that
yields increased colonic carcinoma cell proliferation (Purcell et al. 2017). E. coli is
part of the normal flora in the human colon, but several human studies reported an
association between E. coli and CRC (Maddocks et al. 2009). A study reported that
E. coli colonized 71% of mucosa samples from patients with CRC compared with
42% in controls (Martin et al. 2004). E. coli harbors cytotoxic necrotizing factor
(Cnf) and cytolethal distending toxin (Cdt), which are significantly associated with
CRC (Buc et al. 2013). Animal studies showed that infection with E. coli caused the
formation of sporadic CRC in infected mice (Swidsinski et al. 1998). F. nucleatum
provided the strongest evidence of the role of carcinogenesis in the colon (Amitay
etal. 2017). Metagenomic analysis showed the enrichment of F. nucleatum at higher
levels in CRC tissues and fecal samples of CRC patients compared to healthy con-
trols. FadA and Fap2 proteins are the virulence factors of F. nucleatum that were
described to mediate adhesion to E-cadherin, activate p-catenin signaling, and
enhance subsequent inflammatory and oncogenic responses (Rubinstein et al. 2013;
Yang et al. 2017). Enterococcus faecalis is recognized as a human pathogen, and
significantly high levels were observed in fecal specimens of CRC patients com-
pared to healthy controls (Balamurugan et al. 2008). The role of E. faecalis acting
with the release of reactive oxygen and nitrogen species that cause subsequent DNA
breaks, point mutations, and chromosomal instability has been suggested as the
main mechanism for oncogenic activity in CRC (Pillar and Gilmore 2004).

The gut microbiome-based therapies, such as fecal microbiota transplant (FMT),
probiotics, and symbiotic, might be considered attractive targets for the treatment of
CRC (Fais et al. 2016). However, limited clinical evidence is available regarding the
role of bacterial eradication in the treatment of CRC (Rossen et al. 2015). FMT is
known to be highly effective in bacterial infection and promising for ulcerative coli-
tis, and it significantly increased insulin sensitivity in male patients with metabolic
syndrome. FMT could restore CRC-associated dysbiosis and reduce
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microbiota-induced inflammatory, proliferative, and pro-carcinogenic reactions and
genotoxicity (Filip et al. 2018). Manipulation of gut microbiota using probiotics
might be considered a novel therapeutic modality for the prevention of CRC devel-
opment or reduction of chemotherapy-induced adverse effects (Jahani-Sherafat
et al. 2018). The probiotic Lactobacillus casei was also described to reduce the
expression and activity of the drug-metabolizing enzymes, cytochromes P450,
which are known to be associated with CRC carcinogenesis (Rafter et al. 2007).

7 Role of Bacteria in the Treatment
of Cancer (Bacteriotherapy)

Although some bacterial infections with immunogenic nature are considered to
increase the risk of developing cancer or are carcinogenic, other bacteria have con-
versely demonstrated great potential in the treatment of cancer (Soleimanpour et al.
2020). Different bacterial species have recently shown unexpected potential in inva-
sion and colonization of solid tumors, resulting in tumor suppression (Wei et al.
2007). In addition, different bacterial species release numerous substances with
anticancer activity, including bacteriocins, peptides, toxins, enzymes, and spores
(Laliani et al. 2020). The bacterial species also can enhance the host immune
responses toward malignancy via several mechanisms such as their use as a vehicle
for delivering anticancer drugs, decreasing the nutrients required for the cancer cell
metabolism, ability to grow in the necrotic and hypoxic regions of the tumor, releas-
ing substances that counteract the microenvironment that promotes tumorigenesis,
and formation of biofilms (Yaghoubi et al. 2020). The use of bacteria and their
products as anticancer agents are explained in Table 4.2.

7.1 Bacteriocins

Bacteriocins are ribosomal proteins or peptides produced by bacteria. The physio-
logical functions of bacteriocins are aimed toward inhibiting the growth or killing
of the competing microorganisms that are related or nonrelated bacterial strains in a
particular biological niche (Simons et al. 2020). Several bacteriocins are used as
narrow-spectrum antibiotics and food preservatives. Bacteriocins are divided
according to their molecular weight or size of microcins (less than 20 kDa), colicin
(20 to 90 kDa), and tailocins (high molecular weight) (Lee and Kim 2011). The
classification organizes Gram-positive bacteriocins into four major groups based on
the physiochemical properties and their structures. Class I contains small thermo-
stable bacteriocins with the size of less than 5 kDa, known as lantibiotics. Some
examples of this class include nisin, lacticin, mersacidin lanthionine, methyllanthio-
nine, and dehydroalanine. Class II bacteriocins contained thermostable peptides



83

4 The Human Gut Microbiota and Gastrointestinal Cancer: Current Status...

(panunuoo)
S[[90 Jown} (zodoH) psou1snian
(#002) ‘T8 R IV-IPQY | 9y uo AIIANOR 91x0101K0 Aq yeap [[90 2onpujf 'wourdred renyedojedoy | ey 8'¢€L SDUOWIOPNIS J 7S uokg
ureINwW JO SISOYIUAS oY) Suniquyui £q ‘SYNW}
(1002) | 10 VNI S9T Suraeapd Aq sisayjuksorq urojoxd
une[s pue Kaye| Jo uoniqyur ‘A11AnNoe ISYN( dytoadsuou
$(0007) Te R oy, | ‘yuswdolaadp a1od ySnoxyy s[[od 19318} oY) Y (91 1.LDH) 100ued uo[o) | py 08-0F 1102 DIYILIYIST uroIjo)
uonejuowsel) YN (eTOH) PWOUIOIEOOUIPE
pUE ‘UONORIUOD [[3 ‘S[[D [BI[AYIOPUD JR[NISBA [21A100 ‘(gD doH) wWnguIULIAf
(€107) Te 12 ey oy ut sisoydode saonpur AJIAnOR I90URINUY BUWIOUIdIRD Ie[n[[ad0jedoy e 99 SnJJ19DqOIIVT qOAH UIONUIULI
(1107) 'Te 10 Aquere[ip | uoneuowdely YN £q sisoydode jo uononpuy | (67 LH) BWOUIdIEO0UIPE UO[OD) | B(Y LI-S 1212D)1P1OD urooIped
Queiquiaw oy} Jo [enuajod (zodoH)
Ay seSueyd pue sarod PaAI[-1I0Ys ) SUIULIO) BUIOUIdIED Te[nj[ad0jeday
(8T02) 'T® 32 1ZnoIoN puE QUBIqUIAW IB[N][0 A JO AILISojur o) I9AT] ‘(ZO9BD) pUR ‘67 LH
$(2102) Te 1w oor | Surstwordwod £q Yimois [[90 Jown) Suniqryup ‘BYMS ‘081ST) 19oUBDd UO[OD) eI SE $1J0D] $122000100°] VY UISIN
S[[09 12311y 9y ur xnpgje wnissejod (zodoH) SOH SUIOOLIR)OBq
(Z00T) ‘Te 19 TUBAOIURIA oy 1dwoxd 0) duLIQUIAW [[90 AY) Ul 10 | BUWOUIIIRD Je[n{[ad0jeday I1oAI] BN ¥'C §140q $1220201d2.41§ GOH UIdIA0g | IoduBdNUY
SIOUAIRYY WISTUBYOIW JOJUBD-NUY SauI| [[29/S[[2d ySrom usuQ wnuoeyg 1onpoid
I9JUED [BUNSAUIONSES UBWNY | T[N[0 Jo oureN

SOIT[OQE)AW [BLI)OB( JOJUBDIUE UO SAIPN)S JO SOLIBWIWING  7°f J[qEY,



G. Chowdhury and D. Ramamurthy

84

(zodoH) ewourored
Izd Joyquyur oseury urpAd dy) pue | teqnjadoreday uewmy (SOV) BAY 9¥C LE-DIN
(8007) "T® 32 1o[patg ‘c6d jo s[oaa] rernyjaoenur oy Sunensaidn | PWOUIdIBIOUIPE JLISES ULWNE —€6¢ “ds niodsisoon..iap SUIOTWIXOI]
1[5 190uBd
oses ur uonerojijoid ‘voneziyiqeouwnrad
(LO0T) T8 19 Ieny[ad ‘sisoydode juopuadopur anownaud
3ung {(g007) T8 12 997 | o 2woIyd0ILd pue asedses Furonpur surIqQUIRN | (109-NNS) S[[99 IodULDd JLIsen) BN 9°¢ §1220001d2.41§ zreuezdag
sisojdode snoFeydoine uonerojrjord (67-LH) BWOUIdIEO0UIPE
(€107) "Te 10 pysurdreyy Jo uonengazop ‘sisoydode snoFeydone [£19210[00 (SDV)
{(Z107) Dysurdrey JO UOTONPUI PUB [ L) UT JSALIR [[20 JOOURD) | S[[9D BWOUIDIBIOUIPE JLIISEL) B 79 | surens “ds snoodosaiuzg dejug
S[[9 199U JO IMOIS ) JO UONIqIYUI pue
Ky1anoe oseuny aursoif) -y JDFA Suronpar
ySnoxy sisouadorSue Sunuaaaid ‘sseooid
Surpeusts pajerpow-ggydy oseury auIsoiA}
J103dooar oy ur Surreyul ‘gcd urjoad Jowm
Pim soxardwod Suruiog ‘ANAnoe-yYIDHTA
(1102) "Te 19 eif | Suronpar ysnoy Sunuaadid ‘ssooord Sureusis (91 11LDH) duI] [[90 DSOUINIID
{(6007) ‘T 12 epRWRX | 2UISOIA) 10)d9021 ) UT JR[N[[QOBNUI PASLAIDU] | UO[0d (ZOJHH) U] [[29 JAIT BN 91 SPUOUIOPNISJ unnzy
(6007) & 12 Iey[0SY 19913 JIX0101KD pue dUISAD SIIQIYU] (91 1.LDH) 2uI[ [[90 U0[0)) p]0d1U2D DLOSIUIDS q ‘Y SopIrureuary
aurf [0 sopndad
($007) "Te 32 Sueyy | Jown) uojod uewny jo uonerdjijord oy syquyuy | (9] [-LDH) Jown) uojod uewny ey [ “ds snjjong DV SULIXI[A | Joduednuy
SOOURIRY WISTUBYOAW JOOUBD-NUY suI| [[29/S[[20 ySrom usuQ wnLe)oeg jonpoid
100UBD [RUNSAUIONSLS UBWNY | IB[NII[OJA Jo owreN

(ponunuod) 7' dqer,



85

4 The Human Gut Microbiota and Gastrointestinal Cancer: Current Status...

(L102) "Te 12 uomnoodef
(9107) Te 10 uelENES

SurpeuSts uruayeo-gup oY)

Suneanoeur ‘Kjanoe ¢-osedses Suronpur OINL
Sursearour ¢spunodwod o1udZourdIed Jo A)NAnde
oy Surseardep ‘syueprxonue ay) Suronpoig

(6T-LH ‘€78-004
7-098))) 190ULD UO[0D)

“dds snjponqojovy

(1102) "Te 30 1qeyeys

+8QDL Jo uonaydep pue

‘sosuodsar 71D Suons uronpur ‘s[eAd] SOY
Y31y jo uononpolid ‘+ze)) JO [9AJ] Je[n[[aoRnul
Ay SuIsLIOUI ‘ASEPIX0 +J (VN JO UONBATIOY

(G(0Z010D) 120uBd UO[0D URWINE

TrI-1€SXAyv pue LH-OTT-WT
sauadoiloouout v112Js1]

paois (921D Iam) eLLIOEq
Jown) sasea1ddp pue surajold onnoaderoyy oy BWOUTOIRD UO[0D ‘(1-DJSV) Jo Ayanoe
(L661) Te 12 Yo[omed | SOPOOUD Jey) A[OIYA AISAI[OP 15Ie) B St pas() 190UEd donearoued uewny winrmuirydsy vjjpuowyps | 190UBdIHUY
ASeydoine
Suronpur pue ‘uoneajijoid [[90 oy} SulseAIdp (ODDH) unnSID " QWIAZUQ
(S107) Te 12 19[patyg ‘sisordode juapuadapur-esedses ayy Suronpuy rwourdred remyEdoledoy | @Y €9y | ‘Suauwoy vusvjdoo QSBUTWIOP QUIUISIY | I90oURdINUY
(#107) 'Te 12 Sueny sisoydode aonpur ‘vonerajrjoxd yquyuy (9Z1D) 199UEBd [810310[0D) ey 0LT a1101ff1p wnip1iiso]) qpoL
(LzOOH
pue ‘€z80D49 ‘€08DON
SOV ‘SYNMIN ‘106LDDS)
sisojdode Suronpur ‘S[[e0 | saul| [[99 JoouLd JLISeS uewny
ur Sururioj-a10d ‘s[[od pue ¢-uIpned 01 Surpurq | (6Z<LH PUe ‘T-00D ‘9T ILOH
(L102) ‘Te 1@ 9[yed ‘S[[90 190UEBd UBWINY JUIIP Jo uonerdjrjold ‘0T9MS ‘08T AS) saurf suadurifiad
{(S107) T8 12 Yorlg ay) Suniquyur £q AN1ANOR 10UBdINUY [[29 J9OUED [819I0[0D UBWUNH eAY-S¢ wnipLISo]) uIxojo1ud 44D
sKemiped 01x010140 Jo uononpul pSouISN.LaD
(1107) T 30 exdeys pue suagnue pje[al-lown) yim Sunesiey, (z-eDPd) 190UBD dNeRAIdUR] B 99 SDUOUOPNIS ] Y UIX0JoXg
QueIquIDW )
Jo 103daoar oy 1a31e) pue ‘eseyd g oy e 9[0Ad
(S002) 1199 9} 3SaLIe ‘YIMOIS [[99 JuaAdId ‘SISOy)UAS (91 11LDH) sour|
‘Te 19 2alreyoeneyyg uro1d o) Suryoo[q £q SANIANIE IOUBINUY [[29 J9OUED [819I0[0D UBWUNH B 0L 1702 5 UIXOJOIOA
10)oR} Y)MOIT (62
[ewoprdo Sutpuiq-utiedoy oy Suniqryur <LH pUe ‘z-00e)
pue ‘juean(pe [eor3ojounwuwt ue se Junoe ‘9T TLOH ‘0T9MS ‘087MS)
(6007) 'Te 12 I[[oIelIRIAl ‘sisoydode oy Suronpur ‘sisousSorsue oy 190UEd U0J09 ‘(YS6TH) pLyydip SUIXo)
{(7007) ‘Te 10 BId[EA | Surseardop ‘uonerajijord sowny oy Suniqryup BUWOUIDIED [BI1I0J0UIPY B 09 WNLI21IDQIULLO) urxo) eueyydiq | 100uBdNUY




86 G. Chowdhury and D. Ramamurthy

with a molecular weight of 30 kDa with an amphiphilic helix in structure. Some
examples of class II bacteriocins are pediocin PA-1, sakacin A, lactacin F, lactococ-
cin G, gassericin A, circularin A, and carnocyclin A. Class III contains large heat-
labile bacteriocins with more than 30 kDa molecular weight. Megacins, klebicin,
helveticin I, and enterolysin are members of class III bacteriocins. Class IV bacte-
riocins are characterized as complex proteins containing lipid or carbohydrate moi-
eties (Sahl and Bierbaum 1998; Kaur and Kaur 2015; Baindara et al. 2018).
Bacteriocins act through a “membrane-active” mechanism, i.e., by interacting with
the negatively charged cell membrane. The electrostatic interaction between cat-
ionic bacteriocins and cancer cells plays an important role in their cytotoxic effect
(Norouzi et al. 2018). Several studies have shown that bacteriocins with strange
toxicities for the treatment of cancer are nonimmunogenic and effective in the treat-
ment of infectious diseases. Bacteriocins can terminate the membrane integrity and
initiate the apoptosis of the cancer cells (Kaur and Kaur 2015; Baindara et al. 2017).
Bacteriocins are able to suppress the tumor through other mechanisms such as cell
cycle alterations, cell shrinkage, induction of apoptosis, preventing biosynthesis of
proteins through 16SrRNA or tRNAs breakdown, necrosis, caspase activation,
forming pores in the plasma membrane, and inhibiting the cell proliferation and
angiogenesis (Yaghoubi et al. 2020). Bovicin belongs to class I bacteriocins that are
produced by Streptococcus bovis HCS with a molecular weight of 2.4 kDa. Bovicin
exhibits a broad-spectrum antimicrobial activity against various other Gram-positive
and Gram-negative bacteria (Paiva et al. 2012). The antimicrobial activity is shown
by binding to the cell membrane and disrupting cell membrane integrity by pore
formation (Mantovani et al. 2002). Nisin is a low-molecular-weight bacteriocin that
belongs to class I bacteriocins, which is also called lantibiotic. Nisin is a polycyclic
antibacterial peptide with 34 amino acids and is produced by a Gram-positive bac-
terium, i.e., Lactococcus lactis subsp. Nisin is a heat-stable bacteriocin and has been
used as a food preservative for a long time (Begde et al. 2011). Recent studies indi-
cate that nisin exhibits anticancer activity by inhibiting tumor cell growth, the integ-
rity of the cellular membrane, forming the short-lived pores, and changing the
potential of the membrane (Joo et al. 2012). Nisin can also inhibit the invasion of
tumor cells and metastasis of different human cancer cells and recurrence of colon
cancer cell lines including LS180, SW48, HT29, and Caco2 and different human
gastrointestinal cancer cells (Norouzi et al. 2018). Pediocins are small peptides
(>5 kDa) and belong to class Ila bacteriocins (Papagianni and Anastasiadou 2009).
Pediocins exhibit anticancer activity against several cancer cell lines as well as gas-
trointestinal cancer, such as the mouse spleen lymphoblast cell line (Sp2/0O-Agl4)
hepatocarcinoma (HepG2) (Balgir et al. 2010). Pediocin has also shown cytotoxic
activity that inhibits the proliferation of tumor cells, such as the human colon adeno-
carcinoma cells (HT29), MCF7, and HeLa cell lines (Kumar et al. 2012; Villarante
et al. 2011). Fermenticin HV6D is a class Ila bacteriocin with a molecular mass of
6.6 kDa. Fermenticin HV6b is produced by Lactobacillus fermentum HV6b MTCC
10770 isolated from the human vaginal ecosystem (Kaur et al. 2012). In vitro stud-
ies show that fermenticin HV6b exhibits anticancer activity through different
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mechanisms including encouraging apoptosis in the vascular endothelial cells, cell
contraction, and DNA fragmentation in various cancerous cells (Kaur et al. 2013).
Colicins are plasmid-encoded antibacterial bacteriocins with high molecular mass
ranging from 40 to 80 kDa that is secreted by E. coli and other related
Enterobacteriaceae. Colicins are active against E. coli strains and other closely
related bacteria, such as Shigella and Salmonella (Braun et al. 1994). Thirty differ-
ent types of colicins have been identified and differentiated according to their kill-
ing activity and the mode of action (Smarda and Smajs 1998). Colicin can hit the
target cells through different mechanisms such as pore formation (colicins A, B, E1,
Ia, Ib, K, L, N, U, 5, and 10), nonspecific DNAse activity (colicins E2, E7, ES, and
E9), or inhibition of protein biosynthesis by cleaving 16S rRNA or tRNAs (colicins
E3, E4, E6, ES5, and D) or by inhibiting the synthesis of murein (colicins M and
pesticin) (Tomita et al. 2000; Lakey and Slatin 2001). Colicins have anticancer
activities against a variety of human tumor cell lines in vitro, such as colon cancer,
bone cancer, and uteri cell line HeLa. Colicin El has cytotoxic activity against
HT29 that is a human colon cancer cell line (Chumchalova and Smarda 2003).
Pyocins are produced by Pseudomonas aeruginosa strains with a molecular mass of
73.8 kDa. In 1954, Jacob first isolated pyocins from the P. aeruginosa 10 strain
(Jacob 1954). Three different types of pyocins have been identified, namely (i)
R-type pyocins resembling nonflexible and contractile tails of bacteriophages, (ii)
F-type pyocins resembling phage tails, but with a flexible and noncontractile rod-
like structure, and (iii) S-type pyocins that are colicin-like, protease-sensitive bacte-
riocins. Pyocin S2 is isolated from P. aeruginosa 42A, has cytotoxic activity on the
tumor cells, and is able to inhibit the growth of different cancer cells such as HepG2,
which is a hepatocellular carcinoma cell line (Abdi-Ali et al. 2004).

7.2  Bacterial Peptides

In addition to bacteriocins, several studies suggest that bacterial peptides also have
anticancer activity. The peptides have been characterized by special chemical
structures including N-terminally attached fatty acids, N formulated residues,
D-amino acids, heterocyclic elements, N- and C-methylated residues and glycosyl-
ated amino acids, and the phosphorylated residues. Such peptides of bacterial ori-
gin, in addition to antimicrobial activities, exhibit a great potential activity toward
different types of cancer. The anticancer effects of the bacterial peptides on differ-
ent types of cancer are described in Table 4.2. Mixirins are cyclic acylpeptides
derived from the marine bacterium Bacillus species, with a molecular weight of
about 1 kDa. Mixirins have three major members called mixirins A, B, and
C. Evidence suggests that three cyclic acyl-peptides have anticancer potential to
inhibit the propagation of human colon tumor cell line HCT-116 (Zhang et al.
2004). Arenamides are cyclohexadepsipeptides obtained from Salinispora arenic-
ola found in sea sediment (Great Astrolabe Reef, Kandavu Island chain, Fiji).



88 G. Chowdhury and D. Ramamurthy

Arenamides are of three main types, namely A, B, and C. A study showed that
arenamides A and B exhibit anticancer activity by suppressing tumor cells.
Arenamides A and B also exhibit cytotoxic activity on different human colon can-
cer cells as well as HCT-116 (Asolkar et al. 2009). Halolitoralins are cyclic pep-
tides produced by bacteria called Halobacillus litoralis YS3106 found in the marine
sediments (Huanghai Sea, China). with a molecular mass of 575 Da. These pep-
tides exhibit in vitro anticancer activities against human gastric tumor cells BGC
(Yang et al. 2002). Ieodoglucomide is found from a marine bacterium, i.e., Bacillus
licheniformis from the marine sediment of Ieodo Reef (South Korea).
Ieodoglucomides A and B showed low antimicrobial activity in vitro, but ieodoglu-
comide B verified cytotoxicity against stomach cancer cells (Tareq et al. 2012).
Lucentamycins are isolated from the marine-derived actinomycete strain
Nocardiopsis lucentensis CNR-712. Evidence suggests that lucentamycins A and B
exhibited significant in vitro cytotoxicity against human colon carcinoma cells
HCT-116 (Cho et al. 2007). Urukthapelstatin is a cyclic thiopeptide antibiotic with
amolecular mass of 733 kDa obtained from the marine bacterium Mechercharimyces
asporophorigenens YM11-542. This peptide exhibits anticancer activity against
human colon carcinoma cell line HCT-116 in vitro (Matsuo et al. 2007). Fiedler
et al. first reported proximicins extracted from a marine member of the rare genus
Verrucosispora, strain MG-37 (Fiedler et al. 2008). Proximicins are of mainly three
types, namely proximicins A (293 Da), B (413 kDa), and C (436 kDa). All proxi-
micins show growth-inhibition potential against cell lines of gastric adenocarci-
noma and hepatocellular carcinoma. An in vivo experiment showed that proximicin
C exhibits cytotoxic activity on gastric adenocarcinoma (AGS) cells. Proximicin C
can also upregulate the intracellular levels of p53 and the cyclin kinase inhibitor
p21 in the different cancer cell lines such as AGS and HepG2 (Fiedler et al. 2008).
Azurin is a copper-containing globular metalloprotein with redox activity with a
length of 128 amino acids and a low molecular weight (14 kDa), derived from
P. aeruginosa (Yamada et al. 2002). Azurin is one of the representative bacterial
products that can show a great anticancer activity (Yamada et al. 2009). Several
other studies also confirm azurin and p28 as the tumor suppressors, which prove
great anticancer activity on different cancer cell lines, such as gastrointestinal can-
cer cell lines including liver cell line (HEPG?2), colon cell line (HCT116, HT29),
and pancreatic cancer (MIA-Paca2) (Mehta et al. 2011). Pep27anal2 is known as an
analog of signal peptide Pep27 with a length of 27 amino acids and a molecular
mass of 3.3-3.6 kDa. This peptide shows great anticancer potential, which can
decrease cell proliferation in gastric cancer cell lines such as SNU-601 (Lee et al.
2005; Sung et al. 2007). Enterococcal anti-proliferative peptide (Entap) is derived
from clinical strains of Enterococcus genus with a molecular weight of 6.2 kDa and
contains 58—62 amino acids. Entap exhibits antiproliferative activity against cell
lines of human gastric adenocarcinoma (AGS), colorectal adenocarcinoma (HT-29),
uterine cervix adenocarcinoma (HeLa), and prostatic carcinoma (22Rv 1) (Karpinski
2012; Karpinski et al. 2013).
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7.3 Bacterial Toxins

Toxins expressed and secreted by bacteria play a vital role in infection and targeting
the host immune systems via alteration of cellular processes, inducing apoptosis,
and the inhibition of cell proliferation and differentiation. Many toxins can inhibit
the function of the immune cells and disrupt the production and release of cytokines
and antibodies. According to the cytotoxic action of bacterial toxins and enzymes,
different bacterial toxins have anticancer potential toward different human cancer
cell lines through binding to the heparin-binding EGF-like growth factor, suppress-
ing the tumor cell growth, decreasing the angiogenesis, and inducing apoptosis
(Lewis et al. 2017). Corynebacterium diphtheria produces an exotoxin called diph-
theria toxin (DT) that exhibits anticancer activity. Clostridium botulinum produces
botulinum neurotoxin type A (BoNT-A), which is another bacterial toxin with anti-
cancer activity. Pseudomonas aeruginosa produces exotoxin A (PE) and exotoxin T
(ExoT), which show great anticancer activity through inducing apoptosis in the can-
cer cell lines. Clostridium perfringens enterotoxin (CPE) is another bacterial toxin
with anticancer potency. Different E. coli species including VT-producing E. coli
(VTEC) and enterohemorrhagic E. coli (EHEC) produce a toxin, verotoxin 1, that
exhibits anticancer activity through a different mechanism such as arresting the cell
cycle, DNA fragmentation, and changing the cell cycle protein expression (Lutz
et al. 2014; Bhattacharjee et al. 2005). Diphtheria toxin release by Corynebacterium
diphtheria with a molecular weight of 60 kDa toxin and a length of 538 amino acids
(Holmes 2000). Diphtheria toxin contains two subunits A and B and is transferred
to the bacteria through bacteriophage B. The B subunit is responsible for the bind-
ing to the receptor on the cell surface, and the A subunit is responsible for inhibiting
the protein synthesis via ADP-ribosylation of cytoplasmic elongation factor 2
(EF-2) (Murphy 2011). Diphtheria toxin also shows cytotoxic activity against dif-
ferent human carcinoma cell lines as well as gastrointestinal cancer, including adre-
nocortical carcinoma cell lines such as H295R, colon cancer cell lines such as
SW480, SW620, HCT116, CaCo-2, and HT-29 (Vallera et al. 2002; Martarelli et al.
2009). Verotoxin 1 (VT1) is known as Shiga toxin-1 (Stx-1), secreted by different
E. coli families such as VT-producing E. coli (VTEC) and enterohemorrhagic E. coli
(EHEC) (Karmali et al. 1985). VT1 is responsible for inhibiting the synthesis of
protein, cell proliferation, and apoptosis and damages endothelial cells in the hemo-
lytic uremic syndrome (Obrig et al. 1987). VT1 has antitumor, antiangiogenic, and
antineoplastic activities by blocking the protein synthesis, preventing cell growth,
arresting the cell cycle at the S phase, and targeting the receptor of membrane called
Gb3, which is overexpressed in several multidrug-resistant (MDR) human carci-
noma cell lines such as HCT116 (Bhattacharjee et al. 2005). Exotoxin A is produced
by P. aeruginosa with a molecular mass of 66 kDa. Exotoxin A is an ADP-
ribosylation of elongation factor-2 (EF-2), which inhibits protein synthesis and
leads to cell death. Exotoxin A has anticancer activity by inducing apoptosis in the
tumor cells (Wood et al. 2015; Shapira et al. 2011). The C. perfringens enterotoxin
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(CPE) is a single polypeptide with a molecular mass of 35 kDa and a length of 319
amino acids. CPE can lyse the epithelial cells via binding to the transmembrane
tight junction protein claudin (Santin et al. 2007). CPE also has anticancer activity
by inhibiting the proliferation of different human cancer cell lines including
HCT116 and CaCo-2 cell lines of human colon cancer and SGC7901 cell lines of
human gastric cancer (Black et al. 2015; Pahle et al. 2017). C. difficile produces two
types of toxins, known as cytotoxin (TcdB) and enterotoxin (TcdA). TcdB has anti-
cancer activity through producing the pro-inflammatory chemokines and cytokines,
inhibiting cell proliferation and inducing necrosis as well as apoptosis (Eckert et al.
2014). TcdB is highly immunogenic, inducing long-term anti-tumor immunity
toward different cancer cell lines as well as the colorectal cancer cell line CT26 and
can be used as the effective anti-tumor vaccine or immunotherapy agent in the treat-
ment of cancer (Huang et al. 2014).

7.4 Bacterial Enzymes

Enzymes produced by some bacteria exhibit the ability of tumor suppression.
Numerous studies have shown that different enzymes are vital for cellular metabo-
lism and normal cell growth; hence, these enzymes can be a restricting factor in
rapid tumor cell growth (Ni et al. 2008). Arginine deiminase (ADI) is secreted from
Mycoplasma hominis or M. arginine with a molecular weight of 46.3 kDa and has
anticancer activity by inducing the caspase-independent apoptosis, decreasing the
cell proliferation, and inducing autophagy followed by amino acid depletion (Fiedler
etal. 2015). Lasparaginase (ASNase), another enzyme secreted by E. coli or Erwinia
species, has the anti-tumor activity through decreasing the asparagine concentration
of blood, resulting in the selective growth inhibition of sensitive malignant cells.
The enzyme “hyaluronidase (Hyals),” obtained from Streptococcus pyogenes, dis-
plays anticancer activity on a variety of cancers (Lokeshwar et al. 2001).

8 Bacteria as a Target Delivery Vector for Cancer
Therapeutic Agents

Over the last few decades, bacteria have been increasingly explored for the deliv-
ery of anticancer agents, being used as live, attenuated, or genetically modified
vectors for specific distribution or expression of antitumor genes, anti-angiogenic
genes, conventional drugs, and tumoricidal molecules. The attenuated strains of
Salmonella typhimurium can be used as a selective target delivery vector for the
therapeutic genes that encode for antitumor activity (Khan et al. 1998). The attenu-
ated strains of S. ryphimurium show anticancer activity against different cancer cell
lines such as pancreatic cancer (ASPC-1) and human colon carcinoma cell lines
(C38, WiDr, and CT26) (Pawelek et al. 1997). Listeria monocytogenes is an
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intracellular pathogen, and different recombinant forms of L. monocytogenes like
Lm-LLO-E7 and ADXS31-142 have anticancer activity against numerous human
carcinomas such as the colon cancer cell line Colo205 (Shahabi et al. 2011).
Lactobacillus is largely known as a major component of human microbiota in dif-
ferent parts of the human’s body, including the intestine and the urinary systems
(O'Mahony et al. 2001). Lactobacillus acidophilus can suppress the tumor by
enhancing the host immune response by increasing IFN-y, IL-10, CD4+, and CD8+
T cells and reducing the serum levels of tumor markers, including CEA and
CA19-9 (Agah et al. 2019). Lactobacillus brevis SBL8803 is a species found in
fermented malt, which has shown anti-colon cancer effect through an antitumor
molecule called polyphosphate (polyP) that affects the ERK pathway in the target
tumor (Sakatani et al. 2016). Lactobacillus casei BL23 is another strain, which has
anti-inflammatory and anticancer activity by stimulating the host immune response,
reducing the level of IL-22, and preventing the tumor cell proliferation by upregu-
lation of caspase-7, caspase-9, and adenoma expansion (Jacouton et al. 2017).
Bifidobacteria are one of the major microbiotas in the gastrointestinal tract of
humans (Choi et al. 2005). Some species (B. longum, B. infantis, B. adolescentis,
and B. breve) of the genus Bifidobacterium are known as probiotics that express
anticancer activity by altering the host immune response, which subsequently
allows the immune components to then target the tumor cells and degrade them,
alter the host intestinal microflora, and produce additional antitumor substances
(Schell et al. 2002). B. adolescentis SPM0212 expresses butanol, which can inhibit
the growth of colon cancer cell lines (Caco-2, HT-29, and SW480) through enhanc-
ing TNF-a and nitric oxide. B. longum SPM1205 is known as a TNF-« inhibitor
and can prevent the proliferation of human colon cancer cell lines, including
HT-29, SW 480, and Caco-2 (Lee et al. 2008).

9 The Gut Microbiome and Cancer Immunotherapy

Immunotherapy comprises strategies that manipulate host immune system compo-
nents for targeted elimination of pathogens or diseased cells. Advances that extend
the understanding of systemic immune responses to malignancies and how tumor
microenvironments suppress the host’s local immune responses have since led to
the development of novel therapeutic interventions. In a variety of cancers, the
informed use of various immune-based treatments has augmented the positive out-
comes of standard therapeutic strategies, namely surgical excision, chemotherapy,
and radiotherapy. Immunotherapy is thus recognized as an essential pillar for cancer
treatment in current medicine. Broadly, cancer immunotherapies are classified into
active or passive strategies based on their mechanism of action and the status of the
patient’s immune system (Papaioannou et al. 2016; Kruger et al. 2019). The major
subtypes have been summarized in Fig. 4.2.

Before elaborating on the studies that describe the gut microbiome’s influence on
immunotherapy outcomes, we first briefly provide an outline of some major
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Fig. 4.2 Classification of Cancer Immunotherapy
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them appreciate the nuances of patient immune modulation.

Figure 4.2 lists the major subtypes of approved immunotherapies for the treat-
ment of various cancers. These modalities also illustrate the promising immune-
based interventions that may shape the future of GI cancer therapy. Active
immunotherapies serve to activate or enhance the in vivo immune responses in
patients. Notable active immunotherapy strategies include therapeutic cancer vac-
cines, immune checkpoint inhibition (ICI) therapy, and the use of oncolytic viruses.
Cancer vaccines involve the administration of multi-peptide cocktails that comprise
tumor-specific antigens (TSAs) and tumor-associated antigens (TAAs). These pep-
tides are designed to elicit stable T lymphocyte responses through the recruitment
of cytotoxic T lymphocyte (CTL) or T helper (Th) cells. Use of matured dendritic
cells (mDCs) is an alternative strategy for vaccine delivery, cancer antigen presenta-
tion, and activation of host immune cells (Papaioannou et al. 2016; Song et al.
2018). A number of therapeutic vaccines against GI cancers have been progressed
to clinical trials, though none have received regulatory approval yet (Rahma and
Khleif 2011; Fujiwara et al. 2017). ICI is currently a popular area of cancer and
immunotherapy research. It involves blocking immune inhibitory receptor—ligand
pair interactions through the administration of therapeutic monoclonal antibodies.
Immune checkpoints are cellular mechanisms that prevent the host immunity from
attacking healthy cells indiscriminately. Blocking disease-associated abnormal
immune checkpoint activation restores normal immune system function by prevent-
ing T cell inhibition, promoting effector T cell activation, and antibody-mediated
regulatory T cell (Treg) depletion. They subsequently permit enhanced immune
responses against upregulated ligands. Widely researched checkpoint blockade tar-
gets include cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), programmed
cell death 1 ligand 1 (PD-L1), and programmed cell death protein 1 (PD1) (Wei
et al. 2018). Several recent studies have explored the link between ICI therapy, the
gut microbiome, and GI cancer. Some key findings will be described in subsequent
paragraphs. Oncolytic virotherapy uses innocuous recombinant viral strains such as
the Herpes Simplex Virus-1, which are engineered to specifically target tumors.
Infection of tumor cells is followed by viral replication and cell lysis. The viruses
used may be engineered to facilitate enhanced T effector cell recruitment to the site
of infection, and the lysis of the cancerous cells may enhance the uptake and display
of tumor antigens by the locally recruited antigen-presenting cells (APCs)
(Papaioannou et al. 2016; Rao et al. 2019; Kruger et al. 2019).
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Passive immunotherapies, on the other hand, serve to compensate for the host
immune functions that are absent or inadequate. They involve the use of cells or
recombinant molecules that are modified or expressed ex vivo and subsequently
administered to patients. The major subtypes of passive immunotherapies are adop-
tive cell transfer (ACT) therapy, the use of tumor-specific monoclonal antibodies
(mAbs), and cytokine therapy (Papaioannou et al. 2016).

ACT therapies involve the genetic modification of autologous lymphocytes fol-
lowed by their administration to patients for tumor eradication. Modifications made
to the lymphocytes aim to enhance MHC-independent recognition and killing of
tumor cells aided by the tumor surface markers displayed. Among the various cell
types explored, chimeric antigen receptor (CAR) T cells have garnered the most
amount of interest for use in ACT-based therapies. In addition to possessing an anti-
gen or ligand-binding domain, improvements made to CAR T cells over successive
generations have resulted in CAR T cells that possess co-stimulatory domains that
enhance and/or prolong T cell responses in patients. The latest generation of CAR T
cells also allows inducible expression of pro-inflammatory cytokines such as interleu-
kin (IL) 12 to improve the therapeutic benefits of treatment (Chmielewski and Abken
2015). Recombinant mAbs have the broadest range of applications in immunother-
apy. Therapeutic mAbs exist in several formats based on the species of origin and the
arrangement of antibody domains. Selective killing of tumors is achieved through
mAbs directly causing cell death through inhibition of biological processes necessary
for cancer-cell or tumor survival (e.g., inhibition of cell signaling pathways, angio-
genesis, etc.). The immune-mediated killing of tumors is another mechanism through
which such mAbs function (Chanier and Chames 2019; Bayer 2019). Antibody-
dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC),
and/or antibody-dependent cellular phagocytosis (ADCP) are a few additional mech-
anisms by which therapeutic mAbs affect immune-mediated tumor cytotoxicity
(Papaioannou et al. 2016). Antibody-drug conjugates (ADCs) are a subgroup of
mAbs that use antibodies conjugated to chemotherapeutic agents, cytotoxins, radio-
active particles, and photo-activating compounds for targeted elimination of tumors
(Nejadmoghaddam et al. 2019; Bayer 2019; Kobayashi et al. 2021). Administering
patients with cytokines such as ILs, interferons (IFNs), tumor necrosis factor (TNFs),
colony-stimulating factors (CSFs), etc. help promote immune cell functions such as
growth, differentiation, and activation, to name a few. Cytokine therapies elicit effec-
tive, durable immune responses against cancers and are thus valuable options in the
armamentarium of anticancer treatments (Lee and Margolin 2011).

Historically, bacteria have been important to immunotherapy. During the early
1800s, Clostridium perfringens and Streptococcus pyogens were the first described
bacterial species that caused regression of tumors in patients through activation of
the immune system (McCarthy 2006; Sedighi et al. 2019). Bacillus Calmette—
Guérin (BCG) is a common bladder cancer therapy approved for use since the
1970s. Intravesical administration triggers immune-mediated tumor suppression,
caused by elevated cytokine levels and IFN-y expression (Morales 2017; Rhea
et al. 2021).
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Among the major immunotherapy approaches described earlier, ICI therapy
markedly stands out. Within a decade since the first ICI therapy was approved, they
have become among the most widely prescribed anticancer agents in use as first- or
second-line drugs. At present, they are used for treating more than 50 types of can-
cer. Active clinical trials that are evaluating ICI mAbs as mono- or combination
therapies presently number over 3000 (Robert 2020). However, despite their suc-
cess, ICIs suffer from certain drawbacks. The limitations include low response in
patients and the development of either naturally acquired or treatment-induced
resistance over time among patient subgroups. It is thus not surprising that most
published studies that correlate gut microbiota and immunotherapy predominantly
examine the impact of the former on ICI-based therapies. These are in part aimed at
improving therapy responses since the multivariate causes that limit ICI use are yet
to be completely understood. Preclinical murine model studies that were published
simultaneously in 2015 examined and provided evidence supporting the ability of
specific bacterial species to favorably modulate anti-CTLA-4 and anti-PD-L1 thera-
pies. Antibiotic-treated and germ-free (GF) mice exhibited no response to CTLA-4
blockade in sarcoma, melanoma, and colon cancer (MC38) models. High-throughput
pyrosequencing of 16S ribosomal RNA (rRNA) followed by principal component
analysis showed how even a single dose of anti-CTLA-4 mAb could decrease the
population of certain bacterial species and favor colonization by others. Inoculation
of mice with Bacteroides thetaiotaomicron, B. fragilis, and Burkholderia cepacia
improved the tumor-shrinking effects of anti-CTLA-4. The mAb treatment led to T
cell-dependent apoptosis of intestinal epithelial cells (IECs). Conditions that favor
the enrichment of certain bacterial taxa lead to IL12-dependent Thl immune
response against the tumor (Vétizou et al. 2015). Oral administration of
Bifidobacterium (identified through 16 s rRNA sequencing of fecal bacteria and
principal component analysis) increased antitumor immunity against melanoma in
mice through the activation of dendritic cells, and the combination therapy of anti-
PD-L1 mAb and Bifidobacterium treatment markedly abolished tumor growth.
Depletion of CD8+ T cells led to the disappearance of the tumor-attenuating effect
of anti-PD-L1 treatment in mice (Sivan et al. 2015).

While the above two studies predominantly drew conclusions using a melanoma
model, subsequent studies described by other groups have started to expand on the
role different bacterial species and taxa seem to play in the modulation of immuno-
therapeutic responses to GI cancers. Pushalkar and colleagues reported an increase
in the efficacy of anti-PD1 immunotherapy though upregulation of PDI1 in the
murine model of pancreatic ductal adenocarcinoma (PDAC). Their study provided
evidence that counteracting the differential increase of certain bacteria in the PDAC-
associated microbiome through ablation leads to a more favorable immune signa-
ture in the tumor microenvironment. PDAC-associated dysbiosis promoted an
immune-suppressive environment through activation of TLR ligands in monocytes
that in turn led to T cell anergy. Bacterial ablation through antibiotic administration
led to the increase in M1 macrophage differentiation, promotion of Th1 differentia-
tion of CD4+ T cells, CD8+ T cell activation, and reduction in myeloid-derived
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suppressor cells (Pushalkar et al. 2018). Microbial diversity by itself however is not
a predictor of poor outcomes, as demonstrated by the evidence provided by
Riquelme et al., who compared the tumor microbiome signature in PDAC patients
with short-term survival and long-term survival (LTS). LTS patients not only had
higher tumor microbiome alpha diversity but also had a district intra-tumor micro-
biome signature provided by bacteria of taxa Saccharopolyspora,
Pseudoxanthomonas, and Streptomyces in addition to enriched Bacillus clausii.
Furthermore, the microbial signature correlated with the recruitment and activation
of CD8+ T cells (Riquelme et al. 2019). Bacterial drivers of T cell recruitment to
CRC were also studied in a murine NSG model that carried intraperitoneal or
intracecal tumor xenografts. Tumor cells exposed to gut bacteria expressed chemo-
kines both in vivo and in vitro. Intracecal xenografts showed higher levels of che-
mokines such as CCLS5, CCL20, and CXCL10. The gene signatures for the described
chemokines were associated with T lymphocyte subsets such as cytotoxic T cells, T
helper (Thl) cells, Tregs, follicular Th cells, and IL17-producing Th cells. The
abundance of Fusobacterium nucleatum, E. coli, and B. fragilis correlated with
increased chemokine expression, T cell infiltration, and improved survival
(Cremonesi et al. 2018). More recently, a defined commensal consortium composed
of 11-strain mix (Parabacteroides spp., Bacteroides spp., Alistripes senegalensis,
Paraprevotella xylaniphila, Eubacterium limosum, Ruminococcacae bacterium
cv2, Phascolarctobacterium faecium, Fusobacterium ulcerans) was shown to
induce colonic IFNy producing CD8+ T cells. Intestinal colonization with the con-
sortium enhanced anti-CTLA-4 ICI efficacy in a syngenic colon cancer model
(MC38). The authors also noted that a subset of the IFN-y + CD8 TIL from one of
the mouse models investigated expressed TCRs specific for the MC38 TAA, p15E
(Tanoue et al. 2019). The mice also did not exhibit colitis, a side effect associated
with ICI therapies, thus showing promise for a safer combination therapy. The
knowledge gained knowing the factors that influence T lymphocyte recruitment to
tumor microenvironments opens avenues for advancing immunotherapy by explor-
ing the possibility of using CD8+ CAR T cells to treat PDAC patients and explore
ACT-based therapies for CRC treatment.

Fusobacteria have interestingly been described in a recent review to have differ-
ing and often opposing roles, which seem to be based on the molecular subtype of
CRC. RNA sequencing studies of CRC tissues identified enrichment of Fusobacteria
and Bacteroidetes. In microsatellite instability (MSI)-high tumors, F. nucelatum
was negatively correlated with TILs but positively associated with TILs in non-
MSI-high tumors. Fusobacteria are correlated with poor prognosis in CRC patients
and bind via the Fap2 protein to the immune receptor TIGIT, which causes inhibi-
tion of NK cells and TILs. It has been suggested that F. nucelatum may induce
expression of IL12 and transforming growth factor (TGF) , which in turn promotes
low FOX3P expressing nonsuppressive T cells that are favorable predictors of sur-
vival. Through miRNA-mediated activation of toll-like receptor (TLR) 2 and TLR4,
the bacteria also increase the expression of the inflammatory mediators IL1B, IL6,
and IL8 (Saito et al. 2016; Temraz et al. 2019).
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10 Conclusion and Future Perspectives

By now, it might be obvious that gut bacteria are involved in several roles in rela-
tion to GI cancers, while some species are drivers of disease progression. The
complexity of the gut ecosystem also means that bacterial species also have thera-
peutic benefits to offer either through the production of metabolites that aid in
competing against conditional pathogenic species and pathobionts or through
mediating mucosal immunity that keeps human hosts healthy. Genetic manipula-
tion of bacteria allows ex vivo synthesis of microbial metabolites for therapeutic
administration and the use of bacteria as delivery vehicles for therapeutics.
Sequencing-based studies help lay the foundation for omics-based diagnostic
methods that may help predict disease outcomes while also informing clinicians of
the ideal therapies to administer, which may impact the safety and efficacy of GI
cancer treatments.

The authors would like to remark that despite the vast potential the gut microbi-
ome has to offer, there are several challenges that need to be overcome, which are
not specific to GI cancer-related microbial manipulation alone. The majority of
work described in the literature addressing the role that the gut microbiome plays is
restricted to studying bacteria. The virome, mycobiome, and the network of interac-
tions with the host and the gut ecology need to be uncovered to gain better perspec-
tives of how organisms can be manipulated to better improve human health. Nucleic
acid-based-omics have provided opportunities to help in the profiling of the micro-
biome; however, factors such as the choice of reference databases and consensus
between major methods used such as metagenomic shotgun sequencing and 16 s
rRNA sequencing are of concern. Whether it is for the development of monothera-
pies or combination therapies, establishing multiparameter models that consider
patient and tumor genetics, risk factors, and microbiome composition may benefit
the ability to predict response to treatments while also overcoming the inconsisten-
cies and contrasting findings, which can be attributed to the high variability of sub-
jects being tested. Improvements are made in the application of murine models,
namely the use of GF mice or antibiotic-fed SPF mice that are then transplanted
with the human gut microbiota (avatar mice), which may improve the validity of
preclinical research.

A testament to the potential of uncovering the link between gut bacteria and
immunotherapy is the fact that research groups studying the two have already
attracted multimillion-dollar funding from biotech companies, pharmaceutical
companies and investment banks that have allowed the progress of preclinical stud-
ies to move forward to clinical trials. Parallel advances made to improve immuno-
genicity, efficacy, and drug delivery strategies of immunotherapeutics, in addition to
advancements made to technology platforms that allow patient stratification based
on response outcomes, large-scale drug screening, and production of immune-based
pharmaceuticals, will help usher in an era of precision medicine, which is likely to
shape the future of healthcare.
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Chapter 5

Genetic and Epigenetic Regulation by Gut
Microbe-Modulated Metabolites
in Chronic Metabolic Diseases

Check for
updates

S. Sumi and Chandrasekharan C. Kartha

1 Introduction

The gastrointestinal tract is one of the most densely populated anatomical sites with
trillions of bacteria, archaea, viruses, and eukaryotes residing in the intestinal
mucosa (Savage 1977). These bacteria, collectively known as microbiota, have a
significant role in the physiological processes in the host. Symbiosis and commen-
salism reign in this host-microbe-based human holobiont. Even minute imbalance
in this equation promotes various disease conditions. Research focus on host—
microbiota interactions and their health implications have increased during the last
two decades.

Several metagenomic studies reveal that a healthy human gut is populated pre-
dominantly by members of Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria phyla, with relatively few other phyla such as Fusobacteria and
Verrucomicrobia (Kaur et al. 2020; De et al. 2020). Around 3.8 x 10'3 bacteria are
estimated to be present in an adult human body, which is approximately equal to the
number of total human cells (3 x 10') (Sender et al. 2016). Their combined
genomes, generally termed as “gut microbiome,” are presumed to contain more than
three million genes (Human Microbiome Project Consortium 2012). The microbi-
ome expression products complement host physiological and metabolic mecha-
nisms. It is now established that microbial dysbiosis causes altered gut metagenome
and their microbial functions, which, when present with classic genetic and lifestyle
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factors, promote the pathogenesis of metabolic disorders (Vijay-Kumar et al. 2010)
and cancers (Hope et al. 2005).

The majority of studies until now have been focusing on the interaction of gut
microbiota with gut homeostasis (Kawamoto et al. 2012), intestinal mucosa, and
development of colon cancer (Hope et al. 2005). A significantly higher bacterial
load was demonstrated in the colorectal cancer biopsies (Zhou et al. 2016). As the
bacterial metabolites enter the host’s circulation via intestinal epithelial mucosa,
recent focus is changing toward the role of gut microbiota and its myriad of metabo-
lites in systemic diseases such as diabetes, atherosclerosis, obesity, and cancers
(Vinjé et al. 2014). Besides their role in host metabolism, microbiota-secreted mul-
tiple low-molecular-weight (LMW) substances closely interact with various cellular
targets. Many of these microbial metabolites can interfere in the genomic, epig-
enomic, and host metabolic processes (Bhat and Kapila 2017).

Recent research indicates an altered microbial LMW pattern in patients with
obesity and metabolic diseases (Arora and Bickhed 2016). Exactly how these mol-
ecules affect genetic and epigenetic alterations in biological signaling pathways is
unexplained. The capability of the intestinal microbiota to produce folic acid,
Vitamin B6, and S-adenosyl methionine (SAM) (Jacob 2000; LeBlanc et al. 2013)
could affect host DNA methylation patterns, while short-chain fatty acids (SCFAs)
produced from bacterial fermentation (Louis and Flint 2009) may alter chromatin
organization and genetic transcription through histone de/acetylation. An insight
into the mode of interaction between microbiota-derived small molecules and host
epigenome will allow the design of novel epigenetics-based interventions in com-
plex diseases such as type 2 diabetes mellitus (T2DM) and obesity. In this context,
we discuss the role of gut microbiota-derived chemical moieties in the genetic and
epigenetic regulation of biological signaling in the pathophysiology of lifestyle dis-
eases such as obesity and diabetes.

2 Gut Microbial Dysbiosis in Metabolic Diseases

Recent reports suggest that gut microbiota pattern between normal individuals and
patients with obesity or T2DM differs significantly. Qin et al. (2012) performed a
two-step metagenome-wide association analysis using deep shotgun sequencing of
the gut microbiome from 345 Chinese individuals. They reported a very significant
role of the intestinal microbial community in the pathogenesis of T2DM. The gut
microbiome of patients with diabetes had very less butyrate-producing bacteria,
including Faecalibacterium prausnitzii, Eubacterium rectale, etc. Besides serving
as an energy resource for colonocytes, butyrate effectively reduces inflammation,
carcinogenesis, and oxidative stress and improves gut barrier integrity. The investi-
gators also indicated that gut dysbiosis, characterized by a higher number of oppor-
tunistic microbes, increased ability for sulfate reduction, and low numbers of SCFA
producing bacteria, is a significant characteristic of metabolic diseases such
as T2DM.
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How the gut microbiome regulates glucose homeostasis and insulin sensitivity is
a significant question. Several research groups have found a positive correlation
between host hyperglycemia and intestinal microbial dysbiosis (Gérard and Vidal
2019; Lim et al. 2016). Lim et al. (2016) observed that Lactobacillus sakei OK67
reduces inflammation and induces tight junction protein expression in high-fat-diet
(HFD)-induced hyperglycemia and obesity in mice models. Gut microbiota also
converts tyrosine to 4-cresol, which reduces hyperglycemia and fatty liver in animal
disease models (Brial et al. 2018).

Insulin resistance is another major pathogenetic factor in metabolic diseases. The
outcomes of SCFA administration in mice were studied in detail, and butyrate was
demonstrated to have a protective effect against diet-dependent obesity and insulin
resistance (Gao etal. 2009). Some groups have explored the role of diet-supplemented
butyrate in pancreatic 3 cell mass, function, and insulin sensitivity in target tissues
of animal models for obesity (Li et al. 2013). Gut microbe-derived SCFAs have a
major role in maintaining host physiological homeostasis in the pancreas, skeletal
muscles, liver, and adipose tissues (Table 5.1).

In our studies on pancreatic beta cells, we observed the effect of butyrate in
increasing cell proliferation and differentiation (unpublished data). Treatment with
butyrate significantly reduced the oxidative stress in pancreatic beta cells exposed to
hyperglycemic conditions. Microbial dysbiosis causes higher gut permeability that
results in chronic low-grade inflammation that reduces insulin sensitivity (Fig. 5.1).
When there is an imbalance of gut microbiota species and gut barrier disruption,
bacteria and their metabolites, lipopolysaccharide (LPS), phenylacetic acid,

Table 5.1 Major effects of SCFAs in the pancreas, skeletal muscles, liver, and adipose tissues

Organ/tissue Effects

Pancreas Higher beta cell mass
Increased insulin secretion
Less glucagon secretion

Adipose tissue Reduced adipose tissue mass
Higher leptin production
Decreased inflammation
Enhanced differentiation
Browning of white adipose tissue
Increased beta-oxidation
Increased lipolysis

Liver Less inflammation
Increased beta-oxidation
Less lipogenesis

Less glucose production
Lower bile acid synthesis

Skeletal muscle High fatty acid oxidation
Less lipid accumulation
Increased beta-oxidation
Increased lean body mass
Higher insulin response
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Fig. 5.1 Schematic representation of altered gut microbiota-induced intestinal barrier dysfunc-
tion. Left panel. In healthy individuals, there is a predominance of symbiotic bacteria, their metab-
olites, and an intact intestinal barrier. Right panel. Microbial dysbiosis induces inflammation and
loss of barrier function that in turn allows increased translocation of bacterial components and
bacteria into systemic circulation

Table 5.2 Primary producers of various SCFAs

Acetate (C3) Propionate (C3) Butyrate (C4)
Bifidobacterium longum Pelotomaculum schinkii Clostridium leptum
Clostridium ljungdahlii Syntrophobacter Eubacterium rectale
Bacteroides Coprococcus catus Faecalibacterium
thetaiotaomicron prausnitzii
Prevotella spp Veillonella gazogenes Eubacterium hallii
Streptococcus spp Megasphaera elsdenii Faecalibacterium
prausnitzii
Lactobacillus spp Roseburia inulinivorans Anaerostipes caccae
Bifidobacterium spp Ruminococcus obeum Coprococcus eutactus
Blautia hydrogenotrophica | Akkermansia muciniphila Roseburia inulinivorans
Phascolarctobacterium Ruminococcus bromii
succinatutens

imidazole propionate, and endotoxins, enter the systemic circulation and cause low-
grade inflammation through pro-inflammatory cytokine expression.

SCFAs such as acetate (C2) and propionate (C3) are mainly produced by
Bacteroidetes, while butyrate (C4) is secreted by Firmicutes (Rios-Covidn et al.
2016; den Besten et al. 2013). Gut microbial species produce all SCFAs, but some
species contribute more of one SCFA type than others. Some such species predomi-
nantly producing either acetate or propionate or butyrate are described in Table 5.2.
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Four-carbon SCFA butyrate acts as the main energy source of epithelial cells lin-
ing the gut and maintains the integrity of the gut barrier. SCFAs such as butyrate
induce gluconeogenesis and lipogenesis in the liver (Ji et al. 2019). Gluconeogenesis
activates gut-brain neural connections and maintains glucose homeostasis. SCFAs
such as butyrate elevate the expression of genes associated with gluconeogenesis
via a cAMP-dependent mechanism. It was also reported that gut microbiota metab-
olizes histidine to imidazole propionate that prevents insulin receptor substrate sig-
naling (Koh et al. 2018).

Another class of gut microbiota-derived peptides is incretin hormones.
Incretins such as glucagon-like peptide-1 (GLP-1) and gastric inhibitory poly-
peptide (GIP) are significant gut peptides that stimulate insulin secretion from
beta cells (Pais et al. 2016). Microbial metabolites directly regulate incretin
secretion from enteroendocrine cells. Sulfate-reducing bacteria in the colon pro-
duce hydrogen sulfide that induces intestinal GLP-1 secretion. Diet supplementa-
tion with chondroitin sulfate in mice models has shown higher levels of
sulfate-reducing bacteria in the gut (Pichette et al. 2017). These mice had high
GLP-1, and good insulin response improved blood glucose control after 4 weeks
of diet supplementation. Studies in colonic enteroendocrine L cells have shown
that gut microbiota-induced indole regulates GLP-1 secretion. This observation
indicates the role of gut microbiota in host glycemic control (Chimerel et al.
2014). Further comprehensive studies elucidating the mechanistic details of these
metabolites in response to specific phyla of microbiota are essential to translate
these findings into nutrition management strategies. Conventionalized mice mod-
els will be of great benefit in such studies (Nicaise et al. 1993; Druart et al. 2015).
Germ-free mice in which microbiota was re-colonized are also called convention-
alized mice models. Conventionalized mice-based studies help to precisely study
the effect of specific bacterial species on host metabolism and genetic and epi-
genetic regulation.

3 Gut Microbiota and Epigenetic Regulation
of Metabolic Diseases

Epigenetic regulation refers to hereditable changes that alter inherent gene expres-
sion without changing the DNA sequence. The most commonly described mecha-
nisms of epigenetics are DNA methylation and histone alterations and noncoding
RNAs (ncRNA). The earlier research on the gut microbiota—host axis focused more
on the microbiota-induced biochemical signaling and differential expression of
genes involved in glycemic homeostasis. Very recently, a novel concept of
“microbiota-nutrient metabolism-host epigenetics” in physiological homeostasis is
evolving (Miro-Blanch and Yanes 2019; Lee 2019). Gut microbiome-induced epi-
genetic alterations in the host can plausibly occur due to microbial metabolites,
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Fig. 5.2 Epigenetic modifications regulated by gut microbiota and their metabolites. Short-chain
fatty acids produced by the gut microbiota could regulate histone modification by inhibiting vari-
ous HDACs. Similarly, microbial metabolites such as folate, riboflavin, and vitamin co-factors
induce the formation of S-adenosylmethionine, which is a methyl donor in methylation reactions.
a-ketoglutarate enhances TET enzymes, which cause demethylation of gene promoters, maintain-
ing a molecular homeostasis in healthy individuals. Fumarate and succinate, also produced from
microbiota, have the potential to inhibit TET enzymes

which serve as chemical donors for promoter methylation or histone modifications
or due to its interaction with enzymes responsible for epigenetic modifications
(Fig. 5.2).

3.1 DNA Methylation Programming by Gut Microbiota

Methylation refers to an epigenomic process where a methyl group from SAM is
added to the fifth position of cytosine to generate 5-methylcytosine in CpG islands
in genomic DNA. Methylation has major regulatory effects on gene transcription,
mainly by affecting the DNA binding transcription factors. The microbial
metabolites-induced altered methylome hypothesis was experimentally substanti-
ated by studies that observed a significant association of differential methylation
with specific bacterial predominance in the host gut (Al Akeel 2013). In a study
reported from Finland, the methylome pattern was found to be highly altered in
pregnant women in whom Firmicute species were predominant (Kumar et al. 2014).
Methylation analysis revealed 568 hypermethylated genes and 254 hypomethylated
genes in these women, and most of these altered genes were associated with cardio-
vascular disease lipid metabolism, inflammation, and obesity. Recently, studies
were also conducted by classifying individuals based on low and high Bacteroidetes
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to Firmicutes ratio, where it was found that 258 genes were differentially methyl-
ated, of which genes such as HDAC?7 and insulin-like growth factor 2 mRNA bind-
ing protein 2 (IGF2BP2) are significant in glucose homeostasis (Ramos-Molina
et al. 2019). Most importantly, studies done in obese and T2DM patients have
reported low numbers of butyrate-producers as well as lower promoter methylation
of the SCFA receptor (FFAR3) gene compared to lean individuals (Remely
et al. 2014).

Precisely how the gut microbiota induces firm control over host gene methyla-
tion is still not described. Gut microbiota-induced folic acids and vitamins generate
SAM (AdoMet), a key methyl-donating substrate for the action of methyltransfer-
ase enzymes such as DNA methyltransferases (DNMTs) and histone methyltrans-
ferases (HMTs) (Abbasi et al. 2018). Bacterial species, especially Lactobacillus and
Bifidobacterium, secrete significant levels of folic acid from p-aminobenzoic acid
and dihydropterin pyrophosphate (Rossi et al. 2011). Vitamin B6, B12, riboflavin,
and choline act along with folic acid to ensure homocysteine balance, SAM genera-
tion, and DNA methylation (Abbasi et al. 2018). The reduced numbers of folate and
vitamin co-factors producing microbiota results in lower SAM and global DNA
hypomethylation in hosts resulting in overexpression of associated genes. However,
folate deficiency is implicated both in global DNA hypomethylation and hyper-
methylation too (Crider et al. 2012). This process may happen due to the low SAM-
induced hypomethylation of CpGs within the promoters of DNMT1 and DNMT3A
enzyme-coding genes.

Microbial LMW also contains several other components that have specific roles
in maintaining homeostasis in methylation in the host. Microbial alpha-ketoglutarate
is a co-substrate of TET dioxygenase enzyme, which results in DNA demethylation
(Zdzisiniska et al. 2017) as well as other metabolites such as fumarate and succinate
promote methylation by inhibiting TET enzymes (Rowland et al. 2018; Xiao
et al. 2012).

Methionine is the substrate for SAM. Contrary to the general belief that micro-
biota decides the methylation status, studies have also shown that dietary methio-
nine can affect the microbiota communities (Schaible et al. 2011). Interestingly,
studies have delineated the role of bacterial infection in host DNA methylation too.
Individuals with pathogenic Helicobacter pylori infection were demonstrated to
have higher methylation levels in eight regions of CpG islands, including p16 core
and p16 noncore regions as well as LOX (Maekita et al. 2006).

3.2 Histone Modifications

Histone modification is a type of epigenetic change that affects chromatin macro-
structure, organization, and even the binding of effector molecules during transcrip-
tion. Most of the histone modifications are reversible and respond to environmental
changes. They can induce or prevent transcription. Histone acetyltransferase (HAT)
enzymes induce transcriptional activation whereby they catalyze acetylation of
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amino-terminal lysine residues on histone proteins (Roth et al. 2001). Histone
deacetylases (HDACs) prevent transcriptional activation by deacetylating the
amino-terminal lysine residues of histones (Yuille et al. 2018). The association
between microbial LMW SCFA and histone acetylation is already known (Natarajan
and Pluznick 2014). Studies have demonstrated that microbial metabolites affect
host histone modifications in tissues apart from the intestine too (Krautkramer et al.
2016). This study substantiated the role of microbial SCFAs in histone modifica-
tions such as acetylation and methylation in the colon, liver, and white adipose tis-
sues. Microbial SCFA also reduces glucose-mediated histone modifications in the
host. Roth et al. (2019) reported that probiotic Lactobacillus reuteri strain 6475
produces 2-carbon-transporting folate called 5,10-ethenyltetrahydrofolyl polygluta-
mate. EtTHF transfers two carbons to homocysteine, producing immunomodula-
tory amino acid ethionine that was found to have inhibitory roles on methylation
and ethylation of histone lysine residues.

Microbial LMWs, including SCFAs, SAM, acetyl-CoA, etc., have the potential
to regulate histone modifications. The most prominent SCFA secreted by microbi-
ota, butyrate, is a well-known histone deacetylase inhibitor (HDACi) (Steliou et al.
2012). Propionate and acetate also increase histone acetylation and chromatin relax-
ation (Licciardi et al. 2011). All SCFAs, especially butyrate and propionate, hinder
the functioning of class I, Ila HDACs (Schilderink et al. 2013; Davie 2003). There
are also reports that butyrate inhibits the activity of HDAC1 and 2 while propionate
and acetate negatively regulate HDAC?2 and 3 (Davie 2003). These metabolites have
a wide range of anti-inflammatory roles in the host. In hematopoietic cells, it has
been shown that SCFAs promote histone acetylation, thereby inducing FOXP3 gene
expression in CD4 + T cells (Smith et al. 2013). This results in the differentiation of
Treg cells that prevent the immune response and maintain homeostasis. SCFAs also
repress the transcription of NF-kB and STATI genes that induce pro-inflammatory
cytokine production (Liu et al. 2012; Vinolo et al. 2011; Martin-Gallausiaux et al.
2018). Treatment of macrophages with butyrate has been demonstrated to cause
histone acetylation and reduced expression of LPS-induced pro-inflammatory cyto-
kines too (Jiang et al. 2020). Similarly, specific microbiota species in conventional-
ized mice were shown to upregulate genes coding for major histocompatibility
complex class II, plausibly via epigenetic modifications (Kubinak et al. 2015;
D’Aquila et al. 2020).

Studies on conventionalized mice suggest that the bacterial composition in
microbiota specifically modulates the histone codes. Studies have shown that higher
levels of H3K27me3 and H3K36 and low H3K18mel, H3K23, K27me2, and
K36mel are seen in the colon, liver, and adipose tissues of such mice (D’Aquila
et al. 2020). Interestingly, histone codes such as H3K27mel and H3K36me2 were
found to be abundant in adipose tissue and less elsewhere.

Pathogenic bacteria such as Listeria monocytogenes and Helicobacter pylori
were also shown to have the potential to regulate global histone acetylation in the
host and regulate downstream signaling pathways. L. monocytogenes promote acet-
ylation of histone H4 and phosphorylation/acetylation of histone H3 in infected
human endothelial cells and very higher levels of cytokine expression (Schmeck
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et al. 2005). Patients with metabolic diseases such as obesity are highly susceptible
to infections. In normal individuals with proper gut microbiome and immune sys-
tem, the gut microbiota prevents L. monocytogenes colonization in the gut lumen
and thereby averts systemic dissemination. However, patients with an altered gut
microbial profile may fail in this purpose and result in altered epigenetic signaling
and aberrant gene expression profiles.

3.3 Noncoding RNAs

MicroRNAs (miRNA) are ncRNAs, which are approximately 21-24 nucleotides in
length with no protein-coding function. They are mostly engaged in post-
transcriptional regulation. Recent studies indicate that host—microbiota interactions
are also regulated by miRNAs-based epigenetic regulation (Yuan et al. 2019). There
was a distinct difference in miRNA profiles of germ-free mice colonized with spe-
cific gut microbiota. Host miR-141-3p was found associated with the abundance of
Bacteroidetes and Firmicutes and the miR-200a-3p level with an abundance of
Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria (Moloney et al.
2018). The mode of miRNA—microbiome interaction is not properly described, yet
it can be assumed that miRNAs expressed by the host may transcriptionally regulate
microbiome mRNA.

Microbial dysbiosis in the gut results in intestinal epithelial barrier dysfunction
and ensuing inflammation. The probiotic bacterium Escherichia coli Nissle 1917
(EcN) possesses an intestinal barrier enhancing effect and induced a differential
expression of miR-203, miR-483-3p, and miR-595. Further analysis of these miR-
NAs indicates their role in tight junction protein function (Guo et al. 2019).
Pathogenic E. coli (EPEC) caused tight junction disruption by inhibiting these miR-
NAs. Treatment with a specific inhibitor to these miRNAs reduced the disturbances
in tight junctions, which were previously caused by EPEC strain.

Gut microbiota-derived metabolites were also found to have a role in the regula-
tion of miR-181. Studies in germ-free mice colonized with conventional mice
microbiota demonstrated higher levels of miR-181a/b in epididymal white adipo-
cytes (Virtue et al. 2019). Their further studies also indicate that tryptophan-derived
metabolites reduce miR-181 levels in these adipocytes. The role of miR-181 in adi-
posity and insulin sensitivity needs to be further studied.

Host intestinal epithelial cell-derived miRNAs may target microbial mRNA and
thereby control microbiota via transcriptional regulation or deregulation of gene
expression. Human miRNAs such as miR-515-5p and miR-1226-5p were shown to
regulate 16S/23S rRNA in Fusobacterium nucleatum and yegH in Escherichia coli,
respectively (Liu et al. 2016).

It is known that host miRNA can regulate microbiota. Interestingly, gut micro-
biota can also affect host miRNA expression. Xue et al. (2011) observed that
microbiota downregulate the miR-10a expression in intestinal epithelial and den-
dritic cells and TLR-ligand interactions via MyD88-dependent pathway.
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Microbiota-based downregulation of miR-10a increases the expression of IL-12 and
IL-23, which promotes intestinal immune homeostasis. Nakata et al. (2017) have
demonstrated in intestinal epithelial cell (IEC) culture models that miR-21-5p levels
in intestinal endothelial cells are induced by commensal bacteria. Elevated
miR-21-5p was shown to augment intestinal epithelial permeability, indicating a
therapeutic target for preventing intestinal epithelial barrier dysfunction. Moreover,
altered intestinal microbiota can influence the host gene expression by miRNAs
modulation in various diseases. As miRNA modulation via antagomirs and agomirs
are mechanistically possible, gut microbiota—miRNA-host gene expression axis
can be a potential therapeutic target in metabolic diseases.

Other types of ncRNAs such as long ncRNAs (IncRNAs) were also found to be
involved in gut microbiome-host interaction. LncRNAs are ncRNAs with more
than 200 nucleotides length and which do not encode for any proteins. Very few
studies have been done to understand the precise role of gut microbiota in the
expression of IncRNA in hosts. Researchers from the University of Washington
performed RNA sequencing-based screening of tissue-specific IncRNA expression
in germ-free and conventionalized mice (Dempsey et al. 2018). They found that
majority of IncRNAs were co-regulated with adjacent protein-coding genes. They
observed a ubiquitous expression of IncRNAs in the enterohepatic and the periph-
eral metabolic tissues of conventionalized mice. While in germ-free mice, the
IncRNAs were differentially expressed in various tissues with predominant expres-
sion in the jejunum. This study reported the first evidence of the concept of gut
microbiome regulating host IncRNA expression.

Much earlier to this study, Liang et al. (2015) characterized intestinal microbiome-
regulated IncRNAsS in the gut epithelium of germ-free mice with the conventional
and E. coli-colonized gnotobiotic mice. By bioinformatic analysis, they found the
overexpression of six IncRNAs involved in immune processes. The IncRNAs were
different in mice models based on their gut microbiota. Further studies are war-
ranted in this context to understand microbiota-induced host IncRNAs in homeosta-
sis and disease.

4 Probiotics and Host Epigenetic Regulation

Gut microbial dysbiosis is associated with various facets of metabolic diseases,
including diabetes, obesity, and insulin resistance. Modulation of microbiota com-
position, either directly (diet, bacterial metabolites, prebiotics, and probiotics) or
indirectly (e.g., immunotherapeutics) may help in the management of patients with
lifestyle metabolic diseases. The last two decades have seen several research groups
focusing on the antidiabetic effects of probiotics that increase LMW production, as
well as bacterial colonization and prebiotics. Various randomized and placebo-
controlled clinical trials studied the outcome of probiotic administration on glucose
and lipid parameters in T2DM. In one study, the participants in the “probiotic
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intervention group” had 300 g/day of probiotic yogurt with 10 CFU/ml Lactobacillus
acidophilus La5 and 10° CFU/ml Bifidobacterium lactis Bb12 strains, whereas the
control group participants consumed 300 g/day of conventional yogurt (Ejtahed
et al. 2011). After 6 weeks of daily consumption, it was shown that the probiotic
treatment with L. acidophilus La5 and B. lactis BbI2 yielded an increase in the
antioxidant potential and low fasting blood glucose in the study subjects. Similarly,
Tong et al. (2018) in a study of 450 patients demonstrated that T2DM with high
lipid profile was controlled when enriched with beneficial Blautia and
Faecalibacterium.

Studies have also tried to look at the association of diet and probiotics with epi-
genetic regulation in study subjects. It was found that black raspberries boost
Anaerostipes which generates butyrate. Black raspberries also enrich anti-
inflammatory bacteria, such as Akkermansia and Desulfovibrio. These microbes
reduced DNMTT levels and promoter methylation of genes present in the WNT-
signaling pathway in tumors (Wang et al. 2011a, b). In HFD-fed mice, sodium
butyrate supplementation was found to reduce fasting glucose and induce greater
insulin sensitivity (Gao et al. 2009).

The role of prebiotics in the gut microbial composition is also being studied.
Prebiotics, being a source of microbial SCFAs, may improve glycemic control and
induce the growth or functioning of beneficial microorganisms. In HFD-fed mice,
supplementation of oligofructose prebiotics resulted in larger numbers of
Bifidobacterium species with improved glucose tolerance and glucose-induced
insulin secretion (Cani et al. 2007). Prebiotics including inulins, oligodextrans, lac-
tose, etc. were reported to have hypocholesterolemic effects in T2DM patients (Yoo
and Kim 2016). Hald et al. (2016) focused on the role of two dietary fibers such as
arabinoxylan and resistant starch type 2, on the gut microbiome and SCFAs in 19
patients with metabolic diseases. They observed that a diet rich in these dietary
fibers increased Bifidobacterium numbers and butyrate levels in patients with meta-
bolic syndrome.

Gut microbiota metabolizes several dietary bioactive compounds that modulate
epigenetic enzymatic activity. Microbial degradation of epigallocatechin-3-gallate
(EGCG) generates phenolic acids that reduce 80% of DNMTs’ activity in the host
(Remely et al. 2017). Supplementation of EGCG increases DNMTI and reduces
inflammatory /L-6 in the colon. EGCG supplementation also results in hypermeth-
ylation of MLHI and DNMT] gene promoters and thereby reduces their expression
in the liver.

Resveratrol is a beneficial polyphenol that helps in glycemic and lipid control. It
also reduces fat mass, blood pressure, chronic inflammation, and oxidative stress in
several investigations. Bifidobacteria infantis and Lactobacillus acidophilus pro-
duce resveratrol from stilbenoid glucoside, piceid, which is a major resveratrol
derivative (Basholli-Salihu et al. 2016). The current consensus is that resveratrol
may prevent intestinal inflammation via gut microbiota modulation (Chaplin et al.
2018). More studies are required to understand the significant role of gut microbiota
in nutritional interventions such as resveratrol supplementation.
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5 Gut Microbiota Markers for Metabolic Diseases

Studies are at present focusing on obtaining a T2DM-associated gut metagenome
profile in patients. There is a possibility of using gut microbiota-derived metabolites
as novel markers for early prediction of T2DM, which will help in the nutritional
modulation. For instance, researchers are exploring the possibility of using
trimethylamine-N-oxide (TMAQ), which is generated in the liver in response to the
gut microbiota-derived metabolite, trimethylamine (TMA), as a biomarker for car-
diovascular diseases (Yang et al. 2019). Plasma levels of TMAO were found to be
positively correlated with adverse cardiovascular events (Dong et al. 2018).

Another alternative is LPS that is produced by Gram-negative gut bacteria and
may act as a good marker for inflammation, insulin resistance, and increased fat
mass (Cani et al. 2007). But, the use of LPS is limited as a marker due to its less
half-life and increased susceptibility to interfering substances. LPS-binding protein
(LBP), on the other hand, is a reliable circulatory that can be detected by ELISA-
based kits. LBP helps in the recognition and host immune response to LPS and
amplifies host immune responses to LPS and hence may reflect the LPS level in the
host. Zhang et al. (2013) have reported reduced serum LBP in mice that had a higher
abundance of beneficial bacteria and lower opportunistic pathogens. Circulating
LBP was found to be higher in patients with coronary artery disease (Lepper et al.
2007) and obesity-related insulin resistance (Moreno-Navarrete et al. 2012). These
studies indicate the potential of using LBP as an accurate biomarker for the early
detection of metabolic syndrome in patients.

Gut microbiota produces essential amino acids such as leucine, isoleucine, and
valine, which are classified as branched-chain amino acids (BCAAs). Plasma
BCAA levels positively correlate with obesity and serum insulin (Newgard et al.
2009). Quite a few studies have looked at the association of plasma BCAAs with
insulin resistance in patients with metabolic diseases. Wang et al. (2011a, b) con-
ducted a study in 2422 normoglycemic individuals who were further followed up
for 12 years to understand if metabolite profiles can be used as predictive markers
for the development of T2DM. They observed that BCAA levels individually or in
combination have the potential to predict the development of T2DM in patients.

Glutamate, a secondary product of the catabolism of BCAAs, was reported to be
significantly higher in obese individuals than in non-obese lean individuals (Liu
et al. 2017; Ejtahed et al. 2020). Glutamate expression was also found correlated to
the abundance of Ruminococcus, Coprococcus, and Dorea species. Liu et al. (2017)
have found a notable reduction in glutamate-fermenting Bacteroides thetaiotaomi-
cron in obese study subjects. Other metabolite-based marker candidates are
Bifidobacterium spp.-derived conjugated linoleic acid and Eubacterium ventrio-
sum- and Lactobacillus-secreted conjugated linolenic acid (Park et al. 2012;
Devillard et al. 2007). These polyunsaturated fatty acids-derived metabolites dem-
onstrate beneficial effects in preventing obesity (Druart et al. 2014; Ejtahed
et al. 2020).
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Even though several studies have focused on microbial markers for metabolic
diseases, it is still not known if these alterations in gut microbiota are just a bystander
effect in patients with diseases. Yassour et al. (2016), in their study of 36 healthy
Korean monozygotic twins with subclinical values of higher body mass index
(BMI), observed that BMI values were inversely proportional to the number of
Akkermansia muciniphila and directly correlated with riboflavin and NAD biosyn-
thesis. This observation indicates the role of altered microbiota in the onset of
disease.

6 Microbiological Memory in Epigenetic Regulation

Diet, nutrition, and microbiota are all demonstrated to be associated with the spe-
cific methylome and histone modifications in an individual. Prenatal and postnatal
nutrition and probiotic supplementation induce stable, heritable modifications in
offspring and are termed “fetal programming.” Recently, another term, “microbio-
logical memory,” is coined to understand the inherited epigenetic programming in
an offspring subjected to the cell microenvironment (microbiome, microbial LMW
supplemented through the diet) (Devaux and Raoult 2018). It is hypothesized that
the microbiological memory of an individual remains stable when both diet and
microbiota are constant. As per this model, the association of microbiome and host
cells results in a continuous modification of host genes resulting in a specific epi-
genetic signature. Studies are essential to delineate the inherent epigenetic program-
ming of an individual to attain a comprehensive understanding of the gut
microbe-host interaction in both homeostasis and diseases.

7 Conclusions

Genetic susceptibility to metabolic diseases such as obesity and T2DM is generally
studied based on gene variations. Epigenomics is the interface between the genetic
predisposition and the influence of environmental factors in metabolic diseases. A
gut-centric theory of metabolic syndrome started to evolve in 2000-2010, when
studies in animal models and humans demonstrated the HFD-induced intestinal bar-
rier and entry of contents in intestinal luminal into the systemic circulation. Gut
microbiota is an epigenetic modulator in the host and contributes significantly to
homeostasis. Altered gut microbiota influences the pathogenesis of chronic diseases
such as obesity and insulin resistance. This indigenous microbiota produces multi-
ple low-molecular-weight metabolites that can interact with different targets in the
cells and tissues. Studies in human and animal models indicate the protective role of
the gut microbiota that produces metabolites such as SCFAs and SAM in maintain-
ing the integrity of the gut barrier. SCFAs are prominent in regulating the host epi-
genetic processes via DNA methylation and histone modifications. Even though
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research groups focused on specific microbiota-induced epigenetic changes, their
works faced many challenges as the results obtained were masked by the effect of
microbiota already present in animals. The advent of conventionalized animals
greatly solves this conundrum. Further in-depth studies focusing on specific gut
microbial species and their metabolites in shaping the host epigenome are essential
for the early nutritional management of metabolic diseases.
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Chapter 6

Gut Microbiota-Related Clinical Events
and Therapeutic Interventions

in Alcohol-Associated Liver Disease

Cyriac Abby Philips, Juan Pablo Arab, Xingshun Qi, Norihiro Imai,
and Philip Augustine

1 Introduction

Alcohol use remains a major cause of socioeconomic burden, morbidity, and mor-
tality globally and is linked to more than 60 acute and chronic diseases. Alcohol use
is also a leading risk factor for premature death and disability among people in their
most productive years. Over the last decade, the prevalence of high-risk drinking,
defined by the National Institute on Alcohol Abuse and Alcoholism (NIAAA) as
more than four drinks per day or 14 in a week for men, and more than three drinks
a day or seven per week for women as well as AUD, has increased globally. Even
though global trends showed an overall increase, it was also observed that alcohol
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use declined in western and, more recently, Eastern European countries. Nonetheless,
alcohol consumption increased substantially in several Asian countries such as
India, Vietnam, China, and sub-Saharan Africa, where consumption is nearly equal
to the global average. In this regard, the leading cause of alcohol-attributable deaths
was cirrhosis in countries with a low human development index. Alcohol-associated
cirrhosis was also the commonest cause of death in people aged 40-59 years (GBD
2016 Alcohol Collaborators 2018; Shield et al. 2020).

Alcohol-associated liver disease (AALD) ranges from isolated alcohol-associated
steatosis to cirrhosis with episodes of alcohol-associated hepatitis (AH) that may
present with acute decompensation of cirrhosis or acute on chronic liver failure
(ACLF). Patients with AH have a 40% mortality at 6 months and a nine-times risk
of cirrhosis progression than those with only alcohol-associated steatosis. Two per-
cent of patients with alcohol-associated cirrhosis develop hepatocellular carcinoma
annually (Avila et al. 2020; Crabb et al. 2020).

In patients with AALD, multiple mechanisms act at the host level that defines
clinical events. Gender, genetic predisposition (probably polygenic), associated
metabolic syndrome, concomitant liver diseases such as chronic hepatitis B or C
virus infections, the pattern of drinking, other drug use, and nutritional status define
the risk of and time to progression of AALD. Among the genetic factors associated
with causation and progression of AALD, it was shown that single nucleotide poly-
morphisms of alcohol and acetaldehyde dehydrogenase protected against alcohol
use disorders and subsequent disease development; polymorphism of patatin-like
phospholipase domain-containing 3 (PNPLA3) rs738409 polymorphism was sig-
nificantly associated with cirrhosis; and hepatocellular carcinoma in patients with
AALD and several other genetic polymorphisms in HSD17B13, TM6SE2,
MBOAT7, and SERPINAI1 genes and heterogenous carriage of the alpha-1-
antitrypsin Pi*Z variant were found to be associated with the development of cir-
rhosis in AALD (Stickel and Hampe 2012; Atkinson et al. 2017; Kolla et al. 2018;
Abul-Husn et al. 2018). A recent multinational genome-wide association study
identified a new locus at Fas-Associated Factor family member 2 (FAF2) implicat-
ing lipid droplets, associated with reduced risk for developing cirrhosis in heavy
drinkers (Schwantes-An et al. 2020).

Current evidence sheds light on the central role of intestinal microbiota in plau-
sible causation and progression of AALD and associated clinical events (Bajaj
2019; Arab et al. 2020). In this regard, dysbiosis, or the disruption of key intestinal
microbial communities and their function leading to loss of host-microbe symbio-
sis, results in disturbed crosstalk at the molecular level that ultimately leads to the
causation of specific clinical events associated with AALD or progression of cir-
rhosis and its complications. In a dysbiotic environment, there occurs a reduction in
diversity and richness of microbial communities; loss of beneficial microbes that
produce advantageous metabolites that maintain or promote homeostatic effects at
the local, organ, or systems level; and the emergence of pathobiont expansion.
Acute and chronic alcohol consumption triggers pro-inflammatory cascades within
the gut lumen and at the mucosal level through the generation of alcohol
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metabolism generated byproducts that further incite intestinal bacterial dysbiosis
with the diversification of pathogenic species such as Gram-negative bacteria. The
direct effects of alcohol and its metabolism within the intestines and at the hepato-
cyte level and changes in gut bacteria and its functional metabolism promote liver
injury that promotes disease development or culminate into severe AH events
(Adolph et al. 2018; Philips et al. 2019a, b; Bajaj 2019; Bajaj et al. 2020).

2 Gut Microbiota in Alcohol-Associated Liver Disease

2.1 Lessons from the Animal Models

Three weeks of intragastric alcohol feeding in mice increased Bacteroidetes and
Verrucomicrobia with a reduction in Firmicutes compared to pair-feeding (feeding
two groups of experimental animals with a diet identical for the item (alcohol)
whose effects are being tested on one group). An overgrowth of Akkermansia
muciniphila, a bacterium that degrades mucin, was observed in the alcohol-fed
group along with depletion of Lactobacilli (Yan et al. 2011).

In a Lieber-DiCarli alcohol feeding mouse model (exclusive ethanol-containing
liquid diet formula to simulate early AALD; no fibrosis or inflammation), expansion
in Gram-negative Proteobacteria and Gram-positive Actinobacteria phyla was
noted, including a higher proportion of alkaline tolerant Alcaligenes and
Corynebacterium, associated with increased colonic pH and liver steatosis (Bull-
Otterson et al. 2013). In a chronic ethanol feeding (for 8 weeks) mouse model,
authors noted changes in bacterial alpha-diversity in the ileum and liver that led to
compositional changes especially in the ileum due to an increase in endotoxin-
producing Gram-negative phyla—~Prevotella was specifically increased in the
mucus layer of ileum as well as in liver tissue, demonstrating the loss of gut barrier
integrity in the presence of alcohol leading to bacterial translocation (Bluemel et al.
2019). When rhesus monkeys were fed alcohol, fecal composition analysis revealed
an increase in Firmicutes, Proteobacteria, and Verrucomicrobia, associated with a
reduction in Bacteroidetes and Actinobacteria. Lactobacillus and Streptococcus
were reduced in the alcohol group at the genus level compared to controls fed water
(Wang et al. 2019).

In medaka (Japanese rice fish), exposure to alcohol for 2 months lead to liver
steatosis and inflammation associated with a reduction in Fusobacterium,
Tenericutes, and Firmicutes and an increase in Bacteroides and Proteobacteria. At
the genera level, Alcaligenes incertae sedis and Cloacibacterium incertae sedis
decreased while Cetobacterium incertae sedis and Erysipelotrichaceae incertae
sedis increased with ethanol administration, similar to observations in human
AALD (Fujisawa et al. 2019). Alcohol feeding for 7 days in germ-free Swiss mice
led to reduced liver injury compared to conventional mice due to reduced intestinal
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permeability and lower neutrophil accumulation (Canesso et al. 2014). In contrast,
the C57BL/6 germ-free mice developed a more pronounced liver injury, inflamma-
tion, and steatosis than conventional mice when fed alcohol. This differential
response to alcohol feeding was probably due to differences in rodent strains (Chen
et al. 2015a, b).

2.2 Lessons from AALD in Humans

Patients with AALD without cirrhosis develop dysbiosis demonstrating lower
Bacteroidetes and higher Proteobacteria. Similarly, in another study, dysbiosis
associated with a lower abundance of taxa Ruminococcaceae was notable in patients
with AALD without chronic liver disease and active drinking, which reversed after
abstinence. AALD patients with high intestinal permeability had lower levels of
Faecalibacterium prausnitzii, a bacterial species known for its anti-inflammatory
properties (Mutlu et al. 2012; Leclercq et al. 2014).

In patients with alcohol-associated cirrhosis who were abstinent, the quality and
quantity of dysbiosis were similar to other etiologies of cirrhosis. However, hepatic
encephalopathy, rather than cirrhosis’s etiology, was found to be associated with
specific dysbiosis patterns, probably as a marker of disease severity. Alcaligenaceae,
Porphyromonadaceae, Enterobacteriaceae were positively and Ruminococcaceae
negatively associated with cognition and inflammation in alcohol-associated cir-
rhosis and hepatic encephalopathy (Chen et al. 2011; Bajaj et al. 2012; Kakiyama
et al. 2013).

Fecal sample next-generation sequencing among patients with alcohol-associated
cirrhosis with active drinking showed that cirrhosis patients had a median of 27
times more bacterial DNA of Enterobactericaea in feces as translocated to the liver,
compared to the healthy volunteers. When ascites samples from the volunteers with
cirrhosis were analyzed, around half of them contained bacterial DNA from
Enterobactericaea, Clostridium leptum, or Lactobacillus species (Tuomisto et al.
2014). In another study, depletion of commensal bacteria associated with increases
in Lactobacillus and Bifidobacterium species were seen in patients with alcohol-
associated cirrhosis and active drinking (Dubinkina et al. 2017). A study on the
stool, duodenal, ileal, and colonic microbiota analysis between healthy control indi-
viduals, actively drinking patients with cirrhosis, and abstinent patients with cir-
rhosis demonstrated that the proportion of autochthonous taxa (Lachnospiraceae,
Ruminococcaeae, and Clostridiales Cluster XIV) were significantly lower in all
alcohol-associated cirrhosis tissues compared to non-alcoholic tissues (Bajaj et al.
2017). In a study on patients with AH, it was shown that the circulating bacterial
DNA was found to be higher among those with heavy alcohol drinking, which was
also associated with significantly decreased Bacteroidetes and enrichment of
Fusobacteria (Puri et al. 2018). A study on gut microbiota analysis in patients with
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or without cirrhosis and the presence or absence of AH showed that cirrhosis
patients with AH had a different microbiota than cirrhotics without AH. The abun-
dance of Actinobacteria was higher, and that of Bacteroidetes was lower in the
former. Cirrhotic patients with AH had a higher abundance of Actinomyces, Rothia,
and Bifidobacterium and a lower abundance of Bilophila and Parabacteroides than
those without AH. In a more recent study from India in patients with severe AH, the
authors analyzed gut microbiota association with clinical events. At admission,
27%, 42%, and 58% had acute kidney injury, hepatic encephalopathy, and infec-
tions, respectively; and 38.5% died at 90 days follow-up: Veillonellaceae,
Prevotellaceae with sepsis; Dehalobacteriaceae, Turicibacteraceae with the model
for end-stage liver disease >25 and Enterobacteriaceae, Peptococcaceae with death
on follow-up. Lachnobacterium, Catenibacterium was notably associated with
hepatic encephalopathy at admission, while Eubacterium, Capnocytophaga were
associated with Child-Pugh score > 10. Prevotella was associated with survival post
steroid treatment. Co-occurrence between Christensenella, Prevotella, and mutual
exclusion between Megamonas, Citrobacter was associated with hepatic encepha-
lopathy at admission, and Enterococcus cecorum, Acinetobacter schindleri, and
Mitsuokella were associated with acute kidney injury at admission (Philips et al.
2020a, b). Deviating from bacterial community profiling, a collaborative multi-
center study on fungal microbiota (mycobiome) in patients with AALD demon-
strated that fungal diversity was lower in subjects with AUD than healthy controls
with overgrowth of Candida and concomitantreduction in Epicoccum, Galactomyces,
and Debaryomyces in the former (Ho et al. 2017; Yang et al. 2017) (Fig. 6.1).

3 Gut Microbial Metabolites in Alcohol-Associated
Liver Disease

In small animal studies, it was elegantly shown that alcohol feeding led to increased
intestinal permeability, dependent on gut microbiota-modulated reduction in intes-
tinal levels of hypoxia-induced factor 1-alpha activity expression, which also led to
hepatic steatosis. The endotoxin producing Enterobacteriaceae was preferentially
upregulated in alcohol consumption, resulting in reduced beneficial gut-derived
short-chain fatty acids (SCFAs), the latter due to reduction in Lachnospiraceae and
Ruminococcaceae (Bull-Otterson et al. 2013; Wang et al. 2011; Chen et al. 2015a,
b). Levels of secondary bile acids were higher in patients with AALD and active
drinking, which was also associated with increased intestinal permeability changes.
Furthermore, in persons with AUD, fecal bacterial metabolome demonstrated higher
SCFAs and sulfides, reduced antioxidant fatty acids, and inverse association of alco-
hol dependence with butyrate-producing bacterial communities. In patients with
AH, reduction in Akkermansia muciniphila was associated with loss of gut barrier
function via mucosal disruption that resulted in liver injury. In mouse models of
AH, administration of A. muciniphila led to an improvement in alcohol-associated
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Fig. 6.1 Schematic representation of gut microbiota changes and pertinent similarities at the fam-
ily, class, and genus levels in rodent, fish, mammal, and human models of alcohol-associated
liver disease

liver injury and gut mucosal integrity. Intestinal dysbiosis is also associated with a
reduction in de-novo production of bile acids with high serum levels of secondary
bile acids (Ciocan et al. 2018). Reduction in Bacteroidetes and increase in
Actinobacteria were associated with upregulation of glutathione metabolism, reduc-
tion in biotin metabolism in patients with cirrhosis and AH (Bajaj et al. 2012; Bajaj
et al. 2017; Hartmann et al. 2019; Dubinkina et al. 2017). Heavy alcohol drinking
was associated with higher plasma levels of threonine, glutamine, guanidinosucci-
nate, higher urinary 3-hydroxytetradecanedioic acid and isocitric acid levels, and a
lower concentration of urinary sebacic acid. Propionate and isobutyrate and micro-
bial decompensation products such as dimethyl di- and trisulfides were found
altered in the fecal metabolome of alcohol users with AALD. Apart from the benefi-
cial SCFAs, intestinal metabolites such as caryophyllene, a natural alcohol use sup-
pressant, and camphene, the hepatic steatosis attenuator, were reduced, and
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tetradecane the oxidative stress biomarker was elevated in patients with AALD
(Couch et al. 2015).

Actively drinking cirrhotics had lower stool concentrations of citrate, malate,
and phosphate (bioenergetics pathways); threonine, ornithine, and serine (amino
acid metabolism); and ribosine, orotic acid, and hexanoate (pyrimidine intermediate
metabolism pathway), which were significantly related to increasing total serum
bile acids as well as secondary bile acids, the former highest in patients with severe
AH. Further, patients with AH also show major changes in metabolites such as
higher eicosapentaenoic and docosapentaenoic acids and lower mono glycerol asso-
ciated with lipolysis oxidative stress (Rachakonda et al. 2014; Liang et al. 2015;
Bajaj et al. 2020).

Endogenous tryptophan metabolites in humans (kynurenines, serotonin, and
melatonin) and bacterial metabolites (indole, indole derivatives, skatole, and trypt-
amine) play an important role in the regulation of local (intestinal) and systemic
immune homeostasis. Tryptophan is converted into indole and indole derivatives by
tryptophanase expressed in many bacterial species, including Escherichia coli,
Clostridium spp., and Bacteroides spp. The indole derivatives, such as indole-3-
aldehyde, indole-3-acetic acid, indole-3-propionic acid, indole-3-acetaldehyde, and
indole acrylic acid through the aryl hydrocarbon receptor (AhR, cytosolic ligand-
activated transcription factor), promote xenobiotic metabolism to regulate adaptive
immunity and gut barrier function. In a mouse model of alcohol-induced liver dis-
ease, dysbiosis reduced the intestinal levels of indole-3-acetic acid that decreased
expression of interleukin-22 and Reg3y in the intestine. Indole-3-acetic acid oral
supplementation protected mice from ethanol-induced steatohepatitis via induction
of intestinal expression of IL-22 and Reg3y, which prevented bacterial translocation
to the liver.

Furthermore, Bifidobacterium and Lactobacillus produce indole-3-lactic acid,
which induces immunoregulatory T cells, suppresses inflammatory T cells, and pre-
vents LPS-mediated detrimental effects on the liver. Fecal and serum levels of tryp-
tophan and tryptophan-derived metabolites, indole-3-acetic acid, indole-3-propionic
acid, and indole-3-lactic acid decreased in AH patients (Mendes and Schnabl 2020).
In patients with severe AH, pathways associated with lipopolysaccharide protein
biosynthesis, glycosyltransferase activity, branch-chain amino acid degradation,
and riboflavin metabolism were significantly upregulated compared to healthy con-
trols in whom downregulation of alanine, aspartate, and glutamate metabolism was
more significant (Philips et al. 2018). Stool samples from patients with AH had
about 2700-fold more Enterococcus faecalis compared to non-alcoholic controls.
The exotoxin cytolysin, secreted by E. faecalis, was demonstrated to cause hepato-
cyte injury in mice, and cytolysin-positive/cytolytic E. faecalis correlated with liver
disease severity and mortality in patients with AH, but not in those with non-
alcoholic fatty liver disease (Duan et al. 2019). Therefore, gut microbiota-associated
metabolites, in addition to dysbiosis, have significant relevance to progression and
clinical events in patients with AALD (Philips et al. 2019a, b). Pertinent bacterial
interactions, dysbiotic events, and functional metabolomic changes in patients with
AALD are shown in Fig. 6.2.
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Fig. 6.2 Schematic representation of dysbiotic changes and functional metabolomic differences
affecting the gut microbiota in patients with severe alcohol-associated liver disease including
severe alcohol-associated hepatitis. Changes in microbiota also affect the functional metabolism
within the intestine that results in the disruption of balance between beneficial and damaging
metabolites. AH alcohol-associated hepatitis, SCFA short-chain fatty acid, LPS lipopolysaccharide,
CTP Child-Pugh score, MELD model for end-stage liver disease

4 Fecal Microbiota Transplantation for Alcohol-Associated
Liver Disease

The term fecal microbiota transplantation (FMT) has seen major changes in termi-
nology over the last year. To improve patient acceptance, industry attentiveness, and
grant/funding options, various terminologies have been proposed, including intesti-
nal microbiota transplantation, microbiome restoration therapy, and, recently, the
more reasonable, intestinal microbiota reinstitution therapy or IMRT (Philips et al.
2020a, b). Nonetheless, a globally accepted terminology in this regard is currently
lacking, and hence the term FMT has stood the test of time.

The role of modulating the microbiota through FMT has been demonstrated ini-
tially in rodent models followed by human pilot trials. Germ-free mice transplanted
with intestinal microbiota from patients with severe AH developed severe hepato-
cyte inflammation and necrosis, greater intestinal permeability, and more bacterial
translocation to the liver when compared to mice transplanted with intestinal micro-
biota from an AALD patient without AH. In conventional mice humanized with the
intestinal microbiota from a severe AH patient, a second subsequent transfer of
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intestinal microbiota from patients without AH improved alcohol-induced liver
injury (Llopis et al. 2016).

The further significance of gut microbiota in AALD was further demonstrated by
FMT between mice housed in different facilities. Two groups of mice were housed
in two nearby facilities. The mice in one facility developed AALD (alcohol-
sensitive), and the mice in other facilities did not (alcohol-resistant), despite a simi-
lar alcohol intake. Alcohol-induced hepatic steatosis and liver inflammation were
associated with gut dysbiosis in the alcohol-sensitive mice. Importantly, transplan-
tation of gut microbiota from the resistant mice to the sensitive mice restored gut
microbiota ‘eubiosis’ and prevented the development of AALD. The authors con-
cluded that gut microbiota modulation could prevent alcohol-induced liver injury
and has therapeutic potential (Ferrere et al. 2017). Cytolytic E. faecalis in fecal
samples was linked to more severe clinical outcomes and increased mortality in
patients with AH. Bacteriophages of the virulent Picovirinae group were demon-
strated to specifically target cytolytic E. faecalis, resulting in reduced liver injury, a
method of precision-editing of intestinal microbiota to improve host-disease out-
comes (Duan et al. 2019).

In the first human trial on FMT (Fig. 6.3) in AALD—AH, an open-label study
with 1 year follow-up in male patients with steroid ineligible severe alcohol-
associated injury, daily FMT from several healthy donors through a nasojejunal
tube for 7 days improved survival when compared with historical controls associ-
ated with a reduction in potentially pathogenic species and improved liver func-
tions. Phyla Firmicutes dominated in donors and recipients at 1 year after
FMT. Pathogenic Proteobacteria were reduced while Actinobacteria increased
post-FMT in recipients. The relative abundance of pathogenic species, such as
Klebsiella pneumonia, was reduced, and nonpathogenic species (Enterococcus vil-
lorum and Bifidobacterium longum—6 months and Megasphaera elsdenii—at
12 months) were remarkable after FMT. Pseudomonas and Escherichia coli medi-
ated methane metabolism and fluorobenzoate acid degradation pathways and

Fig. 6.3 Procedure of fecal microbiota transplantation in a patient with severe alcohol-associated
hepatitis. The freshly collected (minimum 30 g) stool samples are blended lightly for 2 minutes (a)
admixed with 100 ml normal saline and then filtered (b) thrice through sterile gauze material to
remove solid and vegetable matter. It is then packed into sterile bottles and then infused at bedside
through a nasoduodenal tube (¢) which is placed under fluoroscopic guidance
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bacterial invasion of the epithelial cells that were upregulated at baseline amelio-
rated after FMT at 1 year. The bile secretion, carotenoid biosynthesis, and pantothe-
nate biosynthesis pathways, which were low at the baseline in severe AH patients,
improved to near normal levels following FMT (Philips et al. 2017).

The same group conducted an open-label study with 3 months of follow-up in
male patients treated with FMT (100 ml daily through the nasojejunal tube for 7
days) compared to pentoxifylline, corticosteroids, and nutritional therapy. They
found that 90 days of survival was highest in the FMT group, which was also associ-
ated with bacterial communities and functional composition changes. Pathogenic
bacteria such as Bilophila, Citrobacter, Enterobacter, and Klebsiella, which were
significant at baseline, were preferentially modulated to beneficial taxa such as
Bacteroides, Parabacteroides, and Porphyromonas at the end of 1 week and
Roseburia and Micrococcus beyond 30 days after FMT. Fecal predictive functional
metabolome analysis showed that, at the end of 1 week, glycine, serine, and threo-
nine metabolism and tropane, piperidine, and pyridine alkaloid biosynthesis were
significantly upregulated. Beyond 30 days after FMT, the amino acid biosynthesis,
nitrogen and thiamine metabolism, and peroxisome and peroxisome proliferator-
activated receptor signaling pathways were significantly active while lipopolysac-
charide signaling pathways remained dormant (Philips et al. 2018).

In patients with severe AH who develop ACLF, in the presence of <4 organ fail-
ures and the Chronic Liver Failure Consortium (CLIF-C) ACLF score < 64, stan-
dard medical care was associated with survival in only 39% with 100% mortality in
those with >4 OFs or CLIF-C ACLF score > 64 (Gustot et al. 2015). Severe
AH-related ACLF is also associated with a poor outcome in the presence of poor
response to corticosteroids (based on the Lille model). In Lille-non-responders with
ACLF grades 0, 1, and (2 + 3) the 90-day survival rates are 68.1%, 45.8%, and
36.7%. In this regard, a retrospective study on FMT in patients with AH-related
ACLF ineligible for steroid therapy demonstrated that at 548 days follow-up, the
overall survival rate was 66% with overall mean survival of 389 days. In the lower
and higher grades of ACLF, the proportion of patients surviving at the end of
548 days follow-up was 72.7% and 58.3%, respectively, which was higher than
what was currently known with the medical standard care (Philips et al. 2019a, b).
A randomized trial of FMT versus pentoxifylline in patients with severe AH, pub-
lished in abstract form, demonstrated 83% survival in patients receiving healthy
donor stool transplants compared to 40% in the latter. Clinically evident ascites and
hepatic encephalopathy were more among patients receiving pentoxifylline.
Firmicutes and Bacteroides increased post-FMT with a gradual reduction in
Proteobacteria. The genus Bifidobacterium was most abundant after FMT between
90 and 180 days (Philips et al. 2017). Two recently concluded studies, published in
abstract form, from two different centers on FMT’s role in severe AALD demon-
strated short and intermediate-term benefits with FMT. In the first study from
Chandigarh, it was demonstrated that FMT, performed in a single setting with
freshly prepared (within 6 hours of collection) stool suspension constituted from
30 g of donor stool homogenized with 100 mL of normal saline delivered through a
nasojejunal tube, was feasible, tolerable, and safe in patients with severe AH. FMT
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was associated with a lower one-month mortality rate and a higher rate of ascites
resolution. There was a trend toward improved three-month survival and resolution
of hepatic encephalopathy among patients receiving FMT (Dhiman et al. 2020). A
randomized controlled trial from New Delhi on severe AH compared patients on
FMT with corticosteroid therapy and found that post-FMT, survival was better in
those receiving healthy donor stool, and bacterial taxa correlated with three-month
survival. Lactobacillus ruminis, Collinsella aerofaciens, Butyricicoccus pullicaeco-
rum, Bifidobacterium adolescentis, Bifidobacterium bifidum, Roseburia faecis, and
Dorea formicigenerans, which were absent at baseline in patients with severe AH,
were introduced post-FMT, taking 14-28 days to establish. In the FMT arm,
Tenericutes was significantly associated with mortality. Pathogenic genera such as
Klebsiella, Salmonella, and Mycoplasma showed a significant increase among those
who died. The phylum Firmicutes, family Lachnospiraceae, and genera Veillonella
and Prevotella were associated with good outcomes. A more recent randomized
clinical trial of FMT for AUD showed that the microbial diversity increased with
higher Ruminococcaceae and other SCFA producing taxa post-FMT but not pla-
cebo and that FMT was safe and associated with short-term reduction in alcohol
craving and consumption, reduction in AUD-related events over 6 months, in
patients with alcohol-associated cirrhosis and alcohol misuse (Bajaj et al. 2020). A
summary of human trials on FMT in patients with alcohol-associated liver disease
is shown in Table 6.1.

5 Other Therapies of Microbiota Modulation
in Alcohol-Associated Liver Disease

Prior to direct gut microbiota modulation using FMT, a large body of evidence
hinted on the utility of antibiotics, dietary and prebiotic interventions (mostly in
preclinical studies) and probiotics for improving clinical outcomes in alcohol—and
non-alcohol associated fatty liver disease, chronic liver disease, and cirrhosis. Short
courses of antibiotics in patients with AALD have demonstrated improvement in
liver disease severity scores and hepatic encephalopathy, which was also proven in
small animal models. Nonetheless, the effect of such interventions specific to clini-
cal endpoints in the natural history of AALD including reduction in mortality is not
yet demonstrated (Sung et al. 2016; Zhou and Zhong 2017; Gu et al. 2019). The use
of non-absorbable antibiotics such as rifaximin was shown to reduce endotoxemia
in pre-clinical and clinical studies and improve minimal and overt hepatic encepha-
lopathy. However, strong evidence for its benefit on mortality in AALD is not yet
proven (Sarin et al. 2019). Similarly, a variety of probiotic strains such as
Lactobacillus rhamnosus GG, Lactobacillus acidophilus, Lactobacillus helveticus,
Bifidobacterium, VSL#3 (proprietary generic multi-strain product), heat-killed
Lactobacillus brevis SBC8803, and Lactobacillus rhamnosus GG supernatant were
demonstrated to show beneficial effects on systemic inflammation, leaky gut,
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Table 6.1 Studies (fully published and abstract forms) on healthy donor fecal microbiota
transplantation in humans with alcohol-associated liver disease

Study Methods Patients Summary
Philips | Randomized controlled | Severe alcoholic hepatitis Patients in FMT arm had
et al. trial, 100 ml saline patients not eligible for better 90-day survival.
(2016) | blended fresh donor corticosteroid treatment, Bacteroides increased and
feces via nasoduodenal | survival at 90 days Proteobacteria reduced
tube for 7 days (N = 15) | post-treatment postFMT. Ascites and
compared to hepatic encephalopathy
pentoxifylline 400 mg higher in pentoxifylline arm
thrice daily for 28 days
(N=30)
Philips | Open-label pilot study, | Severe AH, steroid ineligible | FMT improved patient
etal. 100 ml freshly prepared,  compared with matched survival compared to
(2017) | saline blended stool historical controls, followed | controls on standard care;
sample via up to 1 year beneficial bacterial changes
nasoduodenal tube, once and predictive functional
daily for 7 days (N = 8) metabolism showed
deleterious pathways
downregulated from
baseline. Non-pathogenic
Enterococcus villorum,
Bifidobacterium longum,
Megasphaera elsdenii
increased post FMT at
6-12 months after FMT
Philips | Open-label trial, FMT | FMT, N = 16; pentoxifylline, | Survival highest in FMT
et al. daily for 7 days N = 10; steroids, N = 8; group, specific beneficial
(2018) | compared with steroids, | nutritional therapy, N =17; | bacterial taxa such as
pentoxifylline, and end point was survival at Roseburia and Micrococcus
nutritional therapy 90-day post treatment increased at 1 month’s post
FMT,; lipopolysaccharide
synthesis pathways
ameliorated beyond 1 month
after FMT
Philips | Open-label, N =23, 548 days follow-up. | Overall survival rate was
et al. retrospective analysis of | The first study to look at the | 66% with overall mean
(2019a, | patients with severe AH | role of FMT in AH-related | survival of 389.3 days. The
b) and ACLF; FMT 100 ml | ACLF commonest cause of death

daily once for 7 days
through nasoduodenal
tube

on follow-up was sepsis in
62.5%. The proportion of
patients surviving the end of
548 days follow-up in lower
grades of ACLF was 72.7%
and in higher grades, 58.3%
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Table 6.1 (continued)
Study Methods Patients Summary
Bajaj Randomized, double- N = 10; craving reduced Alcohol misuse and
et al. blind trial, 1:1 significantly in 90% of FMT | associated poor quality of
(2020) | allocation, single time | versus 30% in placebo at life indices reduced in

FMT enema from a
donor enriched in
Lachnospiraceae and
Ruminococcaceae

day15, improved cognition
and psychosocial quality of
life; serum interleukin-6 and
lipopolysaccharide binding
protein reduced, butyrate/
isobutyrate increased.
Microbial diversity
increased

patients with cirrhosis active
alcohol consumption after
FMT compared to placebo
as early as 15 days to 6
months

Dhiman | Patients with severe AH, | N =13 in FMT arm 1- and 3-month survival
et al. underwent pre-FMT 5 compared with matched rates were higher in patients
(2020) | days treatment with controls, N =20 who in FMT arm. Resolution of
broad-spectrum underwent standard care hepatic encephalopathy and
antibiotics, 100 ml of ascites higher in patients
freshly prepared stool receiving FMT. Rates of
(in saline) delivered via spontaneous bacterial
nasojejunal tube once peritonitis and upper
gastrointestinal bleed similar
in both groups. Excessive
flatulence, gastroesophageal
reflux, nausea commonest
side effects in FMT arm
Sharma | Randomized control Severe AH patients, DF Healthy donor FMT safe in
et al. trial of FMT versus score > 32 and alcohol severe AH patients,
(2020) | corticosteroids in intake within last 30 days establishes beneficial flora

patients with severe AH

randomized to receive
steroids (n = 57) or EMT
(n=155)

within 4 weeks and improves
90-day survival. Among
non-survivors pathogenic
Tenericutes phyla
predominated while phylum
Firmicutes, family
Lachnospiraceae, and genera
Veillonella and Prevotella,
favored survival at end of
follow-up (90 days)

FMT fecal microbiota transplantation, AH alcohol-related hepatitis, ACLF acute-on-chronic liver
failure, DF discriminant function.

endotoxemia, and liver functions in pre-clinical models and patients with alcohol-
associated cirrhosis (Li et al. 2016; Hong et al. 2019). However, even though the
prevention and treatment of AALD using probiotics is an attractive area of research,
further high-quality studies are warranted to identify beneficial strains, combina-
tions, and timing of treatment for reduction in specific adverse clinical events.
Studies on specific dietary interventions and prebiotics in the context of human
AALD are limited and require further large trials.
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6 Conclusions and Future Directions

Intestinal microbiota contributes toward the development and progression of
AALD-related clinical events. The role of microbiota and their functional metabo-
lome in promoting severe AH has been well demonstrated in rodent and human
studies. Manipulation of a dysbiotic microbiota in healthy donor FMT, toward a
beneficial one, to improve clinical outcomes as a proof of concept has been made
clear through elegant animal studies and pilot trials in human AH. Nonetheless, the
timing of such therapies, the ideal route, the efficacious dose and duration, and the
role of repeatability currently remain unknown. Future studies on the human gut
microbiome should focus on specific groups of microbial communities and their
functional metabolome that drive defined clinical events in patients with AALD,
such as steatosis, development, and severe AH progression promote sepsis or extra-
hepatic organ failures. Our understanding of how microbial communities interact
with each other and interactions between different microbial communities such as
bacterial and fungi or viruses and phages’ role in such interactions remain fetal. The
microbial composition and their overall functionality and the beneficial interaction
that can be simulated or modulated remain an unmet need in current metagenomic
studies. Precision medicine to target the microbiota or modulating the microbiota-
derived metabolites toward host benefit and disease amelioration would truly
improve on clinical outcomes in this difficult to treat patient group in whom no
recommended treatments exist.
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Chapter 7
Microbiota-Gut-Brain Axis in Neurological
Disorders

Check for
updates

Soumya Sundaram, Dinoop Korol Ponnambath, and Sruthi S. Nair

1 Introduction

The human body accommodates a multitude of microorganisms that inhabit vari-
ous anatomical sites, such as skin, mucosa, gastrointestinal tract, respiratory tract,
urogenital tract and mammary glands, and are collectively defined as the microbi-
ome, the composition and functions of which are crucial to health and survival
(Moos et al. 2016). Among the different organ systems that coordinate the func-
tions of the human body, central nervous system comprising the brain and spinal
cord, plays a primary role in controlling awareness, movements, sensations,
thoughts, speech and memory by integrating sensory information and responding
accordingly. Furthermore, the microbiome engages in complex interactions with
the organ systems of the human body thereby regulating the functions of both the
entities. Such relationships between the central nervous system (CNS) and the gut
microbiome have been explored in detail and is termed as microbiome-gut-brain
(MGB) axis, a complex bidirectional inter-communication that exists between the
gut microbiome and the crucial areas of the CNS (Malan-Muller et al. 2018; Cryan
2019). Various neuroactive compounds such as neurotransmitters, metabolites,
cytokines, and hormones are synthesised by the gut microbiota and the host as a
result of this interaction. These neuromodulatory substances gain access to the
brain by different pathways, thus affecting the local homeostasis. Dysregulation of
the MGB axis has been implicated in the pathogenesis of various
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neuroinflammatory, neurodevelopmental and neurodegenerative diseases which is
mediated by either a direct line of communication through vagus nerve or immune
system activation or both (Cryan 2019). In turn, gut microbiota composition is
influenced by the brain in response to stress and endocrine factors (Tremlett
et al. 2017).

The specific aetiology and trigger for many of the neurodevelopmental and neu-
rodegenerative diseases remain elusive to the scientific community. An intricate
interplay of genetic and environmental factors is attributed to their pathogenesis
(Tremlett et al. 2017). There is accumulating evidence suggesting a definitive role
of human gut microbiome in the pathogenesis of Parkinson’s disease (PD), multiple
sclerosis (MS) and autism spectrum disorders (ASD) whereas animal and human
studies are ongoing to elucidate the role of microbiome in Alzheimer disease (AD),
stroke, traumatic brain injury, amyotrophic lateral sclerosis and glioma (Cryan
2019). Prebiotics, probiotics, diet modifications, aerobic exercises and microbial
transplantation are the few interventions employed for targeting gut dysbiosis in
neurological disorders, subject to critical screening and evaluation (Tremlett et al.
2017; Kang et al. 2017; Gubert et al. 2018; Yang et al. 2019).

2 Microbiome-Gut-Brain Axis

The bidirectional interactions in the MGB axis are perpetuated through direct and
indirect pathways. These pathways are mediated by the following components, (i)
endocrine (hypothalamic-pituitary-adrenal [HPA] axis); (ii) immune-reactive mol-
ecules (cytokines and chemokines); (iii) metabolic pathways; (iv) limbic system;
and (v) neural system (afferent and efferent pathways) (Malan-Muller et al. 2018).
The communication is also dependent on the permeability of the blood-brain barrier
(BBB) and the intestinal epithelial barrier (IEB) (Lyte and Cryan 2014).

2.1 Gut Microbiota

The microbiota colonising the human gastrointestinal tract is a collection of bacte-
ria, archaea and eukaryotes which have co-evolved in a mutual relationship over the
years. An estimated 10" organisms inhabit the gastrointestinal tract which super-
sedes the number of human cells in the body (Cani 2018). Recent genomic studies
suggest that the ratio of bacterial to human cells is 1.3:1 (Gill et al. 2006; Sender
et al. 2016). The inherited human genome is non-modifiable, while the microbiome
composition is highly dynamic and diverse at various stages of life, with the changes
being driven by extraneous factors like diet, physical activity and stress. Earlier
studies had classified the gut microbiota into 3 enterotypes—DBacteriodes
(Enterotype 1), Prevotella (Enterotype 2) and Ruminococcus (Enterotype 3) which
is currently considered obsolete (MetaHIT Consortium et al. 2011). The gut micro-
biota is primarily composed of 2 major phyla, Bacteroidetes (largely composed of
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Bacteroides and Prevotella species) and Firmicutes (comprised of Clostridium,
Lactobacillus and Ruminococcus species). Bacteria in the human gut belong to
either of these phyla, although a few gut pathogens from phylum Proteobacteria are
also present (Gill et al. 2006).

2.2 Bi-directional Pathways between Gut and Brain

The bidirectional interaction pathways existing between the CNS and the gut micro-
biome have also been termed and referred to as microbial endocrinology (Lyte and
Cryan 2014). Many neuroactive compounds (gamma-aminobutyric acid [GABA],
acetylcholine, serotonin, dopamine and norepinephrine) are produced by both the
host and the microbiota. Food consumed by humans contains pre-existing func-
tional neuroactive components as well as substrates required to produce these com-
pounds. Gut microbiota can directly produce neuroactive compounds from these
substrates (Wall et al. 2014; Strandwitz 2018).

Neuroactive compounds produced in the gut are known to influence the host
behavioural functions via two pathways. These compounds are either taken up
from the gut into the portal circulation and then to systemic circulation, ulti-
mately reaching the brain or they directly interact with the G protein-coupled
receptors (GPCR-43)/neurokinin (NK)I1R or NK2R receptors expressed on the
enteric nervous system (ENS) which innervates the gastrointestinal tract (Aresti
Sanz and El Aidy 2019). The brain functions influenced by these pathways can
result in alteration of behaviour or cognition and also determine the food prefer-
ences and appetite. The brain also regulates the composition of the microbiota
through the specific release of certain neurochemicals like substance P, calcitonin
gene-related peptide, neuropeptide Y, somatostatin and vasoactive intestinal
polypeptide into the gut lumen. This leads to the bidirectional vicious axis
between the CNS and the gut microbiome (Fig. 7.1) (Holzer and Farzi 2014; Lyte
and Cryan 2014).

2.3 Role of Neurotransmitters in MGB Axis Homeostasis

Numerous neurotransmitters secreted by a wide spectrum of microbial species have
been identified in the human gut which can impact the CNS. These neurotransmit-
ters can potentially enter the brain from gut through portal circulation, but is limited
by the intact BBB. Neurotransmitters like serotonin, dopamine, GABA and norepi-
nephrine cannot typically breach the BBB. Yet, their precursors have the capability
to cross the BBB and subsequently get converted to active neurotransmitters. For
example, tryptophan is the serotonin precursor and tryptophan concentration in the
blood plasma has been shown to correlate with brain serotonin levels (Strandwitz
2018). The alternate hypothesis is that the microorganism-derived neurotransmitters
affect the brain through the vagus nerve and its afferent neurons. Vagus nerve
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signalling plays a crucial role in mediating stress, mood and satiety (Browning
et al. 2017).

2.4 Role of Gut Neuroactive Metabolites in MGB Axis

Among the various bacterial metabolic by-products, short-chain fatty acids (SCFAs)
have been identified as the key mediators of the brain-gut interaction. SCFAs are
composed of up to 6 carbon atoms and are produced by the anaerobic fermentation
of dietary fibres and resistant starches by the large intestine microbiota (Pascale
etal. 2018). The predominant SCFAs produced are acetate (60%), propionate (20%)
and butyrate (20%). They are absorbed by colonocytes via H* or sodium-dependent
monocarboxylate transporters into the portal circulation and are metabolised in the
liver (Vijay and Morris 2014). Butyrate is primarily consumed as a preferred fuel
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source by colonocytes. A minor fraction reaches the systemic circulation and crosses
the BBB thereby impacting CNS functions (Silva et al. 2020).

SCFAs play a key role in maintaining the gut-brain axis which includes preserv-
ing the integrity of colonocytes and IEB, preventing the translocation of bacteria or
their toxic products, maintaining colonic mucus production, regulation of gut muco-
sal immunity and systemic inflammation via inhibition of histone deacetylation and
T regulatory cells (Tregs) differentiation and regulation of appetite, sleep and
whole-body homeostasis (Arpaia et al. 2013; Smith et al. 2013). Histone deacety-
lase (HDAC) inhibitors like butyrate and other SCFAs are emerging as promising
therapeutic options due to their effects on transcription activation and gene regula-
tion in the CNS (Dietz and Casaccia 2010).

2.5 Role of Gut Microbiota in Modulation of Microglia
and Astrocyte Biology

Early microbiome studies to determine the influence of gut microbiota on CNS
modulation was performed on germ-free (GF) or gnotobiotic animals. These gnoto-
biotic animals have been a powerful tool to determine causation and to study the
effect of a particular bacteria or a dietary intervention on the MGB axis. A few
animal studies have shown the role of gut microbiota on biological changes in
microglia and astrocyte (Erny et al. 2015; Fung et al. 2017). Microglia constitute
10-15% of all cells in the CNS and as scavenger cells of brain, remove apoptotic
nerve cells, kill invasive pathogens and trim redundant synaptic connections (Nayak
et al. 2014). Microglial maturation and function are affected by the gut microbiota.
Compared to conventionally colonised (specific pathogen-free, SPF) controls, GF
mice have microglia with abnormal morphology, altered gene expression and
impaired functional response to stimulation. The microglial changes were observed
to revert to normal morphology once the diet for GF mice was supplemented with
SCFAs (Erny et al. 2015). Similar changes in astrocyte morphology and functions
due to the gut microbiota have been reported. Astrocytes are the major glial cells in
the CNS that provide physical and metabolic support to the neurons. They take part
in synaptogenesis and maintain the integrity of BBB by supporting the lining endo-
thelial cells. Animal studies have shown that microbial metabolites bind to the aryl
hydrocarbon receptor (AHR) in astrocytes, reducing symptoms of experimental
autoimmune encephalitis (EAE) by inhibiting type I interferon signalling. This
effect was reversed when mice were treated with antibiotics. Microbiota-dependent
metabolism of tryptophan into AHR ligands engages AHR on astrocytes, thus lead-
ing to an increase in astrocyte expression of the inhibitor protein SOCS2 and conse-
quently inhibiting activation of the transcription factor NF-kB and thereby limiting
CNS inflammation (Rothhammer et al. 2016).
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2.6 Role of Immune System in MGB Axis

Inflammation in the gut has been shown to mirror systemic and CNS inflammation.
Peripheral gut insults like antibiotic use and unbalanced diet disrupt the IEB leading
to translocation of bacteria and bacterial products like lipopolysaccharide (LPS)
into the bloodstream creating a systemic inflammatory response by cytokine release.
Dysregulated cytokine release can impact the permeability of BBB, thereby allow-
ing entry of preformed neurotransmitters and pro-inflammatory cells and molecules
to initiate a CNS inflammatory milieu (Pan et al. 2011).

Several studies suggest that local and systemic immune activation has critical
effects on neural plasticity and behavioural effects, thereby confirming the contribu-
tion of immune system in the MGB axis homeostasis (Blander et al. 2017).
Recognition of microbe-associated molecular patterns (MAMPs) in microbes and
their metabolic by-products (SCFAs) can activate distinct immunological pathways
for maintaining the CNS homeostasis (Thursby and Juge 2017). The mode of deliv-
ery (caesarean section) and antibiotic use have been linked with immune activation
phenomenon in the newborn due to gut dysbiosis (Moos et al. 2016). These early
gut dysbiotic changes have been positively correlated with defective neuronal plas-
ticity and behavioural development, classically observed in ASD (Dzidic et al.
2018). The gut colonisers, Lactobacillus and Bifidobacterium, produce the neu-
rotransmitter, acetylcholine, modulating the vagal nerve signalling, thereby attenu-
ating the release of harmful cytokines (IL-1f, IL-6 and TNF-a) (El Aidy et al. 2014).
A potential mechanism by which immune activation affects physiology and behav-
iour is via actions on the serotonergic system. As observed in mice studies by Lowry
et al., serotonergic neurons in the dorsal raphe regulate mood and behaviour in
response to the immune stimuli. Vagal afferent nerve fibres are also involved in
transferring signals from peripheral immune activation to the CNS (Lowry et al.
2007). In addition, microbial infections can trigger antibody-mediated CNS autoim-
munity and consequent neurodegeneration (Wu and Wu 2012). Altogether, periph-
eral immune response regulation by the gut microbiota and exogenous microbial
challenges are critical in moulding CNS function and behaviour.

2.7 Composition and Correlation of Dysbiosis
with Brain Behaviour

Increase in the members of the phylum Firmicutes or decrease in the members of
phylum Bacteroidetes or their subclasses (altered Bacteroidetes/Firmicutes ratio)
has been consistently observed in individuals with CNS disorders. In addition to the
ratio, relative abundance or deficiency of certain genera in gut microbiota have been
strongly linked with CNS disorders (Gill et al. 2006). Colonic bacterial spp.
Faecalibacterium prausnitzii (Clostridial cluster 1V), Coprococcus, Roseburia
(Clostridial cluster XIV), Eubacterium and Anaerostipes have been identified to
produce high concentrations of butyrate, an HDAC inhibitor. Butyrate-producing
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Faecalibacterium and Coprococcus were consistently associated with high mental
quality-of-life (QOL) indicators (Cheung et al. 2019). The genera Akkermansia,
Oscillospira and Lactococcus were found to be relatively abundant in individuals
with higher sociability, less anxiety or depression (Johnson 2020). A relative abun-
dance of Desulfovibrio and Sutterella was associated with less sociable behaviour
and autism (Wang et al. 2011; De Angelis et al. 2013).

3 Impact of MGB Axis in Neurological Disorders

The dysregulation of gut microbiome composition is attributed to the pathomecha-
nism of several neurological disorders (Fig. 7.2). In the next section, we will discuss
the role of gut microbiome in a few neurological conditions based on the current
evidence obtained from animal and human studies.
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3.1 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory and degenerative disease of the
CNS characterised by the presence of widespread ‘plaques’ in the brain, spinal cord
and optic nerve. MS plaques are pathologically heterogeneous revealing combina-
tions of demyelination, inflammation, gliosis, axonal loss and remyelination (Reich
et al. 2018). The commonest clinical phenotype of the disease at onset is the
relapsing-remitting MS (RRMS) which occurs in more than 85%, while the remain-
ing have progressive onset MS. The therapeutic approach is centred around immu-
nomodulatory disease-modifying therapies (DMTs) which reduce the relapses but
have unsatisfactory effect on the disease progression and long-term disability (Rae-
Grant et al. 2018).

Immune dysregulation and pro-inflammatory immune shift are the hallmarks of
MS, and active research is ongoing to identify the trigger for this. The pathogenesis
is thought to be multifactorial with environmental influence prevailing over genetic
factors. Evidence for the role of gut dysbiosis in MS susceptibility, pathogenesis,
and disease course is compelling. Studies in animal models and persons with MS
show alteration of gut microbiota which contribute to the change in immune homeo-
stasis. CNS inflammation simulating MS can be induced in experimental animals by
priming and activating the immune system with injection of myelin peptides and
this is referred to as the EAE model. EAE can also be spontaneously generated in
transgenic mice which express myelin-specific immune receptors (Glatigny and
Bettelli 2018). Gut microbiota is essential for EAE induction as was evidenced by
low frequency and reduced severity of EAE in GF mice. These mice had concomi-
tant decreased pro-inflammatory TH17 differentiation, low levels of pro-inflamma-
tory cytokines and enhanced Tregs. EAE could be re-established in them by allowing
gut colonisation with segmented filamentous bacteria (Ivanov et al. 2009). Transfer
of gut microbiota from MS patients could also induce EAE. In a study of 34 sets of
monozygotic twins who were discordant for M, transfer of gut microbiota from an
affected twin induced spontaneous EAE more frequently in GF mice compared to
the healthy twin (Berer et al. 2017). Conversely, administration of normal gut com-
mensal bacteria, particularly those belonging to phyla Bacteroidetes and Firmicutes,
was shown to reduce the incidence of EAE and the inflammatory response in sus-
ceptible models (Mowry and Glenn 2018).

In human studies, no difference was noted in the overall diversity and abundance
of bacteria in MS and non-MS guts (Mowry and Glenn 2018; Mirza et al. 2020).
The composition and relative richness of bacterial groups at sub-phylum level in
MS were different from controls across multiple studies (Mirza et al. 2020).
Members of phylum Bacteroidetes (Bacteroidaceae, Bacteroides and Prevotella)
and phylum Firmicutes (Fecalibacterium) were reduced in MS gut (Cantarel et al.
2015; Miyake et al. 2015; Chen et al. 2016). These bacteria have key role in the
generation of SCFAs which are anti-inflammatory. Studies also showed an increased
abundance of methanogenic bacterial genera, Methanobrevibacter and Akkermensia
(Tremlett et al. 2016; Jangi et al. 2016). They have pro-inflammatory effects related
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to respectively recruiting and activating immune cells and altering genes involved in
immune responses. However, methanogenic bacteria may be increased secondary to
constipation in MS and hence their abundance may result from MS than cause it. A
recent study noted that the profile of gut microbiota in treatment-naive MS varies
across different ethnic groups with relative abundance of Clostridia being a com-
mon observation in all the groups (Ventura et al. 2019). Exposure to DMT can result
in significant alterations in the beta diversity of gut microbiota (Tremlett et al. 2016;
Mirza et al. 2020).

Studies in paediatric MS are of particular interest as children have fewer expo-
sure to environmental stimuli and hence could shed light on the pathogenic role of
the gut microbiota. Phylum Actinobacteria and genus Desulfovibrio were more
abundant in MS gut. (Tremlett et al. 2016). These bacteria are also increased in
other autoimmune inflammatory diseases including inflammatory bowel disease
(Tremlett and Waubant 2018). A three-fold higher risk of an early relapse was noted
among paediatric MS with Fusobacteria being absent in stool samples (Tremlett
et al. 2016).

3.2 Neuromyelitis Optica Spectrum Disorder

Neuromyelitis optica spectrum disorder (NMSOD) is a severe multiphasic demye-
linating disease driven by autoantibodies against aquaporin-4 water channels
(AQP4). The B-cell responses in NMOSD are strongly influenced by T-cell-
mediated cytotoxicity. Gut microbiota studies in NMOSD patients revealed over-
abundance of Clostridium perfringens (Cree et al. 2016). This is of particular
interest in the pathogenesis of the disease as AQP4 displays high degree of homol-
ogy to an adenosine triphosphate-binding cassette transporter permease of C. per-
fringens and can show cross-reaction (Varrin-Doyer et al. 2012). A recent study
from Indian NMOSD demonstrated increase in Clostridium boltea which also
shares sequence similarity with AQP4 (Pandit et al. 2021).

3.3 Parkinson’s Disease

Parkinson’s disease (PD), a progressive neurodegenerative disease, is characterised
by degeneration of the dopaminergic neurons projecting from the substantia nigra.
PD is an alpha-synucleinopathy and its pathological hallmark is the presence of
alpha-synuclein (a-synuclein) immunoreactive inclusions called Lewy bodies
within neurons. Mutations of the gene for a-synuclein can cause familial forms of
PD (Kalia and Lang 2016). Though the dominant clinical presentations of PD are
motor disability, a range of non-motor signs have been described in PD with olfac-
tory, sleep, gastrointestinal, autonomic, neuropsychiatric and sensory dysfunction
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(Poewe 2008). These non-motor symptoms often precede the neurological manifes-
tations and have severe impact on the QOL (Pfeiffer 2016).

Gastrointestinal symptoms are frequent in PD among which constipation and
delayed intestinal motility are the most common and distressing (Poewe 2008). Gut
dysbiosis influences the gastrointestinal manifestations of PD as well as has role in
the pathogenesis and severity of the disease. Mice transplanted with faecal micro-
biota from PD patients developed the classical motor symptoms of PD and neuroin-
flammation (Sampson et al. 2016). Neuroinflammation is being increasingly
recognised as being integral to PD pathogenesis (Hirsch and Hunot 2009). The main
mechanisms proposed for the influence of gut on PD include activation of the ENS
through interactions with gut microbiota, activation of the local immune system and
increase in gut permeability (Mulak 2015).

The contribution of gut in the pathogenesis was suggested by the detection of
a-synuclein in the ENS in early PD (Hilton et al. 2014). Misfolding of a-synuclein
could be induced by damage to enteric neurons and enteric glial cells leading to the
accumulation of the inclusion bodies (Mulak 2015; Yang et al. 2019). Gut dysbiosis
or an alternate environmental factor initiates the neuronal damage. Vagus nerve can
transmit the o-synuclein pathology from the ENS to the dorsal vagal nucleus
(Holmgqvist et al. 2014). This hypothesis is supported by evidence from truncal
vagotomy which prevented the spread of a-synuclein from gut to brain and the sub-
sequent neurodegeneration in mouse models (Kim et al. 2019). Changes in gut flora
and small intestinal bacterial overgrowth in PD contribute to inflammation and
leaky gut which are hypothesised as substrates for the subsequent neurodegenera-
tion (Tan et al. 2014; Yang et al. 2019).

In general, colonic biopsies and faecal analysis have revealed non-uniform data
on gut microbiota in PD compared to controls. An increased diversity of bacterial
species in PD gut was recorded in one study (Keshavarzian et al. 2015). Two studies
showed a reduced abundance of Prevotellaceae species which reduced SCFAs
implicated in PD pathogenesis. Other microbials noted to be decreased are
Lachnospiraceae, Firmicutes, Clostridium coccoides, Bacteroides fragilis,
Faecalibacterium prausnitzii, Enterococcaceae and Bacteroidetes, whereas
Verrucomicrobiaceae species were increased in PD guts (Cryan et al. 2019).
Enterobacteriaceae was associated with increased severity of postural instability
and gait dysfunction in PD (Scheperjans et al. 2015).

Absorption and metabolism of levo-dopa which is the primary treatment for PD
is influenced by the gut microbiota. Tyrosine decarboxylase from gut microbiota in
mice reduced the plasma concentration of L-dopa (van Kessel et al. 2019).
Conversely, PD medications have been linked to change in gut microbial status.
Bacillaceae species was relatively abundant in patients who received levo-dopa
compared to alternate therapy (Heintz-Buschart et al. 2018). A combination of
monoamine oxidase inhibitors and amantadine also resulted in an increased micro-
bial richness in PD (Bedarf et al. 2017).



7 Microbiota-Gut-Brain Axis in Neurological Disorders 157
3.4 Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease which
manifests clinically as progressive loss of episodic memory and other neurocogni-
tive functions. The typical pathological substrates in the brain are extracellular
deposition of amyloid plaques and dystrophic neurites containing hyperphosphory-
lated tau protein (DeTure and Dickson 2019). More recent evidence has linked neu-
roinflammation and systemic inflammation with AD pathogenesis (Heneka et al.
2015). Genetic and environmental factors play key roles in AD pathogenesis, the
best understood being increasing age and the presence of the high-risk €4 allele of
apolipoprotein E gene (Xu and Wang 2016). Studies in animal models and gut
microbiota in AD patients suggest a strong influence of the latter in AD pathogen-
esis. GF mice had reduced neuroinflammation and lower amyloid burden in brain.
Antibiotics were shown to alter the neuropathology in transgenic mice by reducing
accumulation of amyloid plaques (Jiang et al. 2017; Bostanciklioglu 2019).

In human studies, alpha (within sample) and beta (between sample) diversities
were reduced in AD compared to controls. Bacterial flora was different in AD com-
pared to healthy controls with reduced abundance of Firmicutes in AD. Pro-
inflammatory Escherichia and Shigella were increased with increase in inflammatory
markers NLRP3, CXCL2, IL-6, and IL-1p in amyloid positive and cognitively
impaired patients compared to cognitively preserved patients. AD gut also demon-
strated reduced anti-inflammatory strain Bifidobacterium breve strain Al and
Escherichia rectale (Vogt et al. 2017; Cattaneo et al. 2017).

3.5 Autism Spectrum Disorder

Autism spectrum disorder (ASD) manifests in early childhood and is defined by the
clinical features of stereotyped behaviours and rituals and deficits in communica-
tion and social interaction. The cause of ASD is largely attributed to the genetic and
environmental factors and their interplay (Lord et al. 2018). Neuro-inflammation
and gut microbiota has also been implicated as a cause for ASD in the recent studies
(Li et al. 2017). Maternal factors including vaginal infections, periodontitis, pre-
scription drug usage (sodium valproate), diet and obesity, mode of delivery (caesar-
ean section vs vaginal delivery) and postnatal factors such as antibiotics and
breastfeeding, host genetics and environment shape the gut microbiota in early life
(Tamburini et al. 2016). Various human and animal studies have shown that these
factors can alter the composition of gut microbiota and their metabolic products
thus predisposing a child for autism (Li et al. 2017).

Many clinical and physiological changes seen in ASD including diarrhoea, con-
stipation, gaseous distension, gastroesophageal reflux disease, intolerance to certain
food, abnormal metabolites and neuro-inflammation are attributed to the less diverse
gut microbiota in the ASD children (Pulikkan et al. 2019). Aberrant behaviours of
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irritability, hyperactivity, social withdrawal and stereotypy were found to be more in
ASD children with gastrointestinal problems (Chaidez et al. 2014; Moradi et al.
2021). Histopathology from ASD subjects with gastrointestinal symptoms was
inconsistent with some showing lymphoid nodular hyperplasia, follicular lymphoid
hyperplasia, ulcerative colitis and others with either non-specific inflammation or
normal findings (Kang et al. 2014). From pyrosequencing study of faecal micro-
flora, higher counts of microbial organisms belonging to Bacteroidetes and
Proteobacterium phyla in children with ASD were detected as compared to neuro-
typical children in whom Firmicutes and Actinobacterium were predominant
(Finegold et al. 2010). Similar findings were also observed in a recent study in ASD
children between age group 2—4 years which showed higher colonisation by
Bacteroidetes, Proteobacteria and butyrate producing Faecalibacterium prausnitzii,
whereas a significant reduction of Bifidobacterium longum was observed (Coretti
et al. 2018). Contradictory to the above findings, an increase in the ratio of
Firmicutes/Bacteroidetes in ASD was reported in some studies (Strati et al. 2017,
Moradi et al. 2021). In ASD subjects with constipation, high levels of Escherichia,
Shigella and Clostridium cluster X VIII were found (Strati et al. 2017).

As mentioned in the initial part of this chapter, gut microbiota and their metabo-
lites play a central role in brain behaviour modulated via immune, neural and endo-
crine pathways originating from leaky intestines. In ASD, metabolites from the
transformed gut microbiome metabolism lead to increased production of SCFAs
including acetate, propionate and butyrate (Li et al. 2017). A decrease in the gut
colonisation by E. coli affects the catabolism of 3,3 phenylpropionate. SCFAs acti-
vate inflammasomes, innate immune system receptors and sensors thereby modulat-
ing downstream inflammatory pathways involving Tregs and TH17 cells contributing
to aberrant behaviour in ASD. Levels of pro-inflammatory markers such as TNFa,
IL-10, TGFp, NT and SORT-1 were found to be significantly higher in ASD patients
as compared to controls thus confirming that the immune pathways were altered in
them (Carissimi et al. 2019). Desulfovibrio sp. and B. fragilis, a predominant gut
coloniser in ASD, produce LPS which is an important antigenic component trigger-
ing immunological response (Finegold et al. 2010). Thus, intestinal dysbiosis has
effects on immunological, biochemical and neuroendocrine system which ulti-
mately influences the brain and behaviour.

3.6 Glioma

Table 7.1 provides a summary of the pattern in gut dysbiosis observed in major
neurodegenerative diseases as per reliable research studies conducted in the

recent past.

Tumours of CNS cause substantial morbidity and mortality, and the most com-
mon histologic type is glioma (Patel et al. 2019). The gut microbiota was recently
implicated in the pathogenesis of glioma since the microbiota exert pleiotropic
effects in tumour progression, growth, survival, transformation and response to
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Table 7.1 Gut dysbiosis in neurological disorders

Study ‘ Study population ‘ Results
Multiple sclerosis (MS)
Jangi et al. 60 patients with MS | tMethanobrevibacter and Akkermansia & |
(2016) and 43 healthy Butyricimonas
controls 1Prevotella and Sutterella and | Sarcina in MS patients
treated with DMT compared with untreated patients
Chen et al. 31 RRMS patients MS patients showed 1 Pseudomonas, Mycoplana,
(2016) and 36 healthy Haemophilus, Blautia, and Dorea genera
controls tParabacteroides, Adlercreutzia and Prevotella genera in
healthy controls
Tremlett 18 paediatric RRMS | tDesulfovibrionaceae (Bilophila, Desulfovibrio and
etal. (2016) | patients and 17 Christensenellaceae) and | Lachnospiraceae and
controls Ruminococcaceae in MS patients
Parkinson’s disease (PD)

Hill-Burns
etal. (2017)

197 PD cases and
130 controls

1Bifidobacteriaceae, Christensenellaceae,
Lachnospiraceae, Lactobacillaceae, Pasteurellaceae and
Verrucomicrobiaceae tamilies

Lietal. 51 PD patients and | tAkkermansia and | Lactobacillus in PD patients
(2019) 48 healthy controls

Lin et al. 80 PD patients and | 1 Verrucomicrobia, Mucispirillum, Porphyromonas,
(2019) 77 healthy controls | Lactobacillus, and Parabacteroides

1Prevotella in controls

Autism spectrum disorder (ASD)

Coretti etal. | 11 ASD children and | tFaecalibacterium prausnitzii and | Bifidobacterium
(2018) 14 healthy controls longum in ASD

Pulikkan 30 ASD children and | tLactobacillaceae, Bifidobacteraceae, and

etal. (2018) | 24 healthy controls Veillonellaceae

1Prevotellaceae in controls

Ma et al. 45 ASD and 45 lin relative abundance of Lachnoclostridium, Tyzzerella

(2019) healthy children subgroup 4 and Flavonifractor in ASD
Firmicutes/Bacteroidetes ratio not significantly different
between the ASD and healthy controls

Zurita et al. |25 ASD cases and 35 | TBacteroides, Akkermansia, Coprococcus and

(2020) controls Ruminococcus in ASD

Note: This table includes only the recent and larger studies published after 2016
DMT disease-modifying therapy; RRMS relapsing-remitting multiple sclerosis.

therapeutic agents. A recent study of tumours involving breast, lung, brain, ovary,
pancreas, melanoma and bone revealed presence of intracellular bacteria in both
cancer and immune cells (Nejman et al. 2020). In the mouse glioma models, reduc-
tionin Bacteroidetes and Firmicutes were seen with an abundance of Verrucomicrobia
especially of Akkermansia genus after tumour growth was observed. The metabo-
lites such as dihydroxy phenylacetic acid (DOPAC), 5-hydroxy indole acetic acid
(5-HIAA), adenosine, histamine, acetate, propionate, butyrate, norepinephrine,
GABA, tryptophan, valerate and aspartic acid levels were found to be reduced in
them (Dono et al. 2020). The circulating immune cells such as T and B cells and
macrophages cross the BBB and play a role in gliomagenesis. Tumour survival and
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growth is promoted by an immunosuppressed microenvironment created by immune
cells and cytokine profile in which Tregs play a crucial role (Mehrian-Shai
et al. 2019).

4 Therapeutic Interventions

The gut microbiome composition can be manipulated by the application of probiot-
ics, prebiotics, diet modifications and faecal microbial transplantation. Relying on
such alternative interventions to augment the gut microbiome, post proper evalua-
tion and trials will reduce the huge burden on complex drugs and associated side
effects, and promote the QOL of patients suffering from neurological disorders.

Probiotics are lactic acid-producing bacteria (Lactococci, Lactobacilli,
Bifidobacteria and Saccharomycetes) that augment the IEB and may prevent intes-
tinal inflammatory diseases. Prebiotics are non-digestible oligosaccharides that
encourage the growth of beneficial bacteria. A few studies have reported beneficial
effects of probiotics/prebiotics in neuropsychiatric symptoms such as anxiety and
depression (Li et al. 2017).

Two studies in MS compared outcomes of probiotic preparations with
Lactobacillus species versus placebo and noted improvement in markers of inflam-
mation; however, intestinal bacterial loads were not assessed in them (Kouchaki
et al. 2017; Tamtaji et al. 2017). Another study showed an anti-inflammatory shift
of the flora with an increased abundance of Lactobacillus, and decreased abundance
of Akkermansia, Dorea and Blautia with probiotic therapy (Tankou et al. 2018).
Probiotics/prebiotics can potentially alter the gut dysbiosis in PD and have been
tried as therapeutic strategies. Increased complete bowel movements were reported
in one study in PD patients with probiotics/prebiotics compared to placebo
(Barichellaetal.2016). Treatment with probiotics (Lactobacillus and Bifidobacterium
species) produced an increase in mini-mental status examination (MMSE) scores in
a small cohort of patients with AD (Akbari et al. 2016). Larger studies looking into
changes in the gut flora and cognitive scores with therapy are needed to assess thera-
peutic effects further. In a recent systemic review of eight clinical trials that involved
the use of pre/probiotic supplementation in children with ASD, prebiotics combined
with a gluten and casein-free diet was found to improve certain gastrointestinal
symptoms along with significant reduction in anti-sociability scores. But probiotics
have limited evidence in alleviating the gastrointestinal or neurobehavioral symp-
toms in ASD children (Ng et al. 2019).

There is currently no standardised pre/probiotics regimen with regard to type and
concentration of different strains, duration of treatments and monitoring parameters
in the management of neurological disorders.

Potential therapeutic approaches sought for modification of microbiota in MS
also include vitamin D3 supplementation and diet modifications. Vitamin D3 sup-
plementation in a small sample of MS patients improved immune tolerance and
reduced inflammation with anti-inflammatory shift of gut microbiota in the
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subgroup who were not on immunotherapy (Cantarel et al. 2015). Dietary modifica-
tions have also been shown to impact the inflammatory profile. A diet rich in simple
sugars, saturated fat, salt and high calorie content has been associated with increased
risk for autoimmune demyelinating diseases. This has been shown to increase
inflammatory cells in the gut and induce gut dysbiosis (Thorburn et al. 2014). A
shift to normal gut flora can be induced by a calorie-restricted diet rich in fruits,
vegetables and fish although robust studies for the utility in MS are lacking (Mowry
et al. 2018).

Faecal microbiota transplantation (FMT) is a procedure wherein the faecal
microbiota from a healthy person is transferred to a patient with gut-microbiome
dysbiosis. FMT in patients with PD improved constipation and non-gastrointestinal
manifestations (Yang et al. 2019). It was also tried in ASD; however, the safety
profile and efficacy of this intervention needs to be established (Li et al. 2017). The
principle of microbiota transfer therapy (MTT) is based on FMT protocol with
minor modifications. Oral vancomycin treatment is given for 14 days followed by
fasting (12-24 h) and bowel cleansing. Standardised Human Gut Microbiota
(SHGM) either orally or rectally is then administered to repopulate the gut micro-
biota for a period of 7-8 weeks. Gastrointestinal and behavioural symptoms in ASD
subjects significantly improved with MTT (Kang et al. 2017). There is insufficient
evidence to translate FMT and MTT to clinical practice at present.

5 Conclusion

The bi-directional pathways involving gut microbiome and human brain connect
host behaviour with the gut function thereby subserving a major role in health and
disease. The marked differences in the composition of gut microbiota across various
studies suggest a strong role for ethnicity, dietary patterns and other environmental
influences (Cryan et al. 2019). Nevertheless, the perturbations in the gut microbiota
have been linked to disease risk and progression in various neurological disorders
including neurodegenerative, neurodevelopmental and autoimmune diseases,
tumours and stroke. Gut microbiome dysregulation may not be directly causative,
but when combined with other risk factors can be responsible for various neurologi-
cal disorders (Tremlett et al. 2017). Many of these studies are limited by small
sample size and the wide variability in the methods for collection, storage and anal-
ysis of samples (Cryan et al. 2019). Therefore, in-depth, standardised and multicen-
tric studies at a global level are highly warranted to substantiate the relationship
between gut microbiota and the numerous neurological diseases in which they have
been implicated. Such studies possess the potential to identify biomarkers for dis-
ease onset, activity and co-morbid conditions. Simultaneously, the role of physio-
therapy and non-strenuous, aerobic exercises in alleviating the symptoms in
neurological disorders by strengthening the gut-brain axis can be further explored to
gauge its potency as a promising intervention strategy in the future.
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Chapter 8

Modern Perspectives in Controlling
Human Diseases through Probiotic
Intervention

J. Devika Das, V. S. Akhila, Merin Paul, Aparna Shankar, Iype Joseph,
and Sabu Thomas

1 Introduction

The human gut ecosystem is a diverse mélange of microbial community entangled
in a delicate symbiotic relationship with the host body. The past decades of
microbiome-associated studies and advancements in molecular biology have unrav-
eled many constituent organisms of this complex community particularly those
colonizing gastrointestinal tract (GI) and their importance in regulating different
aspects of host physiology. A major proportion of these beneficial microbes are
regarded as probiotics and perform a multitude of actions viz., competitive inhibi-
tion of pathogens, production of active metabolites, regulating host mucosal immu-
nity, and activation of different inter compartmental organ axes. Probiotics are
primarily therapeutic agents that modulate the gut microbial ecology in order to
attain healthy functional eubiosis state.

The use of probiotics as prophylactic agents against infectious and metabolic
conditions has gained considerable acceptance among the scientific community.
Fascinatingly, the probiotic viability and the mechanisms underlying their presumed
beneficial functionalities are still dubious and seem to be strain and disease-specific.
The studies on classical probiotics encompassing strains of Lactobacillus generated
limited effects on the gut microbiota and associated traits. Overall, the development
of targeted next-generation probiotics as putative biodrugs holds promise for better
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innovation in the therapeutic industry (Cordaillat-Simmons et al. 2020). Moreover,
the emergence of omics technologies has been very useful in the selection of probi-
otic strains of interest and in elucidating its possible therapeutic effects on various
gastrointestinal diseases and metabolic disorders. Despite its tremendous therapeu-
tic potential, the accelerated long-term usage of probiotics exacerbates the concerns
in spreading antibiotic-resistant genes in physiological environment (Suez et al.
2019). Emerging concepts of postbiotics/paraprobiotics may circumvent the risk
associated with the use of live intact cells and elicit ample advantages over probiot-
ics. Indeed, the increased consumer awareness toward natural therapeutic interven-
tions has accelerated the use of probiotics worldwide which began with the
consumption of non-specific probiotics in common food sources including yogurt,
tofu, pickles, etc. before 1930. The realization of the benefits of such food sources
led to the development of Yakult, one of the first specific commercial probiotic
products comprising Lactobacillus casei Shirota and Bifidobacterium breve strains
in 1935 and has been followed by the manufacturing of multitude probiotic products
in different countries which cater to definite health requirements (Fig. 8.1). Such a
scenario demands more comprehensive studies to elucidate the molecular mecha-
nisms behind the beneficial attributes of probiotics and their interactions with other
bacterial communities in the gut, posing minimal risk to human health thereby
opening doors to “personalized probiotics.”

Specific probiotic products
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Fig. 8.1 Timeline of the development of probiotics as dietary supplements. A snapshot of non-
specific and specific probiotic products represented in a timeline. The selected specific products
include the brand name, country of origin, formulation of the product, and details of the corre-
sponding active probiotic component
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2 Streamlining the Paradigms of Probiotic Therapy

Probiotics, as mentioned in the classical definition, are live microorganisms that
benefit health in numerous ways. Probiotic therapy majorly targets the disturbed
intestinal flora and exerts their beneficial effects by maintenance of gut integrity,
preventing bacterial translocation, modulating the gut microbiota, and immuno-
modulation of the host system (Kotzampassi and Giamarellos-Bourboulis 2012).
Since the mechanism of probiotic action is mostly strain-dependent, properties
exhibited by one strain cannot be blindly extrapolated to other strains of the same
species (Oelschlaeger 2010). Probiotics are also termed as immunobiotics due to
their beneficial effects on the health by activation of mucosal immune apparatus at
different mucosal sites (Clancy 2003). Most of the probiotics used nowadays com-
prise yeasts (Saccharomyces boulardii and Saccharomyces cerevisiae), bacteria
(Bifidobacterium, Lactobacillus), other non-pathogenic strains of Bacillus sp. and
Escherichia coli (only Gram-negative bacteria administered as probiotics) (de Vrese
and Schrezenmeir 2008). More recently, FDA has coined the term Live Bio thera-
peutic Product (LBP) to define “a biological product containing live organisms that
is applicable for the prevention, treatment or cure of a disease of human beings and
is not a vaccine” (FDA 2016). Although probiotics cannot replace antibiotics as a
therapeutic strategy, it can be used as a complement to reduce infections, thus help
to reduce the unwanted use of antibiotics. However, several techno-functional limi-
tations, viability, and the risk of transmission of acquired antibiotic resistance deter-
minants hamper the application of live organisms as prophylactic and therapeutic
agents against clinical disorders (Das et al. 2020).

Prebiotics and synbiotics are closely related to probiotics wherein the former are
mainly non-digestible fibers which positively influence the host’s health by enhanc-
ing the growth of friendly microorganisms in the intestine (de Vrese and
Schrezenmeir 2008) and moreover the latter refers to a combination of prebiotics
and probiotics given together. Synbiotics imply synergism in which a prebiotic
compound particularly favors a probiotic as in the case of oligofructose and
Bifidobacteria (Schrezenmeir and de Vrese 2001). It is also important to note that
many of the proposed beneficial traits of probiotics are facilitated by the production
of secondary metabolites such as short-chain fatty acids, functional proteins, poly-
saccharides, extracellular polysaccharides, and peptidoglycan-derived muropep-
tides. Therefore, apart from live probiotics, dead forms of these bacteria or their
secretory metabolites can also be used for improving health. Paraprobiotics and
postbiotics are two relatively new terms introduced in the field of functional foods
which impart numerous beneficial effects. Postbiotics comprise the non-viable
products such as metabolic byproducts secreted by probiotics in cell-free superna-
tants such as secreted proteins, enzymes, short-chain fatty acids, biosurfactants,
peptides, and organic acids (Nataraj et al. 2020). On the other hand, paraprobiotics
are inactivated probiotics or ghost probiotics (Tsilingiri and Rescigno 2013).
Paraprobiotics indicates the use of inactivated or non-viable microbial cells or cell
fractions that may be intact or ruptured and contain teichoic acids, peptidoglycans,



172 J. Devika Das et al.

or surface proteins which are immunologically active and thereby impart immune
activation of the host system (Ananta and Knorr 2009; Adams 2010; Taverniti and
Guglielmetti 2011). Apart from ameliorating the general wellbeing, several clinical
trials and experimental studies emphasize the beneficial effects of strain-specific
probiotic interventions in improving symptoms associated with precise health con-
ditions. Figure 8.2 depicts how prophylactic and therapeutic consumption of probi-
otics affects the human system.

3 Interaction of Enteric Microbiota with Brain, Liver,
and Lung Functions

Gut dysbiosis has been proved in both gastrointestinal as well as non-gastrointestinal
diseases. Recent evidence of breast cancer and microbiota variation postulates the
interplay of gut microbes in the progression of breast cancer (Laborda-Illanes et al.
2020). Such cross-talk between gut microbiota and different parts of human body
established the concept of the gut-lung axis, gut-liver axis, and gut-brain axis.
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Fig. 8.2 Prophylactic and therapeutic effects of probiotics in human. The aforementioned effects
noted are a combined data acquired from different preclinical and clinical studies. *Denotes pro-
phylactic/therapeutic effects of probiotics proven by human clinical trials. AAD antibiotic-
associated diarrhea, /BD inflammatory bowel diseases, 7D traveler’s diarrhea, LI lactose
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The gut-lung axis concept postulates that alterations of intestinal microbiota may
have a profound effect on lung health. Microbes or its bioactive compounds absorbed
into the circulation may alter lung function by host immune cells, resulting in sys-
temic cytokine release. Gut microbiota influences the lung health through its metab-
olites or endotoxins (Zuo et al. 2020). On the other hand, gut-brain axis is a two-way
communication between central nervous system (CNS), enteric nervous system,
and gastrointestinal tract. The interplay between gut-brain axis and microbiota is by
means of endocrine, immune, neural, and humoral routes (Carabotti et al. 2015).
One theory explaining the gut-brain axis is the “leaky gut theory.” Leaky gut is a
syndrome which is influenced by many factors like stress, unhealthy diet, alcohol
use which in turn increases the intestinal permeability. Such factors result in the
passage of microorganisms to different parts of the body. This theory also postu-
lated that the disruption of the gut barrier causes the macromolecules to pass through
the blood-brain barrier resulting in neuroinflammation (Slykerman et al. 2017;
Garcia Bueno et al. 2016). Thus, restoring the leaky gut barrier is suggestive of one
of the effective therapies for these types of neurodisorders (Ait-Belgnaoui et al.
2012). Moreover, probiotic strains like L. helveticus NS8 reduced post-restraint
anxiety in stress-induced experimental mice by lowering adrenocorticotrophic and
corticosterone hormones (Liang 2015). Such interventions lead to the emergence of
“psychobiotics,” an advanced branch of probiotic research wherein beneficial
microbes are administered for improving mental health by altering commensal gut
microbes (Sarkar et al. 2016). Altogether, psychobiotics, via the bacteria-brain com-
munication, strengthen both the immune system as well as the enteric ner-
vous system.

Numerous interesting studies are available on the effects of probiotics on entero-
hepatic system. The liver is anatomically linked to gut microbiota by enterohepatic
circulation particularly through the portal duct. However, the role of gut dysbiosis
on liver disease severity was only recently explored. Leaky gut further paves the
way for translocation of bacteria from the gut, migration of immune cells to the liver
which activate the adaptive and innate immune system thereby leading to tumor
progression and subsequent liver injury (Konturek et al. 2018). In a recent study
from Ponziani et al. (2018) the profiling of gut microbiota of hepatocellular carci-
noma patients showed a decrease in anti-inflammatory bacteria like Bifidobacteria
which also correlates with enhanced intestinal and liver inflammation with severe
hepatocarcinogenesis.

4 Probiotic Interventions in Infectious Diseases

4.1 Antibiotic-associated Diarrhea

Antibiotic-associated diarrhea (AAD) occurs as a result of disruption of the normal
gut flora during the exposure of antibiotics. Antibiotics action on anaerobes plays a
crucial role in AAD and the risk is higher in case of treatment with
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aminopenicillin-clavulanate combination, clindamycin, and cephalosporins
(Wistrom et al. 2001). Major pathogens associated with AAD include Clostridium
difficle, Staphylococcus aureus, Salmonella sp., C. perfringens, Klebsiella oxytoca,
and Candida sp. followed by some unidentified pathogens also (Barbut and Meynard
2002). C. difficle infections fall under the category “difficult to cure” due to the
increased incidence of antibiotic resistance acquisitions in this pathogen. Reduction
in the acidic environment of the gut increases C. difficle growth and infection sub-
sequent to germination of the clostridial acid-resistant spores. Though these infec-
tions are considered as a distinct hurdle resulting from rampant antibiotic use, the
restricted therapeutic options further worsen the situation.

Probiotics are now considered as satisfactory alternative to treat the adverse
symptoms of AAD. Reestablishing the dysbiosed gut is the prime target for AAD
treatment (D'Souza et al. 2002). A study conducted by Cremonini et al. (2002)
reports the effectiveness of probiotics in AAD owing to lowering the colonic pH and
escalating the production of short-chain fatty acids (SCFA) such as acetic acid,
propionic acid, butyric acid, and formic acid (Rios-Covidn et al. 2016). The benefi-
cial microbes of paramount importance in this milieu include L. casei, L. acidophi-
lus, L. bulgaricus, Streptococcus thermophilus, B. bifidum, B. longum, and
S. boulardii (Guo et al. 2019; Liao et al. 2021).

4.2 Infectious Diarrhea

Gastrointestinal disturbance manifested by diarrhea is one of the leading culprits
of hospitalization and mortality globally irrespective of ages. Rotavirus is the
major cause of acute infantile diarrhea with 600,000 child deaths per year, under
the age of 5 years (Parashar et al. 2006). The infant formula containing L. reuteri,
L. rhamnosus GG, B. animalis Bb12, and L. casei Shirota generated better pro-
phylactic effect on the recurrence of Rota viral diarrhea (Shah 2007; Szajewska
et al. 2001). Studies on Lactobacillus sp., Bifidobacterium sp., and S. boulardii
were found to be effective in controlling and treating the occurrence of viral diar-
rhea in young children (Grandy et al. 2010; Dalgic et al. 2011; Azagra-Boronat
et al. 2020).

The second major type of diarrheal disease is the traveler’s diarrhea, which
mostly affects people who embark on long-distance travels (Riddle et al. 2017).
80% of the diarrheal diseases were caused by bacterial pathogens and administra-
tion of antibiotics is the most effective treatment strategy to treat these infections
(Gascén 2006). The study conducted by Fourniat et al. observed that E. coli adhe-
sion to HeLa cells was inhibited by heat-killed forms of L. acidophilus; however,
the phenomenon was lost post lysis of the same (1992). To this date, numerous
preclinical, clinical, and meta-analysis studies have been conducted and are still
being conducted to further elucidate the significance of beneficial microbes on pro-
phylactic and therapeutic arm of diarrheal disease management.
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4.3 Peptic Ulcer due to Helicobacter pylori Infection

Helicobacter pylori are one of the major bacteria causing peptic ulcer which leads
to gastric cancer. Triple combination therapy using antibiotics like amoxicillin and
clarithromycin along with a proton pump inhibitor is the commonly used treatment
strategy. But isolates showing more than 20% resistance to these antibiotics were
reported from different geographical areas. The resistance of H. pylori towards dif-
ferent antibiotics makes them difficult to eradicate and recurrent infections by
H. pylori leads to gastric cancer is also a concern. Hence the use of probiotics with
the standard therapeutic regimen has emerged as an auxiliary treatment to control
H. pylori infection in humans. Probiotics limit the H. pylori growth by decreasing
the acidity of the stomach and improving gut mucosal barrier by producing SCFAs
like acetic acid, lactic acid, and propionic acid (Goderska et al. 2018). The use of
heat-inactivated and lyophilized culture of L. acidophilus showed improved eradi-
cation of H. pylori when administered along with standard anti-H. pylori treatment.
This provides a more guarded method of treatment when compared to live probiotic
intervention (Canducci et al. 2000). In addition to L. acidophilus, recent studies
showed that L. gasseri, L. reuteri, and Pediococcus strains were effective in H. pylori
eradication. Although probiotic treatment alone cannot be used as a treatment for
H. pylori infection, its co-administration with antibiotics increases the speed of
eradication and reduces antibiotic-associated side effects (Eslami et al. 2019).

4.4 Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is the common cause of neonatal mortality that
affects 20-25% newborns worldwide who are under 32 weeks of gestation
(Deshpande et al. 2015). The major reason for this is the excessive pro-inflammatory
response subsequent to stimulation with pathogenic bacteria (Hsueh et al. 2003).
Many studies suggested a positive correlation with an altered gut microbiome and
necrotizing enterocolitis development (Claud and Walker 2008). Current treatment
regimens for these conditions are scanty. Multiple studies have reported the efficacy
of probiotics as a prophylactic intervention in necrotizing enterocolitis (Claud and
Walker 2008; Deshpande et al. 2015; Martin and Walker 2008). A recent network
meta-analysis of randomized controlled trials (RCTs) by Beghetti et al. emphasized
the benefits of L. acidophilus LB and B. lactis Bb-12/B94 in reducing NEC-
associated risks (2021).

4.5 Respiratory Infections

The efficacy of host defense against pulmonary pathogens is mainly via activation
of neutrophils and alveolar macrophages. For example, in the case of Pneumococcal
infection, the systemic protection is offered by anticapsular antibodies and
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cytokines (Racedo et al. 2006). The study using L. rhamnosus strains against
S. pneumoniae showed a significant reduction in the pathogen load and its dissemi-
nation in the lungs and other organs. The immune cells play a major role in alleviat-
ing infection by increasing cytokine levels by Th2 (IL-4, IL-10, and IL-6) and Th1
(IFN- v) responses (Salva et al. 2010). K. pneumoniae is another clinical pathogen
which causes high mortality on account of its drug-resistant characteristics. It is a
common inhabitant of the gut, but can exert an inflammatory response in the respi-
ratory epithelial cells while on infection. A recent study evaluates the effects of oral
administration of L. plantarum CRM653 in mice infected with K. pneumoniae
showed diminished lung inflammatory response with reduced numbers of neutro-
phils, macrophages, and suppression of TNF-a, IL-6, and T, responses (Vareille-
Delarbre et al. 2019).

Seasonal viral attacks are another major respiratory tract-associated infections in
children and elder ones. Evidence suggests that gut dysbiosis plays a role in viral
respiratory infections. The major cause of influenza-associated mortality is the
excessive production of inflammatory cytokines. Oral administration of L. rhamno-
sus in influenza-infected mice showed a diminished infiltration of mononuclear
cells, reduced inflammatory response, and helper T cell-mediated antiviral activity
in lungs (Song et al. 2016). In addition to the live probiotics, heat-killed forms also
aid in controlling respiratory infections. Oral administration of heat-killed L. plan-
tarum stimulated the production of interferon-beta (IFN-f) in the serum of intrana-
sally challenged mice with influenza virus compared with control groups (Maeda
et al. 2009). Cases of patients with severe gastrointestinal symptoms were reported
in association with SARS CoV-2 infection. As angiotensin-converting enzyme 2
(ACE2) receptors (receptors used by SARS-CoV-2 to enter host cell) are abundant
in epithelial surfaces of small intestinal mucosa, it may help in the viral entry and
multiplication. Gut microbiota perturbations are closely linked to lung microbiota
dysbiosis that increases the severity of the disease (Mohandas and Vairappan 2020).
Since gut dysbiosis can be rectified by probiotics, consumption of such natural
products is gaining importance in the pandemic scenario due to its immunomodula-
tory properties (Sundararaman et al. 2020).

5 Probiotic Interventions in Non-communicable Diseases

The rapid transition in socio-demographic factors and environment, followed by
alteration in behavioral risk factors such as adaptation to modern lifestyle, physical
inactivity, alcohol consumption, and tobacco use have splurged the occurrence of
noncommunicable diseases (NCD) worldwide. In general, cardiovascular diseases,
cancer, diabetes, and chronic respiratory diseases are considered to be the major
contributors to morbidity and mortality stemming from NCD. The accumulating
evidences from numerous population-based studies, animal models, and cell line
studies emphasize the putative correlation between microbiome composition and
the insurgence in the development of non-communicable diseases (Xu et al. 2020;
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Sommariva et al. 2020). Furthermore, the GI microbial ecosystem generates consid-
erable amounts of diverse metabolites that produce protective effects on the mainte-
nance of host immune, digestive, and neuroendocrine system. Thus, eubiosis of gut
microenvironment is crucial for the prevention and development of metabolic disor-
ders in host body. Emerging findings propound the relevance of probiotics as thera-
peutic/dietary supplements with paramount health benefits, thereby positively
affecting the diversity and functions of commensal gut microbiota.

An expanding number of clinical trials support the probiotic intervention on car-
diovascular health. Cardiovascular diseases are generally associated with hypercho-
lesterolemia and dyslipidemia. Hypocholesterolemic effect of probiotics is imparted
by hampering cholesterol absorption from intestine (Tomaro-Duchesneau et al.
2014), assimilating cholesterol on its cell surface (Liong and Shah 2005), redirect-
ing cholesterol for bile acid synthesis by increasing the breakdown of bile acids
(Ettinger et al. 2014) and by producing short-chain fatty acids that reduce hepato-
genic cholesterol production by inactivating hydroxyl-methyl-glutaryl coenzyme A
reductase (HMG CoA reductase) (De Preter et al. 2007). Eventually, it also pro-
duces a significant influence on lipid profile by reducing low-density lipoprotein
and circulating triglycerides along with an increase in high-density lipoprotein
(Tomaro-Duchesneau et al. 2014). Subsequently, the hypotensive effect is mediated
by a reduction in nitrogen oxide production in macrophages, reactive oxygen spe-
cies production, and augmented production of angiotensin-converting enzyme
inhibitor peptides like isoleucyl—prolyl-proline (Ile-Pro-Pro) and valyl-prolyl—pro-
line (Val-Pro-Pro) (Khalesi et al. 2014).

Diabetes mellitus (Type 2) and obesity are contemplated as growing epidemics
and their presence are associated with multiple gastrointestinal complications
(Azpiroz and Malagelada 2016). Data gathered from meta-analysis and animal
studies using probiotics indicates that habitual intake of these beneficial microbes
can enhance insulin sensitivity, glucose turnover rate, and antioxidant status. It aids
in regulating glucose metabolism and thereby reduces HbAlc, fasting blood glu-
cose levels, the inflammatory markers (TNF-a and IL-6), and C-reactive protein
levels in host body (Kobyliak et al. 2016; Firouzi et al. 2017). Probiotic intervention
can also modulate the up/downregulation of gut hormones linked with glucose
homeostasis such as glucagon-like peptide-1 and gastric inhibitory polypeptide
(Parnell and Reimer 2009). Gut dysbiosis also influences host metabolic pathways
through its effect on nutrient uptake, energy harvest, fat accumulation, and appetite.
The short-chain fatty acids, primarily acetate, butyrate, and propionate derived from
microbial metabolism, impart a protective effect against certain NCDs such as dia-
betes, colorectal cancer, and ulcerative colitis (Bolognini et al. 2016). In obese
patients, the expression of tight junction proteins like zonulin and occludin is highly
compromised and this alters intestinal permeability favoring entry of pathogens and
their metabolites/toxins into bloodstream. Studies have also emphasized that the gut
microbiota together with diet could reduce colonic permeability thereby halting the
pathogen entry and consequent inflammation on body (Sivamaruthi et al. 2019).
Obese and obese-diabetic subjects are characterized by chronic low-grade inflam-
mation with an elevated basal concentration of pro-inflammatory cytokines,
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especially IL-6, TNF, and MCP-1(Fernandez and Manuel 2017). Contrastingly,
malnutrition also fuels up immune dysfunction. The beneficial microbiota orches-
trates the temporal balance between pro-inflammatory, inflammatory, and immuno-
regulatory cytokines there by facilitating effective pathogen clearance with minimal
immune response-related disorders to the body.

Furthermore, probiotics have been gaining much attention due to their anticancer
properties. The oncobiotic mechanisms were assumed by binding and degradation
of potential dietary carcinogens (Orrhage et al. 2002), regulation of tumor cell pro-
liferation and apoptosis, modulation of bacterial enzymes implicated in oncogenesis
(Raman et al. 2013), and generation of metabolites having tumor-suppressing char-
acteristics (Requena et al. 2018). Moreover, inclusion of beneficial microbes with
antioxidant property in specific enteral diet of patients suffering with acute respira-
tory distress syndrome (ARDS) may facilitate better oxygenation during the venti-
lation period (Singer et al. 2019).

The risk factors related to the development of NCDs are thus strongly interre-
lated and are conducive to each other. Aging is closely linked with decline in micro-
bial diversity which can be correlated with defects in T- and B-cell functions,
escalated cholesterol assimilation, and inflammation rates, thus paving the way for
the availability of more assembled pathogen entry points at the cellular level. Several
animal model studies substantiated the role of probiotics in controlling the develop-
ment of different NCDs and certain findings were taken to next level by demonstrat-
ing its effect on human trials (Kocsis et al. 2020).

6 Role of Probiotics in Anticancer Therapy

Growing evidence suggests that an imbalance in the normal flora of the gastrointes-
tinal (GI) system might associate with a number of diseases such as inflammation,
impaired metabolism, dysregulation of the immune system, and even cancer. It has
already been proven that the diverse human gut microbiota participates in a complex
interaction with the GI tract and the immune system (Vivarelli et al. 2019). In addi-
tion to the involvement of immune system in cancer progression and metastasis,
various studies showed that a patient’s microbiome also influences both disease
progression and response to therapy in cancer. The results from these studies vali-
dated the findings of earlier preclinical studies and support the idea of rational mod-
ulation of the microbiome as a valid therapeutic strategy in cancer patients
(Gopalakrishnan et al. 2018; Routy et al. 2018).

Recent studies have shown that certain gut bacteria have pro and anti-effects on
cancer treatments. It is not yet known as to how and which bacterial species specifi-
cally contribute to the anti-tumor response induced by chemotherapy. Chemotherapy
has secondary effects that include increased permeability of the intestinal barrier
and thus facilitates the entry of the gut bacteria into the bloodstream. In response to
the leaky gut, body elicits an immune response and is believed to be beneficial for
patients, since it can also destroy cancer cells. Researchers showed that two species
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of bacteria, Enterococcus hirae and Barnesiella intestinihominis, together potenti-
ate the therapeutic effects of cyclophosphamide, a chemotherapeutic agent used to
treat many cancers. Several preclinical models demonstrate that the anti-tumor
immune response induced by cyclophosphamide is optimized after oral administra-
tion of E. hirae. Treatment by oral administration of B. intestinihominis also enabled
a similar effect. The tumor is therefore attacked directly by cyclophosphamide and
indirectly by this “booster” effect of the bacteria (Daillere et al. 2016).

The effect of various microbes related to cancer is gaining much attention in
cancer research, particularly in colorectal cancer. Several studies have shown the
relationship of microbiota/microbial-derived factors in either the promotion or sup-
pression of tumor development and progression, thus eliciting an effect on the anti-
cancer treatments. It has been demonstrated that certain probiotic strains suppress
H. pylori-related gastric cancer (Kuo et al. 2013) and cervical cancer induced by
human Papilloma virus in the host body (Verhoeven et al. 2013). Besides, the
administration of probiotics has helped to replenish the patient’s gut flora which had
been affected by chemotherapy (Gao et al. 2015). The possibility of cancer preven-
tion by administering probiotics is outweighed by the concept of probiotics as a
supportive care for patients undergoing anticancer treatment. A recent report of a
randomized controlled trial (RCT) has demonstrated that probiotics can reduce the
toxicity elucidated by chemotherapy and radiation therapy (Hassan et al. 2018).

Even with the emergence of new treatments such as targeted therapies and immu-
notherapy, advanced and persistent cancers require systemic chemotherapy
(Bradbury et al. 2017). However, systemic chemotherapy has certain side effects
including nausea, vomiting, and diarrhea which may worsen the nutritional status,
reduce immune function, delay the treatment cycle, and increase the treatment costs
in many cases (Andreyev et al. 2014; Marx et al. 2016; Tong et al. 2009). Many of
the studies reported that chemotherapy-induced diarrhea may be caused by intesti-
nal epithelial cell apoptosis, intestinal barrier dysfunction, alterations to the intesti-
nal flora, and pro-inflammatory cytokine production (Tian et al. 2019).

Most studies suggest that probiotics are effective against chemotherapy-induced
diarrhea. Two independent meta-analyses showed that probiotic administration in
cancer patients significantly decreased the incidence of radiotherapy-induced diar-
rhea (Qiu et al. 2019; Wei et al. 2018). Tian et al. (2019) reported a positive correla-
tion of probiotic consumption and reduced episodes of diarrhea in lung cancer
patients. However, there was no difference in the rates of nausea or vomiting
between the test and control groups. Another study highlighted the results of clinical
trials which evaluated the preventive effect of probiotics on infections associated
with colorectal cancer resection. It was shown that probiotics significantly reduced
the post-infection and pneumonia in patients who undergo colorectal cancer surgery
compared with placebo (Ouyang et al. 2019).

Mucositis is another major problem associated with strong chemotherapy in can-
cer patients. Intestinal mucositis is a cytotoxic effect in the chemotherapy of cancer
mainly due to the drug 5-fluorouracil (5-FU). Because of its high therapeutic effi-
cacy, it is commonly used in different types of cancers like breast, colorectal, stom-
ach, and head and neck cancers (Longley et al. 2003). But its non-specific action in
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all types of cells produces many side effects including intestinal mucositis (Duncan
and Grant 2003). Many studies evidenced that 5-FU treatment modifies the relative
abundance of microbiota such as Lactobacillus, Bacteroidetes, Clostridium,
Staphylococcus, E. coli, and Streptococcus (Stringer et al. 2009).

In a study published by Jiang et al. (2019), the usage of probiotics significantly
reduced the rate of grade 3 mucositis in patients with nasopharyngeal cancer under-
going chemo radiotherapy, when compared with placebo (16% vs 46%). Probiotics
also helped to increase the levels of CD4+, CD8+, and CD3+ T cells. However,
there was no difference in the suppression of bone marrow, levels of lymphocytes,
leukocytes, hemoglobin, albumin, or weight loss.

The growing evidence using animal models suggests that the efficacy of antican-
cer therapies is directly linked to the composition of the microbiota. It was found
that animals devoid of any microbiota failed to respond to chemotherapy compared
to normal mice during tumor challenge. Also, upon addition of certain bacterial spe-
cies, the efficacy of immune checkpoint inhibitors in mouse models improved. In
addition, several studies suggest that the difference in microbiota was clearly distin-
guishable in patients who respond to immune checkpoint inhibition and those who
do not respond. Therefore, the theory of treating patients with antibiotics during
anticancer therapy is currently a topic of ongoing research (Vivarelli et al. 2019).

7 Major Concerns Associated with Probiotic Intervention

Bacteria naturally present in food supplements and probiotics constitute a potential
source of antibiotic resistance determinants. Owing to human consumption, safety
of these organisms is of paramount importance as their resistance toward antibiotics
can be one of the possible threats. The possibility of these bacteria to transfer resis-
tance determinants horizontally to pathogens and commensal gut microbiota inten-
sifies the issue. The main probiotic bacteria commercially available are of the genera
Lactobacillus and Bifidobacterium, along with Bacillus or E. coli strains. Some of
the aforementioned species are used as starters and adjunct cultures in the food
industry. With some exceptions, antibiotic resistance in these beneficial microbes
does not constitute a safety concern in itself, when mutations or intrinsic resistance
mechanisms are responsible for the resistance phenotype. In fact, some probiotic
strains with intrinsic antibiotic resistance could be useful for restoring the gut
microbiota after antibiotic treatment. However, specific antibiotic resistance deter-
minants carried on mobile genetic elements, such as tetracycline resistance genes,
are often detected in the typical probiotic genera and constitute a reservoir of resis-
tance for potential food or gut pathogens, thus representing a serious safety issue
(Gueimonde et al. 2013). Plasmid-associated antibiotic resistance, which occasion-
ally occurs, is a matter of concern as it can be detrimental to the use of probiotics
owing to the possibility of the resistance spreading to harmful microorganisms
inhabiting the same niche. Further, the presence of transferable antibiotic resistance
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genes even to a less represented member of the gut microbial community poses a
safety hazard and needs to be taken into account. Probiotic safety is beleaguered
with the scarcity of well-designed and targeted studies resulting from diverse col-
lection methodologies, clinical endpoints, and analytical rigor and probiotic strains
of interest, which need to be dealt in the right perspective (Sharma et al. 2014; Suez
et al. 2019). The administration of paraprobiotics and postbiotics slows down the
pace of antibiotic resistance transmission since the bacteria are not consumed in
their live form, thereby eliminating the presence of resistance determinants.

8 Delineation of Microbial Profiling Using
Multi-omic Technology

The breakthrough of different omics technologies provides a broad range of high
throughput methods that enable an in-depth understanding of probiotic physiology.
Probio-genomics is a new area fostered by the consistent progression of these tech-
niques and has significantly contributed to gathering more information about the
evolution, genetic diversity and also assists in unfolding the molecular mechanism
behind the purported health-promoting activities of beneficial microbes.

Insights into genetic motifs, patterns, and elucidation of generic pathways deci-
pher the functional dimensions of a particular isolate of interest. Armed with this
knowledge, the so-called difficult to detect novel secondary metabolites and other
antimicrobial substances can be easily determined by adaptation of these advanced
tools (Corr et al. 2007; Stoyanova et al. 2012). This was further exemplified by the
detection of various gene clusters of mucus binding pili responsible for intestinal
adherence (Douillard et al. 2013), detection of epigenetic alterations (Casadesus
and Low 2006), and motifs responsible for coding resistance to crucial antibiotics
(Proenca et al. 2017) of different Lactobacillus species. Of note, the rapid progress
in single-cell genomic techniques can be employed to identify the least abundant
bacterial species within a heterogenous bacterial community sample (Yao et al.
2017). In contrast, metagenomics discerns an overview of species abundance in the
microbial ecosystem and highlights the common metabolic pathways available in
the particular microbiome (Huttenhower et al. 2012). It also helps in addressing the
alteration in functional activity of gut microbiota in response to dietary and xenobi-
otic perturbations (Maurice et al. 2013). Furthermore, it is also imperative in envis-
aging amino acid metabolism (den Hengst et al. 2005) and in discovering strains
with unique traits like increased thermo resistance and enhanced threshold for
heightened stress state as reported in certain strains of Lactococcus (Chen et al.
2015) and Lactobacillus species respectively (Liu et al. 2016).

Proteomics confers the proteome map of the bacteria thereby helping in deter-
mining the biological function of the cell. Notably, the advent of proteomics dis-
penses knowledge regarding the adaptation of gut microbiota under harsh
gastrointestinal conditions like low pH, presence of bile salts (Wu et al. 2012), and
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osmotic stress inside the body (Zhang et al. 2010). Combinatorial holistic approach
of proteomics with metagenomics and transcriptomics imparts critical information
regarding robust biomarkers involved in the functional process of bacteria.
Metabolomics/metabolic profiling of probiotic bacteria unwinds the target of their
actions. This technique is also efficacious in determining the distinct metabolic
changes that occur under different meticulous conditions and also add insights into
rate-limiting steps which are crucial for the generation of useful metabolites (Ohtake
et al. 2017). Besides this, it also helps to underpin the relation between gastrointes-
tinal diseases and metabolites generated by the commensal microbes (Nicholson
et al. 2005). Nonetheless, the volume of information gathered from metabolomic
approach facilitates better optimization of strains by understanding their functional
traits in therapeutic/food industry (Khangwal and Shukla 2019). The emergence of
culturomics, a fluxomic analysis, furnishes detailed description of the beneficial
microbiota at the cellular level and it is widely used for identifying new strains that
are generally not detected via other techniques (Kambouris et al. 2018). It is worth
emphasizing that an inclusive approach using integrated multi-omics techniques
yields a more complete picture of the microbial composition, its diversity, and in
determining the molecular mechanisms by which probiotics enact their beneficial
attributes. The integrated multi-omic analysis has revealed different human entero-
types (Arumugam et al. 2011) and microbial divergences, in response to different
human diseases (Sekirov et al. 2010) as well as environmental factors (Candela
et al. 2012). As an example, Bianchi et al. (2020) used an integrative approach to
elucidate the changes in microbial metabolism, amino acid production, and health-
promoting attributes of L. paracasei, S. thermophilus, and Bifidobacteria strains in
response to various technological challenges and formulations respectively.

9 Bioengineered Probiotics

Even though the proven effect of probiotic strains in the prevention and treatment of
intestinal diseases is well studied, the non-specificity and ineffectiveness of the
same in certain recipients is worrisome. The factors determining the efficiency of
the probiotic treatment include the strain, dose, route of administration, and the
formulation of probiotic preparation. Moreover, the manufacturing process and pro-
biotic delivery system also affects the overall activity (Grzeskowiak et al. 2011).
Recent studies showed that the gut microbiome diversity/indigenous flora among
different ethnic groups may also affect probiotic efficacy (Barzegari and Saei 2012).
Furthermore, non-specific nature of traditional probiotics often fails to address the
entry and multiplication of enteric pathogens. Wide acceptability and usage of
genome sequencing and genetic engineering have enabled researchers to develop
bioengineered probiotics which gain attention as a therapeutic strategy. Genetic
modification via bioengineering enables the development of new putative strains
expressing foreign genes geared toward more specificity and desired functionalities.
The use of bioengineered probiotics led to the concept of biodrug for the prevention/
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treatment of specific entities and also in arming the host defense system by acting
as adjuvant for vaccine delivery (Amalaradjou and Bhunia 2013).

The new advancement in the field of probiotics is the use of recombinant tech-
nology to create bioengineered probiotics. The recombinant probiotics were origi-
nally generated for the mucosal delivery of therapeutic and prophylactic molecules
including DNA, peptides, single-chain variable fragments, cytokines, enzymes, and
allergens. The colonization capacity, gastric acid and bile salts tolerance, and sus-
tained colonization in the mucosal surface make probiotic bacteria an excellent
delivery system in vivo (Wells 2011; Sleator and Hill 2008).

During the past two decades, the field of probiotic genetic engineering has
advanced as a leading area of research for applications in humans and animals
(LeBlanc et al. 2013; Amalaradjou and Bhunia 2013). Designer probiotics have
been used for various purposes like to improve nutritional and health, as therapeutic
agents, in cancer treatment, to prevent metabolic diseases, etc. Many species of
human intestinal bacteria are used to produce recombinant probiotics. Some of the
promising candidates are L. lactis (LL-Thyl2) to induce suppressor T cells and
treating the inflammatory diseases, Salmonella typhimurium Al1-R and non-
pathogenic E. coli Nissle 1917 to target tumor and treating metastatic cancer, L. lac-
tis SAGX0085 carrying an htff1 cassette producing hTFF1for reducing the severity
and the course of radiation-induced oral mucositosis, L. casei pSW501for treating
Type I diabetes, acylphosphatidylethanolamines (NAPE)-expressing E. coli Nissle
1917 to reduce the levels of obesity, L. rhamnosus JB-1 to improve the enteric nerve
function and behavioral aspects, etc. Although many of the aforementioned strains
showed promising activity in in-vivo systems, thorough studies and clinical trials
are warranted before its human application (Kumar et al. 2016).

Taken together, adjuvant therapy using probioceuticals having direct or indirect
impact on multi-organ system will preferably tune the host defense system against
multitude of clinical indications and the subsequent outcomes in the body. However,
it is necessary to gather more information to assess the risks associated with their
biosafety and their ability to cause allergy due to prolonged habitual consumption.

10 Next-generation Probiotics: Metamorphosis
from Commensal Bacteria to Novel Biodrugs

Today, the probiotic industry is mainly occupied by the so-called conventional pro-
biotics encompassing strains of Lactobacillus and Bifidobacterium. Although they
possess GRAS (Generally Regarded as Safe)/QPS (Qualified Presumption of
Safety) status, its rampant regular usage doesn’t aim against specific diseases.
Indeed, evolving evidences suggest that the routine administration of traditional
probiotics to hospitalized patients with potential indications has been involved with
adverse effects or worsen the existing comorbidities (Yelin et al. 2019). Hence,
probiotic formulations have to be tailored against the specific target prior to its
endorsement as prophylactic/therapeutic usage.
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Advanced studies on gut microbiota and its possible interactions with host body
followed by availability of advanced genetic sequencing tools and the bioinformat-
ics platforms paved the way for identifying novel candidates as next-generation
probiotics (NGP). NGPs are developed to target-specific diseases and it belongs to
diverse genera with majority being identified on the basis of comparative analysis
on healthy and unhealthy individuals. Prevotella copri of phylum Bacteroidetes is a
promising NGP candidate that was proved to regulate glucose homeostasis via mod-
ulating intestinal gluconeogenesis (De Vadder et al. 2016). In parallel, A. muciniph-
ila, a mucin utilizing organism of phylum Verrucomicrobia, synchronies the
endocannabinoid system, thereby playing a pivotal role in the regulation of inflam-
mation and type-2 diabetes-associated obesity (Plovier et al. 2017). Importantly, its
utility is further extended as an oncobiotic (Ansaldo et al. 2019) and is known to
produce an immunomodulatory protein termed “Amuc-1100" (Plovier et al. 2017).

Nontoxigenic Bacteroides fragilis strains possess a unique capsular polysaccha-
ride with zwitterionic motifs termed “Polysacharride A,” which regulates neuroin-
flammations (Wang et al. 2014) and prevent viral encephalitis (Ramakrishna et al.
2019). Even though studies are limited, Christensenella minuta of phylum
Firmicutes and Parabacteroides goldsteinii of phylum Bacteroidetes demonstrated
potent probiotic effects against metabolic disorders such as obesity (Goodrich et al.
2016). On top of these, Pediococcus pentosaceus categorized as a lactic acid bacte-
ria was widely studied for its hypocholesterolemic effect and production of bacte-
riocins (Syakila et al. 2019). Gordonibacter species of phylum Actinobacteria
isolated from human gut were found to be capable of converting ellagic acid found
in nuts and pomegranate to urolithin metabolites such as urolithin A, B, and isouro-
lithin A. The anti-inflammatory, anti-carcinogenic, cardioprotective, and neuropro-
tective properties of these metabolites categorized Gordonibacter as a propitious
NGP candidate for further studies (Selma et al. 2017). Intensive research on bacte-
rial species such as Faecalibacterium prausnitzii, Eubacterium limosum, E. fae-
cium, Bifidobacterium sp., Collinsella aerofaciens, and Burkholderia cepacia
deciphered promising effects on anticancer immunotherapies (Chaput et al. 2017,
2019). The specific beneficial characteristics of these NGP candidates demand more
longitudinal studies before it is commercialized either for targeted therapy or for the
amelioration of GI diseases.

11 Conclusion and Future Perspectives

The impact of gut microbiota on the maintenance and restoration of host wellbeing
by alleviating the symptoms of infectious diseases, non-communicable diseases and
improving mental health has boosted the administration of both probiotics and para-
probiotics. Application of probiotics along with antibiotics and other drugs like che-
motherapeutic agents might reduce the drug’s ill effects and improve its efficiency
in a great extent. In addition to conventional probiotics and its bioengineered coun-
terparts, new advancements in the area have led to the identification of novel species
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of probiotics which broadens the scope of probiotics in applied research. However,
concerns regarding the development of drug resistance and its transfer along with
some isolated reports of sepsis have limited the use of live probiotics in immuno-
compromised individuals. The advancement of new technologies, deep sequencing
of the strains for human consumption, and detailed studies of the altered microbial
pattern related to specific diseases is greatly warranted to establish the extended use
of probiotics in the health sector.
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Chapter 9
Microbiome Association of Polypharmacy
in Geriatric Population

Gururaja Perumal Pazhani, Murugan Veerapandian, Rajkumar Malayandi,
and Thandavarayan Ramamurthy

1 Introduction

The increase of aged population in the twenty-first century is not only due to the
advancement in medical science, but also several other factors such as education,
industrialization, nutritive foods, hygienic practices, and stable income. Global
population growth rate is rapid at one billion per decade and it is expected that the
world population count will surpass 10 billion by 2040 (Figdor and Gulabivala
2008). An increase in geriatric population is the major trend accounted for the
global population. However, growing socioeconomic, emotional, and health issues
are greatly affecting the quality of the geriatric population (Allaband et al. 2019).
Other factors, including nature of the disease, race, income, and health-related
beliefs can contribute to the use of multiple drugs (Rossi et al. 2007). Several gov-
ernment agencies and research institutes are working constantly to improve the
quality and wellbeing of the geriatric population. Healthcare is the primary and
foremost important aspect that improves quality of life, in which drug therapies
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play an important role. On the other hand, modern sedentary lifestyle habits result
in various metabolic, cardiovascular, and psychological disorders that lead to con-
sumption of numerous medicines.

The word polypharmacy is derived from the Greek word, meaning ‘more than
one Pharmacy’. Researchers use this term to describe the use of several medications
that are mostly not specific, less effective, and with or without similar biological
activities (Maher et al. 2014). An important factor that needs to be considered is the
use of the herbal supplements, nutraceutical, and over-the-counter medications.
Polypharmacy is a major cause of concern in the elderly than young adults because
they are at risk for more disease conditions and many drugs are prescribed at times.
Polypharmacy administration in older hospitalized patients has shown to be associ-
ated with gut microbiota imbalance. Proton pump inhibitors and drugs used to treat
mental and psychotic disorders are prone to induce the gut microbiota dysbiosis.
However, mechanisms of drug-driven alteration in the gut microbiota are yet to be
established (Ticinesi et al. 2017). Inappropriate treatment and irregular use of drugs
might lead to adverse effects such as gastrointestinal pH change, mucosal permea-
bility alteration and could promote microbial diversity in the GIT. Recently, it has
been reported globally that 30% to 50% of the elderly people take more than 5 drugs
needlessly and the highest number of drugs is being consumed by those who are in
nursing care units (Maher et al. 2014; Kim and Parish 2017). Figure 9.1 depicts the
general factors governing the geriatric healthcare and possible complementary
advancement required from modern analytical techniques.

Age related Impact o Stress induced
Metabollic Pol Fr)1aramc Changes in Gut
Disorder P y Microbiota

Geriatric Health

Diet induced
Changes in Gut
Microbiota

Infectious Probiotic
Disease Treatment

Fig. 9.1 Schematic illustration on the geriatric health and its influencing factors with need of pos-
sible intervention from artificial intelligence-enabled biosensor for better geriatrics
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2 Chronic Conditions in Elderly Population
and Their Treatment

Chronic pain is a very common health problem in elderly people. Poor management
of pain causes disability, social distancing, depression, and anxiety. With age, there
are gradual changes in the immune system, particularly the mast cell, which leads
to high sensitivity to any external stimuli, neuroinflammation and neuralgia and the
conditions may further be exaggerated due to polypharmacy. Due to central nervous
system illnesses, chronic cough is common in elderly with multifactorial syndromes
(Song et al. 2019). Protracted itch is another challenge associated with elderly peo-
ple, which is caused by multifactorial illnesses like anxiety, contact dermatitis, neu-
ral degeneration, diabetes, and allergic reaction associated with drugs taken orally
and also those that are topically applied to cure various skin related diseases.
Diuretics like thiazides and antihypertensive drugs like calcium channel blockers
have been reported to cause itchiness in the elderly with or without rashes (Valdes-
Rodriguez et al. 2015). Another major chronic illness in the elderly is heart failure
with no definite cure. The exact cause of heart failure in the elderly may not be with
a single aetiology, but it is generally associated with comorbid conditions. The man-
agement of heart failure with polypharmacy in the elderly is a great challenge
(Alghamdi and Chan 2017). Comorbidity was considered the cause of poor quality
of life, depression, and increased chances of death. Population-based studies
reported from a developed country showed that 67% of the elderly people had mul-
timorbidity combined with the increase in age among the study population (Salive
2013). The elderly people who were above 85 years of age had 81% of
multimorbidity.

Worldwide, chronic inflammatory rheumatic (CIR) arthritis is increasing year on
year among the elderly population. Patients who have CIR have more chances of
developing cardiovascular disease (CVD), difficulties in breathing, cancer, and irri-
table bowel syndromes characterized with inflammatory markers like interleukins
and reaction proteins, and serum levels higher than the normal range of 0.2 to
3 mg/L. However, the exact mechanism of how the inflammatory markers induce
comorbidities are yet to be established and clinicians are advocated to conduct pro-
spective trials to access the pathophysiological involvement of inflammatory mark-
ers in elderly patients. In addition, standardized procedures are advocated for
clinicians to assess and prevent comorbidities (Salive 2013). An integrated thera-
peutic approach with polypharmacy is preferred for the effective management of
CIR (Lahaye et al. 2019).

Persistent constipation is a common problem associated with elderly people. The
cause of constipation is associated with gut microbial composition, decreased intake
of high fibre food and water, lack of physical activity, and various gastrointestinal,
metabolic, neurogenic, and psychogenic disorders. Medications like iron supple-
ments, non-steroidal anti-inflammatory agents, opiates, calcium channel blockers,
diuretics (non-potassium sparing), antihistamine, antidepressants, antipsychotics,
antacids, and anticholinergics could also be the reason for constipation
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(Gras-Miralles and Cremonini 2013). Constipation leads to a poor quality of life
and demands modifications in the lifestyle, eating habits, and effective medication
with fewer side-effects or nutraceutical intake. Kidney disorder is another most
common problem in elderly people and its prevalence is high among the geriatric
population from developed countries. The epidemiological data have shown that
renal failure in elderly patients was diagnosed with nephrotoxins. In patients with
kidney failure, drugs may not work to improve kidney function; hence, treatment
like dialysis or a kidney transplant is generally recommended (Olyaei and
Bennett 2009).

A recent study has suggested that polyneuropathy has increased over the years in
developed countries. The status of polyneuropathy in the elderly has been about 1%
to 7%. The reason for such variation could be due to difference in assessment pro-
tocol, study populations, and also due to variation in polyneuropathy in developed
and developing countries. Communicable diseases such as leprosy, diabetes, alco-
holic addiction, cardiovascular disease, and polypharmacy are the mainstay for the
cause of polyneuropathy (Hanewinckel et al. 2016). Rhinitis and sinusitis are other
important health-related conditions in the elderly population that affect the quality
of their life. Nearly 15% of the elderly population are affected in developed coun-
tries and clinical management between elderly and adult populations is challenging
due to comorbidity and drug interactions resulting from polypharmacy (Hsu and
Suh 2018).

Malnutrition is common among the geriatric population, especially those admit-
ted in hospitals and long-term care centres. The reason for malnutrition may be due
to lonesomeness, impaired metabolic activities induced by the production of cyto-
kines, ignorance, inappropriate consumption of a balanced diet, and stress due to
unaccomplished desire, environment, and psychological factors. The malnourished
elderly population is vulnerable to opportunistic infections, which increases hospi-
tal stay and weakens muscle strength. Thorough examination is required to under-
stand the cause of malnutrition, including the possibilities of interaction and adverse
reactions of multiple medications (Feldblum et al. 2007). The best intervention
strategies such as vitamins, balanced diet, and nutritional supplements are required
to treat malnutrition in elderly people.

3 Age-related Metabolic and Functional Changes
in Geriatrics

Blood biomarkers are employed to understand the disease progression and meta-
bolic changes in elderly people. Currently, nineteen biomarkers have been identified
to detect haematological, and metabolic disorders, lipid profile, and inflammatory
biosignatures. The presence of single or multiple biomarkers confirms the dysfunc-
tion of metabolic activities, but does not indicate the diseased state (Sebastiani et al.
2017). Studies on the mechanism of control of the intestinal barrier have found a
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close association of digestive and non-digestive disorders. The elderly people are
susceptible to malnutrition and therefore, there is an improper maintenance of nutri-
ent and electrolyte balance in the gastrointestinal tract (GIT). The intestinal barrier
is weak among malnourished elderly thereby altering the structure-function of the
gut and also allowing intestinal permeability. As a result of this, mucosal inflamma-
tion and neural activation are often reported (Farré and Vicario 2017). Difficulties in
swallowing, known as dysphagia, is more common in elderly people. Lower
oesophageal sphincter function was seen among asymptomatic older individuals
than healthy young adults. However, the exact cause of dysphagia in the elderly is
not yet known (Besanko et al. 2014). Gastroesophageal reflux disease (GERD) has
been reported among 20% of the US population, mostly among the elderly group.
Physiological change, lifestyle diseases, comorbidities, and polypharmacy are
found to aggravate GERD (Commisso and Lim 2019). Older age and comorbidities
are responsible for loss in muscle mass and strength in obese and non-obese elderly
people. This defect is due to metabolic dysfunction and functional deterioration
(Buch et al. 2016). The microbes residing in the GIT have an important role in regu-
lating age-related muscle weakness in bioenergetic pathways. Gut microbiota are
complexly involved in performing the normal physiological functions of the host,
nutrient absorption, and synthesis of amino acids, small and long-chain fatty acids.
These chemicals contribute to human health and disease and are also involved in
‘gut-muscle axis’. The microbial diversity in the gut affects muscle mass and meta-
bolic functions that could lead to insulin resistance and glucose tolerance. The skel-
etal muscle tissues are involved in the disposal of glucose which is indirectly
controlled by the microbiota (Grosicki et al. 2018). The optimal intestinal microbi-
ota is vital for glycogen storage, muscle protein synthesis, and mitochondrial bio-
genesis and function (Przewlécka et al. 2020).

Platelet count and its complex activation process have been found to decrease in
older people, which alter the hematopoietic tissue and vascular health condition.
Antiplatelet treatment and oxidative stress lower the count and affects the function.
The function of platelet has been linked with mRNA and microRNA expression of
cancer-causing genes and also with thrombotic disease (Jones 2016). Bifidobacteria
are considered to maintain a healthy gut and colonization of this species differs
among elderly people (Kato et al. 2017). However, a molecular-based study has
identified an increase in the diversity of bacterial population with ageing. The gut
microbial populations are directly influenced by nutrition, disease condition, and
use of medicines (Tiihonen et al. 2009). In addition to this, culture and non-culture-
based studies have found that the composition of microbial populations is different
in the elderly and young adults due to several confounding factors. Alteration in the
microbial composition causes various biological changes irrespective of age. It has
been correlated with strong changes in immune responses, host metabolism, and
muscle weakness (O'Toole and Jeffery 2018). Considerable diversity of gut micro-
biome has been correlated with Parkinson’s disease. This diversity affects the intes-
tinal barrier function and immune system of the elderly that leads to gastrointestinal
dysfunction and motor symptoms of Parkinson’s disease (Bedarf et al. 2017). The
SARS-CoV-2 virus has been implicated in cardiopulmonary and varying vascular
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complications in the elderly population. Viruses indirectly control the bacterial pop-
ulations in the nose, mouth, respiratory tract, and intestinal milieu since virus par-
ticles may target the surfactin of the bacterial cells, which lead to microbial
imbalance or maladaptation in the respective niches (Zeppa et al. 2020). There are
several metabolic and functional changes that occur in the elderly under residential
care, but the most common among them is injury (Gustavsson et al. 2018).

4 Normal Life Expectancy of People in Different Countries

Human life expectancy has been greatly improved at varying degrees in different
countries. Nutritious foods, good medical care, pollution-free environment, stress-
free lifestyle, and cultural and biological differences have been reported to influence
life expectancy. The life span has increased by 2.2 years per decade since 1960 in
the UK. However, this increase has not directly reflected on the quality of life in
elderly people. An increase in the life of elderly people has been crippled with a
disability and vulnerability to several diseases (Brown 2015). A survey conducted
among member countries of the Organisation for Economic Co-operation and
Development during 2011 has shown that Switzerland recorded the highest life
expectancy at 82.5 years. However, there is a substantial geographical variation and
influences of the social standing of neighbourhoods that determine the life expec-
tancy rates (Moser et al. 2014). Recently, detailed surveys on life expectancy in
developed and developing countries have been reviewed and are available online
(https://www.infoplease.com/world/health-and-social-statistics/life-expectancy-
countries.Accessed on January 1, 2021).

5 Infectious Disease and Treatment Options in Geriatrics

Infectious diseases are increasing globally on a yearly basis. The vector and zoo-
notic disease are quite common and are transmitted through food, water, and direct
contact (McArthur 2019). Elderly people are vulnerable to infectious diseases due
to weak immune systems, changes in physiological conditions, and declining ana-
tomical structure. The spectrum of infectious diseases in elderly people is very
wide. It is apparent that the ageing immune system directs to decreased actions of
macrophages, natural killer cells, and function of dendritic cells. The weaker
immune system and comorbidities cause diminished defence to infectious agents.
The diagnosis of infectious disease in the elderly is very challenging due to the
atypical clinical presentation of symptoms and is worsened due to polypharmacy.
Both urinary tract infection (UTI) and asymptomatic bacteriuria cause major health
burden in elderly people. The treatment options for these conditions are recom-
mended based on the comorbidities, severity of illness, living conditions, antimicro-
bial resistance pattern prevailing in the locality and compatibility with other drugs
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consumed by patients. The case-control study among the children had shown that
the gut environment is responsible for UTT infection (Paalanne et al. 2018). However,
the same is yet to be established in elderly people. Sepsis is the most commonly
reported complication due to infections of the respiratory tract, bloodstream, and
urinary tract. Bloodstream and respiratory infections often cause febrile in the
elderly (Liang 2016). Haemophilus influenza type B (HiB) and Streptococcus pneu-
monia are the main causative agents of meningitis in the elderly and is less com-
monly caused by other pathogens like Listeria monocytogenes, group B
Streptococcus, E. coli, and K. pneumoniae. The mortality rate associated with men-
ingitis was more than 20% among the age group of 65 years in the USA. A study
conducted in North India has shown that meningitis caused the highest mortality
(20-30%) (Madhumita and Gupta 2011). However, the incidence of bacterial men-
ingitis decreased in developed countries after the introduction of Meningococcal
conjugate vaccine (Thigpen et al. 2011). In India, Pneumococcal conjugate vaccine
was introduced in 2017 for children in North India and later it has been extended
into other parts of India (Sachdeva 2017). Generally, for adults, vaccination is given
only under special conditions.

The number of infectious diseases is expanding constantly among elderly peo-
ple, particularly among the immunocompromised. Smoking habits increase the risk
of bacterial and viral infections by changing the structural integrity of the respira-
tory tract and by weakening the immune system (Arcavi and Benowitz 2004).
Antimicrobial therapy is the mainstay in the control of infectious diseases in the
elderly. In addition to this, adjuvant corticosteroid therapy is also administered to
control the inflammation associated with bacterial and viral infections. Prolonged
hospitalization and consumption of antibiotics may destabilize the gastrointestinal
microbiota and also cause resistance to the pathogens, particularly Clostridium dif-
ficile, which cause antibiotic-associated diarrhoea. Probiotics are highly recom-
mended to control antibiotic-associated diarrhoea.

6 Impact of Polypharmacy in Geriatric Patients

Elderly people are mostly under multiple drug therapy to address various diseases.
These drugs interact and influence the pharmacokinetics and pharmacodynamics. In
addition, the anatomical, physiological, and pathological changes also influence the
pharmacokinetic and pharmacodynamic properties of the drugs (Templier et al.
2016). The physiological changes, especially the absorption, accumulation, and
metabolism, result in altered pharmacokinetics (Browne et al. 2016). The significant
reduction in metabolism and elimination in elderly patients is associated with high
plasma drug concentration and dose-related toxicities. Also, the gastrointestinal
absorption significantly changes on account of physiological factors such as reduc-
tion in the small intestinal surface area, delayed gastric emptying, and elevated gas-
trointestinal pH. Increased absorption of biopharmaceutical classification system
class II/IV compounds require sufficient residential time. However, elevated
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gastric pH impairs the absorption profile of basic drugs such as calcium salts. Albeit
the delayed-release formulations are premeditated to release the drug in the small
intestine, elevated gastric pH results in an earlier release of such drugs. Ageing is
associated with increase in the total body fat content and decrease in water content
(Stewart 2012). Hence, this altered composition significantly influences the distri-
bution kinetics of drugs and dosage levels. Lipophilic compounds significantly
reduce plasma drug concentration to levels lower than the therapeutic drug concen-
tration. This may lead to therapeutic failure, especially with narrow therapeutic
drugs. Plasma proteins such as albumin and alpha 1 acid glycoprotein play an
important role in the distribution kinetics. Decreased serum protein levels are asso-
ciated with elderly patients.

There is a drastic reduction (30—40%) in hepatic metabolism in the case of
elderly subjects when compared with normal young adults (Takahasi et al. 2018).
The reduction in hepatic metabolic clearance results in the accumulation of not only
drugs but also metabolites. Hence, customized optimization of the dose is essential
in order to achieve the desired plasma drug concentration for an optimal therapy.
Impaired renal elimination of drugs is another important pharmacokinetic change
related to ageing. The age-dependent reduction in creatinine clearance is observed
above 40 years. Though the glomerular filtration rate is poor in aged patients, their
serum creatinine levels often remain normal. Existence of normal serum creatinine
levels can mislead clinicians to overlook the kidney function. Less muscle mass and
lack of physical activities result in less creatinine secretion. Reductions in tubular
function with age are parallel to those in glomerular function. These renal-associated
factors significantly impact the elimination of water-soluble drugs. Concomitant
administration of multiple drugs also exaggerates the pharmacokinetic phenome-
non. Therefore, the rational synthesis of prescription is essential for elderly subjects.

The age-related physiological changes and concomitant disease states in the
elderly significantly impact the pharmacodynamics of the drugs. The age-related
pharmacodynamic effect is clinically important due to the adverse drug reaction and
side effects. For example, idiosyncratic age-related kidney dysfunction is the most
common side effect of non-steroidal anti-inflammatory drugs. Similarly,
bisphosphonates-induced nephrotoxicity is more common with elderly population
when compared with adults. The other common pharmacodynamic effects with
elderly patients are associated with central, sympathetic and parasympathetic ner-
vous systems, and cardiac system which are well described in the literature.

The gut microbiota has an impact on drug metabolism and affects its activity and
increases the toxic effect. Prodrugs like prontosil and neoprontosil are converted
into sulfanilamide by the action of microbes. The microbiota plays an important
role in bacteria-driven drug metabolism by secreting secondary metabolites that
cause drug degradation by many chemical processes like oxidation, conjugation,
deacylation, decarboxylation, hydrolysis, etc. (Wilson and Nicholson 2017). Many
drugs introduced in clinical practice are withdrawn after a few years of use due to
side effects and toxicity which may arise due to the improper study of drug-gut
microbial interaction and its short-term and long-term outcomes in drug pharmaco-
kinetics, thus influencing its toxic effects. It is very important to understand the
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interaction of a new drug with gut microbiome in subjects belonging to different age
groups in order to propose the use of drugs and personalized medicine in the future.

The concept of pharmacomicrobiomics was coined in 2010 to relate how the
microbiome influences the xenobiotic actions, particularly drug absorption, distri-
bution, metabolism, and elimination (ADME) in individuals. The genetic response
of individuals to drugs has been analysed by pharmacogenomics. According to this
discipline, the gut microbiota has been recognized as the organ and second genome
of individuals with respect to drug action. The microbiome has been an important
target for improving drug efficacy and safety due to the opportunities to manipulate
its composition. It is believed that the genetic factors could explain 20-95% drug
action variability on individuals. Therefore, research in the last few decades has
focused on pharmacogenetics and pharmacogenomics to understand the individual
genetic variability on drug response (Doestzada et al. 2018). Considering the impor-
tance of future personalized medicine, the Human Microbiome Project (HMP) was
initiated, which studies the interplay between drugs and microorganisms, involving
ADME, microbial metabolites, immune modulation, ectopic and translocation of
drug metabolites, etc. The pharmacogenomics and pharmacomicrobiomics studies
have shed light on the pathogenesis and treatment options for rheumatoid arthritis
and spondyloarthritis (Scher et al. 2020). Based on the pharmacomicrobiomics
approach, the pathogenic mechanisms and treatment options of many other chronic
diseases are yet to be established.

7 Stress and Its Impact on Gut Microbiota
in Geriatric Population

Stress is a kind of emotional symptom expressed in different indications like anger,
anxiety, irritability, dementia, and mental distress, which are collectively called psy-
chopathological symptoms. The bliss of life is varied according to socio-demographic
factors such as income, marital status, desire, and social activity. Often, elderly
people are not able to accomplish the socio-demographic factors that lead to psycho-
emotional tension. The stressful events in the elderly make impacts on the immune
system, inflammatory responses, and also on secretory glands. Medically, elderly
people are not able to cope with stressors due to several external and internal health-
related factors (Fali et al. 2018; Nikolakakis et al. 2019). In animal studies, psycho-
logical stress was found to affect the gut microbiota. However, this is not yet
confirmed in humans.

Based on the animal experiments, it is believed that the possible bacterial popu-
lation in stress-induced condition would comprise toxin producers like
Fusobacterium, Porphyromonas, Bacteroides, Ruminococcus and is less likely to
include Lactobacillus and Bifidobacterium (Carson et al. 2018). The chronic psy-
chological stresses are shown to increase oxidative stress and aggravate biological
ageing by creating an imbalance between oxidative stress and antioxidant status.
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There is increasing evidence for the upregulation of reactive oxygen species (ROS)-
producing enzymes and down-regulation of an antioxidant enzyme with ageing
(Carson et al. 2018). Recently, trimethylamine N-oxide (TMAO) has been recog-
nized as an important biomarker in blood for the diagnosis of atherosclerotic risk.
The consumption of high-fat substances like lecithin and carnitine increases the
concentration of TMAO in the gut by bacteria belonging to Anaeroplasmataceae,
Deferribacteraceae, Enterobacteriaceae, and Prevotellaceae families. The bacte-
rial population of these families is shown to vary by ageing and is also responsible
for the progress of other metabolic and chronic kidney diseases (Velasquez et al.
2016; Violi et al. 2017). Antibody (IgA and IgM)-mediated inflammatory responses,
interference with neurotransmitters, and signalling have been reported in depressed
elderly due to lipopolysaccharides of the gut microbiota (Naseribafrouei et al.
2014). Depression affects the function of the central nervous system by complex
pathophysiological mechanisms, which influence the quality of life (Farioli Vecchioli
et al. 2018). The Prevotella group and Bacteroides cluster have been identified for
brain-gut microbiota interaction that attributes for good human health. A transcrip-
tome analysis of faecal sample of healthy volunteers showed the presence of active
pathways for the production of y-aminobutyric acid (GABA) by Bacteroides spe-
cies (Strandwitz et al. 2019).

In adult women, difference in faecal microbial population has been observed
with respect to the composition of Bacteroides and Parabacteroides, which are
shown to affect behaviour and cause mood swings (Tillisch et al. 2017). Among the
healthy Korean adults, Prevotella and Lachnospiraceae are responsible for healthy
emotions and promoting good mental health (Lee et al. 2020a, b). The age-matched
analysis revealed that the composition of gut microbiota was found to be responsi-
ble for Alzheimer’s disease (AD). Several microbial toxin levels are higher among
patients with AD than the healthy adults (Zhuang et al. 2018). The persistence of
depression in the elderly is due to the complex network communication between
bacteria and parasites present in the gut milieu. Bacteria are thought to play an
important role in the population of parasites in the gut and vice versa. Parasites
significantly change the nutritional status in the elderly, mainly, Ascaris lumbricoi-
des has shown to interplay between the gut and brain via the gut-brain axis by com-
plex network and cause depression and behavioural changes (Ramirez-Carrillo
et al. 2020).

8 Diet and Associated Gut Microbial Changes in Geriatrics

The gut microbiomes are generally stable in the adult age group. However, the com-
position may be altered by various factors like diet, gastric acidity, use of drugs,
consumption of alcohol, nutritional status, geography, and environmental changes.
The gut microbiota is a very complex ecosystem and may vary with person and
times. Studies on gut microbiota are promising, as they play a key factor for main-
taining good health in the old age group (Maynard and Weinkove 2018). Age-related
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alterations of microbiome stimulate diseases causing the environment, mostly
directed to colorectal cancer in elderly people. The short-chain fatty acids (SCAs)
like acetate, propionate, and butyrate are produced from carbohydrate and fat
metabolism by bacteria. These SCAs play a vital role in protecting the gut and other
organs. With ageing, decrease in the concentrations of SCAs in the gut have been
reported in adult mice model (Lee et al. 2020a, b). This hypothesis is yet to be
explained in aged humans.

Diet has a major role in governing healthy and unhealthy adults. A cohort study
conducted in the United States and Turkey among the cirrhosis and healthy indi-
viduals revealed that fermented drinks, coffee, milk, vegetables, and carbonated
drinks have modified microbial diversity. Higher microbial diversity has been predi-
cated on increased hospitalization cases and on the cause of liver-associated dis-
eases (Bajaj et al. 2018). Rich protein and animal food have been shown to support
Bacteroides species and carbohydrates promote Prevotella species in the gut. The
long-term consumption of these foods in varying quantities would modulate the
microbiome composition in the gut. Dietary fibre increases the Clostridia and
Faecalibacterium prausnitzii populations (Wu et al. 2011; Lin et al. 2018). With
ageing, underfeeding and malnutrition cause microbial shifts in the gut. A study
among the Thai healthy adults has shown to increase the populations of Bacteroides
with increased age and lower that of Bifidobacterium species. However, rice con-
sumption seems to promote the Bacteroides species in Thai healthy adults
(La-Ongkham et al. 2020).

The people who consume gluten-rich food or medication can acquire celiac dis-
ease at any age and the prevalence of this disease is common among elderly people.
Elderly people with celiac disease are predisposed to chronic diseases, malignancy,
osteoporosis, and short life span. Hence, gluten-free foods are recommended for
symptomatic celiac patients to reduce the complications (Cappello et al. 2016).

Malnutrition and adverse effects of multiple medications cause frailty cascade
and increase vulnerability to various syndromes like urinary infections, susceptibil-
ity to various infectious diseases, chronic conditions, electrolyte imbalance, dry
mouth, high body mass index, loss of appetite, and gastrointestinal problems (Little
2018). The highest risk of polypharmacy and malnutrition interaction was observed
among women than men; however, the exact reason for this is unknown (Féavaro-
Moreira et al. 2016). The exact linkage between multi-drug consumption and nutri-
tional status is highly complex and more research is warranted for understanding to
a better level the emerging diseases and the abrupt usage of medications with repur-
posing approach. In this line, several classes of drugs have been identified to under-
stand the interaction with malnutrition status, particularly, proton pump inhibitors,
CVS drugs, antidiabetic drugs, and blood thinners like statins (Little 2018). Several
drugs are in use to prevent the loss of vitamins and minerals in elderly patients
(Little 2018). Regular intake of more than three drugs per day was shown to decrease
the status of vitamins of D, K, pyridoxine, and folic acid. The status of other micro
and macronutrient depletions with medicine intake is yet to be established (Fabian
etal. 2011). The nutritional status of elderly people is negatively correlated with an
increased intake of medicines. Lifestyle disorders like cardiovascular diseases,
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diabetes, an increase in sodium concentration, and a decrease in the consumption of
vital ingredients have been observed in polypharmacy.

Medications indirectly promote the excessive consumption of non-protein diets
and less protein intake leads to poor health condition (Heuberger and Caudell 2011).
The pharmacokinetic studies of various drugs are carried out based on the metabo-
lizing enzymes involved in the oxidative and conjugation processes. The diet and
nutritional status of individuals affect the drug-metabolizing enzyme activities,
resulting in altered drug action. Patients with acute myeloid leukaemia undergoing
chemotherapy with good nutritional support have been found to have reduced hos-
pital stays and better legibility of survival (Deluche et al. 2017). Vitamin B6 and
nutritional diet supplement in elderly and hospitalized patients proved to be benefi-
cial for recovering from an abnormal immune response than the healthy people
(Huang et al. 2005).

9 Biosensors for the Detection of Gut Microbes

Gut microbial detections are initiated with culture-based approaches, which are
known for its high specificity and sensitivity on appropriate media (Figdor and
Gulabivala 2008). Nevertheless, the traditional method of bacterial culture can bias
its growth (Allaband et al. 2019). Further, culturing strategies are time-consuming,
labour-intensive, and demand laboratory environment (Templier et al. 2016), which
further cause disrupted colony interactions (Figdor and Gulabivala 2008). However,
several others still believe that the physiology and phenotypes of bacteria cannot be
revealed without traditional cultivation (Stewart 2012; Browne et al. 2016). Although
metagenomics is an alternative approach to study gut microbiota, achieving desired
culture concentration of the detected bacteria is challenging. Amrane et al. (2019)
integrated metagenomics and culturomic analysis to study the gut microbiota of
patients with Clostridium difficile infection. Using culturomic approach, they
increased the gut bacterial population and found that a consortium of 37 cultivable
bacteria is potential against C. difficile.

Biosensor platform is one of the modern healthcare approaches capable of clini-
cal diagnosis across the patient bedside, leading to point-of-care diagnosis.
Biosensors rely on optical and electrochemical approaches and are rapid, specific,
and highly sensitive against target analytes. Biorecognition elements such as anti-
bodies, oligo-nucleotides/peptides, phages, and enzymes associated with specific
biomacromolecules are important components of the biosensor platform. Although
there are several optical and electrochemical-based probing platforms for the detec-
tion of pathogen or its associated extra/intracellular components (Sosnowski et al.
2020), to the best of the author’s knowledge, methods for direct and rapid analysis
of disrupted gut microbiota or composition in clinical set-up have not yet been
demonstrated.

Takahasi et al. (2018) demonstrated that a synthetic biology platform can provide
an affordable approach for on-demand microbiome sample analysis with simplified



9 Microbiome Association of Polypharmacy in Geriatric Population 205

protocols useful for large-scale patient cohorts. Figure 9.2 shows the paper-based
diagnostic platform as a modern analytical tool for quantification of microbial
markers and host RNAs from stool samples wherein the authors have developed a
toehold switch sensor to trace the V3 hypervariable region of the 16S ribosomal
RNA, mimicking the standard analysis of bacterial species via 16S ribosomal DNA
sequencing. To improve the specificity, biorecognition elements on toehold switch
sensors were designed based on bacterial species-associated mRNAs. Integration of
nucleic acid sequence-based amplification and quantitative reverse transcription
(RT-qPCR) enable sensitive microbiome analysis of the clinical stool samples. To
construct a compact point-of-care biosensor platform, the entire process starting
from sample preparation to target testing to readout needs to be field-deployable and
have a rapid analytical response time of <30 min. For instance, sample preparation
steps, including centrifugation, liquefaction, and homogenization of raw samples,
and hydrolysis should be devised into portable platforms in addition to signal trans-
duction units. Another major challenge in biosensor device integration is a seamless
interpretation of results via user interface without the need for a sophisticated instru-
ment. Artificial intelligence (AI) in healthcare may play a vital role in data
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Fig. 9.2 Illustration on paper-based biosensor platform for gut microbiome analysis. In silico
design of RNA toehold switch transducer and primers for RNA amplification to identify specific
microbes or mRNA targets. Sensor components and primers are then integrated for paper-based
biosensing. For the consequent study, total RNA can be extracted from faecal samples of patients
through a commercial kit. Nucleic acid sequence-based amplification (NASBA) method is
deployed for specific RNAs amplification and quantified using arrays of toehold switch sensors in
paper-based reactions. From the calibration curve, specific microbial and host biomarker RNA
concentrations of the analyte samples are detected. (Adapted from Takahasi et al. 2018, Nature
Communications (Open access))
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interpretation and continuous monitoring of clinical abnormalities. Al-enabled bio-
sensors are known for complementing clinicians and patients and supporting care
provision for chronic disease management by profiling real-time data. A recent
review from Ladanza et al. (2020) highlighted that machine learning and deep learn-
ing can assist clinicians in processing and interpretation of massive data collected
from gut microbiota. Integration of Al in modern devices can analyse the composi-
tion, structure, and complex interactions of microscopic organisms and can further
aid in understanding their role in polydrug and food interactions, especially in geri-
atric population, thereby enabling precision medicine which may be more preven-
tive, predictive and selective for better healthcare. To reach this stage, rigorous
researches on the overall understanding of microbiota in various physiological loca-
tions or bodily fluids are absolutely essential.

10 Microbiome-Based Therapeutic Interventions
in Geriatrics

Constipation is one of the gastrointestinal disorders frequently associated with
adults. Its prevalence increases with age, particularly in hospitalized people who are
under medications. The World Health Organization currently recommends using
appropriate doses of live harmless bacteria and yeasts as probiotics that provides
beneficial health effects by competitive antagonism and modulates immune system
(Martinez-Martinez et al. 2017). Consumption of probiotics containing Lactobacillus
helveticus and Bifidobacterium longum by depressed people was effective to correct
the microbial imbalance and alter the pathophysiological conditions by modulating
the gut microbiome (Kazemi et al. 2019). Short-term probiotic treatment in healthy
adults was found to raise cellular innate immunity and to prevent oral candidiasis in
the elderly (Ai et al. 2017; Miller et al. 2019). Several randomized clinical trials
have been conducted to understand the role of probiotics with different disease con-
ditions like Alzheimer, oral candidiasis, severe acute pancreatitis, psoriasis,
Parkinson’s disease, and type 2 diabetes (Besselink et al. 2008; Severance et al.
2017; Navarro-Lépez et al. 2019; Tamtaji et al. 2019a, b). In all these trials, probiot-
ics have proven potential benefits for reverting respective disease conditions.

The susceptibility to inflammatory rheumatic diseases in the elderly is a growing
concern. The clinical presentations of this disease are diverse in the elderly as com-
pared with young adults. In developed countries, biologics containing specific anti-
bodies with immunomodulating properties have been successfully used for more
than a decade as a therapeutic supplement for inflammatory rheumatic diseases.
Tumour necrosis factor inhibitors have been used in rheumatoid arthritis for treat-
ment and were found to be effective and well-tolerated by elderly people. This bio-
logical has been used as a second-line choice along with glucocorticoids and
non-steroidal anti-inflammatory drugs. The benefits of biologicals in the elderly are
that they promote the rational use of other drugs. However, in developing countries
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use of biologicals is minimal (Lahaye et al. 2015) and more studies are needed to
prove their efficacy and safety in the elderly. The clinical trials on the use of vita-
mins had shown benefits for health in the elderly. Recently, the role of probiotics,
prebiotics, and synbiotics on the physical health condition of elderly people has
been reviewed, but there is no clear evidence on confounding factors and associated
medications (Coutts et al. 2020).

The recurrent bacterial infections are common in the elderly like Clostridium
difficile infection (CDI) due to the constant use of antimicrobials. Faecal microbiota
transplant (FMT) is used to cure certain gastrointestinal disorders by collection of
stool from a healthy individual and introduction during endoscopy (colonoscopy or
enteroscopy) into the gut of the sick person. FMT has been successfully used to cure
CDI and the success rate was about 90% (Liubakka and Vaughn 2016). The treat-
ment for ulcerative colitis (UC) is complicated and many of the standard drugs used
in the clinical practice may not respond. Several clinical trials on FMT for UC were
found effective without any side effects (Moayyedi et al. 2015; Costello et al. 2019).
However, the nature of faecal donor and time of UC infection is the confounding
factors in the FMT. A trail on FMT by capsules and enriched FMT with Lactobacillus
spp. showed similar outcomes (Garza-Gonzilez et al. 2019).

11 Summary and Future Perspectives

Ageing is an inevitable process causing basic and functional characteristics in geri-
atrics making them vulnerable to communicable and non-communicable diseases.
The normal life expectancy of people living in the developed countries is higher
than in developing countries. There are clusters of correlations connecting nature of
diseases, threats to health, affordability/accessibility to a quality health service,
medication, lifestyle, and care. Chronic diseases and use of multiple drugs are very
common in geriatrics. Multiple drugs and their metabolites could cause beneficial
as well as harmful effects in the elderly. For instance, drug-drug interactions are
common and reported to have unpredictable effects in geriatrics thereby influencing
the gut microbiome. Antimicrobials dislocate symbiotic bacteria that support diges-
tion, vitamin production, and detoxification. Also, commensal bacteria become
resistant to commonly used drugs in clinical practice. Due to this reason, probiotics,
prebiotics, and synbiotics are used for certain diseases that are not curable by anti-
microbial agents particularly antibiotics-associated diarrhoea in the elderly.
Biologicals are found to be effective second-line drugs in geriatrics which help
in reducing the usage of frontline drugs. The physiology of the gut microbiome has
uncovered enormous beneficial effects on geriatric healthcare, suggesting the co-
administration of probiotics to evade the harmful effect on gut microbiota.
Nevertheless, more clinical trials are advocated to translate this knowledge into uni-
versal practice. Moreover, novel drug discovery and clinical trials are necessary for
better understanding of the polydrug action and for achieving effective clinical prac-
tice. From the beginning of the twenty-first century, lifestyle has been correlated to
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individual health and quality of life. The desire of individuals to succeed in profes-
sional life could put personal wellbeing aside. Therefore, creating harmonious inte-
gration of work and lifestyle would yield better health conditions and drug-free life.
There is tremendous support of growing evidence for the benefits of yoga to improve
mental and emotional stability and lead a peaceful life. Practising breathing exer-
cises and yogic lifestyle could possibly influence microbiome diversity in a favour-
able manner. Furthermore, modern analytical technologies are emerging as efficient
non-invasive tools to detect vital biomarkers at minimum sample volume/concentra-
tion. With the advent of biomedical nanotechnology and bioengineering, a variety
of biosensors have been recently devised for the rapid detection of clinical abnor-
malities. It is believed that emerging research in the above-mentioned transdisci-
plinary fields, in addition to the gut microbiome, would eventually provide new
avenues on polydrug related therapeutics, biomacromolecules, and metabolites at
high specificity/selectivity.
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1 Introduction

The human virome is a part of one of the most complex ecosystems in the world,
namely the microbiome. It represents a repertoire of all the viruses that inhabit the
human body which includes the eukaryotic viruses, the virus-derived elements that
are inserted into host chromosomes (endogenous retroviruses) and the bacterio-
phages that are capable of infecting the inhabitant bacteria and archaea (prokaryotic
viruses) (Virgin 2014). A large number of viruses have been reported to inhabit
humans, while only half of them are pathogenic (Parker 2016). Non-pathogenic
viruses are referred to as “commensal” viruses as they survive by either integrating
into the host chromosome or by infecting bacteria without causing any clinical out-
come. However, pathogenic ones have been shown to affect human health by caus-
ing acute, persistent, or latent infections which in many instances are detrimental to
the host. The bulk of the healthy human virome comprises of the bacteriophages,
which are capable of infecting bacteria present in the intestine and other parts of the
human body. A study on the diversity of gut virome in 1-year-old infants has found
a strong correlation between diversity and the manner of birth (McCann et al. 2018).
Several pathogenic viruses are also transmitted to the newborn during vaginal deliv-
ery as well as during breastfeeding. The gut of the healthy neonates is devoid of any
viruses at the time of birth. The direct transmission of the virus strains from the
mother to the infant was validated by sequencing the fecal sample of the baby and
the breast milk of the mother. Human milk viruses are important in shaping the gut
virome of the infants and are also important in the overall immune development
(Mohandas and Pannaraj 2020).
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Over the past decade, several studies have shed light on the link between the
microbiome and the various states of human health. Nevertheless, a better under-
standing of the virome is still lacking when compared to the other players of the
microbiome. This lag in knowledge is attributed to the absence of a universal viral
sequence similar to the 16S rRNA present in the bacteria. Most often, the virus-
enriched preparations do not align with any reference sequences and hence are rep-
resented as the viral “dark matter” (Roux et al. 2015). The dark matter hence might
comprise several novel and highly divergent viruses, which collectively constitute
the “viral assemblage”.

2 Factors Influencing the Distribution and Diversity
of Virome

The microbiota of the human body is enriched with distinct microbial flora, which
accommodates the growth of a variety of viruses. Several factors are known to affect
the distribution and diversity of the human virome (Fig. 10.1). A major constituent
of the human virome is bacteriophage, and the type and distribution of the microbial
community has a significant impact on the distribution and diversity of the virome.
Marked differences exist within the microbiome based on the anatomical site of
distribution, and parallels can be drawn likewise with the virome (Abeles et al.
2014; Reyes et al. 2010). The establishment of human virome inside the body is
closely associated with the initial colonization. Various viruses, including Zika
virus, HIV, rubella virus, herpes simplex virus, and human papillomavirus, are

Anatomical

Microbiota sites

Immune
status

Maternal Gender
factors

Fig. 10.1 Factors influencing virome diversity and distribution in humans
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known to adopt a vertical mode of transfer during pregnancy (Leeper and Lutzkanin
3rd 2018; Arora et al. 2017). According to Breitbart et al., neonates lack virome at
birth but are gradually colonized after a week of age (Breitbart et al. 2008). This is
supported by yet another study which identified a high diversity of gut virome in the
neonates after just few weeks of birth (Lim et al. 2015). Breastfeeding is an impor-
tant factor in shaping the gut viral community in the neonates. An abundance in
viral population was observed in infants who were exclusively fed formula than
those dependent entirely or partially on breast milk (Liang et al. 2020b). Considering
that breast milk is a rich source of maternal antibodies, immune cells, lactoferrin,
mucin, and milk oligosaccharides which can restrict the invasion of a wide variety
of viruses including influenza virus, rotavirus, enterovirus, norovirus, and SARS-
CoV, breast milk while protecting neonates from deadly viruses can aid in the adap-
tation and colonization of beneficial viruses (Lang et al. 2011; Turin and Ochoa
2014; Simister 2003; Pou et al. 2019; Albrecht and Arck 2020; Berlutti et al. 2011;
Wicinski et al. 2020).

The diet, age, and sex of a person can also modulate the diversity of the virome
(Fig. 10.1). It has been reported that oral viromes were similar in people with the
same diet or oral bacterial population and between people from the same household
or family (Robles-Sikisaka et al. 2013). This is compounded by a study that indi-
cated an inter-individual variation of the gut microbiome in response to diet changes
(Minot et al. 2011). Within the oral cavity, significant variation in phage communi-
ties has been observed in the saliva, dental plaque, and subgingival and supragingi-
val biofilms (Wang et al. 2016a, b). Sex-specific variation inside the oral viral
community has been reported, wherein it was identified that the genotype of the oral
virome in an individual is highly personalized and gender-specific (Abeles et al.
2014). The age and immune status of an individual are also key factors which can
affect the richness of viral communities. Gregory et al. showed that the enrichment
of eukaryotic viruses most importantly human Annelloviruses is high during infancy
and then decreases with childhood and remains constant and low through the rest of
life which corresponds to the fact that the patterns in viral diversity is age-dependent
(Gregory et al. 2020).

There is also a direct correlation between the abundance of the viral population
and an individual’s immune status. Studies have shown that boosting immunity is an
effective strategy in enhancing anti-viral immunity in the gut. Metagenomic analy-
sis of viral population in the gut of an X-linked severe combined immunodeficiency
patient revealed a viral population rich in adenovirus and bocaviruses and upon
immune reconstitution, the gut microbiota was normalized and the viral infections
were cleared (Clarke et al. 2018a). A positive effect of bacteria or bacterial compo-
nents in restricting viral infection has also been demonstrated wherein it was shown
that flagellin exposure activated the immune response and restricted rotavirus infec-
tion in mice (Zhang et al. 2014). Alternatively, the administration of recombinant
IFNA could effectively clear persistent norovirus infection (Nice et al. 2015). These
observations highlight that effective cross-talk exists between microbiome compo-
nents and the host which is pivotal in clearing pathogenic viruses which are also part
of the virus assemblage.
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Host genetics also contributes to the virome composition and diversity. Studies
have demonstrated that monozygotic twins have a similar microbiome compared to
dizygotic twins (Goodrich et al. 2016; Goodrich et al. 2014). However, few studies
have identified that the environment of an individual has a significant role in shaping
the microbiome rather than host genetics (Rothschild et al. 2018). Several studies
have also claimed a significant variation in human virome associated with geo-
graphic location (Holtz et al. 2014). However, it is not always true, for instance,
Polyomavirus species collected from individuals of different geographic regions
showed very low genetic diversity (Foulongne et al. 2012; Rascovan et al. 2016).
Children with diarrhea from two locations within Australia have shown a significant
variation of eukaryotic viromes with a differential prevalence of Adenoviridae and
Picornaviridae (Holtz et al. 2014). Thus it is clear that viral abundance and diversity
is dependent on multiple factors. As more and more systematic studies are carried
out, it would emerge that many other factors besides those described above also
contribute to the assemblage of viruses in the human virome.

3 System-Wise Distribution of the Human Virome

3.1 Ocular Virome

Ocular surface (OS) microbiome constitutes the microbiota that resides on the sur-
face of the conjunctiva and the cornea (micro-organisms that colonize eyelids are
considered as a part of skin microbiota) (Lu and Liu 2016). Investigations into the
ocular microbiome are a relatively new and emerging area and most of the studies
are designed to investigate the prokaryotic residents as opposed to the larger, more
inclusive microbial community including virome and mycobiome (Fig. 10.2).
Culture-independent metagenomic studies on OS have revealed that, unlike skin or
other mucosal tissues, the healthy OS microbiome is sparsely colonized (~100 times
less than that of the facial skin or the buccal mucosa) (Doan et al. 2016). Analysis
of metagenomic data of OS microbiome from 90 adult healthy individuals showed
that approximately 98% of the microbial reads were of bacterial origin while viral
and fungal sequences accounted for <1% each (Wen et al. 2017). Doan T. et al.
employed biome representational in silico karyotyping (BRiSK), a deep sequencing
technique that achieves unbiased representation of all DNA-based metagenomic
constituents and uncovered the presence of viruses such as torque teno virus (TTV),
multiple sclerosis-associated retrovirus (MRSV), and human endogenous retrovirus
K (HERV-K) in the conjunctiva of healthy volunteers. Although less frequent,
sequences pertaining to human papillomavirus (HPV), Merkel Cell Polyomavirus
(MCYV), and Abelson murine leukemia virus were also retrieved by BRiSK. A note-
worthy observation however was the high PCR positivity rate for TTV which was as
high as 65% in all the conjunctiva samples tested, suggesting that TTV might be a
homeostatic resident on ocular surfaces of healthy humans (Doan et al. 2016).
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Fig. 10.2 System-wise presence of virus niches in the human body

However, in an unrelated study, deep sequencing of vitreous biopsies from patients
with presumed culture-negative infectious endophthalmitis could identify TTV in
all culture-negative samples, although a direct association or causation was not
claimed (Lee et al. 2015). Though metagenomic deep sequencing allows a compre-
hensive analysis of microbial or host genetic materials in the sample, the choice of
the genetic material (RNA vs DNA) can limit the power of the microbiome studies
in the context of “virome.” Both the metagenomic studies highlighted above used
DNA as their starting material which subsequently restrains or impacts the “virome”
analysis as the approach is technically “blind” to the group of viruses with RNA as
their genetic material.

3.2 Oral Virome

Microbial communities in the oral cavity are diverse comprising fungi, bacteria, and
viruses. Traditionally, oral microbiome sampling was limited to saliva; but recent
studies have identified distinct virus communities from other oral microenviron-
ments like dental plaques also. Saliva collected from healthy volunteers, when sub-
jected to SYBR-gold nucleic acid staining post sequential filtration, showed ~108
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virus-like particles (VLPs) per milliliter, majorly constituting lysogenic bacterio-
phages. Among the genomes analyzed, more than 90% accounted for prophages,
which largely outnumber bacteriophages. Bacteriophages of the order caudovirales,
belonging to the families Siphoviridae and Myoviridae, and Podoviridae are the
mostabundant. Herpesviridae, Papillomaviridae, Anelloviridae,and Redondoviridae
families of eukaryotic viruses are also frequently encountered. Unlike many eukary-
otic viruses that are asymptomatic in healthy individuals (Table 10.1) (Wylie et al.
2014), redondoviruses are found to be associated with periodontitis in the oral cav-
ity, and their abundance in the oro-respiratory tract has been implicated with worse
prognosis in patients admitted in critical care facilities (Abbas et al. 2019a; Perez-
Brocal and Moya 2018). The dental plaque has ~10® VLPs per milligram sample
and shares a significant proportion of viral homologs with the salivary virome sug-
gesting the presence of some of the viruses in both the niches (Naidu et al. 2014).
The oral virome is influenced by the living environment and its composition is tem-
porally regulated (Pride et al. 2012; Robles-Sikisaka et al. 2013).

The oral virome is dynamic in nature and it has been suggested that these viruses
might serve as a reservoir of pathogenic gene functions, imparting virulence to the
resident bacteria of the buccal cavity. The non-exclusive coexistence of both bacte-
riophages and their hosts in the same ecological niche points toward the existence
of both positive and negative interactions between them (Pride et al. 2012). The
lysogenic lifestyle of the siphoviruses in the oral cavity, in a dynamic equilibrium
with their prokaryotic hosts, makes them excellent vehicles for horizontal gene
transfer, potentially imparting antibiotic resistance to the host. On the other hand,
myoviruses and podoviruses being predominantly lytic are responsible for the elim-
ination of 20-80% of the oral bacteria. This arms race between phages and bacteria
prevent the successful establishment of novel species of bacteria or phages in the
oral cavity (Baker et al. 2017).

Table 10.1 Viral diversity across different anatomical sites of the human body

Location/

microenvironment Predominant virus families

Eye Anelloviridae, Retroviridae, Papillomaviridae, Polyomaviridae

Oral cavity Siphoviridae, Myoviridae, Podoviridae, Herpesviridae,
Papillomaviridae, Anelloviridae, Redondoviridae

Gut Siphoviridae, Microviridae, Myoviridae,
crass like phages, Anelloviridae, Herpesviridae, Adenoviridae,
Papillomaviridae, Polyomaviridae

Respiratory tract Inoviridae, Microviridae, Anelloviridae, Redondoviridae,

Adenoviridae, Papillomaviridae, Herpesviridae

Central nervous system | Siphoviridae, Myoviridae, Podoviridae,
Herpesviridae

Blood Phycodnaviridae, Picornaviridae, Mimiviridae, Marseilleviridae
Skin Microviridae, Siphoviridae, Papilloma, Polyomaviridae, Circoviridae,
poxviridae

Urogenital tract Papillomaviridae, Anelloviridae, Herpesviridae
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3.3 Gut Virome

The collective population of both the eukaryotic and prokaryotic viruses colonizing
the human gut comprises the human gut virome (Fig. 10.2). Although the total viral
loads in the human gut vary from subject to subject, they can range anywhere
between 2.2 x 108 and 8.4 x 10'° genome copies per gram of feces (Shkoporov et al.
2019). The human Gut Virome database, a compilation of numerous microbial
metagenomic studies across the continents, uncovered 33,242 potentially unique
viral population found in the human gut (Gregory et al. 2020). The viruses that
infect bacteria (bacteriophages) predominate (>97%) the gut virome and evidences
point to a temperate lifestyle exhibited by majority of the phages within the gut
ecosystem (Ogilvie and Jones 2015). Most common bacteriophages in the gut
virome belonged to the family Siphoviridae, Microviridae, and Myoviridae
(Table 10.1). Another family of bacteriophage known as crAssphage and its expan-
sive group of crAss-like phages are the most abundant human-associated virus
found in ~50% of the human gut samples, which often comprises 90% of the anno-
tated sequence reads in gut virome-specific metagenome (Shkoporov et al. 2018;
Yutin et al. 2018). Though minimal in proportion, several DNA and RNA eukary-
otic viruses have also been detected in the feces sample. Most commonly associated
RNA viruses included enterovirus, parechovirus, tombamovirus, sapovirus, calcivi-
ruses, astroviruses, and picornaviruses (Lim et al. 2015). Members from the family
Anelloviridae, Herpesviridae, Adenoviridae, Papillomaviridae, and Polyomaviridae
are the main eukaryotic DNA viruses associated with human intestinal virome
(Rampelli et al. 2017). Although rare, contigs matching the sequences of megavi-
rome such as Mimivirus and Marseillevirus (Colson et al. 2013), an archaeal virus
family (Lipothrixviridae) (Lim et al. 2015), and several plant pathogenic viruses
have also been identified in the fecal metagenome (Table 10.1) (Zhang et al. 2006).
Similar to their bacterial counterparts in the microbiome, the composition of the gut
virome is also dynamic and is mostly shaped during the early years of the develop-
ment (Lim et al. 2015). In a longitudinal study of the intestinal virome in infants by
Lim et al., it was found that the bacteriophage diversity was maximum at the earliest
time point tested (month 0) and it eventually decreased with age. They also reported
a noticeable shift in the composition of phage community trending toward a relative
increase in the abundance of Microviridae family of bacteriophages by the age of
24 months. Interestingly, a parallel analysis of gut bacterial diversity revealed an
inverse correlation with the richness of the associated virome in an age-dependent
manner indicating dynamic interplay during the early years of life (Lim et al. 2015).
Studies with monozygotic twins indicated that, although co-twins and their respec-
tive mothers shared similar virome profiles, nevertheless, each subject harbored a
distinct and unique individual virome irrespective of the genetic relatedness (Lim
et al. 2015; Reyes et al. 2010). Despite high interpersonal variations in fecal virome
among the subjects, intrapersonal diversity within individual subjects across time
was very low. In a longitudinal study by Reyes et al., it was demonstrated that >95%
of the virome was retained over a period of 1 year (Minot et al. 2013). Yet another
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study suggested that nearly 80% of the virotypes persisted in the stool samples of a
subject throughout the study period of 2.5 years (Minot et al. 2011) indicating
remarkable long-term genetic stability of the member species. This unusual genomic
stability exhibited by the virome despite a hallmark error-prone viral replication
system is due to the fact that majority of the phages in the virome exhibit a temper-
ate lifestyle with low mutation rates mainly because the viral genome maintenance
involves replication by high fidelity bacterial DNA polymerase. Nevertheless, few
members of the viral community (lytic bacteriophages such as members from
Microviridae family) had very high substitution rates that propelled the evolution of
some long-term virome members over time contributing to interpersonal virome
diversity (Minot et al. 2013). It is well established that diet is a key modifier influ-
encing the composition of gut bacterial community. Congruently, Minot et al.
showed that a controlled diet can significantly alter gut virome composition where
individuals on the same diet converged and showed a tendency toward more similar
virome, however not identical (Minot et al. 2011).

3.4 Skin Virome

The human skin is the largest and the most exposed organ in the body which facili-
tates the inception of a complex ecosystem of cutaneous flora containing bacteria,
fungi, and viruses. Investigations into the bacterial and fungal flora of the skin
microbiota and their role in health and disease were extensively carried out in the
last two decades, however, the studies related to their viral counterpart, the “virobi-
ota,” is still in its infancy. The human skin virobiota is highly diverse. Much like the
composition of oral and the gut virome, bacteriophages from the order Caudovirales
(mainly Microviridae and Siphoviridae family) largely predominate the niche com-
pared to the viruses that are potent human pathogens (Foulongne et al. 2012).
Among the other abundant bacteriophages of skin included Staphylococcus and
Propionibacterium phages. Although the relative proportion of phages varied across
different anatomical sites and skin microenvironment, >85% of the phages were
predicted to exhibit temperate lifestyle (Hannigan et al. 2015). The eukaryotic DNA
viruses in the skin include members of the family Papillomaviridae, Polyomaviridae,
Circoviridae, and Poxviridae including sequences related to beta and gamma-papil-
lomaviruses (Table 10.1), human polyomavirus 6, 7, and 9, and Merkel cell poly-
omavirus (MCPyV) (Foulongne et al. 2012; Hannigan et al. 2015). Majority of the
reads pertaining to RNA virome from the skin and the nasal swabs from a cohort of
patients with primary immunodeficiency could be mapped to DNA viruses of the
family Papillomaviridae and Polyomaviridae, suggesting actively replicating DNA
viruses in the skin (Tirosh et al. 2018). While most studies focused on the composi-
tional analysis of the whole viral metagenome, a study by Hannigan et al. focused
on the variability of the skin virome in the evolutionary context. They identified 106
and 465 hypervariable loci in human papillomavirus (HPV) and Staphylococcus
phages respectively which mapped to genes involved in host tropism, immune
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evasion, virulent gene expression, and utilization of host resources. However, these
hypervariable loci expressed low non-synonymous to synonymous ratio thereby
suggesting purifying selection with a propensity to maintain the consensus protein
sequences (Hannigan et al. 2017). Several factors affect the diversity of the viral
communities in the skin, this includes the moisture content and the occlusion status
of different anatomic sites. Significant differences in both alpha (within-sample)
and beta (between-samples) diversities in the virome and the whole metagenome
structure have been reported which strongly depended on the skin microenviron-
ment. The virome structure, but not the whole metagenome, significantly differed at
each anatomical site paired over a period of 1 month for each sample, suggesting
greater longitudinal stability of whole microbiome when compared to viral com-
munities (Hannigan et al. 2015). Cutaneous microflora is known to influence host
immunity in a myriad of ways (reviewed in (Belkaid and Tamoutounour 2016)).
However, the immune status of the host also plays a significant role in shaping the
ecological constituents of the skin. A remarkable increase in the relative abundance
of eukaryotic viruses in the skin of DOC8-deficient patients with primary immuno-
deficiency compared to healthy controls has been observed (Tirosh et al. 2018).
Unbiased high-throughput sequencing has also revealed the association of specific
virus with certain diseases, for instance, approximately 25% of the patients with
Merkel cell carcinoma (MCC) were identified with a strain of polyomavirus almost
identical to human polyomavirus 9 as compared to 0.9% of the healthy controls
without MCC (Sauvage et al. 2011). Yet another study reportedly confirmed rela-
tively high levels of MCPyV DNA in the skin samples of patients with MCC as
compared to the age-matched healthy controls and other cutaneous cancer patients
(Hashida et al. 2016). Metagenomic analysis of skin virome from a single subject
with widespread warts could map 30% of all the reads to HPV genomes, particularly
HPV2 (Landini et al. 2015). Thus the skin is enriched with viruses that are integral
to the microbiome and these viruses can be either symbiotic or pathogenic.

3.5 Respiratory Tract Virome

The human respiratory tract is a dynamic site of interaction of diverse air-borne
viruses that cocirculate in the space, forming an ecological niche, facilitating sev-
eral interspecific interactions (Fig. 10.2). Interactions within this niche are often
maintained in a balanced state, failure of which affects the equilibrium and may turn
out to be harmful to the host (Young et al. 2015; Willner et al. 2009; Wylie et al.
2012; Clarke et al. 2018b; Abbas et al. 2017, 2019b). Although there are extensive
evidences for bacteria-bacteria and bacteria-virus interactions, knowledge on the
occurrence of virus-virus interactions is limited (Bosch et al. 2013; Weinberger
etal. 2015; McCullers and Rehg 2002). Many viruses have demonstrated selectivity
in their attachment and replication in specific regions of the respiratory tract, which
largely depends on the type and availability of specific receptors in those regions.
Pathogenic viruses that target the respiratory tract have devastated mankind; the
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most notable ones include the 1918 pandemic flu caused by HINI influenza virus
and more recent COVID-19 caused by SARS-CoV-2.

The human respiratory virome consists of all the eukaryotic viruses and bacterio-
phages that are found in the upper respiratory tract and within the lungs. Sampling
is the foremost challenge in defining the respiratory tract virome. For example, sam-
pling from the lower respiratory tract requires invasive procedures. Bronchoalveloar
lavages are only possible in symptomatic individuals for which we do not have a
normal healthy control (Wylie et al. 2012). Studies in patients with cystic fibrosis
even showed that there was distinct virus population in different regions of the lung
(Willner et al. 2012). Comprehensive studies so far have shown that like the gut
virome, many species of phages including those belonging to the order caudovirales
and the Inoviridae, and the Microviridae families are present in the lungs. The most
pliable source of these phages is either the oral cavity or is derived from the upper
respiratory tract. The most notable and widely prevalent families of viruses include
those of Anelloviridae, Redondoviridae, Adenoviridae, Papillomaviridae,
Herpesviridae, Picornaviridae, and Paramyxoviridae (Table 10.1) (Willner et al.
2009; Young et al. 2015; Wylie et al. 2012; Clarke et al. 2018b; Abbas et al.
2017, 2019b).

4 Other Sites

4.1 The Central and Peripheral Nervous System Virome

The difficulty involved in studying the resident populations of viruses in the nervous
system can at least in part be attributed to the difficulty in obtaining samples from
normal and healthy individuals. Available literature on the virome of the nervous
system is based on the analysis of cerebrospinal fluid. Viruses at times employ mul-
tiple mechanisms to breach the blood-brain barrier and can cause acute infection or
can integrate into the genome of neuronal cells and be reactivated later. Apart from
the pathogenic opportunistic viruses, regions of the nervous system are home to
viral communities which included those belonging to Herpesviridae family but
mostly predominated by phages. The phages in the CNS were found to be of
Siphoviridae, Podoviridae, and Myoviridae families (Ghose et al. 2019).

4.2 Blood Virome

The human blood maybe least expected to harbor viral communities because of the
presence of innumerable immune components including an array of immune cells,
antibodies, and the complement system. It is known that the human blood is
exploited by many pathogenic viruses and viremia, although can serve many times
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as an indicator of the presence of viruses in the blood stream, is a tool used by these
viruses to disseminate to distal sites. Interestingly, certain classes of viruses have
been shown to co-habit the blood stream and the well-documented viruses belong to
Phycodnaviridae, Picornaviridae, Mimiviridae, Marseilleviridae,and Herpesviridae
families (Table 10.1) (Moustafa et al. 2017; Liu et al. 2018). The most compelling
evidence was obtained in the case of viruses of Anelloviridae family, which was
confirmed by electron microscopy besides the use of other genomic tools (Breitbart
and Rohwer 2005). What is the precise role of these viruses in the blood and the
nature of their very existence and source are intriguing questions that require sys-
tematic investigation.

4.3 Urogenital Tract Virome

The urogenital system of both the male and the female are also found to host a
myriad of viruses. The richness of virome in this system is highlighted by the obser-
vation that urine samples of healthy individuals contain approximately 1 x 107
virus-like particles per milliliter with phages and papilloma viruses contributing to
the overall bulk of viruses (Santiago-Rodriguez et al. 2015; Garretto et al. 2019).
Both the male and the female urogenital tracts are home to resident viruses. Analysis
of the seminal fluid of healthy men showed that the predominant viral families
include Anelloviridae, Herpesviridae, and Papillomaviridae while vaginal swabs
from healthy women showed the presence of an abundance of double-stranded
DNA phages (Table 10.1) (Jakobsen et al. 2020; Li et al. 2020).

5 Dynamics of Virome-Host Interactions

Viruses are largely believed to be obligate parasites. With technological advance-
ments in the last two decades, we have come to a point where we now know that
they are not just parasites that are detrimental to the host, but many of them play
dynamic roles in maintaining tissue homeostasis. A “healthy virome” is heteroge-
nous in nature and consists of three components (a) the viruses that systemically
enter the human body mainly through food but however do not replicate, (b) viruses
that infect prokaryotes and probably the unicellular eukaryotes that comprise the
healthy human microbiome, and (c) the viruses that can essentially replicate and
persist in humans. Several of them are essential parts of the ecosystem and coexist
either temporarily or forever as symbionts. The mode of interaction is governed by
multiple factors such as environment, diet, lifestyle, host and virus population struc-
ture, and the general health and immunity of the individuals. Due to the influence of
the aforesaid factors and due to co-evolution of viruses with the host, the nature of
the virus-host relationship does not follow a single pattern, but ranges from aggres-
sive antagonism to mutualism. Therefore, the borderline that dictates the time and
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the conditions due to which the coexisting viruses may turn to be harmful cannot be
well defined. Reports also suggest that the symbiotic association between persistent
viruses and the host especially the retroviruses has contributed significantly to the
constructive evolution of the host.

Growing evidence suggests that the human virome can act as an immune-
modulator and thereby facilitating either the protection from or initiation of dis-
eases. Viruses present inside the human body can interact with both the microbiome
and host cells, ultimately resulting in the immune variation inside the host (Shi and
Gewirtz 2018). For example, during vertical transmission of mouse mammary
tumor virus through maternal milk, the presence of MMTV-bound LPS complex
activated TLR-4/MyD88 pathway resulting in the production of the immunosup-
pressive cytokine IL-10 in the pups, which facilitated the establishment of infection
(Kane et al. 2011). Enteric bacteria promote murine norovirus infection of B cells
by reducing the efficacy of IFN-A mediated viral clearance, and depletion of intes-
tinal microbiota by antibiotic treatment reduced mouse norovirus replication in vivo
(Jones et al. 2014; Baldridge et al. 2015). Analogous to this, ablation of microbiota
negatively affected the initial infectivity of rotavirus and enhanced specific humoral
immunity (Uchiyama et al. 2014). Human endogenous retroviruses (HERVs) have
been found to be integrated into the human genome and play critical roles in modu-
lating host immunity even in the absence of functional viral proteins (Grandi and
Tramontano 2018). The association between human and HERVSs represents a typi-
cal symbiosis, which can have both beneficial and detrimental effects on the host.
HERV-K is a bonafide member of the healthy virome and is found to suppress the
spread of invasive melanoma (Singh et al. 2020). Parvovirus B19 (B19) infection in
adults is asymptomatic in nature but with a prevalence rate of 25% in human skin
biopsies (Bonvicini et al. 2010). However, they are capable of arresting hematopoi-
esis resulting in anemia and less frequently neutropenia, which may even be life-
threatening in immune-compromised patients (Shehi et al. 2020).

Potential beneficial role of viruses in a holobiont is well noted in instances where
viruses can even impede further infection or pathogenesis. Classic examples are
where the Hepatitis G virus can slow down the progression of HIV infection to
acquired immune deficiency syndrome (AIDS) (Tillmann et al. 2001) and that of
latent herpes virus having a protective role against Listeria monocytogenes and
Yersinia pestis infections (Barton et al. 2007). On the contrary, cytomegalovirus
(CMV) exhibits the potential to promote Pneumocystis jiroveci infections (an
opportunistic pathogen causing severe pulmonary infections) in immunocompro-
mised patients (Lee et al. 2020). Several trans-kingdom interactions have also been
reported. For example., influenza virus by virtue of its neuraminidase activity
exposes several bacterial receptors on the cell surface which in turn augments the
super infection with Streptococcus pneumoniae or Staphylococcus aureus (Bosch
et al. 2013).

Human anelloviruses (AV) represent a group of highly diverse and omnipresent
commensal viruses. Their presence in blood, tears, saliva, semen, breast milk, nasal
secretion, bile, etc. suggest that these viruses exhibit a broad range of tropism
(Kaczorowska and van der Hoek 2020). Children are mostly infected with AVs
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months after birth, but these viruses have also been detected in children and adults
of all ages (Vasilyev et al. 2009; Brassard et al. 2015). Pegiviruses cluster tightly
with hepaciviruses which include the hepatitic C virus (HCV), which is a major
human pathogen. The incidence rate of pegivirus infection in humans is 5%.
Although suspected to be a causative agent of diarrhea, the prototypic pegivirus,
formerly known as the hepatitis G virus (HGV), apparently is not linked to any
pathology like HCV (Hartlage et al. 2016; Stapleton et al. 2011). They can readily
infect and grow in human cell lines and are implicated in fighting the burden of
AIDS (Greenhalgh et al. 2019). Another example is that of Picobirnaviruses.
Isolation and culturing of these viruses in the lab have proved difficult, and hence
the true identity of the host still remains unknown. They have been isolated from the
stool samples of individuals with diarrhea of unknown cause (Ganesh et al. 2012;
Ganesh et al. 2014) and are suspected to infect bacteria populating the mammalian
enteric tract (Krishnamurthy and Wang 2018). Also, infection with human cyto-
megalovirus can suppress superinfection with HIV-1 (King et al. 2006); and infec-
tion with hepatitis A can also suppress hepatitis C virus infection (Deterding et al.
2006). Similarly, hepatitis C can suppress hepatitis B virus replication (Murai et al.
2020). Human papillomaviruses (HPVs) often cause warts which are cleared by the
immune system. But a small fraction of the individuals infected with HPVs (HPV-16
and HPV-18) develop cervical cancer. High-risk HPVs, despite being carcinogenic,
are also considered to be a symbiont, as the immunity produced against these com-
mensal papillomaviruses offers protection against skin cancers (Strickley etal. 2019).

The human intestine offers a conducive environment for both bacteria and viruses
to thrive and this site of residence provides room for cross-talk between bacteria and
viruses. The intestine nurtures both symbionts and commensals; however, their bio-
diversity diversifies during the various stages of development and aging. It also
varies along the length of the gut and is influenced by the diet and several other
environmental factors. Further, any immunodeficiencies and other host genetic fac-
tors affecting the immune regulation in the intestine can tip the balance towards
pathological conditions in the intestine (Cadwell et al. 2010; Handley et al. 2016).
The bulk of the virome in the intestine consists of bacteriophages followed by DNA
viruses such as anelloviruses and herpesvirus and other endogenous retroviruses.
However, the benefits and detrimental effects of the resident enteric viruses in
healthy individuals and in the diseased need further investigation.

A plethora of diseases has been associated with the dysbiosis in the human gut
microbiome (Carding et al. 2015); however, studies that specifically link the gut
virome with human diseases have only emerged recently. Inflammatory bowel dis-
ease (IBD) is a group of conditions that are characterized by chronic inflammation
of the gut. As inflammation is directly related to a heightened immune response of
the host, its effect should reflect on the composition of the gut virome in chronic
cases of IBD. As expected, alteration in the gut viromes was observed in multiple
cohorts of IBD. Patients with IBD had more rich and diverse taxa of bacteriophages,
particularly of the order Caudovirales as compared to the controls which were usu-
ally accompanied by a significant reduction in the overall bacterial diversity in the
IBD fecal microbiome (Norman et al. 2015). Whether the reduction in the diversity



228 J. Nag et al.

of bacterial species in the IBD patients is a causal effect of the increase or abun-
dance of the bacteriophages is unknown. A significant increase in the relative levels
of bacteriophages was also observed in patients with type 2 diabetes. Members of
the family Podoviridae, Myoviridae, Siphoviridae, and yet unclassified families
from the order Caudovirales were significantly abundant in type 2 diabetes when
compared to the control group (Ma et al. 2018). Interestingly, a reverse trend was
observed in the intestinal virome of type | diabetes patients, wherein the overall
virome and bacteriophage diversity was less in the patients when compared to the
matched control groups. The change in the virome was also associated with the
development of autoimmunity which is typically observed in the case with type 1
diabetes (Zhao et al. 2017). The stratification of the gut virome has also been used
as a biomarker in the case of hypertension. Han et al. identified a group of 11 and 8
viruses that can act as biomarkers to discriminate the cases with hypertension from
the normal control groups respectively. Stratification of hypertension and prehyper-
tension group from the control groups based on the gut virome composition was
validated to be superior and more accurate than the gut bacteriome (Han et al. 2018).
Dysbiosis of the enteric virome has been reported in colorectal cancer (CRC),
wherein the metagenomic samples from CRC patients were associated with signifi-
cant increase in the diversity of gut bacteriophages primarily exhibiting temperate
lifestyle. Overall 22 viral taxa were identified which could be used as biomarkers to
discriminate CRC cases from the controls. In this study, it was also suggested that a
subgroup of 4 taxonomic markers was found to be strongly associated with poor
prognosis and survival outcomes in colorectal cancer (Hannigan et al. 2018; Nakatsu
et al. 2018). Although none of the studies linked or confirmed the cause of the con-
dition/disease to the alteration of the gut virome, these incidental studies can be
used to predict the status or progression of the disease for better disease manage-
ment in the future.

6 Translational Prospects of Virome Research

Metagenomic analysis and next-generation sequencing studies have increased the
knowledge about human-associated viruses and many studies on the characteriza-
tion of these viruses revealed their association with several disease phenotypes. For
example, a metagenomic analysis in a patient with a respiratory tract infection
revealed the presence of gamma papillomavirus; however, it was demonstrated to be
unrelated to the disease (Canuti et al. 2014). Large data may or may not provide
real-time evidence of the virus populations in a region, and the beneficial or patho-
genic nature of viruses thus identified especially in terms of disease may be
correlative.

Identification and characterization of novel viruses in niches of microbiota will
help us to determine their role in the host and this information can further be used
to develop new strategies for disease prevention and therapies. As mentioned earlier
the virome as a whole or viral diversity between individuals can be unique. Thus
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personalized treatment strategies that takes into consideration the virome of an indi-
vidual can help target the disease effectively and thereby aid in improving the health
status of an individual.

It is well documented that the bacteriome of an individual has a direct effect on
the abundance of the phage community, and vice versa. Introduction of bacteria
derived from the human gut into germ-free mice followed by inoculation of virus-
like particles enriched from human feces showed a concomitant decrease of the
bacterial population in the host and the levels of bacteria could stabilize only when
the phage abundance decreased (Reyes et al. 2013). Phage therapy is widely used to
eliminate multi-drug-resistant bacterial population as an alternative to antibiotics
(Morozova et al. 2018). One more exciting aspect of phage therapy is that geneti-
cally modified phages can control nutrient biosynthesis and degradation especially
in obese and dysmetabolic patients (Scarpellini et al. 2015).

The gut microbiome in its entirety is thought to function as an “organ” which
coordinates with other bodily functions and has a potentially beneficial effect on
human health. Dysbiosis of the gut microbiome composition and function are linked
to many pathophysiological conditions and restoration of the same through fecal
microbiota transplantation (FMT) has surfaced as a highly effective alternative
treatment for patients with recurrent Clostridioides difficile infections (rCDI) and
pediatric ulcerative colitis (Fujimoto et al. 2021; Broecker et al. 2016; Nusbaum
et al. 2018). The success of the FMT is positively correlated with restructuring of
the recipient’s gut bacterial community to levels that are either identical or resemble
closely that of the healthy donor (Nusbaum et al. 2018; Fujimoto et al. 2021).
Emerging evidence suggests the possible role of the inherent viral community in the
outcome of the FMT treatment. An alternative approach to FMT is the treatment
with sterile fecal filtrate (residual after removing the bacterial counterparts by a
series of centrifugation and filtration steps), which was sufficient to restore normal
bowel movements and eliminated all symptoms in patients with rCDI. Interestingly,
a subject in the study who was initially treated with FMT with limited to no success,
upon treatment with sterile fecal filtrate obtained from the same donor showed bet-
ter recovery and resolution of the symptoms (Ott et al. 2017). Since serious adverse
events including deaths have been reported in FMT (reviewed in Wang et al. 2016a,
b), fecal filtrate transfer and thereby the viral assemblage could be a viable alterna-
tive to FMT for the treatment of patients with rCDI, particularly in the case of
immune-compromised individuals.

The effects that viruses have on human health are highly dependent on their ana-
tomical location inside the host and the interaction with other cells and microbes.
All these factors have a direct influence on whether the virus has an advantageous,
deleterious, or neutral impact on the host. Studies have shown that human pegivirus
(HPgV) infection resulted in the survival of individuals infected with the human
immunodeficiency virus (HIV). Greenhalgh et al. showed that HPgV vaccination
resulted in reducing morbidity and mortality associated with HIV/AIDS (Greenhalgh
et al. 2019). All these studies highlight that there is a pressing need for understand-
ing the interactions of the virome with the host cells and other microbes. This will
open up new avenues in targeting disease and improving health.
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7 The Human Virome: The Extremes

Viral pathogens are innumerable and diverse in nature and are known to cause
potential infections in humans which involve one or many sites. Local transmission
results in virus replication and dissemination to distal sites by hematogenous route
and results in viremia. Some viruses tap peripheral nerve endings to traverse across
and gain access to the CNS. Integration of viral genes in the host genome may be a
property of the virus but is also one of the features adopted by the viruses to evade
the host immune system and to maintain a steady pool of viral genes which can later
be used during virus reactivation. Enrichment of a particular group of virus in the
virome has been implicated in disease progression or severity. Such a phenomenon
is well documented in Crohn’s disease and ulcerative colitis. Enhanced levels of
Caudovirales, Hepadnaviridae, and Hepeviridae were found to be associated with
Crohn’s disease or ulcerative colitis or both (Norman et al. 2015; Fernandes et al.
2019; Ungaro et al. 2019; Zuo et al. 2019). A shift in the ratio of Microviridae to
Caudovirales has been implicated in the early-onset of inflammatory bowel disease
(Liang et al. 2020a). Similarly, a shift in the population dynamics of virulent and
temperate phages was observed in Crohn’s disease patients (Clooney et al. 2019).
Thus from the available data it is clear that unprecedented increase in specific fami-
lies of viruses can contribute to disease induction or exacerbation. Besides Crohn’s
disease, an increase in enterovirus has been attributed to coeliac disease autoimmu-
nity, while a prevalence of Picobarnoviruses and Tobamoviruses has been reported
in pregnant women with type 1 diabetes (Lindfors et al. 2020; Wook Kim et al.
2019). Similarly, the presence of certain phages (Erwinia phage dEaH2, Lactococcus
phage 1706) in the gut contributed to the development of hypertension (Monaco
et al. 2016; Han et al. 2018).

Although outside the context of this chapter, it should be pointed out that viruses
are also known to exploit the human microbiome to productively infect the host and
also in many instances to evade the host immune system. Bacteria or bacterial com-
ponents are exploited by many members of the Picornaviridae family including
polio virus, coxsackievirus A21, coxsackievirus B5, and echovirus 30 to gain stabil-
ity in their hostile environment to infect the host (Kuss et al. 2011; Waldman et al.
2017). Enhancement in viral infectivity utilizing the host bacteria has also been
reported in the case of rotavirus and reovirus (Uchiyama et al. 2014; Berger et al.
2017). Poliovirus has been shown to exploit the lipopolysaccharide (LPS) and pep-
tidoglycan of the resident microbiome to replicate efficiently in the host (Robinson
et al. 2014; Erickson et al. 2018). Such bacterial-virus interaction has been found to
enhance poliovirus’s receptor interaction predominantly mediated by LPS and pro-
mote poliovirus co-infection (Robinson et al. 2014; Erickson et al. 2018; Kuss et al.
2011). It is therefore quite evident that viruses can utilize the microbiome for their
advantage but in some instances they are also known to disrupt the bacterial flora. A
comparative analysis of microbiome from children with astrovirus, norovirus, rota-
virus, and adenovirus infection showed that a substantial decline in Bifidobacterium
and the overall microbiome diversity in the astrovirus-infected cases (Maetal. 2011).
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Reports on the beneficial role of the virome to the host are relatively limited in
number, but accumulating evidences from both clinical and animal studies are quite
compelling. At least two reports highlight the importance of virome diversity in
limiting disease. An overall reduction in viral diversity was identified as one of the
contributing factors in type 1 diabetes and acute malnutrition (Zhao et al. 2017;
Terho et al. 1983). Especially in the gut which is known to host phages, there exists
a constant tussle between the phages and resident bacteria. As described earlier, a
shift in the phage property from virulent to temperate supported Crohn’s disease
(Clooney et al. 2019). Such a disparity in the virus-bacteria interaction also resulted
in exacerbation of ulcerative colitis and growth stunting in children (Khan Mirzaei
et al. 2020; Desai et al. 2020). Thus it is clear that the resident phages are important
for restricting pathogenic bacteria and supporting the host. Experimental studies on
gnotobiotic mice demonstrated that the effects of the lack in bacteria are compen-
sated by murine norovirus that had chronically infected these mice (Kernbauer et al.
2014). Type III interferon induction in the intestine by murine astrovirus could
effectively keep the enteric norovirus at bay (Ingle et al. 2019). Thus it can be con-
fidently asserted that the resident human virome can have a positive effect on the
overall health status of the host.

8 Conclusions and Future Perspectives

Microbes predominate the host cells in number and were often considered to be
associated with human diseases. Technological advancements in the field of genom-
ics have helped us foray into unchartered territories like the human microbiome in
which significant progress has been made. It now emerges that the microbiome is an
integral part of the host, albeit in a personalized manner. Studies suggest that the
role of the human microbiome is multifaceted, playing a major role in the overall
physiology. With the emergence of the virus assemblage as a part of the microbiome
family, many questions have come to the forefront. Some of the viruses are known
to spill over into humans from other species or are transmitted between humans and
are either cleared by the host or can have devastating effects on the host. Yet others
are known to integrate into the host genome and remain dormant until ambient con-
ditions arise. So the big question is what constitutes the “virus assemblage”? It is
now better understood that many viruses reside in the host at specific sites and their
relative abundance is dependent on multiple factors. This is quite evident in the case
of the neonates where the mother plays an important role in the initial virome
enrichment. The biggest conundrum in the field of virome is the source of the
viruses in the assemblage as to whether they are resident or are contaminants. The
inability to recover viruses, to culture and characterize them, the non-existence of
reliable molecular markers and sample contamination, all compound to the prob-
lem, adding to the concept of “viral dark matter”. However, of much promise is the
evidence, that like the bacterial entities of the microbiome, the virome also plays a
pivotal role in contributing to normal host functions and in some cases also adversely
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affecting the host, resulting in disease conditions. All this points to the fact that the
field is in its infancy and serious investigations including setting up of standardiza-
tion parameters are required to repeal the controversies associated with this field.
The cross-talk between organ systems which is highlighted as axes, including the
gut-liver axis, gut-brain axis, etc., are noted check points in maintaining normal
physiology and homeostasis which is well appreciated. The role of the microbiome
in limiting pathogenic bacteria and thereby alleviating major disorders like liver
cirrhosis is well appreciated. To what extent the liver virome is involved in these
axes remains under-studied and requires in-depth investigation.

The relevance of the resident microbiome in the overall health of an individual is
gaining wider recognition. Supplementation of pro-biotics during antibiotic admin-
istration and managing of certain metabolic and immune disorders using FMT are
emerging as established clinical practices. Clinically, the contribution of virome to
the well-being of an individual remains under-appreciated partly due to the limited
studies in this area. Alongside the diet and other factors, the existence of cross-talk
between the virome and bacteriome is gaining more and more traction. Evidences
point to a role of certain viral populations in aggravating disease while others abro-
gate the symptoms as in the case of Crohn’s disease. Viral pathogens like HIV and
HINI, post-infection generate conditions conducive for secondary infections. One
school of thought is the potent immune response initiated by such pathogens can
mediate depletion of beneficial bacteria and viruses which indirectly facilitates the
survival and spread of the pathogens. More recently, gut bacteriome dysbiosis due
to SARS-CoV-2 infection has been attributed as a contributing factor for disease
severity and poor recovery. A similar scenario is possible with anti-viral administra-
tion, which can deplete the healthy virome besides targeting the pathogen; however,
detailed and systematic studies are required to gain further knowledge in this area.
Thus the field of virome is riddled with exciting mysteries that require careful
unraveling which may have significant implications in understanding the virus
niches in the human body and their interaction with the host.
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Unlocking the Mysteries of the Human
Microbiome to Combat COVID-19
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Sireesha Mamillapalli, and Pooja Sharma

1 Introduction

The recent global dissemination of the novel coronavirus SARS-CoV-2 and the sub-
sequent COVID-19 pandemic have galvanized the scientific community around the
central goal of developing therapeutics for immediate and long-term treatment
(Malinis et al. 2020; Shi et al. 2020; Pascarella et al. 2020; Shah et al. 2020). While
global research efforts are being directed toward development of effective treatment
strategies against COVID-19, the possible connection between the human microbi-
ome and COVID-19, which may influence the outcome of the clinical manifesta-
tion, should be considered and investigated. Human-microbe associations and their
roles in influencing host physiology and immunity have been well known since the
early nineteenth century (Hooper et al. 2012; Belkaid and Hand 2014; Quigley
2013; Young 2017). Microbial evolution and colonization within the human host
has led to the establishment of an important biological interface between human
health and diseases (O'Hara and Shanahan 2006; Fan and Pedersen 2021). Humans
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host a highly diverse group of microbes, which consists mainly of ecological com-
munities of commensals, symbionts, and opportunistic pathogens that reside within
different parts of the body, including the gastrointestinal tract (GI), to perform life-
sustaining functions. Commensals and symbionts constitute a major portion of the
diverse microbial group, while opportunistic pathogens are relatively few and less
abundant. Commensals are beneficial to humans and they provide colonization
resistance to pathogens (Thursby and Juge 2017; Dekaboruah et al. 2020).

A balance within the innate microbiota with reduced populations or complete
elimination of pathogenic microbes is expected in a healthy individual (Belkaid and
Hand 2014). The overall balance in the structure and composition of microbiota is
important to ensure a healthy well-being and quality of life. Dysbiosis of the micro-
biota induced by certain risk factors such as infectious diseases, dietary changes,
hypertension, cholesterol, diabetes, stress, aging, lack of physical activity, and use
of antibiotics exerts a profound impact on human health (DeGruttola et al. 2016;
Riccio and Rossano 2018; Frohlich et al. 2016). An overview of the relationships
between microbial dysbiosis, risk factors, and COVID-19 disease is shown in
Fig. 11.1. Several studies have demonstrated the remarkable association between
human diseases and dysbiosis of the microbiota, and have shown that subtle altera-
tions in the human microbiota can cause severe health complications such as diabe-
tes, eczema, allergies, acne, diarrhea, autism, cancer, gastric ulcer, cardiovascular
diseases, obesity, rheumatoid arthritis, muscular dystrophy, multiple sclerosis, and
other disorders, suggesting that the microbiome may serve as a key regulator of
human health and disease development (Kesh et al. 2020; Lee et al. 2018, 2019;
Pascal et al. 2018; Saffouri et al. 2019; Pulikkan et al. 2018; Sheflin et al. 2014;
Bruno et al. 2018; Lau et al. 2017; Amabebe et al. 2020; Correa et al. 2019; Picca
et al. 2018; Kirby and Ochoa-Reparaz 2018). With an aim to circumvent an aggres-
sive immunological response to pathogenic infections like COVID-19, a microbi-
ome may be pivotal in maintaining a host physiology and immunity to prevent an
array of excessive physiological reactions that eventually become detrimental to
vital organs (e.g., lungs, heart among others) in the human body.

Certain additional factors, such as excessive use of antibiotics and dietary
changes, have been proven to cause disruption of the human microbiome which
serves as a major risk factor for the development of several diseases (Francino 2015;
Vangay et al. 2015; Dudek-Wicher et al. 2018). An excessive use of antibiotics con-
siderably disrupts the ecology of the human microbiome. Unlike the innate micro-
biome, dysbiotic microbiota possesses a relatively less potential to afford protection
against pathogens that may result in serious health issues associated with metabolic,
immunological, and developmental disorders. The excessive use of antibiotics may
also accelerate the evolution of drug resistance (Francino 2015; Vangay et al. 2015;
Dudek-Wicher et al. 2018; Neuman et al. 2018; Magana et al. 2020). Despite the
fact that antibiotics do not treat or prevent viral infections like COVID-19, antibiotic
usage during COVID-19 has dramatically increased, which may exacerbate the cur-
rent global status of antimicrobial resistance. Diet is one of the key factors influenc-
ing the composition and diversity of the human microbiota (Brown et al. 2012; Hills
Jr. et al. 2019; Chan et al. 2013). Further studies are necessary to examine the
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RISK FACTORS

Hypertenstion, Cholesterol,
Obesity, Excess antibiotic use,
Dietary modification, Stress,
Pregnancy, Diabetes,
Infections, Aging,
Lack of physical activity

COVID-19
Severity

Healthy Individual
(Healthy Microbiome)

COVID-19 patients
(Microbial Dysbiosis)

Fig. 11.1 An overview of the relationships between microbial dysbiosis, risk factors, and
COVID-19. Risk factors such as hypertension, cholesterol, obesity, diabetes, excessive use of anti-
biotics, stress, infections, aging, pregnancy, and lack of physical activity could induce microbial
dysbiosis in humans which might contribute to the progression of COVID-19 disease

mechanisms by which dietary changes and lifestyle modifications during COVID-19
influence the composition of the human microbiome, which may indicate the poten-
tial of therapeutic dietary strategies used for modulation of the microbial composi-
tion, diversity, and stability in terms of preventing COVID-19. Pregnancy-induced
microbial dysbiosis is often associated with cesarean delivery and is caused by com-
plications, such as preterm birth, extremes of maternal body mass index (BMI),
infection, extremes of infant size, and gestational diabetes (Neu and Rushing 2011).
The inflammatory and immune changes mediated by pregnancy alter the maternal
microbiome and contribute to long-term negative consequence for both the mother
and child. Much remains to be discovered on this aspect; however, most studies are
focused only on the healthy desired microbial changes during pregnancy. Future
research is warranted to elucidate precise roles and mechanisms of the microbiota
associated with pregnancy-related complications (Nuriel-Ohayon et al. 2016;
Edwards et al. 2017).

A better understanding of the host-microbiome interaction is also important for
the development of diagnostic approaches and for the treatment of diseases caused
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by dysbiosis of the microbiota (Varghese et al. 2020; Casadevall and Pirofski 2000;
Lebeer and Spacova 2019). Recent advances in high-throughput sequencing tech-
nologies offer deeper understanding of host-microbe interactions that can reveal the
core characteristics of the microbiome interactions, including microbial identifica-
tion, classification, profile prediction, and mechanisms of host-pathogen interac-
tion, which will provide new avenues to gain deeper insights into the consequences
of microbial imbalance with the potential to identify novel therapeutic drug targets
or microbiome-mediated interventions for the treatment of COVID-19 (Baddal
2019; Hovhannisyan and Gabaldon 2019; Malla et al. 2018; Greenwood et al. 2016).

Here, we present an account of the existing knowledge linking the human micro-
biome to COVID-19 severity. The aim is to provide a foundation for exploration of
the different aspects of the microbiome for the development of personalized inter-
ventions to treat or prevent COVID-19.

2 COVID-19-Associated Dysbiosis of the Host Microbiome

2.1 Gut Dysbiosis and COVID-19

The human gut harbors a large repertoire of microorganisms and exerts a marked
influence on host homeostasis and disease pathophysiology. Most microbial mem-
bers of the gut predominantly belong to the phyla Bacteroidetes, Firmicutes,
Actinobacteria, Proteobacteria, and Verrucomicrobia (Konstantinidis et al. 2020;
Ferreira et al. 2020; Kim et al. 2017). Gut dysbiosis induced by several risk factors
has worsened human health, leading to the development of common respiratory
diseases including asthma, chronic obstructive pulmonary disease (COPD), cystic
fibrosis (CF), lung cancer, and other respiratory infections (Chunxi et al. 2020).
COVID-19 patients also exhibit extrapulmonary distress, such as gastrointestinal
tract infections and bleeding, vomiting, nausea, loss of appetite, abdominal pain/
discomfort, diarrhea, and ulcerative colitis (Olaimat et al. 2020; From the American
Association of Neurological Surgeons et al. 2018). Notably, the patients presenting
with respiratory disorders are at increased risk, wherein a reduction in the popula-
tion of Lactobacillus and Bifidobacterium has been observed, along with an increase
in the number of opportunistic pathogens, thereby highlighting the negative effects
exerted by microbial dysbiosis on pulmonary functions (Din et al. 2020; Ferreira
et al. 2020).

Impaired gastrointestinal function and detection of the SARS-CoV-2 in stools of
the affected individuals may hint at a fecal—oral route of transmission. Reports from
the US and China highlight the SARS-CoV-2 multiplication ability in both respira-
tory and digestive tracts. Additionally, fecal samples obtained from infected patients
showed the presence of the SARS-CoV-2 RNA even when respiratory samples
showed the absence of the viral RNA. Thus, COVID-19 infection negatively affects
the gastrointestinal (GI) tract and gut microbiota diversity. Studies also indicate that
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the growth of opportunistic pathogens and reduction in the population of beneficial
bacteria in the gut are positively correlated with the severity of COVID-19 infec-
tions (Olaimat et al. 2020). Based on meta-analysis reports of patients from Wuhan,
20% of the COVID-19 patients showed GI symptoms, including diarrhea. The
SARS-CoV-2 virus has been detected in anal swabs and stool samples of almost
50% of the affected patients. The virus utilizes the angiotensin-converting enzyme
2 (ACE2) receptors for cellular entry and these receptors are reportedly expressed
in respiratory and GI tracts, enterocytes, renal tubules, gallbladder, cardiomyocytes,
male reproductive cells, placental trophoblasts, ductal cells, eye, and vasculature
(Hikmet et al. 2020; Zuo et al. 2020).

The presence of Collinsella aerofaciens, C. tanakaei, Streptococcus infantis, and
Morganella morganii has been reported in fecal samples of patients with a high
burden of SARS-CoV-2 infection. On the contrary, fecal samples enriched with
Parabacteroides merdae, Bacteroides stercoris, Alistipes onderdonkii, and
Lachnospiraceae members demonstrated negligible or absence of the SARS-CoV-2
viral load. Notably, the elderly population is the most vulnerable group to
COVID-19-associated mortality, and this may be attributed to the gut microbiota
dysbiosis and impaired immune system usually observed in the elderly. Such a dys-
biosis is also responsible for depression, increase in inflammatory markers, and
development of cognitive deficits in the elderly individuals. Additionally, decrease
in the Firmicutes to Bacteroidetes ratio and alterations in the abundance of
Bacteroides, Clostridium, and Lactobacillus have been reported in the elderly. Thus,
it can be implied that reduction in the gut microbial diversity may exacerbate the
already impaired immune system which is observed in the elderly people, and this
may increase mortality rates of such individuals (Villapol 2020). It can also be
inferred that advancing age is a major factor responsible for gut microbiota dysbio-
sis, and measures should be undertaken to replenish the gut microbiota using
microbiome-directed strategies.

COVID-19 has also threatened the mental health of the public, causing problems
such as stress, panic, depression, anxiety, sleep disorders, lower mental well-being,
and even suicide (Roy et al. 2020; Rajkumar 2020; Shinu et al. 2020). Mask wearing
is another key precautionary measure that can protect us from contracting COVID-19
disease, but it can also provoke significant psychological responses that might cause
life-long health consequences. One important aspect to be considered while dis-
cussing COVID-19-associated dysbiosis is the impact of psychological stress dur-
ing the pandemic. It has been proven that the human gut microbiome plays an
important role in human health and well-being, including mental health. Especially,
the gut microbiota can cooperate with the hosts to regulate the development and
function of the immune system, metabolic and nervous systems through dynamic
bidirectional communication along the gut-brain axis. Disruption of microbial
communities influencing central nervous system components (gut-brain axis) has
been implicated in several neurological disorders (Morais et al. 2020). In addition,
the COVID-19 pandemic has also caused decline in the physical health of individu-
als due to lack of exercise, ingestion of improper food, the effect of quarantine in the
deterioration the mental health, which all can severely affect the human gut
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microbial composition. Exercise is one of the best ways to optimize human physical
and mental health, and lack of exercise during COVID-19 pandemic can put indi-
viduals at higher risk of infection. Prolonged exercise has beneficial effects and has
been reported to increase intestinal permeability, compromising gut-barrier func-
tion and resulting in bacterial translocation from the colon (Peters et al. 2001;
Gisolfi 2000). Probiotics have been reported to restore proper life balance and act as
“psychobiotics,” thereby serving as an alternate therapeutic option for COVID-19
(Rishi et al. 2020). The utilization of psychobiotics to manage serious problems
related to psychological responses during this pandemic is almost unavoidable.
Many microorganisms have been proposed as potential psychotropic agents to
relieve anxiety and stress including S. thermophiles, B. animalis, B. bifidum,
B. longum, Lactobacillus bulgaricus, L. lactis, L. acidophilus, L. plantarum,
L. reuteri, L. paracasei, L. helveticus, L. rhamnosus, Bacillus coagulans, Clostridium
butyricum, and others (de Araujo and Farias 2020). Recent evidence also hints at the
mechanism by which high levels of stress increase gut permeability via increase in
the corticotropin-releasing hormone levels, thereby altering gut microbial composi-
tion and leading to dysbiosis and possible susceptibility to SARS-CoV-2 infections
(Anderson and Reiter 2020). Thus, focusing on the interaction of COVID-19 with
gut—brain axis would allow us to evaluate the basic mechanisms involved in clinical
manifestation of COVID-19 and would help endorse in the advancement of prophy-
lactic and treatment strategies.

Social distancing is another key component of the expert-recommended guide-
lines to prevent the spread of SARS-CoV-2 infections. According to the World
Health Organization, the transmission of SARS-CoV-2 virus primarily occurs
through saliva or airborne respiratory droplets. Protective precautions to reduce the
chances of being infected or spreading COVID-19 include wearing masks, hand
sanitation, and social distancing from other people. Recent study has demonstrated
the potential connection between social isolation and reduced bacterial diversity.
Severe disruption of bacterial diversity caused by social distancing and other stress-
related tension can lead to gut microbiota dysbiosis, which is associated with
reduced numbers of protective bacteria. Such reduced numbers of protective bacte-
ria can lead to higher risk of opportunistic infections and it has also been shown to
increase the risk of influenza infections in the lung. Recent study has also suggested
that a human microbiota can influence response to COVID-19, and that COVID-19
patients do possess increased risk of dysbiosis than healthy individual (Domingues
et al. 2020). Further, the strict isolation and lockdown protocols implemented by
different countries also play an important role in dysbiosis. While lockdown proto-
cols were necessary for containment of the virus, this approach was observed to be
a double-edged sword; as complete lack of human contact potentially reduces the
dissemination of pathogens and helps to curb the pandemic, it also affects the micro-
bial profile of an individual and reduces the microbial diversity, thereby increasing
susceptibility to the SARS-CoV-2 owing to microbial dysbiosis (Domingues
et al. 2020).

The involvement of gastrointestinal milieu in COVID-19 makes the gut micro-
biota a potential target in COVID-19 management and transmission (Chan et al.
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2004). Moreover, COVID-19 infection is more severe among individuals with high
blood pressure, diabetes, and obesity, conditions that are known to be associated
with changes in the composition of the gut microbiota (Sattar et al. 2020; Rodgers
and Gibbons 2020; Lim et al. 2021). Understanding the possible connections
between the gut microbiota and COVID-19 severity would help to develop a novel
and targeted approach to modulate harmful gut microbiota, that may represent a
new therapeutic strategy against COVID-19 and its morbidities. Further, under-
standing of the host-microbial perturbations that underlie SARS-CoV-2 infections
would also enable us to utilize the gut microbiota as an indicator for diagnosis of
COVID-19 severity. Additionally, improving the composition of the gut microbiota
and the proportion of metabolites produced therein through probiotics and personal-
ized nutrition may enhance immunity and minimize the impact of COVID-19 sever-
ity in the elderly and immunocompromised patients (Olaimat et al. 2020).

In a study examining the role played by the gut microbiota in COVID-19 sever-
ity, a blood proteomic risk score (PRS) was used. Normal, non-infected susceptible
individuals and patients with COVID-19 were screened using proteome data and via
analysis of inflammatory biomarkers present in blood, to verify the PRS association
with the risk of developing COVID-19 in healthy individuals. Studies on the core
gut microbiota characteristics, such as gut microbiota metabolites produced and
biosynthesis pathways involved, and fecal metabolomics were conducted.
Demographics, lifestyle, and socioeconomic background of the patients and healthy
individuals were also considered. The study demonstrated the involvement of the
biosynthesis pathways for aminoacyl-tRNA, arginine, valine, leucine, and isoleu-
cine, and highlighted the fact that alterations in the pathways could be used to dif-
ferentiate between healthy and infected individuals, thereby indicating the utility of
proteome data and inflammatory parameters to assess the severity of COVID-19
(Gou et al. 2020). Thus, tapping into the potential of the gut microbiome would help
to identify potentially safe and affordable approaches for the prevention and treat-
ment of COVID-19 and other viral respiratory diseases (Sadiq 2021; Donati Zeppa
et al. 2020). However, more clinical and evidence-based trials are warranted to
determine the appropriate strategy to fight against SARS-CoV-2 infections.

2.2 Lung Dysbiosis and Susceptibility to Viral Infections

Lung microbiota is defined as the pulmonary microbial community that harbors a
diverse group of microbes and is considered to be in close contact with the exoge-
neous microbes on a daily basis. This feature indicates that the lungs are one of the
vital systems whose structure and functionality should be maintained for health and
survival. The upper respiratory tract (URT) and lower respiratory tract (LRT) report-
edly shelter similar microbial populations, although denser communities have been
observed in the former versus the latter. The URT interconnected system predomi-
nantly consists of Actinobacteria (Corynebacterium and Propionibacterium spe-
cies), Firmicutes (Staphylococcus species), Proteobacteria, and Bacteroidetes,
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including Streptococcus, Neisseria, Haemophilus, and Lachnospira species. A com-
mensal population including Streptococcus pneumoniae, Neisseria meningitides,
and Haemophilus influenzae is native to the URT (Frank et al. 2010; Lemon et al.
2010; Bassis et al. 2014; Charlson et al. 2011; Yi et al. 2014; Ling et al. 2013; Allen
et al. 2014). Microbial populations are relatively less diverse in the LRT (Dickson
etal. 2017; Abreu et al. 2012; Bassis et al. 2015; Venkataraman et al. 2015), although
phyla including Bacteroidetes and Firmicutes, which mainly include Prevotella,
Veillonella, and Streptococcus species are found in lungs (Morris et al. 2013; Segal
et al. 2013; Dickson et al. 2015). Relative abundance of certain species in LRT are
often attributed to chronic airway diseases such as COPD and cystic fibrosis (Morris
et al. 2013). Inadequate respiratory tract clearance due to increased mucus produc-
tion and reduced ciliary beat frequency also leads to altered viral and bacterial
clearance.

Influenza A virus (IAV) is known to cause flu infections posing a serious public
health challenge, resulting in reduced annual workforce and an economic burden.
Frequent antigenic substitution often referred to as an antigenic drift contributes to
challenges in vaccine design. Alterations in healthy respiratory microbial popula-
tions are found to be associated with IAV infection. Streptococcus colonization, as
evidenced in a mouse model, resulted in decreased susceptibility to IAV infection.
Elevated HI immunoglobulin (IgA) titers in an inoculation study of young adults by
attenuated influenza vaccine were positively associated with Streptococcus infantis
(Short et al. 2012; Diavatopoulos et al. 2010; McCullers and Rehg 2002). In con-
trast, Prevotella species abundance is associated with increased susceptibility to
Influenza B viral infection, tuberculosis, and COPD. Children are more susceptible
to IAV than young adults and varied reasons, including frequent exposure and lack
robust immune development at young age, are attributed to the observed effect
(Langevin et al. 2017; Hui et al. 2013; Cheung et al. 2013). Earlier study has dem-
onstrated that pretreatment of mice with antibiotics disrupts the innate and adaptive
immune systems (Ichinohe et al. 2011). It has also been reported that an altered
microbiome results in the loss of lipopolysaccharides and pattern recognition recep-
tors for activation of toll-like receptors and it thus reduces immune action by type I
and IT interferons (Ichinohe et al. 2011; Abt et al. 2012). Immunity is at the forefront
in discerning the severity of the disease. Though several studies indicate a relation-
ship between microbial populations and viral infections, comprehensive interven-
tions involving animal and human subjects remain to be conducted to address the
true effect of the respiratory microbiome and its susceptibility to viral infections and
to exclude an altered immune response (Khatiwada and Subedi 2020).

Lung microbiome has received greater attention in recent times due to its asso-
ciation with immunity and respiratory diseases, including COVID-19. Lung micro-
biome plays an important role in activating an innate and adaptive immune response,
which can potentially reduce the risk and consequences of COVID-19 (Khatiwada
and Subedi 2020). Only a few studies have examined the relationship between
COVID-19 and the lung microbiome. Shen et al. investigated the bronchoalveolar
lavage fluid and found significant difference in microbial composition between
COVID-19 patients and healthy control. COVID-19 patients showed enrichment of
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pathogenic bacteria indicating, the degree of microbial imbalance in diseased states
(Shen et al. 2020). In another study, Fan et al. have investigated the lung microbi-
ome from the lung post-mortem biopsies from deceased COVID-19 patients. This
study has reported the presence of most common bacterial (Acinetobacter,
Chryseobacterium,  Burkholderia, =~ Brevundimonas,  Sphingobium,  and
Enterobacteriaceae) and fungal genera (Cutaneotrichosporon, Issatchenkia,
Wallemia, Cladosporium, Alternaria, Dipodascus, Mortierella, Aspergillus,
Naganishia, Diutina, and Candida), indicating that bacterial and fungal infections
are prevalent in COVID-19 patients (Fan et al. 2020). Overall, there is less substan-
tial information available to explains the relationship between lung microbiome and
COVID-19. Further studies are required to understand the role of lung microbiome
in COVID-19 severity.

The gut and the lungs are the dominant locations for hosting the microbiota;
however, the gut microbiota diversity and microbial population are remarkably
higher than those observed in the lungs. Evidence indicates the presence of the gut—
lung axis and a bidirectional crosstalk between the gut and the lungs. It has been
hypothesized that inflammation of the gut also leads to lung inflammation through
this axis. According to previous reports, it has been observed that the gut microbi-
ome dysbiosis is linked with several respiratory disorders; further, in several respi-
ratory diseases, the lung microbiota composition shifts toward the gut microbiota.
Several factors have been proposed for this phenomenon. One of the factors hints at
migration of the gut microbiota toward the lungs owing to increased permeability of
the GI tract (Olaimat et al. 2020). To date, there is no direct evidence that describes
the role of the lung microbiome in influencing COVID-19; however, related human
and animal studies have shown that the human microbiome can play critical role in
immune response development against viral infections. Future studies are necessary
to investigate the relationship between the lung microbiome and COVID-19.

2.3 Pregnancy, Human Microbiota, and COVID-19

The inflammatory and immune changes mediated by pregnancy alter maternal gut
function and microbial composition. The maternal gut microbiome composition
significantly contributes to obstetric outcomes with long-term health consequences
for both the mother and the child. The hormones such as estrogen and progesterone
contribute to a shift in the human microbiota and impact gut function, especially
during the prenatal period (Edwards et al. 2017). Several studies have shown that
the microbiome can be vertically transmitted from parents to offspring, and it is
plausible that the maternal-infant microbiome transfer may influence the early
stages of infant health (Yang et al. 2016; Dunn et al. 2017). The overall risk of
developing complications associated with COVID-19 in pregnant women is low
(Maleki Dana et al. 2020). However, recent data highlight the increased risk for
severe COVID-19 during pregnancy. According to the Centers for Disease Control
and Prevention (CDC), pregnant women are 5.4 times more likely to be
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hospitalized, 1.5 times more likely to be subjected to intensive care, and 1.7 times
more likely to require mechanical ventilation than non-pregnant women (Zambrano
et al. 2020). Certain studies suggest that premature birth is more likely to be
observed in pregnant women with COVID-19 and their babies are more likely to be
admitted to a neonatal unit (Maleki Dana et al. 2020; Yang et al. 2020). One study
has suggested that newborns rarely acquire COVID-19 from SARS-CoV-2 positive
or suspected SARS-CoV-2-infected mothers. Over 800 newborns reported, the inci-
dence of vertical transmission has proven to be low, indicating that adverse clinical
outcomes in newborn seem to be due to maternal disease status in the small subset
of newborns with critically ill mothers, rather than illness due to SARS-CoV-2
infection (Kyle et al. 2020). One another study has confirmed that COVID-19 infec-
tion in pregnant women resembles the SARS-CoV-2 infection in non-pregnant adult
population, with possibly less chance for adverse maternal or perinatal outcome
(Elshafeey et al. 2020). All these studies suggest that there is no vertical transmis-
sion of COVID-19 from the mother to the fetus; however, certain studies indicate
such a pattern of transmission, but additional convincing evidence regarding the
same remains to be reported (Dashraath et al. 2020; Chen et al. 2020). Further stud-
ies are necessary to understand the COVID-19-mediated microbiome alteration and
maternal microbial transmission during pregnancy which may help explain the
mechanisms of microbiome alterations associated with COVID-19 that impact fetal
growth and development.

3 Antimicrobial Resistance in the Era of COVID-19

3.1 Host Gut Microbiome Dysbiosis Exacerbated by Use
of Antibiotics

Excessive and long-term use of antibiotics can trigger microbiome dysbiosis.
Studies on vancomycin have reported long-lasting shifts in the gut microbiome,
with expansion of less abundant bacterial populations (Kim et al. 2017). It has
been reported that excessive antibiotic usage can lead to altered GI tract anatomy
and physiology; this may play a role in the migration of gut microbes toward the
lungs and lead to altered microbial diversity (Olaimat et al. 2020). Considerable
evidence has demonstrated an association between antibiotic usage during the first
year of life and development of asthma by the 6th—7th year of life (Becattini et al.
2016). A recent study has shown that antibiotic-naive patients with COVID-19
demonstrated presence of bacteremia-causing opportunistic pathogens, such as
Clostridium hathewayi, Actinomyces viscosus, and Bacteroides nordii compared
to healthy individuals. Antibiotic-treated COVID-19 patients showed depletion of
beneficial microbes including Faecalibacterium prausnitzii, Lachnospiraceae bac-
terium 5_1_63FAA, Eubacterium rectale, Ruminococcus obeum, and Dorea formi-
cigenerans compared with antibiotic-naive patients with COVID-19. Bacteroides
species, including Bacteroides dorei, Bacteroides thetaiotaomicron, Bacteroides
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massiliensis, and Bacteroides ovatus, showed inverse correlation with the fecal
SARS-CoV-2 load; notably, these species were associated with decreased ACE2
expression in the murine colon, indicating that Bacteroides species might play a
protective role in combating SARS-CoV-2 through ACE2 expression. The highest
SARS-CoV-2 mortality and morbidity rates have been reported in older patients and
in those with underlying comorbidities. Notably, a less abundant population of the
Bacteroides species was observed in such patients, indicating that an individual’s
gut microbiome might affect the immunological response to SARS-CoV-2 infection
(Zuo et al. 2020).

3.2 Antibiotic Prescription, Over-sanitation, and Antimicrobial
Resistance During the COVID-19 Pandemic

With regard to symptomatic cases, individuals infected with the SARS-CoV-2 usu-
ally present with fever, respiratory distress, and pneumonia; in extreme cases, they
present with multiple gastrointestinal, renal, neurological, and cardiac issues,
wherein hospitalization is deemed necessary (Ferreira et al. 2020). Generally, indi-
viduals exhibiting upper or lower respiratory tract diseases are prescribed with anti-
biotics. However, as per findings of a recent study, 72% of the patients received
antibiotics, among which only 8% were diagnosed with bacterial or fungal co-
infections. As per WHO reports, treatments using azithromycin and hydroxychloro-
quine have been rampantly prescribed irrespective of any conclusive evidence from
COVID-19 clinical trials. Considering the indiscriminate and injudicious use of
antibiotics during COVID-19, which may lead to subsequent development of anti-
microbial resistance, the WHO has outlined specific antibiotic usage guidelines
along with antibiotic stewardship principles. In the absence of any underlying bac-
terial infection, the guidelines explicitly deter individuals from opting for an antibi-
otic therapy or antibiotic-mediated prophylaxis for moderate COVID-19 symptoms.
The guidelines also recommend consideration of epidemiology, host factors, and
routine clinical assessments prior to antibiotic prescription. Only older patients
residing in long-term care facilities and children below 5 years of age exhibiting
moderate COVID-19 symptoms can be treated with antibiotics prescribed for bacte-
rial pneumonia (Getahun et al. 2020).

Increased mortality rates of patients with COVID-19 seem to be associated with
excessive antibiotic usage and gut microbial dysbiosis (Din et al. 2020). A majority
of the respiratory tract infection (RTI) cases are erroneously treated with antibiotics,
regardless of the presence of a bacterial etiology. Considering this, the Choosing
Wisely campaigns have been initiated to disseminate appropriate information on
antibiotic usage. The campaigns propagate avoidance of antibiotic usage in cases of
viral origin (influenza-like illness), upper respiratory infections, and self-limiting
sinusitis. A recent study has further proposed that COVID-19/influenza-like symp-
toms and common cold cases should not be treated with antibiotics or symptomatic
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management is sufficient; further examination, in-person visits, bacterial culture
tests, vital sign abnormalities, and increase/decrease in symptoms should be consid-
ered before prescribing antibiotics for acute otitis media, pharyngitis, sinusitis,
COPD, and suspected pneumonia cases (Leis et al. 2020).

A recent study conducted on the antibiotic usage in the initial period of the
COVID-19 pandemic reported a biphasic pattern. Antibiotic prescription and con-
sumption increased through March and April 2020. In March 2020, during the first
peak, amoxicillin/clavulanate was recommended for patients with COVID-19 and
administration or prescription of antibiotics increased gradually. In April 2020, dur-
ing the second peak, broad-spectrum antibiotics (cefepime, piperacillin/tazobactam,
meropenem, imipenem, and ertapenem) were prescribed with reduced prescription
of amoxicillin/clavulanate. The first peak and antibiotic prescription pattern coin-
cided with increased hospitalization rates. The second peak coincided with increase
in severity of cases and probable development of nosocomial infections, thereby
demonstrating increased prescription of broad-spectrum antibiotics (Abelenda-
Alonso et al. 2020).

To provide a more accurate explanation of antimicrobial resistance, the term
“resistome” is frequently used. The resistome comprises antimicrobial resistance
genes (ARGs) of the pathogenic and non-pathogenic gut bacteria. The dissemina-
tion of ARGs via horizontal gene transfer and mobile genetic elements increases the
risk of antimicrobial resistance within the intestinal microbiome (Konstantinidis
et al. 2020). The risk is increased further with consumption of antibiotics. In a study
involving pigs fed with a diet supplemented with antibiotics, findings showed that
ARG abundance increased in the porcine microbiota, which led to the development
of tolerance against drugs to which they were not exposed. In another study, it was
observed that approximately 40% of the bacterial members within hosts harbored
quinolone-resistance genes, even in those who had never been exposed to the drugs.
In a study involving Finnish children, early use of macrolides demonstrated a micro-
bial profile in which depletion of Actinobacteriaceae and an increased population of
Bacteroidetes and Proteobacteria was observed along with ARG induction (Becattini
et al. 2016).

Since use of disinfectant and over-sanitation have the capacity to alter the micro-
bial diversity, increased exposure to hand sanitizer, disinfectants, and household
cleaning products during this pandemic could be associated with disturbance of
human microbiota. Moreover, the emerging links between over-sanitization and
occurrence of non-communicable diseases and antimicrobial resistance have
involved the human microbiome. The disruption of gut microbiota induced by dis-
infectants and over-sanitation have life-long health consequences. Regarding the
evidence-based reduction in exposure to non-pathogenic commensal bacteria and
gut dysbiosis, further study is warranted to investigate the effects of massive use of
disinfectants or sanitizers during the COVID-19 pandemic. In this context, recom-
mendations to consume probiotics, pychobiotics, and fermented foods might reverse
the consequences by alleviating dysbiosis (Ejtahed et al. 2020). Altogether, the
above-mentioned findings highlight the importance of judicious use of antibiotics,
hand sanitizer, and household cleaning products to curb antimicrobial resistance
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and microbial dysbiosis, which many seem to consider as a collateral damage of the
COVID-19 pandemic.

4 Dietary Changes and Human Microbiota

Diet is one of the most important regulators of the human microbiome; however, the
precise mechanisms by which diet induces microbiome variations remain elusive.
Health benefits attained by following an optimal diet are evident as per previous
findings and also provide a concrete foundation for leading a healthy lifestyle in the
future. The COVID-19 pandemic has affected the global population, thereby empha-
sizing the need for awareness among communities to adopt safe practices in terms
of food hygiene and consumption. Several governmental and non-governmental
organizations have recognized the necessity of specific guidelines for the prognosis
of COVID-19. A recent study has reported that implementation of the lockdown
during COVID-19 has resulted in the practice of consumption of home-cooked,
healthy meals that enrich beneficial microflora in the gut, which may have resulted
in better prognosis of COVID-19 patients in India compared to those in western
countries (Rishi et al. 2020). Nutritional modulation is vital for individuals of dif-
ferent ages, with chronic health conditions, and for therapy and management of
several health issues. Nutritional excess or deficiency has been associated with
immunodeficiency, and therefore adequate nutrition is critically important for
homeostasis and for optimal functioning of the immune system to fight against
SARS-CoV-2 infection, as well as for the development of an efficient immune sys-
tem to combat other pathogenic viruses and microorganisms (Chaari et al. 2020).
Considerable cultural and geographical differences also play a role in varied
global food consumption patterns, thereby making nutritional optimization a chal-
lenging yet a necessary task. Several dietary recommendations were made during
the initial phases of the pandemic and have been implemented as a part of the treat-
ment and prevention strategy against COVID-19. Fresh fruits and vegetables rich in
nutrients and water were recommended by most studies to boost the intake of micro-
nutrients. Vitamins and minerals contribute toward healthy maintenance of physical
barrier organs including the skin, mucus membrane, respiratory tract, and gastroin-
testinal tract to prevent viral infections. Vitamins A, C, D, E, B6, and B12 help to
maintain cell division, proliferation, and functional aspects of immune cells. They
provide support in inflammatory response and antibody production of T and B cells
(https://www.eufic.org/en/food-safety). A special emphasis has been laid on vita-
mins C and D, supporting the significance of the former in individuals who are at
risk of developing respiratory tract infections. Antioxidant properties of both vita-
mins C and D have been well established in lowering the pulmonary-associated
infections. Vitamin D status is also associated with the severity of COVID-19
(McCartney and Byrne 2020; Mansur 2020). Minerals such as zinc and selenium are
known to exhibit antioxidant properties as evidenced by suppression of oxidative
stress and augmentation of host immune responses (Beck et al. 2003; Read et al.
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2019; Lee 2018). Mice with selenium deficiency subjected to influenza viral chal-
lenge showed an enhanced pathology in the lungs (Beck et al. 2003). Adequate
hydration is necessary for maintaining body homeostasis, kidney function, appro-
priate cognitive senses, and cardiovascular function (El-Sharkawy et al. 2015).
Hypohydration leads to exhibition of adverse health effects over varying age groups.
Gut commensal populations like Bifidobacterium and Lactobacillus and pathogenic
bacteria like Bacteroides fragilis and Clostridium perfringens were shown to be
increased and decreased respectively via consumption of whey and pea protein
extracts (Swiatecka et al. 2011). Consumption of whole-grain food rich in non-
digestible carbohydrates reduced proinflammatory cytokines IL-6 and insulin resis-
tance (Keim and Martin 2014). Increased levels of IL-10 (an anti-inflammatory
cytokine) were observed with the intake of butyrated maize starch (West et al. 2017).
Fermented foods rich in live microorganisms Lactobacillus and Bifidobacterium
that include many different strains such as L. fermentum, L. reuteri, L. paracasei,
L. rhamnosus, L. acidophilus, L. plantarum, B. longum, B. breve, B. bifidum, and
B. animalis were shown to reduce enteropathogens E. coli and Helicobacter pylori
(Yang and Sheu 2012). Treg cells, which are downregulators of allergic response,
were shown to be induced by consumption of probiotics (Feleszko et al. 2007). It
has been demonstrated that diet-microbiome interactions are personalized, suggest-
ing that diet-microbiome studies should either include longitudinal sampling within
individuals to identify personalized responses to dietary changes or should consider
adequate number of participants spanning a wide range of microbiome types to
study more generalized responses (Johnson et al. 2020). Although the dietary guide-
lines for the COVID-19 pandemic represent generic information based on healthy
personnel, it would be beneficial to formulate dietary recommendations based on
patients’ requirements. A range of tolerable intake levels of nutrients with respect to
varied chronic conditions are desirable to provide specific information rather than a
“one-size-fits-all” approach. However, extensive research should be performed to
understand the role of dietary changes on human microbiome alterations to develop
better diagnosis and therapeutic dietary strategies for COVID-19 patients.

5 Microbiome-Based Interventions

Host-microbe interactions play a key role in determining the health and disease
status in humans. Microbial imbalance is related to a plethora of diseases, including
COVID-19. A better understanding of the host-microbe interaction is important to
develop efficient diagnosis and treatment strategies for these ailments (Varghese
et al. 2020; Casadevall and Pirofski 2000; Lebeer and Spacova 2019). By precisely
modulating the host microbiome, either by removing the pathogenic taxa or by rein-
troducing missing beneficial taxa, development of new therapeutic approaches for
treatment of diseases associated with the dysbiosis of microbiota can be realized.
Culturing of large microbial communities in the laboratory is impossible using tra-
ditional microbiology approaches. Consequently, it is difficult to comprehensively
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profile individual microbes comprising a specific microbiome, and to understand
their complex, multipartite interactions (Forbes et al. 2017). Microbiome-based
interventions should be considered to formulate strategies in the source tracking and
monitoring of microbial communities. Tools such as FEAST, PHASTER,
PHASTEST, and Source Tracker are utilized to conduct source tracking to deter-
mine the origins of microbial agents, especially those implicated in diseases. In a
previous study based on analysis of sequencing datasets of fecal samples obtained
from patients with COVID-19, highlighting alterations of the gut microbiota,
FEAST was used to conduct source tracking of the patients, and the results showed
extremely high accuracy of source tracking. Thus, using such approaches, the
microbiome can be used to determine sources and patterns of dissemination, diver-
gence, and variations of pathogens (Han et al. 2020).

The structure of the microbial community observed in patients with COVID-19
and those with community-acquired pneumonia is reportedly similar. The oral
microbiota and its dysbiosis have been implicated in multiple diseases, including
COVID-19, type 2 diabetes, hypertension, and cardiovascular disease; notably, the
comorbidities mentioned herein increase the risk of COVID-19-associated mortal-
ity. Modulation of the human gut microbiota diversity has been reported to amelio-
rate conditions like enteritis and ventilator-associated pneumonia. These findings
indicate the crucial role played by the microbiome in various diseases and the
potential of the microbiome to be altered to mitigate disease conditions. Apart from
the microbiome, probiotics have garnered considerable attention to combat
COVID-19. Several studies have highlighted the role of probiotics in reduction of
serum lipid levels and augmentation of immunity; thus, probiotic-based approaches
may be used to modulate the host microbiome and to elicit a remarkable immune
response against SARS-CoV-2. Maintaining a moderate exercise regimen may also
be beneficial to maintain the homeostasis of the gut microbiome (Han et al. 2020).

Recent advances in the next-generation sequencing (NGS) technology and avail-
ability of state-of-the-art bioinformatics tools have enabled investigation of the
microbiome, defying the need for cultivation (Hiergeist et al. 2015). NGS is now
becoming a mainstream option for most researchers in the fight against the viral
pandemic and they provide key insights into comprehensive structure of the micro-
biome and microbiome-host metabolic signal disruption in humans that would help
us gain advanced knowledge on the impact of microbial imbalance and the role of
microbial communities in human health and diseases. Several methods such as 16S
rRNA sequencing and metagenome shotgun sequencing are available to explore the
structural and functional composition of human microbiome. OMICs technologies
(transcriptomics, proteomics, and metabolomics) offer newfound analytical oppor-
tunities to understand the mechanisms by which these microbial communities func-
tion and relate to their environment (Jiang et al. 2019; Hiergeist et al. 2015).
Utilization of these technologies in COVID-19 research will improve our ability to
rapidly and reproducibly characterize the microbial changes associated with
COVID-19 severity, and it also offers an opportunity to develop fundamentally new
diagnostic biomarkers (microbiome signatures) and therapeutics for COVID-19
(Fig. 11.2).
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Fig. 11.2 Strategies for development of personalized therapy to treat COVID-19. Utilization of
OMICS technologies in COVID-19 research will improve our ability to investigate microbial
changes associated with COVID-19 severity and offers an opportunity to develop personalized
therapeutics for the treatment of COVID-19

6 Conclusion

Based on the above-mentioned information, it can be inferred that the human micro-
biome can have a profound impact on the susceptibility to SARS-CoV-2 infection
and COVID-19 severity. The involvement of gastrointestinal symptoms and respira-
tory illness in COVID-19 makes the gut and lung microbiota a potential target in
COVID-19 management. In addition, public health actions such as social distanc-
ing, mask wearing, quarantine, and lack of physical activities have threatened the
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mental health of the public which impose major negative impact on the human
microbiome. The hope is that the new class of medicines “psychobiotics” will even-
tually provide powerful treatment for depression and other mental illness that arise
during this pandemic. Pregnant women are at increased risk of developing compli-
cations due to COVID-19; however, risk of neonatal infection via perinatal/postna-
tal transmission is low, suggesting that vertical transmission of microbiome from
infected mother to newborn may not affect the fetal growth and development. This
is one area where further study is warranted. Besides these, dietary changes, life-
style modification, over-sanitation, and excessive use of antibiotics during this pan-
demic can cause severe microbiota dysbiosis. In this context, recommendations to
consume probiotics, pychobiotics, fermented foods, and judicious use of antibiot-
ics/disinfectant might reverse the consequences by alleviating dysbiosis. Thus, the
microbiome is a key regulator of human health and diseases and it is essentially
important for us to protect our microbiome from harmful risk factors to promote
disease-free life. Future studies should investigate the human microbiome and cor-
relate findings with the severity of COVID-19. Identification of the beneficial and
harmful microbial components and their roles in early development of disease may
help in the design of novel strategies for alteration of the microbiota to reduce dis-
ease severity. We are therefore confident that future microbiome studies will provide
useful clinical knowledge, as well as offer a broader understanding of COVID-19
progression which will aid in the development of necessary tools and approaches to
better diagnose, treat, and prevent this disease.
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