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Preface

Only recently has the biomedical community begun to appreciate the roles of

microbiome in health and diseases. Some scientists are still skeptical about the

link between the gut microbiome and various diseases pertaining to other organs

beyond the intestine. In April 2016, we organized a symposium entitled “Mecha-

nisms Underlying Host–Microbial Interactions in the Pathophysiology of Diseases”

for the Experimental Biology meeting. The symposium was well attended, even

when it was scheduled to start at 8:00 in the morning on the last day of the meeting.

We were very encouraged by the scientific content presented by speakers, the active

Q&A section, and the enthusiasm of the audience standing at the back of the

conference room when we ran out of seats. The American Physiological Society

(APS) noted this enthusiasm of the audience with great interest in this symposium

on the gut microbiome. Dr. Sun was contacted by Dr. Dee Silverthorn, Chair of the

APS Book Committee. She thought that expanding our topic into an APS e-book

would be an effective way of reaching more scientists around the world than just

those who attended the meeting. Right after the EB, we submitted a book proposal

to the APS and started to consider the possibility of creating an e-book of our

symposium. We were so glad that the book proposal was supported by the com-

mittee members and well-received by the peer review. They were pleased to see

something on the emerging subject, and believed that “the microbiome book is very

timely, important and of wide interest and the table of contents appeared to be well

thought out and should attract a broader community of readers.”

In the summer of 2016, we started to invite authors to contribute to the book. The

original theme of the EB Symposium focused on the gut microbiome and intestinal

diseases. Over the past year, we were able to further develop the chosen topics in

the book. In the current book, we have not only included chapters on the role of

intestinal bacterial communities in various diseases, but have also included the

microbiome from some other organs, such as the oral and lung microbiomes. As the
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concept of the microbiome includes viruses and fungi, we have, therefore, included

chapters covering progress on commensal fungi and virus.

Chicago, IL Jun Sun

Chicago, IL Pradeep K. Dudeja
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Introduction

The microbiome is the collection of microbes or microorganisms that inhabit an

environment, creating a sort of “mini-ecosystem.” Our human microbiome is made

up of communities of commensal, symbiotic, and pathogenic bacteria, fungi, and

viruses. We can consider the human microbiome a newly discovered organ that

interacts with other organs and influences the development of diseases. This

so-called “microbiome organ” weighs over 1 kg, equivalent to the weight of the

human heart or liver. Although it has no distinct structure, the organized system of

cells is more akin to the immune system than the liver. The human gut microbiome

is dominated by four large groups of bacteria or phyla: Firmicutes, Bacteroidetes,

Proteobacteria, and Actinobacteria. Firmicutes and Bacteroidetes are generally the

most abundant in the gut microbiota, followed by Proteobacteria and

Actinobacteria. The basic functions of the microbiome, the invisible organ, include

(1) gleaning indigestible ingredients and synthesizing nutritional factors (e.g.,

vitamins); (2) producing anti-microbial products that negatively affect pathogenic

bacteria through the development of colonization resistance; (3) developing a

systemic and intestinal immune system; (4) providing signals for epithelial renewal

and maintaining barrier functions; and (5) detoxifying xenobiotics and affecting the

host metabotypes.

The complex microbial communities that inhabit most external human surfaces

play a critical role in health and diseases. Perturbations of host–microbe interac-

tions can lead to altered host responses that increase the risk of pathogenic pro-

cesses and promote disorders. It is only recently that we have begun to appreciate

the role of the microbiome in health and diseases. Environmental factors and a

change of life style, including diet, significantly shape the human microbiome,

which in turn appears to modify gut barrier function, affecting nutrient, electrolyte

and fluid absorption and triggering inflammation. The functions of the microbiome

are vital, because in the absence of the microbiota or in the event of its ablation with

long-term broad-spectrum antibiotics, there can be significant consequences, e.g.,

improper development of the immune system, barrier integrity, metabolic distur-

bances, and the development of C. difficile antibiotics-associated colitis.

xi



Dysbiosis is an imbalance in the structural and/or functional properties of the gut

microbiota. Dysbiosis can disrupt host–microbe homeostasis and be involved in

various human diseases beyond the digestive system. Three notable areas are:

(1) obesity, diabetes, and metabolic syndrome; (2) cardiovascular and renal dis-

eases; and (3) stress/anxiety (gut–brain axis) including irritable bowel syndrome

(IBS), autism, and Parkinson’s disease. Approaches that can reverse the dysbiosis

are represented as reasonable and novel strategies for restoring the balance between

host and microbes.

In the current book, we offer a summary and discussion of the advances in our

understanding of the pathophysiological mechanisms of microbial–host interac-

tions in human diseases, including necrotizing enterocolitis (NEC), viral infectious

diseases, diarrheal diseases, obesity, inflammatory bowel diseases (IBDs), Irritable

bowel syndrome (IBS), allergic disorders, and cancers. We discuss not only bacte-

rial community, but also viruses and fungi. In addition to the intestinal microbiome,

we have chapters on the microbiome in other organs. For example, a review of the

oral microbiome and its potential link to systemic diseases and cancer is included,

in addition to a chapter on the lung microbiome.

Microbial colonization plays a significant role in the normal postnatal develop-

ment of the intestine and other organs. Early-life exposure to microbes decreases

the risk of developing allergic disease. Also, exposure to a protected modern life-

style environment may lead to decreased allergen exposure, potentially creating an

immune system that is intolerant to allergens. In particular, Humphrey and Claud

focus on the topic of the role of microbiome in intestinal development and outline

ways in which poor clinical outcomes in the preterm infant, such as NEC, are

related to gut dysbiosis. The benefits of the microbiome are not seen in preterm

infants, who experience delayed and altered microbial community colonization

after birth. In combination with the reduced intestinal functions in the preterm,

dysbiosis can further damage existing intestinal functions and exacerbate the hyper-

reactive inflammatory state. Perkins and Finn summarize the roles of microbiome

from the intestine, skin, and lung in the development of allergic diseases of

childhood. They review four of these: food allergy, atopic dermatitis, asthma, and

allergic rhinitis. The allergic diseases are related to each other in that having one of

these diseases early in life increases the risk of acquiring another allergic disease at

a later age.

A growing number of scientists are investigating the role of the microbiome in

the development of and protection from disease. One area of particular interest is

recovery from infection and injury. Lei et al. outline the pathogenesis, immunity,

and role of microbiome/probiotics in enteric virus infections. Liu and Sun update

the current understanding of pathogenic Salmonella infection, inflammatory

response of the host, and anti-inflammatory and apoptotic death mechanisms in

infection and cancer. The established experimental models (e.g., organoids, the

chronic infected mouse model, and the infected colon cancer model) can be applied

to the investigation of other bacteria and their interactions with hosts. Kumar et al.

present an overview of the evidence-based effects of probiotics in diarrheal dis-

eases, in addition to a detailed overview of the mechanisms of action of probiotics.
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Multiple anti-inflammatory activities can be mediated via various pathways in

mammalian cells. This is exemplified by the probiotics story. Thus, probiotics

may serve as the paradigm for the multiplicity of the sometimes seemingly contra-

dictory activities of this group of anti-inflammatory agents. Taken together, insights

into the anti-inflammatory mechanisms of the bacterial proteins and probiotics

should provide promising opportunities for therapeutic intervention.

Healthy microbial–host interactions enhance motility, digestion, and absorption.

They also strengthen barrier function and immune homeostasis. The chapter by

Raja et al. summarizes the critical roles played by the microbiota in gastrointestinal

(GI) motility. They describe the influence of the microbiota in shaping the enteric

nervous system. Next, they discuss how microbial metabolites can regulate intes-

tinal motility. Finally, they demonstrate how dysbiosis can lead to motility disor-

ders (e.g., IBS and colonic pseudo-obstruction). Yeoh and Vijay-Kumar discuss

altered microbiotas and their metabolism in host metabolic diseases. This chapter

examines several key concepts and potential mechanisms that underscore the link

between the gut microbiome and metabolic diseases, and provide examples of the

extent to which specific bacteria and/or their metabolites affect host metabolism.

It is clear that microbes in the colon, and perhaps in the small intestine, are

significant players in the development of colon cancer. Kordahi and DePaolo

review the influence of the microbiota on the etiology of colorectal cancer

(CRC). They explore the conceptual frameworks through which certain members

of the microbiota are believed to cause CRC, and toll-like receptors (TLRs). They

discuss the various strategies aimed at manipulating the microbiota and targeting

the TLRs in developing new treatment approaches.

Dysbiosis can disrupt host–microbe homeostasis and be involved in various

human diseases beyond the digestive system. Vasquez et al. discuss the roles of

the oral microbiome, especially the potential link to systemic diseases including

cancer. Perkins and Finn focus on the microbiome at different body sites (gut, skin,

and lung) that promote resilience or susceptibility to allergic diseases and describe

the potential in the inflammatory process of allergic disorders.

Because the human microbiome is made up of communities of bacteria, fungi

and viruses, Chen and Huang outline the research progress of fungi Candida
albicans commensalism and human diseases. They evaluate the roles of Candida
albicans in specific host niches, including the oral cavity, reproductive tract, and GI
tract.

Microbiome studies are likely to facilitate diagnosis, functional studies, drug

development, and personalized medicine. It requires a multi-disciplinary team

effort, involving basic, translational, and clinical investigators. Further, we discuss

the current knowledge and future directions of probiotics and fetal microbiome

transplantation (FMT) in various diseases. The chapter by Chis et al. takes us

through the key aspects of FMT, including methodology, physician and patient

attitudes, safety and regulation, and its therapeutic potential for the treatment of

Clostridium difficile infection and other GI conditions, including IBD, obesity, IBS,
and CRC.
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The next phase of research investigation of the gut microbiome should be guided

by specific biological questions relevant to the clinical aspects and natural history of

the disease, utilizing the full spectrum of “omic” technologies, bioinformatic analy-

sis, and experimental models. To emphasize the significant roles of bioinformatic and

biostatistical methods in gut microbiome studies, we also include a chapter by Xia

and Sun focusing on statistical models and analysis of microbiome data.

Taken together, our book highlights the microbiome in the context of health and

disease, focusing on mechanistic concepts that underlie the complex relationships

between host and microbes.

Chicago, IL Jun Sun

Chicago, IL Pradeep Dudeja
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Chapter 1
Impact of Microbes on the Intestinal
Development of the Preterm Infant

Elizabeth Humphrey and Erika Claud

Abstract The preterm intestine is not ready for life outside the womb because of its
impaired digestive, absorptive, and motility capabilities. Intestinal barrier function is
inadequate and enterocyte contributions to innate immunity are hyper-responsive,
predisposing the infant to inflammatory disease and sepsis. Microbial colonization
plays a significant role in normal postnatal development of the intestine. Microbial–
host interactions can enhance motility, digestion, and absorption, in addition to
strengthening barrier function and encouraging immune homeostasis. These benefits
are not seen in preterm infants who experience delayed and altered microbial
community colonization after birth, termed dysbiosis. In combination with the
reduced gut functions in the preterm infant, dysbiosis can further damage existing
gut functions and exacerbate the hyper-reactive inflammatory state, which increases
the risk for inflammatory diseases such as necrotizing enterocolitis (NEC). This
chapter details the role of the microbiome in intestinal maturation and outlines ways
in which poor clinical outcomes in the preterm infant, such as NEC, could be
circumvented through clinical interventions that optimize the microbiome
community.

List of Abbreviations

BB Brush border
BL Basolateral
BM Basement membrane
CI Confidence interval
EEC Enteroendocrine cell
EN Enteric nutrition
ENS Enteric nervous system

E. Humphrey • E. Claud (*)
University of Chicago, Chicago, IL, USA
e-mail: elizabeth.humphrey@uchospitals.edu; eclaud@peds.bsd.uchicago.edu

© The American Physiological Society 2018
J. Sun, P.K. Dudeja (eds.), Mechanisms Underlying Host-Microbiome Interactions
in Pathophysiology of Human Diseases, Physiology in Health and Disease,
https://doi.org/10.1007/978-1-4939-7534-1_1
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GALT Gut-associated lymphoid tissue
GC Goblet cell
GF Germ-free
HMOs Human milk oligosaccharides
IEC Intestinal epithelial cell
LPS Lipopolysaccharide
MAMPs Microbial-associated molecular patterns
NEC Necrotizing enterocolitis
NICU Neonatal intensive care unit
NLR NOD-like receptor
PC Paneth cell
PN Parenteral nutrition
RR Relative risk
TJs Tight junctions
TLR Toll-like receptor

1.1 Intestinal Development and the Preterm Infant

Human intestinal development occurs in three overlapping stages that begin in utero
and continue after birth: morphogenesis and cell proliferation, cell differentiation,
and functional maturation (Colony 1983). Highlights of morphogenesis during
gestation are summarized in Table 1.1.

1.1.1 Morphogenesis and Differentiation

Formation of the primitive gut tube begins during gastrulation at week 3 of gestation,
with the gut tube largely closed by week 4 (Montgomery et al. 1999). At this point,
the intestine consists of endoderm surrounded by a layer of mesenchyme. As early as
8 weeks, villi and microvilli begin to form in a cranial–caudal direction as the
subendodermal mesenchyme forms fingerlike projections into the central lumen
(Lebenthal and Lebenthal 1999). Simultaneously, the endoderm covering the villi
transitions to a columnar epithelium. The resulting polarized enterocytes have an
apical surface with a brush border (BB) membrane and a basolateral (BL) surface
with an underlying basement membrane (BM).

Following villus development, intestinal crypts form and are initially lined by
undifferentiated columnar cells. Proliferation of stem cells populating the crypts
gives rise to the four major epithelial cell lines of the intestine (Montgomery et al.
1999). Most small intestinal epithelial cells (IECs) are columnar absorptive
enterocytes. Goblet cells (GCs) produce the mucin coating of the intestine and trefoil
factors that strengthen the mucus coating. Enteroendocrine cells (EECs) export

2 E. Humphrey and E. Claud



peptide hormones. Paneth cells (PCs) produce antimicrobial substances
called cryptdins, in addition to various growth factors and digestive enzymes
(Lebenthal and Lebenthal 1999). Between 17 and 20 weeks, the muscularis mucosae
starts to develop near the base of the crypts, and M cells, another specialized cell
population, are also detectable overlaying Peyer’s patches at 17 weeks (Moxey and
Trier 1978).

By 20 weeks, the fetal intestine has undergone both morphogenesis and cell
differentiation and resembles the adult intestine with the exception of the fetal
colon, which retains absorptive enterocytes, digestive enzymes, and villi until
later in gestation (Lacroix et al. 1984). Although the fetal intestine is grossly similar
to the adult intestine at this point, functional maturation and growth are still
incomplete.

1.1.2 Functional Maturation

The human intestine carries out a wide range of functions. Although some functions
reach adult levels in utero, many continue to develop through childhood to reach
adult levels. The maturation reached by term is, however, sufficient for normal infant
needs. Figure 1.1 shows a timeline of major developmental events. A preterm infant
delivered as early as 22 weeks’ gestation must accomplish much of the functional
maturation ex utero. Many possible deficiencies at preterm may contribute to
inflammatory conditions such as necrotizing enterocolitis (NEC).

1.1.2.1 Motility

The nervous system in the gut is collectively called the enteric nervous system (ENS)
and is located in two plexuses: the myenteric plexus, between the inner and outer
smooth muscle layer, and the submucosal plexus. The ENS generates intrinsic
motility patterns that churn luminal contents and propel them through the entire
gastrointestinal tract. As early as 15 weeks, the swallowing reflex is initiated in the
esophagus and the GI tract begins to contain a small amount of amniotic fluid. After
this point, intestinal motility patterns appear. There are four developmental stages of
motility: disorganized motility from 25 to 30 weeks, the fetal complex from 30 to

Table 1.1 General landmarks
during gestation
(Montgomery et al. 1999)

Developmental landmark Gestational week

Gastrulation begins Week 3

Gut tube closes Week 4

Villus formation begins Week 8

Crypts develop Week 10

Morphogenesis complete Week 20

Functional maturation Week 20 and beyond

1 Impact of Microbes on the Intestinal Development of the Preterm Infant 3
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33 weeks, propagation of the migrating motor complex from 33 to 36 weeks, and
mature motility from 36 weeks onward (Dumont and Rudolph 1994). As the fetal
intestine progresses through these stages, the waves of coordinated contraction
increase in amplitude and number while becoming more coordinated and propulsive.
Both the duration of the quiescent period between bursts of activity and the amount
of cluster activity increases.

In healthy and normal term infants, intestinal motility is mature, although the
ENS continues to develop as the infant grows (Burns et al. 2009). In contrast, a
preterm infant may be able to swallow, but display immature motility patterns. This
severely impairs its ability to tolerate enteral feeding. Without propulsive motility,
nutrients remain in the intestine longer. These nutrients sitting in the lumen can
attract neutrophils, cause bacterial overgrowth, and ultimately trigger inflammatory
reactions (Clark and Miller 1990) such as NEC.

1.1.2.2 Normal Digestion and Absorption

Intestinal digestive and absorptive capabilities are sufficient for the normal infant’s
needs at 40 weeks, if fewer than full adult capacity. This allows for the digestion and
absorption of key nutrients in colostrum and breast milk.

Proteins

Proteins are digested in the stomach by pepsin and further cleaved in the small
intestine by BB peptidases and pancreatic enzymes. Absorption of the resulting
small peptides occurs by co-transport with hydrogen ions into the cytoplasm, where
they are hydrolyzed and exported to the blood stream (Adibi et al. 1975). Individual
amino acids are transported via Na+ dependent transporters in the apical membrane
and contribute to the overall osmotic gradient driving H2O absorption in the
intestine.

Overall, the ability to breakdown proteins is still developing at term. Gastric acid,
pepsin, and intestinal and pancreatic proteolytic enzymes do not peak until at least
3 months after birth (Agunod et al. 1969; Antonowicz and Lebenthal 1977;
Lebenthal and Lee 1980; Kelly et al. 1993). Amino acid and peptide transporters
are also present at low levels at birth, but drastically increase in number after birth
(Malo 1991). However, newborn intestinal permeability is significantly increased
compared with that of the adult (Lebenthal et al. 1981). Thus, the infant, though still
developing the ability to break down and transport proteins, can absorb intact
proteins passing through the intestine during the first days after birth. This higher
gut permeability allows the absorption of intact antibodies from colostrum, but
declines after the first few days of life, when peptide digestion and transport are
still developing.
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Carbohydrates

Carbohydrate digestion begins with the breakdown of starches by salivary and
pancreatic amylases. The disaccharides created by amylase action are further
digested by BB hydrolases, including sucrase-isomaltase and lactase. Once broken
down, the resulting glucose monomers are transported across the BB and BL
membranes by active transport.

At term, the intestine has the enzymatic capability to digest the important
carbohydrates in the infant diet, largely breast milk (Raul et al. 1988; Triadou and
Zweibaum 1985; Dewit et al. 1990). It is also capable of absorbing the mono-
saccharides generated by digestion. As soon as the epithelium begins to differentiate
around 8 weeks, sugar transport proteins, including sodium-dependent glucose
transporter 1 (glucose), are expressed in the BB membranes of enterocytes
(Buddington and Malo 1996). The BL membrane glucose transporter 2 is also
present as the epithelium differentiates (Davidson et al. 1992). Both BB and BL
transporters greatly increase in number in the last weeks of gestation before birth.

Lipids

Lipid digestion in the intestine requires the action of bile acids and various lipases to
yield fatty acids and monoglycerides. As bile acid production does not fully develop
until after weaning, lipases do the bulk of the work digesting lipids in the infant
intestine. Pancreatic lipase is active at 32 weeks, but remains low at birth, increasing
in the 10 weeks after birth (Cleghorn et al. 1988). Lingual and gastric lipases,
however, are detected earlier and at birth are able to break down most lipids ingested
with the aid of lipases and esterases present in breast milk (Hamosh et al. 1981;
Alemi et al. 1981).

Intestinal absorption of lipids occurs in multiple ways. The primary mechanism is
the simple diffusion of fatty acids, monoglycerides, and cholesterol across
enterocyte membranes (Black et al. 1990). Other pathways include pinocytosis of
intact triglycerides and carrier-mediated transport (Berendsen and Blanchette-
Mackie 1979; Black et al. 1990). All these systems have been shown to be functional
in human infant intestine cells, starting as early as 14 weeks. Lipoproteins, which
help carry lipids inside the body, are also produced at that time (Thibault et al. 1992).

Intestinal Size

For the intestine to perform adequate digestion and absorption, it must achieve
sufficient size and surface area. Although some of this growth, particularly in length,
occurs during gestation, a significant portion of intestinal growth occurs upon the
first feeding of colostrum, the protein-rich substance produced by the mother’s
mammary glands right after birth. Studies of piglets show that after the first feeding
of colostrum, the entire GI tract undergoes rapid changes, nearly doubling in weight
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during the first 3 days of life (Xu et al. 1992). In the small intestine, most of this
weight comes from increases in the mucosa. Villus height and width increase to
allow a larger surface area for absorption. In the large intestine, both mucosal and
nonmucosal structures enlarge. The primitive villi present in the colon during
gestation also disappear after 3 days of life. These changes, triggered by the enteral
feeding of colostrum, are important for digestion and absorption in early life.

1.1.2.3 Digestion/Absorption in the Preterm Infant

As many of the digestive and absorptive functions do not mature until shortly before
or after term birth at 40 weeks, the preterm infant is born ill-prepared to digest enteral
nutrition. Low lactase levels are particularly concerning, as the main nutrient in
breast milk is lactose. Bile acid levels and lipase levels are decreased as well, which
impedes breakdown and absorption of the lipids in breast milk. These deficits,
combined with the lack of motility patterns, make enteral feeding of the preterm
infant challenging. Thus, parenteral nutrition (PN)—intravenous feeding—is used
until the infant can tolerate enteral nutrition (EN). PN, while protective against the
effects of static luminal contents, has adverse effects of its own. Short-term compli-
cations can include infection, hyperglycemia, electrolyte abnormalities,
hypertriglyceridemia, and decreased GI barrier function (Commare and Tappenden
2007). Long-term complications such as cholestasis, osteopenia, and catheter sepsis
are also likely. Additionally, the preterm infant receiving PN does not ingest
colostrum, which impairs the massive growth of the intestine that normally occurs
in the 3 days after birth. This pre-disposes the infant to villous atrophy.

1.1.2.4 Gut–Brain Axis

The ENS communicates with the central nervous system (CNS) via neural and
hormonal signals. These signals are released by EECs in the intestine in response
to the presence of nutrients in the lumen. These signals communicate with the brain
and other parts of the body to affect energy homeostasis, adjusting intake and
expenditure. Some important peptides and hormones secreted by the intestine are
listed in Table 1.2 (Ter Beek et al. 2008; Bauer et al. 2015).

Most digestive hormones and neuropeptides appear at around the same time that
digestive enzymes first appear in the intestine, as early as 8 weeks into gestation. The
signaling pathways do not begin working until term, when the infant first encounters
large quantities of oral nutrients. For the preterm infant, release of these hormones
and full integration of the neural–hormonal axis is delayed until the infant
receives EN.
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1.1.2.5 Immunity

The adaptive immune system is naïve at birth, as the term infant has not yet
developed its own specific immunity. Therefore, passive immunity acquired from
the mother and the infant’s own innate immune system is the primary defense against
pathogens. The mucosal surface of the intestinal tract plays a critical role in acquired
passive immunity and innate immune defense. Specialized components of intestinal
immunity include the intestinal mucus layer and tight junctions (TJs) between
enterocytes. Epithelial enterocytes are also capable of inducing innate immune
responses. For the preterm infant, the innate immune system is immature at birth,
making it unprepared to encounter life outside the sterile environment of the womb
and develop immunity.

Barrier Functions

Intestinal mucus provides a thick, viscous layer of protection against pathogen
invasion of the intestinal wall. It has two distinct layers: a dense, adherent inner
layer and a loose non-adherent outer layer that is more densely populated by the
microbiota than the dense layer (Johansson et al. 2011). It comprises mucins (large
glycoproteins), water, ions, secretory IgA (sIgA), and antimicrobial peptides.
Mucin-producing GCs and PCs, which secrete a wide variety of antimicrobial
peptides, contribute heavily to generating the mucus layer. These cells develop as
the intestinal epithelium matures between 9 and 20 weeks’ gestation (Poulsen et al.
1996; Kim and Ho 2010). Mucus layers can reach adult levels by 27 weeks’
gestation (Buisine et al. 1998).

Table 1.2 Intestinal hormones and peptides (Ter Beek et al. 2008; Bauer et al. 2015)

Signal Location
Signal target
site Effect

Cholecystokinin (CCK) Proximal small
intestine

Hypothalamus Decreases energy intake

Pancreas Secretes pancreatic
enzymes

Secretes bile acids

Enteric
neurons

Decrease gut motility

Glucagon-like peptide
(GLP-1)

Distal small intestine/
colon

Hypothalamus Satiety

Increases energy
expenditure

Peptide YY Distal small intestine/
colon

Hypothalamus Decreases energy intake

Motilin Small intestine Enteric
neurons

Regulate motility
patterns
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Tight junctions between enterocytes form a selective barrier between the intesti-
nal lumen and internal tissues. Paracellular movement of water and small molecules
is controlled by these structures. They include transmembrane proteins, such as
claudins, bound to peripheral scaffolding proteins. These proteins in turn interact
with actin and microtubules to allow the passage of water, ions, and molecules
between cells in response to various stimuli (Van Itallie and Anderson 2014).

Tight junctions are developed by 10 weeks, but the machinery necessary to
regulate the permeability of the junctions is only partially developed at term. Thus,
the infant is born with a highly permeable gut. This permeability is crucial for the
acquisition of passive immunity from the mother’s colostrum, which contains large
numbers of sIgA antibodies. The infant is unable to produce sIgA of its own until at
least 2 weeks after birth (González-Ariki and Husband 2000). This gut permeability
is transient and appears to end after the first 3 days of life in term infants (Vukavic
1983). The gut then seals under the influence of growth factors in colostrum and
breast milk, and through interactions with commensal microbes.

Preterm infants born before mucus layer maturation have reduced levels of all
components of intestinal mucus compared with their normal term counterparts.
Therefore, their intestinal tract is much more vulnerable to pathogen invasion and
it is highly likely that their IECs interact with microbes more frequently than would
term infant IECs. Additionally, it has been shown that preterm gut permeability is
increased for up to 10 days compared with a term infant (Beach et al. 1982; Riezzo
et al. 2009). Because preterm infants often do not receive EN, any benefits of
increased gut permeability with regard to colostrum and passive immunity are not
seen. In fact, this increased gut permeability increases susceptibility to pathogen
invasion. Preterm infants also experience alterations in normal, healthy colonization
patterns, which affect the maturation of TJs.

Antigen Recognition

Enterocytes participate in innate immunity through recognition of microbial-associ-
ated molecular patterns (MAMPs), such as lipopolysaccharide (LPS) and flagellin,
via toll-like receptors (TLRs) on the cell surface and NOD-like receptors (NLRs)
located in the cytoplasm. These receptors constantly sample the intestinal environ-
ment to detect pathogens or other possibly dangerous substances. Binding of
MAMPs to either TLRs or NLRs induces the production of cytokines, chemokines,
growth factors, and adhesion proteins to generate an immune response. Most of these
effector molecules require phosphorylation and activation of NFKB, a transcription
factor that regulates cell growth, survival, apoptosis, and inflammation
(Oeckinghaus and Ghosh 2009).

Although these systems appear functional at 18–21 weeks (Fusunyan et al. 2001),
TLR4 binding to LPS in preterm infants results in an inappropriately large immune
response, rather than an attenuated response. In fact, studies suggest that the prema-
ture neonate intestine might be predisposed to exaggerated innate inflammation in
response to antigens. Compared with adult IECs, human fetal IECs produce more
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IL-8 in response to both pathogenic and commensal bacteria and inflammatory
mediators such as TNFα and IL-1γ (Nanthakumar et al. 2011; Claud et al. 2004).
Both in vitro and in vivo studies reveal that immature enterocytes have increased
NF-κB activity associated with decreased baseline expression of IκB (Claud et al.
2004). Inflammatory stimuli induce increased degradation of IκBα and prolonged
NF-κB activation in immature enterocytes (Claud et al. 2004). Research by
Egan et al. showed that increased TLR4 expression and signaling in preterm
intestinal cells is specifically linked to increased recruitment and activation of
T lymphocytes (2016). Collectively, this evidence suggests that the preterm
infant might have an exaggerated, immature immune response compared with term
infants.

Adaptive Immunity

In addition to innate immunity, the intestine plays a role in adaptive immunity.
Adaptive immunity development is supported by circulating lymphocytes in the
lamina propria and the gut-associated lymphoid tissues (GALTs). GALTs secrete
sIgA and help the immune system to discriminate between harmful antigens and
nonharmful antigens, such as food. The primary GALTs in the intestine are Peyer’s
patches, lymphoid aggregates beneath the mucosa of the small intestine. Interspersed
Peyer’s patches can be found at around 10 weeks’ gestation (MacDonald and
Spencer 1994) and become populated with lymphocytes at around 12–16 weeks
(Brugman et al. 2015). By 40 weeks, these tissues are ready to encounter antigens
and aid in the acquisition of specific immunity.

After birth, both Peyer’s patches and isolated lymphoid follicles continue to
develop in the intestine owing to interactions with commensal microbes. Because
microbial colonization is delayed in preterm infants receiving PN, GALT develop-
ment is also significantly delayed, which means that it takes longer for the infant to
develop specific immunity and defenses such as sIgA.

1.2 The Healthy Microbiome and Postnatal Development

This chapter has thus far been an overview of intestinal development during gesta-
tion and highlighted areas in which preterm infants face unique challenges. (sum-
marized in Table 1.3). Earlier gestational age at birth makes these deficits more
likely, particularly infants born before week 25 when motility patterns are absent and
enzyme levels are low. They are not ready to receive EN because of impaired
digestion, motility, and absorption in the intestine. Their gut–brain axis may be
underdeveloped at birth and does not begin working until the infant receives
EN. Intestinal barrier function is inadequate, and enterocyte contributions to innate
immunity are hyper-responsive, predisposing the infant to inflammatory disease
and sepsis. All these problems, specifically immune function, are made worse by
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the fact that preterm infants experience delayed and altered microbial colonization
after birth. The next section discusses microbial colonization after birth and the role
of the microbiome in postnatal development.

1.2.1 Microbial Colonization Patterns in Healthy Term
and Preterm Infants

Although current research indicates that the fetus may interact with microbes in the
womb (Koleva et al. 2015), most intestinal colonization begins at birth. Both
beneficial and potentially harmful microorganisms are capable of colonizing the
gut. Healthy communities may include anaerobic species such as Bifidobacterium
and Lactobacillus. Escherichia coli and Bacteroides species may be beneficial or
pathogenic. Microbes such as Pseudomonas aeruginosa, Clostridia species, and
Staphylococcus species are opportunistic pathogens (Claud and Walker 2008).

It is important to note that the presence of specific beneficial microbe species does
not necessarily indicate a healthy microbiome, but rather, that the diversity and
function of the overall microbial community contributes to gut health. Broadly
speaking, the healthy, vaginally born, term infant microbiome is dominated by
members of the Bacteroidetes phyla (Palmer et al. 2007; Yassour et al. 2016). This
community structure appears to have the most beneficial effects on development.

These microbes largely live in the outer, loose aspect of the mucus layer in the
intestine. The thickness of intestinal mucus changes throughout the intestinal tract. It
is thinner in the proximal small intestine and becomes thicker in the distal small and
large intestine. These changes correlate with the local bacterial load in these regions
(103–105 to about 1012 organisms per gram content from the duodenum to the colon)
(Johannson et al. 2011).

Many factors are known to influence the composition of the infant microbiome
(Table 1.4). Initially, the newborn is colonized with microbes of maternal origin. In
particular, diet and antibiotic use during pregnancy have been implicated in infant
microbial colonization (Neu 2015). The offspring of pregnant, antibiotic-treated

Table 1.3 Possible deficiencies in functional maturation for infants born before term (summarized
from the text)

Function Deficit

Motility Abnormal or absent motility; stasis

Digestion/absorption Severe enzyme deficiencies

Gut–brain axis Delayed neural–hormonal axis integration

Immunity Decreased mucus production

Immature tight junctions and increased gut permeability

Exaggerated immune responses

Reduced GALT

GALT gut-associated lymphoid tissue
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mice show a reduction in the diversity of their gut microbiota (Tormo-Badia et al.
2014). A human longitudinal cohort study of infant–mother pairs showed that a
maternal high-fat diet alters the neonatal and infant gut microbiome in early life.
Specifically, it resulted in a relative depletion of Bacteroidetes in the neonates
exposed to a maternal high-fat gestational diet. This difference was present in
samples of fecal meconium and in infant fecal samples up to 6 weeks of age (Chu
et al. 2016).

Delivery method greatly influences the microbiome that the infant receives from
its mother. A 2010 study of mother–infant pairs found that the primary determinant
of a newborn’s bacterial community composition was his or her mode of delivery
(Dominguez-Bello et al. 2010). The microbiomes of vaginally delivered infants
contain bacterial communities that mirror the composition of their mother’s vaginal
community, whereas babies born via cesarean section lack these vaginal bacterial
communities (Dominguez-Bello et al. 2010). Infants delivered via cesarean section
instead have bacterial communities that resemble those found on the skin of their
mothers (Dominguez-Bello et al. 2010). Differences in microbial composition
between vaginally born and cesarean section-delivered infants can be noted as

Table 1.4 Factors that affect microbiome composition

Colonization
factor Effect on colonization

Method of delivery Infants delivered via cesarean section have microbiomes resembling their
mothers’ skin (Dominguez-Bello et al. 2010)

Bacteroidetes phyla are more abundant in vaginally born infants (Jakobsson
et al. 2014)

Feeding Breast-fed infants and formula-fed infants have Bifidobacterium as a pri-
mary organism; formula-fed infants also have Clostridia and Staphylococ-
cus (Harmsen et al. 2000)

IgA from breast milk helps to protect against early pathogen colonization
(Rogier et al. 2014)

Maternal factors Antibiotic use during pregnancy reduces the diversity of the infant
microbiome (Tormo-Badia et al. 2014)

Maternal high fat diet decreases Bacteroidetes organisms in the microbiome
(Chu et al. 2016)

Preterm-specific factors

Mode of nutrition
intake

Enteral nutrient deprivation increases Proteobacteria phyla members
(Demehri et al. 2013)

Antibiotic use Antibiotic-treated infants have a microbiome with increased Proteobacteria
and decreased Firmicutes members (Claud et al. 2013; Mai et al. 2011)

The microbiome is rendered less diverse by antibiotic treatment (Green-
wood et al. 2014)

Other medications Infants treated with H2 blockers are at an increased risk for colonization
with possibly pathogenic organisms: Staphylococcus, Streptococcus, and
E. coli (Terrin et al. 2012)

Opioids disrupt intestinal motility and allow adherence of pathogenic bac-
teria (Claud and Walker 2001)

12 E. Humphrey and E. Claud



long as 2 years after birth (Jakobsson et al. 2014; Yassour et al. 2016), with
Bacteroidetes phyla members more abundant in vaginally born infants.

Other postnatal factors contribute to microbiome colonization. Feeding, in par-
ticular, is known to affect colonization patterns. Breast-fed infants and formula-fed
infants have been both shown to have Bifidobacterium as a primary organism, but
formula-fed infants also have minor components of possibly pathogenic species such
as Clostridia species, and Staphylococcus species (Harmsen et al. 2000). It is also
possible that breast milk may temper the long-ranging effects of cesarean section on
microbial colonization. One study evaluating fecal microbiota from healthy
infants at 4 months of age showed infants receiving breast milk had only minor
differences whether or not they were born by cesarean section or vaginal delivery
(Azad et al. 2013).

These effects may be mediated by both the nutrient composition of breast milk
and its immunological components. Secretory IgA from breast milk has been shown
to promote barrier function, preventing systemic infection by potential pathogens
(Rogier et al. 2014). It may also be crucial to the long-term maintenance of a healthy
gut microbiota and regulation of gene expression in IECs (Rogier et al. 2014).

Gestational age at birth is also a major determinant of microbiome colonization. It
is known that healthy full-term breast-fed, vaginally delivered infants are colonized
by Bifidobacterium by day 7 of life, whereas preterm infants are not (Butel et al.
2007). For preterm infants, the precise definition of a healthy microbiome has not yet
been established. Generally, preterm infants show increased Proteobacteria phyla
members and decreased anaerobes such as Bifidobacterium and Bacteroides com-
pared with full-term infants (Arboleya et al. 2012). Additionally, there may be
certain gestational age thresholds at which microbes colonize the gut. Studies by
Butel et al. and LaRosa et al. (2007, 2014) suggest that the preterm infant
microbiome might follow a temporal evolution from unstable populations at birth
to stable populations of anaerobes such as Clostridia or Bifidobacterium species at
around 33–36 weeks. Other factors that affect preterm colonization are also sum-
marized in Table 1.4 and are discussed later.

1.2.2 Healthy Commensals and Postnatal Development

Once microbes colonize the infant gut, they affect the structural and functional
maturation of the gut in various ways. A healthy microbiome tends to enhance the
functions of the infant gut and its maturation (Table 1.5).

1.2.2.1 Motility

The gut microbiome is believed to play a role in regulating intestinal motility. Short-
chain fatty acids (SCFAs) from microbial fermentation have been shown to affect
local and distant motor events in the intestine (Rondeau et al. 2003). A study by
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Anitha et al. (2012) demonstrates that murine intestines depleted of microbes show
delays in intestinal motility and reduced numbers of neurons. Other studies confirm
this finding: germ-free (GF) mice display decreases in nerve density, decreased
frequency of amplitude of muscle contractions, and decreased neural excitability
(McVey Neufeld et al. 2013; Collins et al. 2014). Although the precise mechanism of
the microbiome regulation of motility is unknown, it may involve TLR signaling,
specifically TLR4 on enteric neurons. Anitha et al. also found gastrointestinal
emptying delays and reduced intestinal motility in TLR-4 �/� mice (2012). This
indicates that the LPS–TLR4 interaction may modulate gut motility and postnatal
neural development in the intestine.

1.2.2.2 Digestion/Absorption

The third most abundant nutrient in breastmilk is human milk oligosaccharides
(HMOs); yet, infants lack the specific enzymes necessary for its absorption
(Marcobal and Sonnenburg 2012). Bifidobacterium and Bacteroides species are
beneficial to the infant because they possess enzymes that break HMOs down into
components that the infant can absorb (Marcobal and Sonnenburg 2012; Underwood
et al. 2015a, b). The gut microbiota is also responsible for the breakdown of
indigestible carbohydrates and the production of short-chain fatty acids (SCFAs)
(Fernandes et al. 2014). Microbes also aid in the breakdown of toxins and drugs,
vitamin synthesis, and ion absorption. Furthermore, healthy commensals may aug-
ment intestinal growth and surface area. The small intestines of GF mice are
underdeveloped compared with colonized mice with irregular villi, reduced regen-
erative capacity, and reduced surface area (Smith et al. 2007).

Table 1.5 Microbiome and functional maturation of the intestine (summarized from the text)

Function Healthy microbiome benefit

Motility Increased nerve density, frequency of amplitude of muscle contractions, and
increased neural excitability

Digestion/
absorption

Increased digestion of HMOs and other indigestible carbohydrates

Production of short chain fatty acids

Augmented intestinal growth and surface area

Immunity Increased mucin thickness

Strengthened tight junctions

Increased production of anti-inflammatory cytokines

Inhibited activation of the NF-κB pathway

Development of isolated lymphoid follicles

Maturation of Peyer’s patches

Formation of IgA-producing plasma cells and mature T lymphocytes

Specific immunity to pathogens

HMOs human milk oligosaccharides
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1.2.2.3 Immunity and the Microbiome

Barrier Function

A healthy microbiome living in the outer mucus layer has long been known to
enhance mucus synthesis, secretion, and chemical composition (Cornick et al. 2015).
Decades ago, studies in GF rodents showed reduced GC counts and a mucus layer
that is up to two times thinner than in conventionally raised mice (Enss et al. 1992;
Kandori et al. 1996). When stimulated with bacterial products (LPS and peptidogly-
can), GF mice develop thicker mucus layers (Petersson et al. 2011).

The mucosal barrier also contains secretory immunoglobulin A (sIgA). As
discussed earlier, newborn infants secrete little to no sIgA. However, sIgA increases
after 4 weeks of life, and this can be attributed to microbial stimulation of GALT
(Nahmias et al. 1991). GF mice demonstrate a complete lack of secretory IgA and
plasma cells, but this defect is reversible by colonizing these mice with commensals
(Hapfelmeier et al. 2010). This demonstrates that the microbiota can direct the
production of intestinal plasma cells and secretory IgA. Faster development of
sIgA is found in infants from countries where they are exposed to a heavier microbial
load (Mellander et al. 1985). Neonatal mice raised on antibiotics exhibit impaired
barrier function and decreased claudin 3 expression (Patel et al. 2012). This suggests
that commensal bacteria might induce the maturation of TJs in the infant intestine.

Antigen Detection and Immune Tolerance

Many benefits of commensal bacteria are mediated by the interactions of MAMPs
with TLRs located on IECs and mucosal-dwelling immune cells (Rakoff-Nahoum
et al. 2006). TLR–MAMP interactions support the development of immune toler-
ance via anti-inflammatory processes. Under homeostatic conditions, commensals
stimulate IEC secretion of cytokines, including TGFβ, to encourage maturation of
tolerogenic macrophages and dendritic cells (DCs) (Mazmanian et al. 2008; Atarashi
et al. 2011). These macrophages secrete IL-10, an anti-inflammatory cytokine,
whereas the DCs influence maturation of the host-generated immune responses.
The cytokines produced by these macrophages and DCs maintain the anti-
inflammatory balance of the intestine by inhibiting potential responses.

Commensal bacteria also inhibit the TLR-activated NF-κB pathway by encour-
aging the stabilization of the NF-κB inhibitor IκBα (Neish and Naumann 2011).
Recent in vivo experiments comparing GF mice, specific pathogen-free (SPF) mice,
and mice colonized with a healthy preterm infant’s microbiome show this NF-κB
inhibition in both SPF mice and preterm-colonized mice, but not in GF mice
(Lu et al. 2015).
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Adaptive Immunity

The MAMP–TLR interactions stimulate normal adaptive immune system develop-
ment and influence the nature of host-generated immune responses (Hooper et al.
2012). MAMPs are sensed by receptors on IECs and DCs in the mucosa. These cells
release cytokines to recruit B cells and T cells, causing the maturation of isolated
lymphoid follicles. These isolated lymphoid follicles are a significant source of
IgA-producing plasma cells (Maynard et al. 2012). Intestinal commensals can also
help to generate specific immunity to pathogens. Non-pathogenic strains of
Escherichia coli are often among the first organisms evident in the intestine of
newborn infants, and in animal models, these commensal E. coli strains have been
shown to inhibit invasive E. coli O157:H7 growth in the intestine (Leatham et al.
2009). This same effect has been demonstrated using toxigenic and non-toxigenic
strains of Bacteroides fragilis (Hecht et al. 2016).

1.3 Preterm Dysbiosis and Its Effects on the Developing
Intestine

The section above details the developmental benefits of the microbiome for the
infant. A dysbiotic microbiome, however, is harmful, particularly for preterm
infants, and correlates specifically with sepsis, high mortality rates, and NEC.

1.3.1 Necrotizing Enterocolitis and Dysbiosis

Necrotizing enterocolitis is a form of inflammatory bowel necrosis that primarily
affects low birth weight, preterm infants (Neu and Walker 2011). The pathogenesis
of this disease is not well understood, and specific cellular markers have not been
identified to aid diagnosis in the early stages. Symptoms of NEC include feeding
intolerance, abdominal distention, and bloody stools after 8–10 days of age (Neu and
Walker 2011). Within hours, these symptoms can progress from subtle signs to
abdominal discoloration, intestinal perforation, and peritonitis, culminating in sys-
temic hypotension that requires intensive medical support and often surgery (Neu
and Walker 2011). NEC has been shown to be influenced by the preterm infant
immune response under conditions of intestinal immaturity and dysbiosis. Mortality
rates are high, ranging between 30 and 50%, with the highest rates among infants
requiring surgical treatment, and those who do survive are at risk of long-term
neurodevelopmental and intestinal complications (Neu and Walker 2011).

Although no specific microbe has been linked to NEC development, the follow-
ing alterations in community structure have been seen in preterm infants up to
3 weeks before the clinical diagnosis with NEC: a decrease in Firmicutes phyla,
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an increase in Proteobacteria phyla, and a decrease in species richness (Claud et al.
2013). These alterations can be collectively termed dysbiosis. Healthy preterm infant
microbiomes do not display these characteristics, and instead show a slow progres-
sion toward the microbiome known to be typical of healthy term infants (Claud et al.
2013). These dysbiotic changes in microbiome community structure are believed to
precede NEC, and they occur in the preterm population for several reasons (sum-
marized in Fig. 1.2 and Table 1.4).

1.3.2 Causes of Dysbiosis in Preterm Infants

Parenteral nutrition can cause dysbiosis in preterm populations. Preterm infants in
the neonatal intensive care unit (NICU) may be fed with PN, which deprives the
initial microbial colonists of nutrients. Mouse models of PN dependence suggest that
enteral nutrient deprivation might shift the intestinal microbiota to predominantly
gram-negative Proteobacteria phyla members instead of Firmicutes (Demehri et al.
2013). Proteobacteria members are believed to increase the intestinal inflammatory
basal state in developing infants, as their presence is associated with an increase in
pro-inflammatory cytokines in intestinal mucosa and a decrease in growth factors
that regulate cell proliferation and apoptosis (Demehri et al. 2013). PN dependence

Fig. 1.2 Causes of dysbiosis in the preterm infant after birth
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has also been shown to reduce the presence of antimicrobial peptides in the preterm
gut, which may also have an effect on pathogen colonization (Barrett et al. 2015).

Formula feeding may possibly lead to dysbiosis and pathogen colonization. As
mentioned previously, feeding can affect community colonization patterns, and
formula-fed infants are more likely to have pathogenic microbes in their gut than
age-matched breast-fed infants (Harmsen et al. 2000). Azad et al. (2013) reports
lower bacterial richness and diversity in the stools of 4-month-old breast-fed infants
compared with formula-fed infants, and this effect may be seen in preterm infants as
well. Studies of preterm infants born before 32 weeks’ gestation show lower
bacterial diversity in infants fed with formula (Song et al. 2013; Gregory et al.
2016). Furthermore, formula may negatively affect the immature gut epithelial
border by increasing permeability, gut epithelial cell toxicity, and inflammatory
responses (Taylor et al. 2009; Penn et al. 2012).

Dysbiosis in preterm infants can also be explained by the common use of broad
spectrum antibiotics. Ampicillin and gentamicin are the two most frequently used
drugs in the NICU (Clark et al. 2006). Studies show that the use of antibiotics and
increased duration of antibiotic treatment correlates with NEC, sepsis, and death
(Cotten et al. 2009; Alexander et al. 2011). This is explained by the altered intestinal
microbial ecology and the loss of diversity that occurs with antibiotics treatment
(Greenwood et al. 2014). Antibiotics-treated infant microbiomes show a decrease in
Firmicutes and an increase in Proteobacteria phyla members (Mai et al. 2011; Claud
et al. 2013). Furthermore, the hospital environment is rife with opportunistic,
antibiotics-resistant pathogens. Antibiotics-induced microbiome loss increases the
likelihood of normal, healthy community members being depleted and pathogens
thriving in their place, colonizing the neonate via hospital equipment such as
nasogastric tubes or catheters.

Other medications in the NICU cause dysbiosis besides antibiotics. Opioids delay
intestinal transit time and affect bacterial adherence and colonization (Claud and
Walker 2008). Gastric acidity, a major defense mechanism against infection, can be
depleted by the H2 blockers often used to treat acid gastroesophageal reflux in
preterm infants, who already have low gastric acid production in the first weeks
after birth (Hyman et al. 1985). Preterm infants treated with H2 blockers have been
shown to have a microbiome with reduced diversity (Gupta et al. 2013) in addition to
being at an increased risk for NEC (Terrin et al. 2012).

1.3.3 Dysbiosis, NEC, and Preterm Development

Dysbiosis is concerning in the preterm infant because it is associated with NEC,
sepsis, and high mortality. It also interferes with preterm intestinal development. The
preterm intestine is functionally impaired; thus, it does not have the necessary
digestive, motor, and absorptive capabilities, and its immune system is hyper-
responsive. Dysbiosis and NEC tend to exacerbate these impairments.

18 E. Humphrey and E. Claud



1.3.3.1 Dysbiosis, NEC, and Motility

As mentioned in our discussion of beneficial microbiome effects, GF mice and mice
treated with antibiotics display decreases in nerve density, a decreased frequency of
muscle contractions, and decreased neural excitability (McVey Neufeld et al. 2013;
Collins et al. 2014). This indicates that a lack of healthy commensal populations has
deleterious effects on development of the ENS and intrinsic motility networks.
Additionally, intrinsic ENS immaturity may contribute to the development of NEC
under dysbiotic conditions (Berseth 1996).

Post-NEC infants demonstrate a loss of enteric neurons in the submucosa and
alterations in the myenteric plexus (Wedel et al. 1998; Sigge et al. 1998). Other
reported post-NEC complications include intestinal dysmotility, stricture, and recur-
rent abdominal distention (Beardmore et al. 1978). Neurons of the ENS are similar to
those of the central nervous system, in that they have limited potential for post-injury
regeneration. Failure to reverse NEC neuronal cell loss may lead to compromised
intestinal function long after the infant’s recovery. Overall, dysbiosis and NEC
reduce normal intestinal motility and may even irreversibly damage the ENS.

1.3.3.2 Dysbiosis, NEC, and Digestion/Absorption

The lack of EN for the preterm infant prevents the immediate effects of dysbiosis on
digestion and the absorption of nutrients. However, it has been shown that the small
intestines of GF mice are underdeveloped compared with colonized mice with
irregular villi, reduced regenerative capacity, and reduced surface area (Smith
et al. 2007). This indicates that the lack of a healthy microbiome early on may affect
the digestive capacity of the intestine later in life. Additionally, NEC survivors often
experience long-term consequences for digestive health due to inflammatory damage
to their GI tract, including intestinal strictures and short bowel syndrome (Hintz et al.
2005).

1.3.3.3 Dysbiosis, NEC, and Immunity

A recent paper by Lu et al. (2015) analyzed the effect of preterm dysbiotic commu-
nities on inflammation in the intestine. Pregnant mice were colonized with the
microbiomes from a preterm infant with poor growth. This microbiome was char-
acterized by increased Proteobacteria, decreased Firmicutes, and decreased diver-
sity. When these pregnant mice gave birth, their pups also acquired this microbiome.
Analysis of the pups’ intestines showed an increased intestinal inflammatory profile
compared with specific pathogen-free and healthy preterm infant microbiome con-
trols. Immunohistochemistry of distal ileum segments revealed increased activation
and translocation of NF-κB. Genes and pathways involving the following innate
immune and inflammatory responses were upregulated in the intestinal samples:
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chemotaxis, chemokine/cytokine signaling, chemokine receptor expression and
phagocyte-, monocyte-, and leukocyte-rolling and adhesion.

These findings indicate that dysbiotic communities may induce decreased
immune-regulation and increased inflammation, both of which may contribute to
NEC. It is known that deregulated interactions between commensals and TLRs
promote the kind of chronic inflammation seen in inflammatory bowel diseases
(Barbara et al. 2005). In the face of dysbiosis caused by antibiotic use or other
factors implicated in prematurity, MAMPs direct the production and secretion of
pro-inflammatory cytokines by IECs (IL-6, IL-1, and IL-18) (Maynard et al. 2012).
They also stimulate the maturation of intestinal DCs and macrophages, which secrete
cytokines that induce development of CD4þ T cells TH1 and TH17. NEC is also
associated with increases in TLR4, NF-κB, TNF-alpha, and IL-6, IL-8, and IL-1β
(Nanthakumar et al. 2011). This massive release of cytokines disrupts the TH1/TH2/
TH17/Treg immune balance. These disruptions may contribute to NEC exacerbation
and development of sepsis. Long-term effects may include the development of
immune disorders such as asthma (Murk et al. 2011), Crohn’s disease (Hviid et al.
2011), and celiac disease (Eggesbø et al. 2003).

1.4 Optimizing the Microbiome of the Preterm Infant

1.4.1 Research Supporting the Existence of Optimal
Communities in Preterm Infants

Given the negative short- and long-term effects of dysbiosis, including NEC,
clinicians and researchers have worked to find ways to optimize the microbiome
for preterm infants in the NICU to avoid dysbiosis and encourage eubiosis—healthy
microbial communities—and healthy growth. As mentioned before, there is cur-
rently no specific definition of a healthy microbiome composition in preterm infants.
Recent studies indicate, however, that there is indeed an optimal microbial coloni-
zation community that is both protective and developmentally beneficial for preterm
infants.

1.4.1.1 Specific Community Alterations Lead to NEC

In a study by Claud et al. (2013), weekly fecal samples from 10 preterm infants, 5 of
whom went on to develop NEC, and 5 healthy controls, were obtained and
sequenced. Subtle differences in community structure could be seen up to 3 weeks
before NEC development, with a gradual progression leading to an increased
Proteobacteria phyla presence, decreased Firmicutes phyla members, and decreased
diversity in patients with NEC. No specific microbe was identified to be protective in
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controls or harmful in NEC patients (Claud et al. 2013), which may indicate that all
the actions of the microbial community contributed to protection.

The study also compared twins, one of whom later developed NEC and one of
whom did not. Differentially abundant genes in the NEC twin were associated with
carbohydrate metabolism and mapped to members of the family Enterobacteriaceae
(Proteobacteria phylum), although not to a specific species (Claud et al. 2013).
Furthermore, the functional gene profile of the pre-NEC sample reflected a
narrowing of the overall community diversity.

These findings, especially the results from the twin study, indicate that there may
be a preterm microbial community that is protective, whereas the dysbiotic alter-
ations seen weeks before NEC development promote disease.

1.4.1.2 Community Composition Influences Development

Two recent studies using humanized mouse models indicate that healthy preterm
microbial communities have positive effects on overall growth and development. In
both these studies, pregnant mice were gavaged with fecal samples from two preterm
infants; one exhibiting a pattern of poor weight gain and one with normal weight
gain. When the pregnant mice gave birth, their pups acquired the microbiota of
interest. Lu et al. (2015) showed that mice with the microbiome of normal weight
preterm infants exhibited the normal growth phenotype of their human counterparts.
These mice also showed decreased basal intestinal inflammation (Lu et al. 2015) in
comparison with both GF mice and low-birth-weight mice.

Using the same model, Yu et al. (2016) showed that a microbiome from a normal
weight preterm infant can benefit intestinal growth and overall growth. Mice with
this microbiome showed increased villus height and crypt depth, increased cell
proliferation, increased numbers of GCs and PCs, and enhanced TJs (Yu et al.
2016). In contrast, the microbiota from the preterm infant with poor weight gain
failed to induce these positive changes. Instead, mice with this microbiome had a
decreased intestinal surface area and reduced crypt depth (Yu et al. 2016). These
findings are comparable with what is found in studies on GF animals.

For both studies, the composition of the different mouse microbiomes (obtained
from the preterm infants) differed in significant ways. Consistent with other analyses
of preterm infant fecal microbiota, the microbiota of these two preterm infants were
both dominated by Proteobacteria and Firmicutes, with a small portion of
Bacteroidetes and Actinobacteria. The microbiota of the normal-weight preterm
infant had a greater contribution of Bacteroidetes (8.30 vs 3.42%) and
Actinobacteria (8.53 vs 0.57%). Also, the microbiome of the normal-weight infant
showed fewer Proteobacteria and more Firmicutes than its low-weight counterpart
(Lu et al. 2015). These community differences may be part of the reason why the
microbiota of the normal-weight infant induced such distinct changes in inflamma-
tion and development in murine intestines.
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Although these studies only compared the microbiomes of two infants, these
studies begin to demonstrate that a healthy preterm microbial community—a
eubiotic community—does exist, with both protective effects against disease and
positive effects on intestinal development. Current clinical research is focused on
optimizing the preterm microbial community to achieve these two effects and secure
all the previously mentioned benefits of the microbiome for long-term development.
Possible therapeutic options and the research that supports their use are outlined
below and summarized in Fig. 1.3.

1.4.2 Probiotics

The World Health Organization (WHO) defines probiotics as “live microorganisms,
which when administered in adequate amounts confer a health benefit on the host”
(http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf). It has
been shown that specific probiotic bacteria may benefit IECs, the microbiome, and
the immune system via several mechanisms of action. Probiotic organisms may
displace potential pathogenic organisms, stimulate the production of antimicrobial
compounds, and improve barrier function. They may also modulate the immune

Fig. 1.3 Potential clinical interventions to promote eubiosis and preterm health and growth
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response by inducing tolerogenic lymphocytes and downregulating TLR response
and NF-κB pathways (Collado et al. 2009; Ganguli et al. 2013).

Systematic review and meta-analyses of both randomized, placebo-controlled
trials and observational studies seem to validate the hope that routine use of
probiotics in the NICU could prevent NEC. Out of 26 clinical trials included in
one analysis, probiotics, including Bifidobacteria, had an overall preventive effect on
NEC in preterm infants (relative risk [RR] 0.47 [95% CI 0.36–0.60], p < 0.00001)
(Aceti et al. 2015). A recent meta-analysis of 12 cohort studies, including 10,800
premature neonates (5144 receiving prophylactic probiotics and 5656 controls)
showed a significantly decreased incidence of NEC (RR ¼ 0.55, 95% CI,
0.39–0.78; p ¼ 0.0006) (Olsen et al. 2016).

There are some unanswered questions that need to be addressed before probiotics
can be widely used in NICUs. The 26 studies in the 2015 meta-analysis were
heterogeneous, differing in terms of probiotic strain, dosage, duration of supplemen-
tation, and target population (Aceti et al. 2015). Additionally, few studies defini-
tively documented effective colonization of the infants’ gut with the desired
probiotic strain and none of the studies sufficiently addressed the effects of
probiotics on high-risk groups, such as extremely-low-birth-weight infants (Aceti
et al. 2015). Probiotics may be a way forward for NEC prevention, but these
questions remain unanswered.

Furthermore, probiotics generally contain a single bacteria species, and although
that organism may be beneficial, it is likely that the overall functioning of the
microbiome community contributes most to host health. In fact, there is clinical
evidence to suggest that single species supplementation provides no benefit. The
results of one randomized controlled trial on a single species Bifidobacterium
probiotic showed no evidence of benefit for NEC prevention (RR 0.93, 95% CI
0.68–1.27) (Costeloe et al. 2016). A review of three trials using one Lactobacillus
strain failed to show statistically significant prevention of either NEC (RR 0.69; 95%
CI, 0.47–1.01) or mortality (RR 0.79; 95% CI, 0.57–1.09) (Athalye-Jape et al.
2016). Reduced microbial diversity appears to be a hallmark in pre-NEC patients,
and supplementing the gut with a single species of bacteria may not be the best way
to encourage species richness. Also, artificially introducing a single microbe into a
community structure may have unpredictable effects. By narrowing its focus to
specific species to find single protective agents, current probiotic research cannot
account for the contribution of overall community function or species richness to
host health. Thus, further studies should clarify the specific effect of probiotics and
species combinations on microbial communities in the short term and long term
before probiotics can be widely used. These studies must be subjected to rigorous
quality controls and identify the most effective probiotic, proper dosage, and dura-
tion of use. Potential long-term effects on immunity, host gene expression, and gut
function must be explored as well.
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1.4.3 Prebiotics

Prebiotics are nondigestible food ingredients such as HMOs that have been shown to
promote the growth of nonpathogenic commensals and increase species richness,
thus helping preterm infants to develop a healthy microbiome (Yu et al. 2013). One
of the benefits of prebiotics is that they do not simply increase the levels of one
healthy microbial species such as probiotics. Instead, they affect the whole microbial
community to promote diversity and healthy species growth. Prebiotic stimulation of
bacterial community growth has wide-ranging effects on the infant intestine. For
example, the prebiotic oligofructose strengthens barrier function, decreases
endotoxemia, and improves glucose tolerance (Cani et al. 2009; Reinhardt et al.
2009). These benefits arise because a healthy bacterial community can trigger the
release of gastrointestinal hormones, such as GLP-1, that decrease serum glucose
and decrease energy intake. Prebiotics have also demonstrated anti-inflammatory
effects, because they foster a healthy microbiome that has anti-inflammatory prop-
erties (Ganguli et al. 2013). Prebiotics have been used as an effective treatment for
ulcerative colitis (Furrie et al. 2005); thus, it is possible that they could additionally
be used to treat NEC, which has a similar pathogenesis.

Prebiotics may be a viable, safe therapeutic option for the treatment of dysbiosis
in preterm infants, as they only have mild adverse effects, such as flatulence and
increased stool output (Teitelbaum and Walker 2002). Although only a few studies
have been performed in NICUs, they have had promising results. A 2013 meta-
analysis of prebiotic clinical trials indicated that supplementation with prebiotic
oligosaccharides is safe and results in significantly higher growth of beneficial
microbes and improved species diversity. More research is warranted in this area,
however, as these trials did not find an overall decreased incidence of NEC in
prebiotics-treated infants (Srinivasjois et al. 2013). Prebiotic supplementation may
not be beneficial for preterm infants receiving their mother’s milk. Underwood et al.
show no significant increase in beneficial Bifidobacteria for prebiotics-supplemented
infants already receiving maternal breast milk (2014). Probiotics combined with
prebiotics may also be more effective than prebiotics alone. Dilli et al. showed that
prebiotics alone have no benefit for the prevention of NEC or mortality, but pre-
biotics plus probiotics may be beneficial in reducing the incidence of NEC and
mortality (2015).

1.4.4 Breast Milk Feeding and Minimal Enteric Nutrition

The Section on Breastfeeding of the American Academy of Pediatrics recommends
that all preterm infants should receive human milk, with pasteurized donor milk
rather than premature infant formula the preferred alternative if a mother is unable to
provide enough for her infant (AAP 2012). Breast milk has been shown to provide
many benefits; in particular, it decreases rates of NEC (Sisk et al. 2007). Receiving
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>50 ml/kg/day of maternal milk decreases the risk of late-onset sepsis and NEC
compared with <50 ml/kg/day (Meinzen-Derr et al. 2009) and there is a 5%
reduction in hospital readmission rate for each 10 ml/kg/day increase in human
milk (Vohr et al. 2007). In extremely preterm infants given exclusive diets of
preterm formula vs human milk, there was a significantly higher rate of NEC,
requiring surgical treatment in infants receiving preterm formula (Cristofalo et al.
2013).

The protection provided by mother’s milk against NEC stems from many factors.
Breast milk contains sIgA, lactoferrin, lysozyme, bile salt-stimulating lipase, growth
factors, and HMOs, which may all provide protective benefits (Rogier et al. 2014;
Underwood et al. 2015a, b). With regard to the microbiome and dysbiosis, breast
milk is thought to have both prebiotic and probiotic effects (Underwood et al. 2015a,
b). HMOs are known to influence the composition of the microbiome, encouraging
colonization with a healthy community of Bacteroides phyla members. Breast milk
also contains many polyamines, which are known to protect beneficial microbiota
(Plaza-Zamora et al. 2013). Additionally, breast milk contains micro-organisms,
which may contribute to colonization of the preterm gut with a beneficial microbial
community (Nakamura et al. 2009; Gregory et al. 2016).

Both mother’s milk and donor pasteurized breast milk have been shown to protect
against NEC compared with formula (Chang et al. 2013; Quigley and Maguire
2014). The standard for breast milk, however, is fresh milk directly from the breast
of the infant’s mother, because this preserves all the biological benefits of the milk.
Storage and processing can counteract many of the benefits of donor milk, including
macronutrient, hormone, and bacterial content (Meier et al. 2017). Donor milk has
also been associated with slower growth in preterm infants (Schanler et al. 2005;
Quigley and Maguire 2014). This suggests that although donor milk may protect
against NEC, its benefits may stem from avoiding formula rather than using donor
milk itself, as formula has a strong association with dysbiosis (Meier et al. 2017).
Thus, donor milk may still be beneficial in cases where there is no option for
mother’s milk.

The beneficial effects of mother’s milk, and the beneficial growth spurt provided
by the first milk colostrum, cannot be seen if the preterm infant is fed entirely
PN. Partial EN—giving small amounts of enteral solution to the infant receiving
PN—may allow PN-fed infants to receive some of these benefits before transitioning
to full EN. Intake for partial EN often ranges between 10 and 20 ml/kg/day
(Commare and Tappenden 2007). The goal of partial EN is to enhance gut function,
encourage development of a healthy microbiome, and increase bile flow to decrease
the likelihood of developing cholestasis, a major adverse side effect of PN
(Commare and Tappenden 2007). Partial EN has been shown to increase overall
functional maturation of the intestine: mucosal mass (Berseth et al. 1983), lactase
activity (Park et al. 1999), intestinal motility (Berseth et al. 1992), and hormone/
peptide release (Meetze et al. 1992).
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1.4.5 Limiting Prolonged Antibiotic Use

A 2009 study by Cotton et al. revealed that each empirical treatment day of antibiotic
treatment in the NICU—that is, treatment when cultures are clear—was associated
with increased odds of death, NEC, and the composite measure of NEC or death
(Cotten et al. 2009). This led the American Academy of Pediatrics to release a
recommendation to discontinue antimicrobial therapy for early onset sepsis in
preterm infants at 48 h in clinical situations in which the probability of sepsis is
low. Antibiotic duration affects both the timeline and type colonization of the
preterm intestine, especially in the NICU environment where opportunistic,
antibiotic-resistant pathogens are abundant. Limiting use of antibiotics when cul-
tures are clear, allowing earlier colonization of the gut by healthy commensals,
which is important for avoiding NEC and dysbiosis. Consequences of prolonged
early antibiotic use and microbiome disruption are suspected to be even more
far-reaching than the immediate effects of reducing the diversity of bacterial com-
munities, including predisposing the infant to allergy (Madan et al. 2012) and
childhood obesity (Ajslev et al. 2011).

1.5 Conclusion

In this chapter, the timeline of infant intestinal development is laid out and areas are
highlighted in which preterm infants are ill-prepared for life ex utero and vulnerable
to developing inflammatory diseases such as NEC. The process of intestinal
microbiome colonization and factors that influence both normal colonization in
term infants and the development of dysbiosis in preterm infants are described.
Further, the various ways in which a healthy microbiome benefits intestinal devel-
opment are enumerated and the ways in which dysbiosis and NEC can harm
intestinal development are detailed. Finally, the latest research on clinical interven-
tions is discussed that may optimize the microbiome composition of the preterm
infant to avoid the deleterious effects of dysbiosis and NEC and restore a
microbiome that provides developmental benefits. More research is needed in
these areas, but it is clear that the microbiome does play a crucial role in preterm
intestinal development, and that optimizing the microbiome in the preterm popula-
tion is a worthy goal for the scientific community.
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Chapter 2

Microbiome: Allergic Diseases of Childhood

Ozge Nur Aktas, Benjamin Turturice, David L. Perkins,

and Patricia W. Finn

Abstract Recent interest has focused on the microbiome modulating immune

responses, and thus playing a significant role in the development of many diseases,

including allergic responses. “Dysbiosis,” alteration in the normal microbiome,

does have an effect on inflammation and may also influence the course of the

disease. In this chapter, we discuss the influence of the microbiome on common

pediatric allergic diseases: food allergy, atopic dermatitis, asthma, and allergic

rhinitis. These diseases stem from common immune mechanisms, and are part of

a progressive “Atopic March” phenomenon, which will be introduced in this

chapter. We explain how the microbiome is related to allergic diseases in both

human and murine studies. Studying the microbiome in the context of allergic

diseases has the potential to elucidate ways of manipulating the microbiome in

disease in general. With further studies in the field, we may be able to modulate the

immune response and the disease course by understanding the relationship between

the microbiome and the immune response.
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2.1 Introduction

The prevalence of allergic diseases affecting the pediatric population has been

increasing during the last decade. Early-life exposure to microbes decreases the

risk of developing allergic disease, as articulated in the hygiene hypothesis (Ball

et al. 2000; Kramer et al. 1999; Strachan 1989, 1997). Also, exposure to a protected

modern life-style environment may lead to decreased allergen exposure, potentially

creating an immune system that is intolerant to allergens. Taken together, allergens

may include food, topical exposures, or aero-allergens. In this chapter, we review

four common types of allergic diseases of childhood: food allergy, atopic dermatitis

(AD), asthma, and allergic rhinitis (AR). The allergic diseases are related to each

other in that having one of these diseases early in life increases the risk of acquiring

another allergic disease when older. This temporal development of allergic diseases

is termed the “Atopic March” (Bantz et al. 2014). Specifically, progressive allergic

disease history typically begins with food allergy and/or AD and leads to an

increased risk of developing asthma and AR later in life. This “progressive” clinical

course illustrates the potential of common immunological pathways mediating

allergic responses. This putative common pathway suggests that intervention or

treatment in earlier atopic diseases might prevent the development of later allergic

phenotypes.

The mechanisms that determine sensitivity or tolerance to a specific allergen are

complex. Numerous types of immune cells reside in the tissues (e.g., the lymphoid

system) or in the bloodstream. In this chapter, we focus on a specific cell type

termed T helper 2 (Th2) cells, which play a leading role in the development of

allergic diseases, and describe other cell types and receptors as well. Th2 cells

produce “signaling molecules” called interleukins (ILs) including IL-4, IL-5, and

IL-13, and immunoglobulin E (IgE) antibodies. When Th2 cells encounter an

allergen, they trigger allergic symptoms such as itching, erythema, sneezing, or

an aberrant response to a food (e.g., diarrhea). Another type of T cell, the regulatory

T cell (Treg), may also regulate allergic responses. Tregs are suppressor cells that

can inhibit the response of other cell types, including Th2 cells and mast cells; thus,

the aberrant or deficient function of Tregs can also lead to allergic responses. Mast

cells and eosinophils also play roles in developing allergic responses by producing

histamine and other inflammatory cytokines. Being a common mechanism for

allergic diseases mentioned, Th2-related immune responses should be considered

a systemic response, rather than local inflammation existing in a single organ. For

instance, even diseases not directly affecting the intestinal tissue itself (e.g.,

asthma) are demonstrated to influence the gut microbiome (Abrahamsson et al.

2014; Arrieta et al. 2015).
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Recent interest has also focused on the microbiome modulating immune

responses, and thus playing a significant role in the development of allergic

responses. Changes in the microbiome have been demonstrated in all four of the

allergic diseases previously mentioned. In this chapter, we discuss how the

microbiome at different body sites could promote resilience or susceptibility to

allergic diseases, and describe its potential in the inflammatory process of allergic

disorders.

2.2 Food Allergy and the Microbiome

Food allergy is defined as an adverse reaction to specific types of food allergens and

usually starts in the first 2 years of life with a prevalence of 5–8% (Gupta et al.

2011; Jackson et al. 2013). The diagnosis is highly dependent on patient history

together with the help of the diagnostic work-up, including serum-specific Ig

analyses, skin prick tests, or oral food challenges. The disease is usually character-

ized by gastrointestinal symptoms such as diarrhea, vomiting, mucus or blood in the

stool or abdominal discomfort. There can be skin manifestations such as eczema or

urticaria (hives), which can accompany the clinical picture. In general, food

allergies are categorized into three groups: IgE-mediated, non-IgE-mediated food

allergy, and mixed reactions. We focus primarily on the IgE-mediated food allergy

phenotype as a part of the Atopic March and the ways in which it interacts with the

microbiome and the body’s immune system.

Why do some people develop adverse reactions to specific types of food,

whereas others do not? A healthy response to what we eat depends on the immu-

nological process that the food antigen (Ag) encounters inside our body. A healthy

response is actually an unresponsiveness to various food Ags, which we come into

contact with every day, referred to as oral tolerance (Faria and Weiner 1999). When

this required tolerance is not accomplished, food Ags can induce Th2 cells,

producing inflammatory ILs (e.g., IL-4 and IL-13) that induce B cells to produce

Ag-specific IgE (Iweala and Burks 2016). Large amounts of IgE bind to the mast

cells, which evokes mast cell degranulation and release of inflammatory cytokines

such as histamine in the case of re-exposure to the food Ag. This reaction chain

leads to symptoms such as diarrhea, gastrointestinal upset, or anaphylaxis, a multi-

systemic, life-threatening reaction against a food allergen. Oral tolerance was

originally considered to be mediated by food Ag-specific Tregs. Ag encountered

in the gut lamina propria is endocytosed and transported by CD103+ intestinal

dendritic cells (DCs) to mesenteric lymph nodes (mLNs), inducing differentiation

of Ag-specific naı̈ve T cells into Tregs through retinoic acid and TGF-β signaling

(Fig. 2.1) (Benson et al. 2007; Coombes et al. 2007; Sun et al. 2007). Additionally,

retinoic acid and TGF-β upregulate the gut homing receptors CCR-9 and α4 β7 on

these differentiated Tregs to recruit them back into the intestinal lamina propria.

The Tregs are enriched via IL-10 secreted by residing CX3CR1 macrophages in the

gut (Hadis et al. 2011). Some Tregs circulate via the bloodstream to develop
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Fig. 2.1 Development of oral tolerance to food allergens. CX3CR1+ macrophages transfer

antigens from the intestinal lumen to dendritic cells (DCs) in the intestinal lamina propria. A

subset of DCs migrates to the mesenteric lymph nodes, where the DCs express transforming

growth factor-β (TGF-β) and retinoic acid, thereby inducing the differentiation of naı̈ve T cells and

upregulating the gut homing receptors CCR-9 and α4β7 on differentiated Tregs to recruit them

back into the intestinal lamina propria. Macrophages also secrete IL-10, which leads to Treg

proliferation in the lamina propria
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systemic tolerance to oral Ags (Husby et al. 1985). Any error in these pathways

impairs the development of oral tolerance. As an example, oral Ag exposure

induces murine allergic responses when vitamin A is deficient (Yokota-Nakatsuma

et al. 2014). Retinoic acid-deficient mLN DCs induce abnormal Th2 type rather

than Treg responses, precipitating aberrant responses to food specific Ag (Yokota-

Nakatsuma et al. 2014).

The interplay between the intestinal microbiome and the immune system has an

impact on oral tolerance. Spore-forming Clostridia species (Firmicutes) are said to

protect against an inflammatory response in the gut by induction of colonic Tregs

(Atarashi et al. 2011, 2013). Clostridia-induced Tregs are associated with decreased

food allergen sensitization (Atarashi et al. 2011, 2013; Stefka et al. 2014). Addi-

tionally, food Ag exposure can affect the quantity of Tregs, suggesting that food

Ags and bacteria work together to mediate immune balance and oral tolerance.

Interestingly, different types of stimulation (either from bacteria or food Ag) favor a

different subgroup of Tregs. Administration of antibiotics to mice reduced retinoic

acid receptor-related orphan receptor gamma t positive (RORγt+) Tregs in colonic

lamina propria, which interact with the microbes, whereas an Ag-free diet resulted

in decreased RORγt� Tregs in the small intestine (Kim et al. 2016). Not only the

type, but also the location of the Tregs differed. One potential explanation for these

differences may be based on the frequency of encountering a food Ag or bacteria in

different parts of the intestine. The small intestine has a large surface area to

welcome all food allergens and handle most digestive function; yet, the colon is

known to be enriched with the microbiota. Thus, both food Ag and bacteria induced

Tregs in different parts of the gut may either influence each other or work together

to establish an appropriate immune response in the intestine.

Gut colonization in early infancy has an impact on the risk of a child developing

food sensitization, or a food allergy later on. Low levels of Bacteroidaceae and high

levels of Enterobacteriaceae (a member of the Proteobacteria phylum) are observed

in the gut microbiome of food-sensitized infants at 3 months and 1 year of age

respectively (Azad et al. 2015). Lower microbiota richness was demonstrated in

3-month-old subjects in the same study (Azad et al. 2015), signifying that early gut

colonization can be a determinant of developing food sensitization or a robust

clinical picture of food allergy.

The intestinal microbiota also varies depending on multiple factors, such as

mode of delivery (Biasucci et al. 2010; Dominguez-Bello et al. 2010; Fallani et al.

2010), postnatal age (Backhed et al. 2015; Fujimura et al. 2016), diet (Azad et al.

2016; David et al. 2014; Jost et al. 2014), and antibiotic use (Choo et al. 2017; Guo

et al. 2017). In children, the gut microbiome is under the influence of other unique

factors, such as breastfeeding. A recent study exploring the gut microbiome in the

first year of life demonstrated that an important shift in the gut microbiome occurs

after the cessation of breastfeeding (Backhed et al. 2015). Breastfed infants have a

high abundance of Bifidobacterium, Lactobacillus, and some members of the

Clostridia class (Collinsella and Veillonella), which were also found to be members

of breast milk microbiota in previous studies (Backhed et al. 2015; Jost et al. 2014).
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Thus, breastfeeding is an important factor that could shape the intestinal

microbiome.

The microbiome may modulate the immune system, interfering with the risk of

developing an allergy, as demonstrated in previous studies (Stefka et al. 2014; Sudo

et al. 1997). Reconstitution of intestinal flora of germ-free mice with

Bifidobacterium infantis restores the oral tolerance response by controlling Th2

skewing and increased IL-4 production with oral allergen ovalbumin (OVA) chal-

lenge (Sudo et al. 1997). Interestingly, this effect was only observed in young

progeny during the neonatal period, but not in adult mice. These data suggest that

there might be a window for allergic sensitization and intervention to recover a

healthy immune response in the intestine. In a similar gnotobiotic (germ-free)

mouse model, mice treated with antibiotics showed increased susceptibility to

peanut allergen, characterized by an increase in peanut-specific IgE and anaphy-

laxis symptoms in the absence of microbiota (Stefka et al. 2014).

Toll-like receptor (TLR) is a pattern recognition receptor in the innate immune

system that can detect microbial DNA, lipoteichoic acid (LTA), or lipopolysaccha-

rides (LPS). TLR4, a specific subtype detecting LPS, plays an important role in

limiting inflammation in the gut (Rakoff-Nahoum et al. 2004). Introduction of LPS

to germ-free mice establishes oral tolerance (Bashir et al. 2004). TLR4-deficient

mice exposed to intragastric administration of peanut allergen, together with

cholera toxin, generate increased allergen-specific IgE response compared with

TLR4-sufficient mice (Bashir et al. 2004). In addition to TLR receptors leading

to host responses, metabolites of commensal bacteria in the gut, termed short chain

fatty acids (SCFAs), also have an effect on inducing immune responses. SCFAs are

released via metabolism of indigestible fibers by commensal bacteria in the gut

(Sonnenburg and Backhed 2016). Acetate, propionate, and butyrate are examples of

SCFAs produced by intestinal commensal inhabitants that induce a local and

systemic immunomodulatory response (Arpaia et al. 2013; Brown et al. 2003;

Smith et al. 2013; Tan et al. 2016; Thangaraju et al. 2009). These SCFAs signal

through G protein-coupled receptors (Thangaraju et al. 2009; Singh et al. 2014),

and inhibit histone deacetylases, affecting transcriptional regulation (Furusawa

et al. 2013). Furthermore, low levels of SCFAs are associated with an increased

inflammatory response and allergic phenotypes, as increasing levels of SCFAs can

prevent the development of allergic diseases (Tan et al. 2014; Thorburn et al. 2015;

Trompette et al. 2014). The proposed mechanism of the prevention of allergic

response by SCFAs may stem from the induction of colonic Tregs. In previous

murine studies, a high fiber diet increased SCFA production, and protected against

colonic inflammation and food allergy (Smith et al. 2013; Tan et al. 2016).

Furthermore, in a recent study, mice fed a high-fiber diet showed significantly

reduced symptoms of anaphylaxis and lower IgE levels compared with those on a

non-fiber diet. In the same study, protection from food allergy also correlated with

decreased levels of Th2-specific cytokines, such as IL-4, IL-5, and IL-13 from

stimulated lymphocytes in MLNs by using peanut extract (Tan et al. 2016). These

examples support the hypothesis that the intestinal microbiome has an influence on
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intestinal homeostasis and the prevention of food sensitization by means of their

metabolites.

Previous studies of food allergy influencing alteration of the gut microbiome

mainly focused on IgE-mediated food allergies. The relative abundance of

Bacteroidetes, Proteobacteria, and Actinobacteria phyla in food allergy subjects

are significantly reduced compared with the healthy gut microbiome (Ling et al.

2014). In the same study, infants with IgE-mediated food allergy had increased

levels of Clostridium sensu stricto and Anaerobacter, and decreased levels of

Bacteroides and Clostridium cluster XVIII (Ling et al. 2014). Even though Clos-

tridia are thought to play a protective role in the gut, different species belonging to

the Clostridium genus, as seen in the example above, could either be influenced by

inflammation or affect the inflammation process itself in a different way. One

explanation for this observation could be that environmental change inside the

gut lumen may alter the balance between different microbial communities, and how

they interact with each other. Another explanation could be that microbial commu-

nities are not only influenced by the disease process, but are active decision-makers

according to varying conditions. Different species may increase or decrease their

abundance to maintain functional balance inside a niche to fight against an unusual

state (e.g., a food allergy) and gut inflammation.

Human breast milk is the first food introduced to the infant gut for most

newborns. Breast milk has many bioactive components and unique nutritional

factors that help the development of the innate immune system of the infants

(Cacho and Lawrence 2017). Previous work suggests a protective effect of breast

milk on the development of atopic diseases, including food allergy (Gdalevich et al.

2001a, b; Midodzi et al. 2010; Mimouni Bloch et al. 2002; Muraro et al. 2004; Sears

et al. 2002; Snijders et al. 2007). Breastfeeding was proposed to be prophylactic

against atopic diseases in a previous study with a 17-year follow-up (Saarinen and

Kajosaari 1995). According to that study, the prevalence of food allergy was

highest at 1–3 years in infants who had been breastfed for less than 1 month

( p ¼ 0.02, ANOVA) (Saarinen and Kajosaari 1995). Other studies also support

the protective effect of breastfeeding on atopic diseases (Gdalevich et al. 2001a, b;

Midodzi et al. 2010; Mimouni Bloch et al. 2002; Muraro et al. 2004; Snijders et al.

2007; Oddy et al. 1999). Not only the bioactive components but also the microbiota

of breast milk are under investigation with the advance of nonculture-dependent

sequencing technology. Breast milk is shown to shape the gut microbiome during

infancy (Jost et al. 2014, 2015; Benito et al. 2015; Martin et al. 2012; Pannaraj et al.

2017), and the effect of the breast milk microbiome on food allergies is yet to be

discovered.

Overall, the immune system and the microbiome could interact and alter the

course of the allergic process. An initial inflammatory response may be induced by

altered quantities, functions or metabolites of the intestinal microbiota. In addition,

although murine studies provide valuable information, one limitation is the expo-

sure to only specific types of model food (e.g., OVA). Thus, the effect of a complex

diet on intestinal Tregs and the intestinal environment has not yet been clarified
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(Plunkett and Nagler 2017). More studies are needed to further the understanding of

food allergies, and the role of interventions utilizing the microbiome.

2.3 Atopic Dermatitis and the Microbiome

Atopic dermatitis is the most common chronic skin inflammatory disease, with a

prevalence of 10–20% among the pediatric population (Flohr and Mann 2014;

Silverberg and Simpson 2014; Weidinger and Novak 2016). AD is characterized

by intense itching and dry scaly skin, together with recurrent eczematous skin

lesions. In about 60% of cases, disease symptoms start in the first year of life, but

AD can affect children at any age (Garmhausen et al. 2013; Illi et al. 2004). The first

manifestation of the disease is dry, scaly skin in infants. Eczematous lesions are not

evident before the second month of life. Despite appropriate treatment, the clinical

course of AD can be relapsing-remitting (Garmhausen et al. 2013; Illi et al. 2004).

Birth cohort studies demonstrate that in up to 70% of cases, the disease greatly

improves or resolves by late childhood (Illi et al. 2004; Peters et al. 2010).

The strongest risk factor for the development of AD is family history

(Apfelbacher et al. 2011). Genetic factors can affect the development of AD. The

most common and well-known genetic determinant is the filaggrin (FLG) mutation,

which, under normal conditions, encodes for a key structural protein in the epider-

mis (Irvine et al. 2011). Thus, it is an important element to maintain the skin barrier

and its integrity. Although the FLG mutation can play a role in some affected

individuals, most AD patients do not have the FLG mutation (Irvine et al. 2011);

thus, it is neither sufficient nor necessary for development of the disease.

In addition to genetic factors, cutaneous inflammation is a hallmark of AD

characterized by CD4+ cell infiltration. Even unaffected skin areas in patients

with AD have signs of subclinical inflammation with Th2 cells, Th22 cells, and

to a lesser extent, Th17 cells (Suarez-Farinas et al. 2011). Furthermore, an increased

number of type 2 innate lymphoid cells, which produce Th2-type ILs, is found in

the skin lesions, and contributes to local inflammation (Imai et al. 2013; Salimi et al.

2013). Th2-type cytokines such as IL-4, IL-5, and IL-13 have been shown to play a

role in AD pathogenesis. In murine studies, IL-4 and IL-13 induce eczema-like skin

features (Chan et al. 2001; Chen et al. 2004; Zheng et al. 2009). In human studies,

IL-4 and IL-5 are evident in higher amounts, together with IL-13 in either acute or

chronic cases of AD (Hamid et al. 1994, 1996). One example of the relationship of

IL-4 with the skin barrier is that IL-4 alters the expression of multiple genes, which,

in turn, leads to the aberrant regulation of epidermal barrier function (Sehra et al.

2010). A compromised barrier can increase the vulnerability of skin, allowing

penetration of allergens and bacteria, which could then contribute to the develop-

ment of AD.

The skin, known to be the largest organ, harbors a diverse microbiota. A healthy

skin microbiome consists of the genera Propionibacterium, Corynebacterium,
Staphylococcus, and Streptococcus (Shi et al. 2016). Microbiome composition is
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dependent on many factors, including age. The skin microbiome was previously

demonstrated to vary in healthy adults and children (Shi et al. 2016). The diversity

of the healthy skin microbiome is distinct, depending on age. Younger children

have a greater diversity of skin microbiota than adults (Shi et al. 2016). However,

age is not the only factor that can affect the skin microbiota. Inflammatory diseases

of the skin, in particular AD, can alter the composition and diversity of the skin

microbiome. Overall, bacterial diversity of the skin in AD patients is lower than in

healthy subjects (Kong et al. 2012). Even among AD patients, the sampling site and

phase of the disease, which is individual and disease course-specific, are important

determinants of the skin microbiome. Lesion and nonlesion sites can differ tremen-

dously in bacterial content, and warrant further analyses. Staphylococcus was

significantly more abundant in nonlesional skin of AD patients compared with

healthy subjects (Shi et al. 2016). Staphylococcus aureus also is more abundant

in the flare period of AD, with an increase in S. epidermidis, whereas the abundance
of Streptococcus, Propionibacterium, and Corynebacterium are decreased in the

patients’ skin microbiota (Kong et al. 2012).

Atopic dermatitis is one of the first manifestations of atopy at early ages. Early

changes in the skin microbiome, cutaneous dysbiosis, may lead to AD in later life.

Two-month-old infants who developed AD in follow-ups had significantly lower

numbers of commensal Staphylococcus species in their antecubital fossae, which is
a very common site for AD presentation in that age group (Kennedy et al. 2017).

These data suggest that dysbiosis in the skin microbiome might be associated with

the process of developing AD at very early ages.

Fungi are less abundant members of the skin microbiome that share the same

niche with bacteria on the skin. Although less frequently studied, fungal members

of the skin microbiome are altered in AD patients. Nearly all Malassezia members

are reported to be depleted in AD patients. Interestingly, enrichment of Malassezia
dermatis and the increased diversity of non-Malassezia species (Aspergillus, Can-
dida albicans, and Cryptococcus diffluens) are shown in AD (Chng et al. 2016; Oh

et al. 2013; Zhang et al. 2011). There is an alteration of the skin microbiome

affecting various members in AD, but further studies are needed to understand

the significance of this change, and how it could correlate with the immune

response in the skin.

The relationship among the immune system, the host cells, and the skin

microbiome is a subject of intense research. Th2-mediated inflammatory mecha-

nisms can affect microbial availability and interaction with the skin barrier. An

increase in Th2-type responses promotes S. aureus binding and colonization in the

skin (Brauweiler et al. 2014). Moreover, Th2-mediated inflammation and cytokine

production can indirectly interfere with natural habitants in the skin. As an exam-

ple, IL-4 and IL-13 inhibit the production of antimicrobial peptides in the skin,

predisposing the skin to S. aureus infection, leading to inflammation and disease

exacerbation in AD patients (Eyerich et al. 2009; Kasraie et al. 2010; Lehmann

et al. 2004; Nakamura et al. 2013; Niebuhr et al. 2010; Ong et al. 2002).

In addition to Th2-mediated mechanisms, mast cells (MCs) also interact with

microbial communities. MCs are derived from bone marrow and are not released to
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the bloodstream as mature cells. They settle in peripheral sites of the body, such as

the gastrointestinal system or skin, and differentiate maturity induced by cytokines

in the surrounding microenvironment (Halova et al. 2012; Liu et al. 2010; Metcalfe

et al. 1997). MCs produce IL-22, which promotes epidermal hyperplasia. They also

induce antimicrobial peptides in both human and murine studies, and elicit a

protective function at lesion sites (Mashiko et al. 2015; Wolk et al. 2006; Zheng

et al. 2007). The way in which MCs communicate with the skin microbiome is not

well defined. Notably, murine MCs mature with the help of skin microbiota. Germ-

free mice contain largely undifferentiated MCs, and administration of the Gram-

positive cell wall component, LTA, to germ-free mice induces MC maturity,

underscoring the importance of the microbiome in the differentiation of immune

cells (Wang et al. 2017).

Thus, there is increasing evidence that the skin microbiome is an essential part of

the pathogenesis of AD. Additional studies are needed to explore the changes in the

skin microbiome, the ways in which the members of the microbiome interact with

each other, and the inflammatory response created by AD.

2.4 Allergic Diseases of the Airways and the Microbiome

Asthma and AR are additional allergic diseases that are subsets of the “Atopic

March,” and are highly associated with AD and food allergies seen at early ages.

Asthma is a chronic inflammatory disease of the airways. Airway inflammation

subsequently causes airway hyperresponsiveness, limitation of airflow, and respi-

ratory symptoms such as wheezing. Mast cells, eosinophils, T lymphocytes, mac-

rophages, and neutrophils play a role in the pathophysiology of asthma, creating a

hyperreactive airway that leads to airway obstruction. In this section, we focus on

atopic asthma in the early years of life. Notably, demonstration of aero-allergen-

specific Th2 cells in cord blood underscores that the allergic inflammatory response

is initiated in utero, earlier than previously thought (Piccinni et al. 1993; Prescott

et al. 1998; Yabuhara et al. 1997).

Allergic asthma is described primarily as a Th2-mediated disorder involving a

complex immunological response. Th2-related cytokines (IL-4, IL-5, and IL-13)

lead to IgE overproduction, an increase in the eosinophil count, and airway

hyperresponsiveness. Tregs, defined as a control for Th2-mediated response, are

decreased in asthmatics. In contrast, natural killer (NK) cells, which produce more

Th1- and Th2-related cytokines, worsen the inflammatory response (Akbari et al.

2006; Larche et al. 2003). The decision of either tolerance or sensitivity to an

aeroallergen does not solely depend on the previously described mechanisms

above. Airway mucosal dendritic cells (AMDCs) are responsible for local immu-

nity in the respiratory epithelium (Holt et al. 1990). AMDCs have the ability to

communicate with the immune system via transmitting signals from airway

mucosa. AMDCs can help to create a balance between Th2 (inflammatory) and

Treg (anti-inflammatory)-mediated immune responses to a specific type of aero-
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allergen. The immunological response created on the mucosal airway surface is not

restricted to a local area. There is cross-talk between mucosal immunity and the

central immune system through AMDCs. The immunological processes in asthma

are not limited to the cell types or ILs described in this chapter. Other environmen-

tal and genetic influences play a role in asthma pathogenesis. For this section, we

focus on the microbiome and how microbial communities could affect the devel-

opment and prognosis of asthma.

The analysis of the airway microbiome has been a developing topic over the last

decade. Until recently, airways were considered to be sterile (Dickson et al. 2016),

partly stemming from the challenge that bacteria found in airways are not

culturable. Owing to advances in sequencing technology, several studies indicate

that the healthy lung harbors a microbial community (Dickson et al. 2017; Hilty

et al. 2010; Morris et al. 2013). Even considering differences in the sampling

methods, e.g., bronchoalveolar lavage (BAL) fluid or protected specimen brushings

(PSBs), the microbiome of the airways detected by bronchoscopy appears to more

similar to the oropharynx than the nasopharynx (Morris et al. 2013). In a study of

healthy adults, Enterobacteriaceae, Haemophilus,Methylobacterium, and Ralstonia
species were demonstrated in the lung and in the oral flora (Morris et al. 2013),

although Tropheryma was only found in the lung and not inside the mouth (Morris

et al. 2013), indicating that oral flora is not the only source of the lung microbial

communities. One speculation is that inhalation of the allergen, or dispersion along

the bronchial mucosa, could be the other entrance routes of microorganisms to the

lower airways (Dickson et al. 2017).

Analyses of the airway microbiota of healthy adults revealed that the most

abundant phyla are Bacteroidetes and Firmicutes, and to a lesser extent

Actinobacteria and Proteobacteria. This microbial community mainly consists of

Pseudomonas, Streptococcus, Prevotella, Fusobacterium, Veillonella,
Haemophilus, Neisseria and Porphyromonas at the genus level (Charlson et al.

2011; Erb-Downward et al. 2011). Although less intensely studied than the bacterial

microbiome, fungal and viral components of the murine microbiome, especially

fungi, possess a significant relationship with the health or disease status (Noverr

et al. 2005).

Even on the first day of life, infants’ lungs harbor microbial communities.

Healthy airway microbiota on the first day of life consists of Firmicutes and

Proteobacteria predominantly, together with Actinobacteria, Bacteroidetes,

Tenericutes, Fusobacteria, Cyanobacteria, and Verrucomicrobia (Lal et al. 2016).

As seen in healthy subjects, a microbial population is present in the airways. Could

an aberrant change in the airway microbiome promote a risk for the development of

pulmonary allergic inflammation?

As demonstrated in murine studies, a low diversity and low load of microorgan-

isms are associated with an aberrant immune response and susceptibility to allergic

inflammation. Studies using germ-free mice demonstrated that the absence of

microbial colonization at early ages increases the risk of an exaggerated response

to allergens (Herbst et al. 2011).
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The lung microbiome is not the only microbial habitat that could affect the risk

of developing asthma. Recent studies examine the relationship of other parts of the

airways with asthma. A low diversity nasal microbiome is found to be a key feature

in children with asthma compared with healthy children. Additionally, a greater

abundance of Moraxella in the nasal microbiota is noted in asthmatic children

(Depner et al. 2017). The development of a recurrent wheeze and asthma had also

been predicted as a result of early-life colonization of the upper respiratory tract

with specific members and possible pathogens of the bacterial community, such as

Haemophilus influenzae, Moraxella catarrhalis, and Streptococcus pneumoniae
(Bisgaard et al. 2007). In children with asthma, the nasal microbiota was found to

a have greater abundance of Proteobacteria. In the Childhood Asthma Study (CAS),

the nasopharyngeal aspirate (NPA) samples and the clinical information on

234 high-risk infants were examined for the development of asthma/allergy. In

this study focusing on the relationship between the NPA microbiome and the

dynamics of respiratory health and illnesses, one finding was significant for the

risk of developing asthma. Early colonization with Streptococcus species in NPA

was strongly associated with the risk of the subsequent development of a chronic

wheeze, a strong predictor of future asthma, supporting previous studies (Teo et al.

2015). Although there is a debate regarding which species are primarily affected by

airway dysbiosis of asthmatic children, the microbiome appears to have a relation-

ship with the pulmonary allergic inflammatory process.

Not only the airway microbiome, but also the microbiome at other body sites

could contribute to an increased risk of asthma. The gut microbiome has been

proposed to have an influence on asthma development. Stool samples of babies who

are sensitized to an allergen in skin prick tests have fewer Lactobacilli,

Bacteroidetes, Bifidobacteria, and a greater abundance of Clostridia and Entero-

cocci. Additionally, low gut microbiota diversity in the first month of life is

associated with asthma development at 7 years of age (Abrahamsson et al. 2014).

In a comprehensive study, the Canadian Healthy Infant Longitudinal Development

study, 319 infants were examined to assess the relationship between the gut

microbiota and the risk of asthma development. This study highlighted that the

risk of asthma development correlated with the gut microbial dysbiosis during the

first 100 days of life. Furthermore, the relative abundance of the bacterial genera

Lachnospira, Veillonella, Faecalibacterium, and Rothia was significantly

decreased in children at risk of asthma. In the same study, inoculation of germ-

free mice with those four taxa ameliorated airway inflammation in adult mice,

supporting the causal role of the microbiome in asthma development (Arrieta et al.

2015). These examples signify that early changes in the intestinal microbiome

could be of significance. Also, future therapeutic interventions may target young

ages for those at a high risk of asthma development.

In addition to human data, murine studies show the effect of the intestinal

microbiome on asthma. Allergic airway inflammation induced by OVA can be

limited by feeding a mix of Clostridium strains to pathogen-free experimental mice

models. Food rich with Clostridium mixed strains induces Treg expansion in the

circulation, and reduces the inflammatory response to OVA challenge (Atarashi
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et al. 2011). Another study demonstrated that feeding with bacteria strains is not

always necessary for protection from allergic response. A high-fiber diet could also

alter the ratio of bacteria in the gut, and increase the level of SCFAs produced as the

by-product of bacterial metabolism, which could be protective against allergic

inflammation in the lung (Trompette et al. 2014).

Compared with other sites of the body, the lung microbiome is challenging

because of the difficulties in sampling the lower airways, but showing the similarity

of the microbiome of the upper airways or oropharynx to the lower airways pro-

vides insights. Multiple studies illustrated the significant change in the asthmatic

airway microbiome compared with healthy airways. Additional studies regarding

the microbiome and host interactions are warranted to understand how microbiota

change could affect the immunological disease process.

Allergic rhinitis, another component of the “Atopic March,” is initiated when

exposed to an aero-allergen, which creates an IgE-mediated inflammatory response

in the nasal mucosa. AR presents with rhinorrhea, sneezing, pruritis, and nasal

congestion. Although it is typically self-limited, AR is a global problem affecting

500 million patients worldwide, and has a major impact on the quality of life

(Brozek et al. 2010; Meltzer et al. 2009). AR is the least intensively studied of

the allergic diseases in terms of the microbiome. There are a few studies that

analyzed the nasal microbiota of AR patients (Choi et al. 2014; Lal et al. 2017).

One study proposed that seasonal AR subjects have increased bacterial diversity in

the middle meatus compared with non-allergic subjects during the allergy season

(Choi et al. 2014). Interestingly, the same study did not demonstrate any difference

in microbiota between AR subjects and healthy controls in the nasal vestibule,

which emphasizes, once again, the importance of the sampling site in microbiome

studies. Furthermore, the age of the subjects recruited to the study could have an

effect on the composition of the microbiome. A study comparing the microbiome of

nares in healthy children and adults showed that young children have a predomi-

nance of Streptococcaceae, other Firmicutes, Bacteroidetes, and alpha/beta

Proteobacteria, whereas adult nares are dominated by Corynebacterineae and

Propionibacteriaceae (Oh et al. 2012).

To date, information is still limited regarding the ways in which an alteration in

the nasal microbiome could affect AR development, prognosis, and

immunopathogenesis. Further studies are essential to reveal the relation between

AR and microorganisms inhabiting the airways to increase understanding of this

disease.

2.5 Future Directions

With improvements in the sequencing technology, whole genome sequencing

(WGS) methods have been becoming more accessible and convenient to use.

Previous microbiome studies predominantly utilize 16S approaches. Compared

with 16S-based approaches, WGS affords greater depth of coverage, even for
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bacteria with low abundance (Ranjan et al. 2016), and illustrates other members of

the microbial community including viruses, protozoa, and fungi. WGS may present

challenges depending on body sites. Considering all the technical advantages and

disadvantages of those methods, it is convenient to choose a method that is

applicable and most suitable for the study. In the future, 16S-based approaches

used in most microbiome studies may be complemented by WGS. Examination of

other microbiome members offers us an analysis of the relationship among all

community members, in addition to the host cells and the immune system. Changes

in the microbiome have been shown in different disease processes (Ling et al. 2014;

Gupta et al. 2010; Viljoen et al. 2015), including allergic diseases. It is also

significant to consider the clinical picture, and the ways in which to use this

combined information to intervene in the process of allergic diseases from the

beginning, at a very early age. Further studies are necessary to be able to control, or

even prevent the allergic phenotype to progress to other types of Th2-mediated

allergic disease.
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Chapter 3

Pathogenesis, Immunity and the Role

of Microbiome/Probiotics in Enteric Virus

Infections in Humans and Animal Models

Shaohua Lei, Erica Twitchell, and Lijuan Yuan

Abstract The gut microbiota has a profound impact on the resistance, pathogen-

esis, and immunity of enteric viral pathogens. Commensal microbes may prevent

the host from infection or enhance infection by altering virus stability, attachment

or cellular entry. Additionally, microbiota members can stimulate or suppress host

immune responses to the viral infection. In most cases, the gut microbiota plays a

role in host resistance against invading enteric viral pathogens; hence, germ-free

animals are more susceptible to infection of various enteric pathogens. However,

increasing evidence has demonstrated that certain commensal bacteria can enhance

enteric viral infection. Exact mechanisms by which specific bacteria carry out these

effects are not clearly understood in most instances. In this chapter, human

norovirus (HuNoV) and human rotavirus (HRV), the two most important viral

pathogens causing gastroenteritis, are chosen for the discussion of the impacts

and mechanisms of microbiome–host interactions on viral gastroenteritis. The

pathogenesis and immunity of HuNoV and HRV in humans and in germ-free

animal models, particularly gnotobiotic (Gn) mice and pigs, and Gn pigs

transplanted with human gut microbiota are reviewed. Findings from studies on

host–microbiome interactions on the pathogenesis and immunity of the two viruses,

and mechanisms of probiotics/prebiotics in ameliorating their infection and dis-

eases, are summarized. Unraveling the role of microbiome and specific probiotics

in the infectivity, pathogenesis, and immunity of HuNoV and HRV facilitates the

development of strategies for manipulating the microbiome against viral infections.

Further studies are needed to improve our understanding of mechanisms underlying

host–microbiome interactions in the pathophysiology of enteric viral diseases.
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List of Abbreviations

ASC Antibody-secreting cells

AttHRV Attenuated human rotavirus

Dpi Days post-inoculation

EcN Escherichia coli Nissle 1917
Gn Gnotobiotic

HBGA Histo-blood group antigen

HHGM Healthy human gut microbiota

HRV Human rotavirus

HuNoV Human norovirus

LGG Lactobacillus rhamnosus GG
MNCs Mononuclear cells

NHPs Nonhuman primates

UHGM Unhealthy human gut microbiota

VirHRV Virulent human rotavirus

3.1 HuNoV Pathogenesis and Immunity in Humans

and in Animal Models

3.1.1 HuNoV Gastroenteritis, Pathogenesis, and Cell
Tropism in Humans

Human noroviruses (HuNoVs) are positive-sense, single-stranded, non-enveloped

RNA viruses that belong to the genus Norovirus in the family Caliciviridae (Zheng

et al. 2006). Since the introduction of rotavirus vaccines (RotaTeq in 2006 and

Rotarix in 2008), HuNoVs have become the predominant cause of viral epidemic

acute gastroenteritis across the globe (Pringle et al. 2015; Hemming et al. 2013;

Payne et al. 2013). Viral transmission occurs via the fecal–oral route by contami-

nated food or water and person-to-person spread (Patel et al. 2009). HuNoV

gastroenteritis is generally self-limiting, with a duration of 2–3 days and consists

of moderate to severe acute diarrhea episodes, sudden onset of vomiting, and mild

or no fever (O’Ryan et al. 2010), but the diseases can become more severe and

prolonged in infants, the elderly, and individuals with impaired immunity (Karst

2010). Despite its importance in public health, no virus-specific therapeutics or

vaccines are currently available to treat or prevent HuNoV gastroenteritis (Kocher

and Yuan 2015), mainly because HuNoV research has been hampered by the long

absence of a robust cell culture system and small-animal model. HuNoV biology

has been explored most frequently by viral challenge studies in human volunteers

(Karst 2010), chimpanzees (Bok et al. 2011), gnotobiotic (Gn) calves and pigs

(Souza et al. 2008; Bui et al. 2013; Cheetham et al. 2006), and immunodeficient

mice (Taube et al. 2013) (Table 3.1).
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Challenging HuNoV in immunocompetent volunteers resulted in acute gastro-

enteritis, and biopsy specimens from the individuals who acquired clinical gastro-

enteritis displayed histological changes in the small intestine, including mucosal

inflammation, villus blunting, microvillus shortening, and abnormal organelles

such as endoplasmic reticulum and mitochondria (Agus et al. 1973; Schreiber

et al. 1973, 1974; Dolin et al. 1975). Although intestinal epithelial cells (IECs)

are the target for most enteric pathogens, the presence of HuNoV virions or antigen

have not been reported in these biopsies from immunocompetent humans, and the

cellular tropism of HuNoV has long been elusive (Agus et al. 1973; Schreiber et al.

1973, 1974; Dolin et al. 1975; Karst et al. 2014). Chronic HuNoV infection occurs

in immunocompromised transplant patients. A recent study using intestinal biopsies

from a patient cohort showed that HuNoV infection was observed in duodenal and

jejunal enterocytes, and HuNoV-associated histopathological changes were present

as the flattening of epithelial cells and the severe loss of villin in enterocytes

(Karandikar et al. 2016). In addition, stem cell-derived and nontransformed

human intestinal enteroids have been recently established as a reproducible culti-

vation system for multiple HuNoV strains, confirming enterocytes as target cell

types for HuNoV infection in vitro and in vivo (Ettayebi et al. 2016). B cells were

suggested to be a permissive cell type for HuNoV replication in vitro, which is a

novel HuNoV cultivation system in the BJAB cell line supplemented with free

histo-blood group antigen (HBGA) or HBGA-expressing inactivated enteric bacte-

ria (Jones et al. 2014). However, this cell culture system produced inconsistent

results in other laboratories (Jones et al. 2015; Lei et al. 2016c), and HuNoV

infection was observed in B cell-deficient patients and Gn pigs (Brown et al.

2016; Lei et al. 2016b), along with the low virus yields in such an in vitro cell

system compared with high-level virus shedding in patients (Bok and Green 2012),

suggesting that B cells might not be the primary target cell of HuNoV.

3.1.2 HuNoV Infection and Pathophysiology
in Conventional Animal Models

Nonhuman primates (NHPs), particularly chimpanzee (99%) (Kehrer-Sawatzki and

Cooper 2007), share the greatest genome similarities with humans, which makes

them desirable models for studies on several fastidious viral pathogens, such as

human immunodeficiency virus and hepatitis viruses (O’Neil et al. 2000; Pfaender
et al. 2014; Purcell and Emerson 2001). The chimpanzee was presented as a viable

animal model for subclinical GI.1 HuNoV infection, characterized by intravenous

inoculation, asymptomatic fecal virus shedding, and viral associated serum anti-

body responses (Bok et al. 2011). Biopsies from the jejunum and duodenum showed

no histological changes after HuNoV infection, although the viral genome was

detectable up to 21 days post-inoculation. Interestingly, viral capsid antigen was

only observed in cells of the duodenal and jejunal lamina propria, and further
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investigations indicated that viral antigen-positive cells were dendritic cells and B

lymphocytes (Bok et al. 2011). However, the chimpanzee is not available for

biomedical research any longer owing to ethical concerns.

Another animal model of subclinical HuNoV infection is the Balb/c mouse

deficient in recombination activation gene (RAG) and common gamma chain (γc
or IL2RG), which lacks T cells, B cells, and natural killer cells. In this mouse

model, a HuNoV GII mix was inoculated intraperitoneally (Taube et al. 2013).

Although virus shedding and gastrointestinal diseases were not observed in those

Balb/c RAG/γc�/� mice, viral genome was detected in the intestinal and systemic

sites, with increased levels over the input virus 1–2 days post-inoculation. Viral

structural and nonstructural proteins were observed in cells morphologically resem-

bling macrophages in the liver and spleen, validating HuNoV propagation (Taube

et al. 2013). Moreover, Balb/c RAG/γc�/� mice can be used for the evaluation of

anti-HuNoV drugs such as the nucleoside analog 20-C-methylcytidine, which

inhibited HuNoV replication in vivo (Kolawole et al. 2016).

3.1.3 HuNoV Infection and Pathophysiology in Gnotobiotic
Large Animal Models

The neonatal Gn pig model is well suited for the evaluation of HuNoV pathogenesis

and vaccine efficacy, and it reflects HuNoV biology in terms of supporting the

natural oral route of infection, resulting in diarrhea, transient viremia, and virus

shedding in feces (Cheetham et al. 2006; Bui et al. 2013; Kocher et al. 2014; Souza

et al. 2007a, b). Viral structural and nonstructural proteins were detected in

enterocytes in wild-type Gn pigs experimentally infected with HuNoV genotype

GII.4 (Bui et al. 2013; Cheetham et al. 2006; Lei et al. 2016c), indicating viral

infection and replication in Gn pigs. HuNoV-induced diarrhea in Gn pigs was

associated with mild villus atrophy and cytopathological changes in the small

intestine, manifested as blunting and shortening of microvilli and necrosis and

apoptosis of enterocytes (Bui et al. 2013; Cheetham et al. 2006), which recapitulate

the hallmark pathological features in humans.

Twenty-four units of the P domain of HuNoV capsid protein can form P particle,

which efficiently induces innate, humoral, and cellular immune responses in mice

(Fang et al. 2013). Together with its easy and economical preparation in E. coli, P
particle has gained recognition as a promising vaccine candidate against HuNoV

infection (Kocher and Yuan 2015). In the study of P particle vaccination in Gn pigs,

P particle exhibited 47% cross-variant protection against HuNoV diarrhea, and the

protection correlated positively with T cell expansion in the ileum and spleen, while

correlating inversely with T cell expansion in the duodenum (Kocher et al. 2014).

Persistent HuNoV infection in immunocompromised patients can lead to increas-

ingly debilitating and life-threatening gastroenteritis with prolonged virus shedding

(Bok and Green 2012; Green 2014). Similarly, in RAG2/IL2RG-deficient Gn pigs,
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HuNoV infection was severe and prolonged owing to the severe combined immu-

nodeficiency of the host, and enterocytes of the duodenum and jejunum were sites

of HuNoV infection (Lei et al. 2016b).

Neonatal Gn calves serve as another large animal model that supports GII.4

HuNoV infection; viral capsid protein was detected in enterocytes of the jejunum

and ileum, and in cells morphologically resembling macrophages in the lamina

propria (Souza et al. 2008). Similar to the findings in Gn pigs, HuNoV challenge in

Gn calves resulted in diarrhea along with intestinal lesions and mild villous atrophy,

fecal virus shedding, transient viremia, and intestinal and systemic immune

responses (Souza et al. 2008).

Notably, pigs are natural hosts of noroviruses GII (genotypes 11, 18, and 19);

however, all porcine noroviruses were detected from conventional pigs without

clinical signs (Knowles and Reuter 2012). Porcine norovirus has been detected in

many countries and geographical distribution indicates the worldwide occurrence

of porcine noroviruses among pigs on farms. The QW101/2003/US (GII.18) isolate

from a healthy adult pig was genetically and antigenically related to HuNoVs and

replicated in Gn pigs with fecal shedding coincident with mild diarrhea (Wang et al.

2005). Seroprevalence of norovirus GII in pigs was reported to be 97% in the USA.

Attempts have been made, but failed to infect conventional G€ottingen miniature

pigs (Marshall BioResources, North Rose, NY, USA) with HuNoV (Tin et al.

2017). The miniature pigs shed neither virus nor seroconvert after oral and intra-

venous HuNoV inoculation. The difference in the susceptibility to norovirus infec-

tion and lack of disease in conventional pigs suggest that the gut microbiota or

maternal antibodies might be protective. Effects of the gut microbiota on the

resistance and immunity to norovirus infection are currently under investigation.

3.2 Effects of the Microbiome on Norovirus Infection,

Immunity, and Disease

The notion that commensal bacteria can enhance enteric viral infection was dem-

onstrated by two landmark studies published in 2011 using poliovirus, reovirus, and

mouse mammary tumor virus (Kuss et al. 2011; Kane et al. 2011). When intestinal

bacteria were depleted by administering a cocktail of antibiotics to mice, poliovirus

infection was dramatically attenuated in comparison with normal mice with gut

microbiota, as characterized by the reduced fecal virus shedding and mortality

(Kuss et al. 2011). In addition, the reduced poliovirus infection was reversed by

fecal transplantation to reconstitute intestinal microbes, and the status of the

intestinal microbiota did not affect viral infectivity when poliovirus was inoculated

intraperitoneally (Kuss et al. 2011), indicating the role of intestinal bacteria in

enhancing enteric viral infection. Poliovirus was shown to directly bind to the

bacterial outer-membrane component lipopolysaccharide, resulting in virion
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thermo-stabilization and attachment to host cells (Kuss et al. 2011; Wilks et al.

2015). As a result, the interactions between host-microbiome and enteric viruses

have been gaining intense attention. However, the understanding of effects of the

intestinal microbiota on HuNoV has been impeded by the absence of a suitable cell

culture system and animal model. Limited studies analyzing stool samples from

human patients showed that HuNoV infection could alter microbial composition

(Nelson et al. 2012).

Murine norovirus (MNV) was first identified in 2002 from the brain of an

immunocompromised mouse, RAG/STAT1�/� strain, because of its lethal infec-

tion (Karst et al. 2003). Since then, MNV has been used widely as a surrogate to

explore HuNoV biology regarding viral pathogenesis, host immunity, and inter-

plays with gut microbiota. Antibiotic treatment reduced the acute MNV infection,

and lower virus titers in the distal ileum, mesenteric lymph nodes, and colon were

observed compared with control mice (Jones et al. 2014). Antibiotics also

prevented persistent MNV infection in mice, but persistent infection could be

restored by microbial colonization (Baldridge et al. 2015), indicating the stimula-

tory role of microbiota in MNV infectivity. However, major disruptions of the

microbiome were not observed following acute or persistent MNV infection in

mice (Nelson et al. 2013). MNV infection is asymptomatic in wild-type mice, but

mucosal inflammation was observed in IL-10�/� mice maintained in a specific

pathogen-free environment, and MNV-induced pathological changes such as

reduced tight junction proteins and inflammatory lesions were lacking in germ-

free IL-10�/� mice, suggesting that MNV-triggered intestinal diseases might be

induced via bacterial microbiota (Basic et al. 2014).

3.3 Mechanisms of Probiotics/Prebiotics in Ameliorating

Norovirus Infection and Disease

Probiotics have been increasingly recognized as vaccine adjuvants and therapeutic

agents to ameliorate pediatric acute gastroenteritis (Schnadower et al. 2015;

Licciardi and Tang 2011). The underlying mechanisms of their beneficial health

effects include modulating gut microbiota composition, enhancing intestinal barrier

function, and promoting mucosal immunity (Wen et al. 2009). Notably, Lactoba-
cillus spp. exhibit promising properties against viral infection and diseases in

human clinical trials (Guandalini et al. 2000; Sindhu et al. 2014; Szajewska et al.

2014), and their binding capacity with viral P particles holds great promise for

reducing HuNoV infectivity and disease in vivo (Rubio-del-Campo et al. 2014).

Evaluation of the effects of consuming Lactobacillus casei strain Shirota fermented

milk on HuNoV gastroenteritis during an outbreak in Japan demonstrated that the

elderly HuNoV-infected patients (about 84 years old) who continuously consumed

the milk experienced a shorter duration of fever than the nontreated patients
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(1.5 vs. 2.9 days), although the incidence of HuNoV gastroenteritis did not differ

between the two groups (Nagata et al. 2011).

Probiotic bacteria can bind HuNoV P particles on their surface in vitro, and the

presence of L. casei BL23 and Escherichia coli Nissle 1917 (EcN) may inhibit P

particle attachment to epithelial cells (Rubio-del-Campo et al. 2014). Lactobacillus
rhamnosus GG (LGG) is another probiotic strain with HuNoV-binding capacity,

and a recent study showed that the binding between HuNoV and LGG/EcN was

associated with their inhibitory role of HuNoV shedding in Gn pigs (Lei et al.

2016a). In addition, daily supplement of prebiotic rice bran in LGG/EcN colonized

Gn pigs was highly protective against HuNoV diarrhea and shedding. The mech-

anism involves enhancement of IFN-γ-producing T cell responses, increased pro-

duction of total intestinal IgA and IgG antibodies, and maintenance of longer villi

compared with the non-rice bran-fed and non-probiotic-colonized control group

(Lei et al. 2016a). Norovirus infection leads to epithelial barrier dysfunction and an

increase in epithelial apoptosis, which results in a reduction in villus height

(Troeger et al. 2009). The antiviral effects of IFN-γ and mucosal antibodies induced

by rice bran can attenuate the damage to the intestinal epithelia by HuNoV infection

to reduce diarrhea and maintain longer villi. In another study, the presence of

Bifidobacterium adolescentis inhibited the attachment of HuNoV GI.1 virus-like

particle to epithelial cells in vitro (Li et al. 2016), indicating the inhibitory role of

probiotics on the initial viral infection stage. However, instead of affecting the viral

attachment, B. adolescentis decreased the replication of MNV in RAW 264.7 cells

(Li et al. 2016). Vitamin A was shown to inhibit MNV replication in mice by

upregulating lactobacilli in gut microbiota, and anti-MNV effects of lactobacilli

were confirmed in RAW264.7 cells (Lee and Ko 2016). Given the natural source

and commercial accessibility, probiotic and prebiotic treatments may constitute a

novel, safe, and effective measure in clinical practice against HuNoV infection and

disease.

3.4 Rotavirus Pathogenesis and Immunity in Humans

and in Animal Models

3.4.1 Rotavirus Pathogenesis and Immunity

Rotaviruses are double-stranded, segmented, non-enveloped, RNA viruses belong-

ing to the Reoviridae family. Worldwide, rotaviruses are a major cause of acute

gastroenteritis in infants and young children, which is characterized by diarrhea,

vomiting, and dehydration. They were responsible for approximately 500,000 deaths

a year, mostly in low-middle income countries before the two commercial vaccines

(Rotarix and RotaTaq) became available (Desselberger 2014; Desselberger and

Huppertz 2011). Diarrhea is caused by viral damage to enterocytes, villus ischemia,
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action of the enterotoxin NSP4, and activation of the enteric nervous system

(Desselberger 2014; Desselberger and Huppertz 2011).

Rotaviruses replicate in mature, nondividing enterocytes near the tips of the villi.

The pathological changes due to rotavirus infection are mostly limited to the small

intestine (Ramig 2004). Systemic rotavirus infections have been documented in

humans and animals and systemic disease does occur in rare cases (Ramig 2007). In

humans, after primary symptomatic or asymptomatic rotavirus infection, the patient

is typically protected from subsequent severe disease (Desselberger and Huppertz

2011). Correlates of protection include rotavirus-specific serum IgA and fecal

IgA (Desselberger 2014; Desselberger and Huppertz 2011). In some studies, there

is a lack of correlation between neutralizing antibody titers and protection

(Desselberger 2014). Rotavirus-specific T cells help to eliminate virus after infec-

tion and memory B cells provide long-term protection (Desselberger 2014). In

humans, newborns are provided with additional protection through transplacental

and breast milk antibodies (Desselberger and Huppertz 2011).

3.4.2 Animal Models of Rotavirus Infection and Disease

In addition to humans, many animals are susceptible to rotavirus infection and

disease, and can be used as models (i.e., pigs, calves, lambs, rats, rabbits, mice, and

NHPs) to study rotavirus pathogenesis and immunity. These models have been

reviewed in extensive detail elsewhere (Yuan and Wen 2017). The Gn pig model

has many benefits over other animal models. Pigs and humans share high genomic

and protein sequence homologies, omnivorous diet, similar gastrointestinal physi-

ology, and similar immune systems (Wang and Donovan 2015; Saif et al. 1996).

Additionally, there is no transfer of maternal antibodies across the porcine placenta

and Gn pigs are deprived of sow colostrum/milk, which prevents maternal anti-

bodies from interfering with studies. Gn pigs are susceptible to genotype 1 (G1) and

genotype 3 (G3) human rotavirus (HRV) infections. Inoculation of Gn pigs, up to at

least 8 weeks of age with Wa strain (G1P1A[8]) HRV results in diarrhea (Yuan

et al. 1998). Based on duodenal biopsies from children with acute rotavirus

infection, the histopathological changes are similar to those found in piglets (Barnes

and Townley 1973; Davidson and Barnes 1979; Ward et al. 1996a). Extensive work

has been done with Gn pigs and Wa strain HRV. The virulent Wa human rotavirus

strain (VirHRV) allows assessment of host response to natural infection, whereas

the attenuated human rotavirus (AttHRV) can be used to study vaccination (Yuan

and Saif 2002; Saif et al. 1997).

After oral inoculation with VirHRV, Gn pigs develop diarrhea, shed virus, and

develop nearly complete protection against subsequent clinical disease and viral

shedding when challenged with VirHRV after recovery (Yuan et al. 1996; Ward

et al. 1996b; Iosef et al. 2002). Diarrhea develops approximately 13 h after

inoculation and is associated with viral antigen in enterocytes at villus tips; villus

atrophy develops 24 h post-infection and correlates with peak fecal viral titers
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(Ward et al. 1996a). Gn pigs orally inoculated with AttHRV seroconvert, but have

little to no virus shedding and no clinical signs, and protection from diarrhea and

viral shedding after challenge is less efficacious than what is seen in pigs receiving

primary VirHRV oral inoculation (Yuan et al. 1996; Ward et al. 1996b; Iosef et al.

2002).

Gnotobiotic calves have also been used to study rotavirus; however, reports are

not as numerous as those in Gn pigs. Gn calves can be infected with some HRV

strains, but clinical illness does not always develop (Tzipori et al. 1980). In a study

in which calves successfully developed diarrhea after administration of an HRV

strain, they had histological lesions consistent with rotavirus infection (Mebus et al.

1977). In addition to the fact that Gn calves are not as consistent as Gn pigs as a

model of HRV infection and disease, ruminant microbiota is very different from

that of humans; therefore, calves are not a proper model for the study of the role of

microbiota in HRV infection and immunity.

Despite the close genetic relationship between NHPs and humans, they are not a

superior rotavirus animal model compared with Gn pigs. Often, HRV strains are

naturally attenuated in NHPs (McNeal et al. 2005). There have been reports of oral

inoculation of simian (SA11) or human (Wa) rotavirus into different NHPs with

development of diarrhea; however, it is usually during the first week of life, after

which disease is not observed, and older animals may not shed virus or even

seroconvert (McNeal et al. 2005). Even in a study evaluating a wild-type macaque

rotavirus in 14- to 42-day-old macaques, they remained clinically normal, despite

shedding large amounts of virus (McNeal et al. 2005).

Mice are attractive animal models because of their size, ease of maintenance

compared with Gn pigs, and availability of numerous strains and genetic knockouts.

The major downside of the murine rotavirus model is that mice are only susceptible

to disease for approximately 15 days after birth (Ward et al. 1990). Adult mice can

be used to study rotavirus infection; however, infections are subclinical and often

do not predict protective efficacy of interventions against clinical infection (Ward

et al. 1990; Yuan and Saif 2002).

3.5 Effects of Microbiome on Rotavirus Infection,

Immunity, and Disease

3.5.1 Studies Comparing Conventional and Germ-Free Mice

A French research group pioneered the study on the impact of the microbiota on

rotavirus pathogenesis nearly 30 years ago (Heyman et al. 1987). They compared

intestinal absorption of macromolecules during murine rotavirus infection in con-

ventional versus germ-free newborn mice derived from seronegative dams. The

study showed that rotavirus infection caused a transient increase in gut permeability

to undegraded proteins; this increase occurred earlier after infection in conventional
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pups and later in germ-free pups. Furthermore, the length of virus excretion was

different in conventional and germ-free mice; rotavirus titers in intestinal homog-

enates were still high at 8 days post-inoculation (dpi) in conventional mice, whereas

they become very low in germ-free mice. However, there was no correlation

between virus excretion and diarrhea in mice, as diarrhea was observed from 2 to

8 dpi in both conventional and germ-free mice, and no differences were detected on

diarrhea kinetics. When the intestinal microbiota was absent, clinical and physio-

logical disturbance were more severe, i.e., greater weight loss after rotavirus

infection, and a more marked and long-lasting augmentation in intestinal perme-

ability to intact proteins. This study indicates that intestinal microbiota has a

significant impact on both rotavirus replication and pathogenesis, as supported by

the timing, magnitude, and duration of increased epithelial permeability and virus

excretion (Heyman et al. 1987).

A recent study showed that rotavirus infection was reduced by 42% and diarrhea

was decreased in incidence and duration in germ-free mice (via ablation of

microbiota by antibiotics) compared with mice with conventional microbiota

(Uchiyama et al. 2014). Based on the non-altered ratio of positive to negative

sense rotavirus RNA strands, the authors suggested that the antibiotics used to

ablate the microbiota affected entry of the virus into host cells (Uchiyama et al.

2014). These antibiotic-treated mice had more durable mucosal and systemic

humoral immune response and the durability correlated with small intestinal

rotavirus-specific IgA antibody-secreting cells (ASCs) (Uchiyama et al. 2014).

Mice treated with low levels of dextran sodium sulfate to increase exposure of

immune cells to the microbiota had decreased rotavirus-specific antibodies. Further

studies are needed to understand how the microbiota and antibiotics interact to

induce the immunological differences between the mouse groups. The contradic-

tory findings between the two studies on the role of microbiota in rotavirus infection

and diarrhea are most likely due to the difference between using true germ-free

newborn mice (Heyman et al. 1987) versus using mice ablated of the microbiota

with antibiotics (Uchiyama et al. 2014). In addition to killing bacteria, antibiotics

have many effects on the physiology and immune cell development of the host,

which need to be taken into consideration and should be properly controlled in these

types of studies.

3.5.2 Studies in Gn Pigs and Human Gut Microbiota-
Transplanted Gn Pigs

To identify the influence of microbiota in the response of the Gn pig to HRV and to

more closely mimic human infants with the model, Gn pigs transplanted with

newborn human gut microbiota (HGM) and infected with HRV have been evalu-

ated (Zhang et al. 2014). HGM successfully colonized the Gn pig intestine after

three oral inoculations. Sequencing of the V4 region of 16S rRNA genes
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demonstrated that the pigs carried a microbiome similar to that of the cesarean-

section-delivered human infant donor (Zhang et al. 2014). This model was used to

test the effects of probiotics on the gut microbiome structure during a VirHRV

infection and the development of AttHRV vaccine-induced immune responses were

compared between the HGM- and non-HGM-transplanted Gn pigs (Wen et al.

2014). The AttHRV vaccine conferred overall similar protection against rotavirus

diarrhea and virus shedding in Gn pigs and HGM-transplanted Gn pigs. HGM

promoted the development of the neonatal immune system, significantly enhancing

IFN-γ-producing T cell responses and reducing Treg cell responses in the AttHRV-

vaccinated pigs (Wen et al. 2014).

Furthermore, a Gn pig model of enteric dysbiosis and rotavirus immunity has

been developed (Twitchell et al. 2016). Using this model, it has been shown that

after vaccination with AttHRV, pigs colonized by gut microbiota from children

who had a good immune response to oral rotavirus vaccination and low enteropathy

scores (healthy human gut microbiota, HHGM) had more rotavirus-specific IFN-γ
T cells in the ileum, spleen, and blood than pigs colonized by microbiota from

children who did not respond well to the oral rotavirus vaccine and showed

evidence for enteropathy (unhealthy human gut microbiota, UHGM) (Twitchell

et al. 2016). UHGM pigs had higher viral shedding titers and more severe clinical

signs than HHGM pigs after challenge with VirHRV (Twitchell et al. 2016). There

was a significantly positive correlation between Collinsella and significantly neg-

ative correlations between Clostridium spp. or Anaerococcus and frequencies of

IFN-γ T cells at the time of challenge. HHGM pigs had an increased mean relative

abundance of Bacteroides after VirHRV challenge (Twitchell et al. 2016). As the

only variable that differed between these groups was microbiota composition, this

study clearly demonstrated that the differences in immune responses and clinical

disease are due to the influence of the different microbiota.

It has been shown that human intestinal cells incubated with soluble factors from

Bacteroides thetaiotaomicron and L. casei were protected from rotavirus infection

(Varyukhina et al. 2012). The protection was attributed to increased cell surface

galactose induced by the bacterial factors, which blocked rotavirus infection. This

mechanism is significant in rotavirus infection because these viruses use glycan

recognition to attach to enterocytes (Varyukhina et al. 2012). Perhaps a similar

mechanism was at play in the Gn pig enteric dysbiosis study and may partially

explain why HHGM pigs had decreased viral shedding compared with UHGM pigs

(Twitchell et al. 2016).

3.5.3 Studies of the Microbiome in Rotavirus Infection
and Vaccination in Humans

The abundance of Bacteroides species in rotavirus infected and uninfected children
was different. B. fragilis was increased whereas B. vulgatus and B. stercoris were
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decreased in the intestines of infected children (Zhang et al. 2009). A rotavirus

vaccine study in rural Ghana evaluated pre-vaccination fecal microbiome of vac-

cine responders and non-responders and then compared them with age-matched

healthy Dutch infants (Harris et al. 2016). The Ghanaian vaccine responder

microbiome was more like the healthy Dutch infant microbiome than the Ghanaian

nonresponders. Vaccine response correlated with an increased abundance of Strep-
tococcus bovis and decreased Bacteroidetes phylum (Harris et al. 2016). The

significance of these findings needs to be further elucidated. These studies suggest

that certain bacterial components of microbiome might play a modulatory role in

the development of rotavirus infection and immunity. Although the underlying

mechanisms of specific host–bacteria and virus–bacteria interactions that lead to

the different outcomes in enteric viral diseases and immunity have not been

identified, studies of probiotics shed some light on the mechanisms.

3.6 Mechanisms of Probiotics/Prebiotics in Ameliorating

Rotavirus Infection and Disease

Prebiotics and probiotics are being developed as a nonpharmacological means of

preventing or ameliorating gastroenteritis caused by enteropathogens, and as vac-

cine adjuvants. Mechanisms by which prebiotics and probiotics affect infection,

disease, and immunity are an active area of study. Effects vary based on strain,

dose, and frequency of administration.

3.6.1 Mechanisms for Reducing Rotavirus Diarrhea Using
Probiotics

Among all commercially available probiotics, LGG has been most extensively

studied in rotavirus infection, disease, and immunity. LGG has been shown to

protect the intestinal barrier in studies using conventional pigs and Gn pigs.

When supplemented with LGG and then challenged with rotavirus, conventional

pigs had increased villus-to-crypt ratios, villus height, sIgA, IL-4, mucin1 and

mucin2 concentrations, and ZO-1, occludin, and Bcl-2 mRNA in jejunal mucosa,

and decreased Bax mRNA and NSP4 in the jejunum compared with controls (Mao

et al. 2016). Gn pigs supplemented with LGG were partially protected from

HRV-induced increases in adherens junction proteins α-catenin and β-catenin,
tight junction proteins occludin, claudin-3 and claudin-4, and leakage of protein

claudin-2 compared with controls (Liu et al. 2013). In both studies,

LGG-supplemented pigs had reduced diarrhea compared with controls after rota-

virus challenge (Mao et al. 2016; Liu et al. 2013). One mechanism by which LGG

may reduce diarrhea is by protecting small intestinal barrier function. A recent
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study showed that metabolites of L. casei and B. adolescentis significantly reduced

NSP4 production and Ca2++ liberation in vitro, suggesting activity against rotavirus

infection (Olaya Galan et al. 2016).

LGG can improve innate immunity. It has been shown that LGG increases

mRNA levels of TLR3 when incubated with intestinal organoids (Aoki-Yoshida

et al. 2016). In vivo, single and a 7-day course of LGG increased TLR3 mRNA

levels in the small intestine of C57/BL6N mice (Aoki-Yoshida et al. 2016).

Co-colonization of Gn pigs with LGG and Bifidobacterium lactis Bb12 (Bb12)

induced upregulation of TLR3 after VirHRV challenge and downregulation of TLR

2 and TLR4 expressing mononuclear cells (MNCs) after AttHRV vaccination

(Vlasova et al. 2013). L. ruminis SPM02111, Bifidobacterium longum SPM1205

and SPM1206 were able to inhibit rotavirus replication in neonatal mice, inhibit Wa

HRV infection of Caco-2 cells, increase IFN-α and IFN-β, and increase gene

expression of IFN-inducible antiviral effectors when compared to controls (Kang

et al. 2015). Lactobacillus reuteri and Lactobacillus acidophilus with HRV infec-

tion have an additive effect on TLR2 and TLR9 expressing antigen presenting cell

responses in Gn pigs (Wen et al. 2009). This same study demonstrated increased

IFN-γ and IL-4 responses in serum of the probiotic colonized pigs while serum

IFN-α response to HRV were reduced (Wen et al. 2009).

Lactobacillus rhamnosus GG, in combination with other probiotics, has been

shown to influence T cell and humoral responses. Nonvaccinated Gn pigs colonized

with LGG and Bb12 challenged with VirHRV had less diarrhea and viral shedding

than nonvaccinated, noncolonized pigs, and the increased protection was associated

with higher T regulatory cells before and after challenge; higher serum TGF-β; and
lower proinflammatory cytokines after viral challenge (Chattha et al. 2013).

AttHRV-vaccinated pigs colonized with these two probiotics had enhanced serum

IFN-α, splenic and blood IFN-γ-producing T cells, and serum Th1 cytokines

compared with noncolonized vaccinated pigs (Chattha et al. 2013). Gn pigs colo-

nized with LGG and Bifidobacterium animalis lactis Bb12 had lower diarrhea

scores and viral shedding after AttHRV vaccination and VirHRV challenge than

noncolonized vaccinated pigs (Kandasamy et al. 2014). The decreased clinical

signs in the colonized pigs correlated with higher intestinal rotavirus-specific IgA

titers, and rotavirus-specific IgA ASC (Kandasamy et al. 2014).

Modulation of microbiome by probiotics has been studied in Gn pig models.

AttHRV-vaccinated Gn pigs colonized with infant gut microbiota showed that LGG

prevented changes in the microbiome structure caused by VirHRV challenge that

were seen in non-LGG-supplemented groups (Zhang et al. 2014).

Bifidobacterium spp. are commonly studied probiotics. B. thermophilum RBL67

is thought to inhibit rotavirus infection by competing for adherence on cells, as

demonstrated in vitro with Caco-2 and HT-29 cells (Gagnon et al. 2016). When

incubated before rotavirus infection of cells to assess exclusion and incubated with

rotavirus to assess competition, there was decreased viral attachment in the

B. thermophilum-treated cells; however, the probiotic did not appear to displace

virus already adhered (Gagnon et al. 2016). B. longum subsp. infantis CECT 7210

can inhibit rotavirus replication in vitro via an 11-aminoacid peptide (11-mer

68 S. Lei et al.



peptide) released into supernatant along with a protease that releases the 11-mer

peptide (Chenoll et al. 2016). In vivo studies have shown the effectiveness of

B. thermophilum during rotavirus infection. Administration of B. thermophilum
RBL67 to CD-1 suckling mice before challenge with simian rotavirus SA-11

decreased the duration of diarrhea, viral replication, recovery time, and histological

lesions, and stimulated rotavirus-specific IgG and IgM (Gagnon et al. 2016).

The combination of EcN and LGG have been evaluated in vivo and in vitro. Gn

pigs colonized by EcN had lower mean peak viral shedding titers and mean

cumulative fecal scores compared with LGG or noncolonized pigs (Kandasamy

et al. 2016). Total IgA levels after challenge in the intestine and before challenge in

serum were higher in EcN than LGG-colonized pigs (Kandasamy et al. 2016). EcN

but not LGG induced IL-6, IL-10, and IgA in MNCs treated with EcN or LGG

in vitro (Kandasamy et al. 2016). EcN colonization was associated with better

protection against HRV and induced higher frequencies of plasmacytoid dendritic

cells (pDCs), increased NK-cell function, and decreased frequencies of apoptotic

and TLR4+MNC compared with LGG-colonized pigs (Vlasova et al. 2016).

EcN-treated splenic or intestinal MNC produced higher levels of IFN-α, IL-12,
and IL-10, compared with MNC treated with LGG (Vlasova et al. 2016). These

studies demonstrate that different probiotic strains do not have the same immuno-

modulatory functions and that strain selection should be based on the effect desired.

Bacteria are not the only microorganisms used as probiotics. When the yeast

Saccharomyces boulardii was given to children with acute rotavirus diarrhea, the

mean duration of diarrhea and hospitalization were shorter than in controls; how-

ever, there was no difference between the groups in the number of children

requiring parenteral rehydration or who had diarrhea lasting beyond 7 days (Das

et al. 2016). It is believed that S. boulardii decreases diarrhea by preventing

rotavirus-induced oxidative stress and thus activation of NSP4 and subsequent

chloride secretion based on results obtained in Caco-2 cells and human intestinal

organ culture (Buccigrossi et al. 2014).

3.6.2 Dose Effects of Probiotics in Modulating Rotavirus
Vaccine-Induced Immune Responses

Differences in the dosing schedule of the probiotics influence host immune

response. A Gn pig study looking at the influence of LGG on protection provided

by AttHRV vaccination showed that rotavirus-specific intestinal memory B cell

responses and virus-specific intestinal IgA ASCs were enhanced by a five-dose

regimen of LGG, but not nine-dose regimen, although both doses enhanced the

rotavirus-specific serum IgA response and rotavirus-specific IFN-γ producing

effector/memory T cell responses, with the nine-dose regimen having a stronger

effect (Wen et al. 2015). This study demonstrated how the dosing regimen can

affect the immune response; in this case, the five-dose regimen favored a mucosal
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IgA response, whereas the higher dosing schedule favored the T cell response (Wen

et al. 2015). Another AttHRV vaccine study in Gn pigs showed that pigs receiving

14 doses of LGG had increased large intestinal LGG titers and a shifted microbiota

structure, which correlated with increased rotavirus-specific IFN-γ-producing T

cells, suggesting a Th1 adjuvant effect (Wang et al. 2016). However, pigs in the

same study receiving nine doses of LGG had enhanced TLR9 signaling, which may

suggest that this dosing regimen might have enhanced innate immunity (Wang et al.

2016). A third study also demonstrated a differential effect from LGG dosing

schedules. In this study, using HGM¼transplanted Gn pigs, it was shown that a

14-dose regimen of LGG enhanced rotavirus-specific, IFN-γ-producing T cell

response to AttHRV vaccination, whereas a nine-dose regimen was ineffective

(Wen et al. 2014). The effects of dosing schedules are seen with other probiotics

in addition to LGG. Gn pigs colonized with the L. acidophilus NCFM, vaccinated

with AttHRV, and challenged with VirHRV demonstrated that a nine-dose regimen

of L. acidophilus but not a 14- or five-dose regimen improved protection provided

by the vaccine and this was associated with enhanced rotavirus-specific antibody,

ASC, and memory B cell responses to the vaccination (Liu et al. 2014). Neither the

high-dose (14) nor the low-dose (5) regimen enhanced antibody or ASC responses,

and thus did not improve vaccine efficacy (Liu et al. 2014). The differential

modulating effects of different doses of probiotics are intriguing. The underlying

mechanisms require further investigation. It has been reported that the effect of

low-dose microbe-associated molecular patterns (MAMPs), such as lipopolysac-

charide, was strikingly different than that of high-dose MAMPs on macrophage cell

functions: low-dose lipopolysaccharide induced a strong inflammatory response in

macrophages (Maitra et al. 2011). It is plausible that a similar interaction occurs

between the MAMPs from probiotics and immune cells in the gut. Future studies

are needed to identify the molecular mechanisms of the dose responses of different

MAMPs.

3.6.3 Mechanisms for Reducing Rotavirus Diarrhea Using
Prebiotics

Prebiotics are another nonpharmacological category of agents being investigated

for treatment or prevention of diarrhea with or without concurrent probiotic admin-

istration. Rice bran contains phytochemicals that can promote intestinal mucosal

immunity to enteropathogens (Yang et al. 2014). Gn pigs fed rice bran were

protected from diarrhea after VirHRV challenge and AttHRV was more protective

in these pigs than in nonrice bran-fed pigs (Yang et al. 2014). IFN-γ-producing CD4
+ and CD8+ T cells were increased in intestinal and systemic lymphoid tissues, IgM

ASC, IgA ASC, total serum IgM, IgG, IgA, and rotavirus-specific IgA intestinal

titers were increased in rice bran-fed pigs compared with nonrice bran-fed pigs

(Yang et al. 2014). Results support rice bran as a stimulator of nonspecific and
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rotavirus-specific immune responses (Yang et al. 2014). Gn pigs colonized with

LGG and EcN were fed a diet supplemented with rice brain daily (Yang et al. 2015).

Rice bran completely prevented rotavirus diarrhea in the colonized pigs after

VirHRV challenge and promoted growth of both probiotic strains LGG and EcN

compared with nonrice bran-fed pigs (Yang et al. 2015). In addition, after VirHRV

challenge, the rice bran-fed pigs had increased intestinal IFN-γ and total IgA levels,

and fewer histological changes in the ileum, compared with the nonrice bran-fed

group (Yang et al. 2015).

Prebiotics are often evaluated with probiotics as they can have synergistic effects

on each other. A study evaluating B. lactis B94 and inulin in children with acute

diarrhea showed that the duration and amount of diarrhea was reduced in the group

receiving the prebiotics and probiotics (Islek et al. 2014). The clinical effects were

most pronounced in cases of rotavirus diarrhea (Islek et al. 2014).

3.7 Concluding Remarks

Germ-free animal models provide an indispensable tool for the study of the

consequences of bacterial colonization and mechanisms underlying host–

microbiome interactions in enteric virus infection and gastroenteritis. The Gn pig

model, with its distinct advantages, has greatly contributed to studies on the effects

and mechanisms of gut microbiota and probiotics on enteric virus infections and

vaccines. However, the drawback of using pig models is the decreased availability

of species-specific molecular reagents and gene knockout pigs compared with

mouse models, which hinders in-depth mechanistic studies. Further optimization

of the pig models, including genetic modification using CRISPR/Cas9 technology,

humanization of the immune system through stem cell transfer, and transplantation

with HGM from donors representing different health, disease, and immune statuses

will further improve the usefulness and reliability of pig models for mimicking

HuNoV and HRV infection and disease in humans. Unraveling the role of the

microbiome and specific probiotics in the infectivity, pathogenesis, and immunity

of HuNoV and HRV will facilitate the development of strategies for manipulating

the microbiome against viral infections.
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Chapter 4
Enteric Bacterial Regulation
of the Wnt/β-Catenin Signaling

Xingyin Liu and Jun Sun

Abstract Enteric bacteria such as Salmonella use a type three secretion system to
inject bacterial pathogenic proteins, known as effectors, into host cells. These
injected virulent effectors mimic the activity of eukaryotic proteins and debilitate
host–cell signaling pathways. Salmonella infection is a common public health
problem that can become chronic and increase the risk of cancer. In this chapter,
we summarize the research progress on Salmonella regulation of Wnt/β-catenin
signaling. The Wnt/β-catenin signaling is critical in intestinal renewal and develop-
ment, inflammation, and tumorigenesis. We discuss in vitro and in vivo experimental
models, especially the recently developed organoid system used for investigating
Salmonella–host interactions. Finally, we highlight the novel roles of Salmonella
effector protein AvrA in chronically activating Wnt/β-catenin signaling, impacting
intestinal renewal and thus promoting colitis-associated cancer. These findings
indicate the importance of understanding the complex interactions between bacteria
and hosts in infection, inflammation, and cancer. The established experimental
models (e.g., organoids, the chronic infected mouse model, and the infected colon
cancer model) can be applied to investigating other bacteria and their interactions
with hosts.
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4.1 Introduction

Salmonella infection appears as enteric fever, gastroenteritis, bacteremia, or
extraintestinal focal infection. In addition to salmonellosis, the acute enteric infection,
Salmonella colonization can become chronic (Grassl et al. 2008) and increase the risk
for other gastrointestinal diseases, including chronic inflammation and cancer (Gradel
et al. 2009; Kato et al. 2013). Type three secretion system (TTSS or T3SS) is a
nanomachine that delivers bacterial proteins into the cytosol of eukaryotic cells. It
consists of both the cylindrical basal structure spanning the two bacterial membranes
and the peptidoglycan, which is connected to a hollow needle that is eventually
followed by a filament (animal pathogens) or a long pilus (plant pathogens) (Cornelis
2010). Salmonella uses the TTSS system to inject bacterial pathogenic proteins known
as effectors into host cells. These bacterial effectors then mimic the activity of eukary-
otic proteins and debilitate host–cell signaling pathways (Du and Galan 2009).

The canonical Wnt/β-catenin signaling pathway is a critical mediator of intestinal
epithelial andmucosal homeostasis (Clevers 2006). As shown in Fig. 4.1, in the absence
of Wnt signaling, β-catenin does not accumulate in the cytoplasm as a destruction

Fig. 4.1 Wnt/β-catenin signaling pathway. (a) In the absence of Wnt ligands, β-catenin does not
accumulate in the cytoplasm as a destruction complex normally degrades it. This destruction
complex includes the following proteins: Axin, adenomatous polyposis coli (APC), glycogen
synthase kinase-3 (GSK-3), and casein kinase 1α (CK1α). It degrades β-catenin by targeting it for
ubiquitination, which subsequently moves β-catenin to the proteasome for degradation. (b) In the
presence of Wnt ligands, Wnt binds Fz and LRP5/6, disrupting the function of the destruction
complex. It allows β-catenin to accumulate and translocate to the nucleus, where β-catenin acts as a
transcription factor, thus leading to regulation of its target genes
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complex normally degrades it. This destruction complex includes the following pro-
teins: Axin, adenomatous polyposis coli, glycogen synthase kinase-3 (GSK-3), and
casein kinase 1α (CK1α). It degrades β-catenin by targeting it for ubiquitination, which
subsequently moves β-catenin to the proteasome for degradation. However, in the
presence of a Wnt ligand, Wnt binds Fz and LRP5/6, disrupting the function of the
destruction complex. It allows β-catenin to accumulate and translocate to the nucleus,
where β-catenin acts as a transcription factor, thus leading to regulation of its target
genes (Moon 2005). Although it is known that canonical Wnt/β-catenin signaling
promotes proliferation of intestinal stem cells (Espada et al. 2009), knowledge about
Wnt signaling activity that is regulated by bacterial infection is limited.

In the current chapter, we review research progress on the role of Salmonella in
regulating Wnt/β-catenin signaling. Specifically, we discuss the effector protein
AvrA in activating Wnt signaling and its impact on inflammation and colon cancer
development. These studies not only provide insights into the complex interactions
between enteric bacteria and hosts in infection, inflammation, and cancer, but also
help to establish experimental models, including organoids, a chronic infected
mouse model, and an infected colon cancer model, which can be applied when
investigating other bacteria and their interactions with the host.

4.2 Salmonella Activation of Wnt/β-Catenin Signaling

4.2.1 Deubiquitinating β-Catenin

Salmonella strains can attenuate the host innate immune response by preventing the
ubiquitination of IκBα and thus the activation of the NF-κB proinflammatory pathway
(Neish et al. 2000). AvrA is a bacterial effector present in 80% of Salmonella enterica
serovars and E. coli. Previous studies have shown that AvrA-related family members
include the Yersinia virulence factor, YopJ, and the Xanthomonas ampestris pv
vesicatoria protein, AvrBsT (Orth et al. 2000). The AvrA protein from nonpathogenic
Salmonella PhoPc has been shown to inhibit activation of NF-κB in cultured human
epithelial cells (Collier-Hyams et al. 2002). β-Catenin is a negative regulator of the
proinflammatory NF-κB pathway in epithelial cells (Deng et al. 2002). We found that
bacterial effector AvrA enhances β-catenin-mediated signaling and blocks the activation
of NF-κB signaling in epithelial cells (Sun et al. 2004). To determine whether expression
of AvrA mediates the inhibition of β-catenin ubiquitination, cells were colonized with
Salmonella PhoPc with AvrA expressing PhoPc lacking AvrA (PhoPc AvrA�), or PhoPc

AvrA� transcomplemented with a plasmid-encoding WT AvrA (PhoPc AvrA�/AvrA+)
(Sun et al. 2004). There was greater expression of ubiquitinated β-catenin in cells
colonized with PhoPc AvrA�, compared with PhoPc and PhoPcAvrA�/AvrA+ groups.
These data suggest that the expression of Salmonella AvrA effector in PhoPc might
decrease the ubiquitination of β-catenin. Furthermore, Ye et al. tested whether AvrA
might inhibit the ubiquitination of β-catenin by acting as a deubiquitinating protease.
Using the cell-free system, the purified GST-AvrA was mixed with ubiquitinated
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β-catenin. The ubiquitinated forms of β-catenin disappeared after reacting for 60 min. In
contrast, in the mixture of the mutant AvrA C186A proteins and ubiquitinated β-catenin,
there was no change in ubiquitinated β-catenin (Ye et al. 2007). These data indicate that
AvrA is a deubiquitinase that removes ubiquitin from β-catenin. Consistent with the
analysis, colonization with nonvirulent Salmonella promoted nuclear translocation of
β-catenin and activated the target genes of theWnt/β-catenin pathway, such as c-myc and
cyclinD1, which were correspondingly upregulated with AvrA expression (Sun et al.
2004). In mouse models infected with AvrA-deficient and AvrA-sufficient Salmonella
strains (Sun et al. 2004), Ye et al. (2007) found that increased β-catenin activity in AvrA-
sufficient Salmonella strains negatively regulates the NF-κB pathway. These findings
suggest thatAvrAmight play an important role in regulating host inflammatory responses
through β-catenin signaling.

4.2.2 Enhancing Expression of Wnts

To understand the effects of Wnt/β-catenin signaling in controlling intestinal epithelial
homeostasis, we used cultured epithelial cells, a Salmonella colitis mouse model, and a
gnotobiotic mouse model for host–Salmonella interactions. We found that mRNA and
protein expression levels of Wnt2 (as a canonical Wnt mediator) and Wnt11 (as a
noncanonical Wnt signaling mediator) were elevated after bacterial infection (Liu et al.
2011, 2012). We observed enhanced staining for Wnt2 and Wnt11 in epithelial cells
lining the crypt region, in addition to the villus and surface epithelium, after Salmonella
infection. Recently, using a Wnt polymer chain reaction array, Neumann et al. (2014)
also identified that Wnt5a, Wnt8b, and Wnt11 were differentially expressed along the
colon length. They found thatWnt signatures were associated with differential epithelial
cell proliferation and migration in the proximal versus distal colon, which suggests that
physiological heterogeneity of the proximal and distal colon can be explained by
differential Wnt signaling. Our study indicated that the elevation of Wnt2 and Wnt11
was a strategy for host defense to inhibit cell apoptosis and inflammatory responses to
infection. Using Wnt2 and Wnt11 small interfering ribonucleic acid analysis, we
showed that there was enhanced inflammatory cytokine interleukin- (IL-8) expression
in epithelial cells. In contrast, cells that overexpressed Wnt2 and Wnt11 had less
bacterial-induced IL-8 secretion. In a mono-associated mouse model, E. coli F18
expressing AvrA increased Wnt2 expression and changed Wnt2 distribution in the
intestine. Moreover, the bacterial protein AvrA from Salmonella and E. coli stabilized
Wnt2 protein expression and inducedWnt11 protein secretion. In addition,Wnt2 had no
effects on inhibiting bacterial invasion, whereas Wnt11 significantly decreased Salmo-
nella invasion of epithelial cells. The data suggest that although Wnt family members
have different functions, they can sometimes complement each other.

Wnt3, Wnt6, and Wnt9A are known to regulate intestinal stem cells (Katoh
2007). Using a Salmonella colitis mouse model, we assessed mRNA expression of
these three Wnts before and after Salmonella infection (Liu et al. 2010). We found
that the mRNA levels of Wnt3, Wnt6, and 9a were significantly upregulated in the
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mouse intestinal epithelial cells by Salmonella infection. Because β-catenin is
downstream of the Wnt pathway, we reasoned that pathogenic Salmonella modu-
lates the intestinal stem cells and that AvrA activates stem cell niches through the
Wnt pathway. Therefore, we tested whether AvrA changes phosphorylated β-catenin
(Ser552) expression as an intestinal stem cell marker (Liu et al. 2010). In vivo,
phosphorylated β-catenin (Ser552) is decreased by infection with an AvrA-deficient
bacterial strain (AvrA�), but not by bacterial strains expressing AvrA in vivo. The
number of stem cells and proliferative cells increased in the intestine infected with
Salmonella that expressed AvrA. Thus, these results suggest that AvrA may con-
tribute to stem cell maintenance in Salmonella-infected mice. Our study provides
new insights into the mechanism by which bacteria effectors can expand stem cells
by activating the Wnt/β-catenin pathway in vivo.

4.2.3 Decreasing Axin-1 and Suppressing GSK-3β

Belonging to the Axin family, Axin-1 is a negative regulator of the Wnt signaling
pathway and a key player in the developmental processes and pathogenesis of
human diseases (Logan and Nusse 2004; Kishida et al. 1998). In normal cells,
Axin-1 forms a complex with GSK-3β and β-catenin and promotes GSK-3-
β-dependent phosphorylation of β-catenin (Kishida et al. 1998; Itoh et al. 1998).
Zhang et al. (2012) investigated the molecular mechanisms and physiological roles
of Axin-1–Salmonella interactions. They found that pathogenic Salmonella coloni-
zation decreased Axin-1 protein expression in intestinal epithelial cells at the post-
transcriptional level and that Axin-1 inhibits Salmonella invasion and bacterial
inflammation. The resulting data indicate that intestinal Axin-1 plays a novel role
in modulating host defense against pathogen-induced inflammation.

The major function of GSK-3β is its role in the phosphorylation of cytosolic
β-catenin (Doble and Woodgett 2003; Zhou et al. 2004). It was reported that
Salmonella first activates PI3K and consequently Akt, which leads to inhibitory
phosphorylation (Ser9) of GSK-3β (Tahoun et al. 2012). Inactivation of GSK-3β
leads to an increase in cytosolic β-catenin levels, and further induces the excessive
β-catenin translocated into the nucleus, leading to the induction of both the receptor
activator of the NF-κB ligand (RANKL) and its receptor, RANK. M cells constitute
a small subset of highly specialized follicle-associated epithelium (FAE) enterocytes
overlying lymphoid follicles in intestine. The autocrine activation of RelB-
expressing FAE enterocytes by upregulated RANKL/RANK further guides the
transcription factor Slug, which marks epithelial transdifferentiation into M cells
(Tahoun et al. 2012). Contrasting with the role of the AvrA effector in intestinal
epithelial cells, Salmonella SopB effector transforms primed epithelial cells into M
cells to promote host colonization and invasion.

Taken together, Wnt/β-catenin signaling and its upregulators (Wnt2 and Wnt11),
negative regulators (Axin-1 and GSK-3β), and downstream transcription factor
β-catenin, are all involved in bacteria-induced inflammation in the intestine.
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4.3 Salmonella Modulation of the Intestinal Stem Cells
in the Organoid System

Salmonella infection regulates stem cell proliferation and differentiation through the
Wnt signaling pathway in bacterial infected mammalian intestines (Liu et al. 2010;
Lu et al. 2012). To further study bacterial infection and intestinal stem cells in the
in vitro system, Zhang et al. established a Salmonella-infected organoid culture
system. Using the stem-cell-derived mouse organoids, they reported that wild-type
Salmonella-infected organoids significantly regulate the expression of the intestinal
stem cell markers, Lgr5 and Bmi1. Using GFP-labeled Lgr5 organoids, they further
visualized the changes in the Lgr5-labeled organoids and quantitated the change in
fluorescence values affected by wild-type Salmonella. This study demonstrated that
the Salmonella-infected organoid culture system is a new experimental model that is
suitable for studying host–bacteria interactions. However, the role of Salmonella
AvrA has not yet been tested in the organoid system.

Recent studies have shown that the human organoids derived from human-
induced pluripotent stem cells and intestinal tissue specimens are similar to the
native intestine because of the presence of Paneth-like cells and villus-like pro-
trusions (Zachos et al. 2016; Foulke-Abel et al. 2016; Forbester et al. 2015). The
availability of the organoid system allows us to further investigate the bacterial
regulation of Wnt signaling mechanisms of intestinal stem cells.

4.4 Activation of Wnt-β-Catenin Signaling in the Colon
Chronically Infected with Salmonella

Live, mutated, noninvasive Salmonella species have been used as vectors to specifi-
cally target cancer cells (Zhao et al. 2007). However, to our knowledge, the chronic
effects and molecular mechanisms of infection with nonpathogenic or mutated Salmo-
nella in the host are largely unexplored. Our previous study (Lu et al. 2010) showed the
chronic effects of Salmonella in vivo after 27 weeks of infection.We demonstrated that
in chronically colon-infected mice there was constant activation of the Wnt/β-catenin
pathway by Salmonella effector protein AvrA (Lu et al. 2012). These data identified
that AvrA has long-term effects in the Salmonella-infected intestine, including activat-
ing Wnt/β-catenin signaling and increasing cell proliferation, thus leading to the
dysregulation of intestinal responses to chronic bacterial infections.

Colorectal cancer is the third most common cancer type worldwide and causes
600,000 deaths every year (Bonnet et al. 2014). Increasing evidence has shown that
chronic bacterial infection and ensuing colonic inflammation contribute to tumor
initiation and progression (Mantovani 2009). An imbalance of the microbiota in
favor of opportunistic pathogens contributes to higher mucosal permeability, bacterial
translocation, and the activation of components of both the innate and adaptive immune
systems (Shanahan 2013). We have demonstrated that the Salmonella PhoPc
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strain expressing AvrA activates the Wnt/β-catenin pathway in chronic infection
(Lu et al. 2012). We further tested the effect of chronic Salmonella infection on
tumor development in the AOM/DSS-induced colon cancer model (Lu et al. 2014).
We showed that AvrA enhanced proliferation, promoted colonic tumorigenesis and
tumor progression, and concomitantly activated proto-oncogene β-catenin and its
downstream targets, c-Myc and cyclin D1. In part, upregulated β-catenin signals may
be mediated by increased phosphorylation of Ser552 and decreased β-catenin
ubiquitination. AvrA expression also increased the abundance of Salmonella in tumors,
confirming a direct effect ofAvrA on Salmonella invasiveness. Specifically, our studies
identify a novel tumor-promoting role of bacterial AvrA. In addition, this study pro-
vides potentially important insights into how bacterial mechanisms promote colonic
tumorigenesis and tumor promotion by activating Wnt/β-catenin signaling.

4.5 Conclusion

In summary, as shown in Fig. 4.2a, Salmonella uses various strategies in regulating
post-translational modification of Axin-1, GSK-3β and β-catenin to activate Wnt
signaling. The activation of Wnt/β-catenin by Salmonella infection is involved in cell
proliferation, inflammation, apoptosis, transdifferentiation, and tumorigenesis. Salmo-
nella AvrA also enhances Wnt2 and Wnt11 expression to inhibit cell apoptosis and
inflammatory responses to infection (Fig. 4.2b). The current studies have increased our
understanding of the relationship between bacteria and hosts (e.g., throughWnt signal-
ing) in infectious diseases and colon cancer. The effects of Salmonella on tumorigenesis
also urge caution regarding the use of mutant Salmonella organisms as vectors for anti-
cancer therapy. A recent study has demonstrated the presence of Salmonella AvrA in
colorectal tumors and its precursor lesions in human specimens (Lu et al. 2017),
suggesting that this bacterial protein might play a novel role in colon cancer. Overall,
it is of critical importance to study the complex interactions between bacteria and hosts
in infection, inflammation, and cancer for a better understanding of the pathophysiology
of diseases and to develop better therapeutic interventions.
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Fig. 4.2 Salmonella regulateWnt signaling. (a) Salmonella effector AvrA and SopB regulate Axin1,
GSK-3β and β-catenin respectively. (b) Salmonella AvrA enhances Wnt2 and Wnt11 expression to
inhibit cell apoptosis and inflammatory responses to infection. Ub-Axin1 ubiquitination-Axin-1,
Ub-β-catenin ubiquitinated β-catenin, Ac-β-catenin acetylated β-catenin, P-β-catenin phosphorylated
β-catenin, P-Akt phosphorylated Akt, P-GSK-3B phosphorylated GSK-3β
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Chapter 5

Mechanisms Underlying the Beneficial

Role of Probiotics in Diarrheal Diseases:

Host–Microbe Interactions

Anoop Kumar, Pradhan Bhat, Alip Borthakur, Waddah A. Alrefai,

and Pradeep K. Dudeja

Abstract Probiotics are nonpathogenic microorganisms which, when administered

in adequate amounts, confer health benefits to hosts. Advances in our understanding of

the gut microbiome have spurred the use of probiotics for the treatment of a wide

variety of gastrointestinal pathological conditions. Of these conditions, probiotic treat-

ment in diarrheal diseases has shown particular promise. Multiple pre-clinical and

clinical studies over the past decade have shown probiotics to significantly attenuate

the effects of both acute and chronic diarrheal phenotypes. Only recently, studies have

begun to unravel themechanisms bywhich probiotics increase electrolyte and nutrient

absorption, decrease secretion and counteract diarrheal diseases associated with infec-

tion and inflammation. However, the lack of a detailed mechanistic understanding of

their beneficial effects in gut limits the development of probiotics-based novel thera-

peutics. This review provides an overview of the evidence-based analysis of the effects

of probiotics, including a detailed description of the knowledge of mechanisms by

which probiotics show benefits in diarrheal diseases.
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CD Crohn’s disease
CFTR Cystic fibrosis transmembrane Conductance regulator

DRA Downregulated in adenoma

EPEC Enteropathogenic E-coli
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FSK Forskolin

IBD Inflammatory bowel disease

IBS Irritable bowel syndrome

IECs Intestinal epithelial cells

IFN-γ Interferon-γ
MCT1 Monocarboxylate transporter 1

NEC Necrotizing enterocolitis

NHE Na+/H+ exchanger

NKCC1 Na-K-Cl co-transporter 1

PepT1 Peptide transporter 1

RCT Randomized controlled trial

SCFA Short chain fatty acid

SGLT-1 Sodium-dependent glucose cotransporter 1

STp Escherichia coli heat-stable enterotoxin
TcpC Toll/IL-1 receptor-containing (TIR-containing) protein C

TGF-β Transforming growth factor beta

TLR Toll-like receptor

UC Ulcerative colitis

VRE Vancomycin-resistant enterococci

ZO Zonula occludens

5.1 Introduction

Diarrheal diseases are a significant contributor to the global disease burden and a

leading cause of death in the developing nations. They affect over 1.7 billion people

per year and can be fatal in one in nine children (Priyamvada et al. 2015). Diarrhea

is clinically defined as three or more liquid stools per day and its pathogenesis is

characterized by dysregulation of electrolyte, solute, water absorption and/or secre-

tion, and gut barrier dysfunction in response to multiple factors. Common etiologies

include enteric infections by bacterial or viral pathogens, gut immune dysregulation

commonly seen in inflammatory bowel disease (IBD), neurogenic causes seen in

irritable bowel syndrome (IBS), uncontrolled antibiotics usage, and necrotizing

enterocolitis (NEC) associated with premature birth (Priyamvada et al. 2015).

Classically, treatment of this assortment of diseases has been focused on either

remission maintenance or symptom control. However, new therapeutic modalities,

in particular probiotics, have shown promise in both preventing diarrheal disease

and significantly attenuating the severity of diarrhea (Culligan et al. 2009).

Probiotics are defined by the World Health Organization (WHO) as “living

organisms which provide benefits to the host when administered in adequate

quantities.” The human gastrointestinal system has previously been proven to

host a multitude of symbiotic microorganisms, but only recently have we begun

to understand their role in the prevention of disease and improving health outcomes.

Indeed, clinical trial data have supported the promise of probiotics in the treatment
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of certain gastrointestinal pathological conditions, including infectious diarrhea,

ulcerative colitis, and antibiotics-associated diarrhea (Ritchie and Romanuk 2012;

Salari et al. 2012; Miele et al. 2009).

As clinical data support the effectiveness of probiotics in certain pathological

conditions, studies have sought to better understand how probiotics exert therapeu-

tic effects in diarrheal diseases. Indeed, several mechanisms have been proposed for

the beneficial effects of probiotics including: pathogen exclusion; maintenance of

intestinal epithelial integrity; secretion of anti-microbial factors and

immunomodulation. However, increasing evidence now indicates that these micro-

organisms may also play a key role in affecting ion, nutrient, short chain fatty acid

transport, and ion channel function via distinct host–microbe interactions

(Borthakur et al. 2008; Kumar et al. 2012, 2016). This review presents a summary

of the evidence-based effects of probiotics on diarrheal disease in addition to a

detailed overview of the mechanisms of action of probiotics.

5.2 Clinical Evidence for Probiotic Efficacy in Diarrheal

Diseases

Different probiotic regimens have been evaluated for their efficacy in treating

infectious diarrhea, including Helicobacter pylori infection, Clostridium difficile
infection, rotavirus infection, and travelers’ diarrhea. A systematic review of

23 randomized controlled trials (RCTs) involving 1917 patients demonstrated that

probiotics might significantly reduce the duration of acute gastroenteritis compared

with placebo (Gallo et al. 2016). Three RCTs (including 1043 children) tested

Lactobacillus rhamnosus LGG supplementation, yielding a significantly reduced

incidence of nosocomial rotavirus-induced diarrhea (Gallo et al. 2016). In addition,

meta-analyses by Salari et al. (2012) showed that probiotics decreased the duration

of diarrhea and fever in children. Another meta-analysis by Ritchie and Romanuk

(2012) showed that a mixture of 11 species of probiotics had a positive and

significant effect on infection or IBD-associated diarrhea. Unfortunately, the ther-

apeutic benefits of probiotics did not translate to traveler’s diarrhea or NEC.
Clinical models investigating the use of probiotic mixture VSL #3, (Lacto-

bacillus plantarum, L. delbrueckii subsp. bulgaricus, L. casei, L. acidophilus,
Bifidobacterium breve, B. longum, B. infantis, and Streptococcus salivarius
subsp.) found probiotics to be beneficial in the treatment of inflammatory diarrhea

in IBD. For example, 29 children with ulcerative colitis were randomized by Miele

et al. to receive either VSL#3 or placebo together with steroid (induction) or

mesalamine (remission) (Miele et al. 2009). Results demonstrated disease remis-

sion in 13 patients treated with VSL#3 compared with 4 patients treated with

placebo. In a separate clinical trial, adults with ulcerative colitis (UC) were ran-

domly treated with VSL#3 (n ¼ 77) or placebo (n ¼ 70), twice daily for 12 weeks,

showing that both at week 6 and week 12, improvement in the clinical score was
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significantly higher in the probiotics-treated group than in the placebo group

(Mardini and Grigorian 2014). Another study showed that probiotics treatment

was more effective compared with the placebo group in maintaining remission

for UC (Sang et al. 2010). In their meta-analysis, Shen et al. hypothesized that

inconclusive probiotic efficacy in Crohn’s disease (CD) patients compared with UC

patients may be due to different inflammatory patterns between the two diseases.

For example, an impaired production of the regulatory cytokines has been found in

CD4+ T cells of CD patients, but not those of UC patients (Shen et al. 2014).

Further investigation is needed to better understand if probiotics play a role in the

treatment of either CD or NEC. However, most of these studies support the use of

probiotics as a therapy in diarrheal diseases. The effects of probiotics in clinical

studies for diarrheal disorders are outlined in Table 5.1.

5.3 Mechanisms of the Beneficial Effects of Probiotics

in Diarrheal Diseases

5.3.1 Pathogen Exclusion

Probiotics may confer protective effects to the host by competitively inhibiting the

binding of diarrheal pathogens to the gastrointestinal mucosa. Termed “competitive

exclusion,” this mechanism is especially relevant in counteracting pathogen

Table 5.1 Clinical evidence for probiotic efficacy in diarrheal diseases

Genus/

Formulation Species Functional implications Citation

VSL #3 Mixture * Remission of pouchitis, AAD, ID,

IBS, HP, and CDD

Ritchie et al. (2012)

(Meta-analysis)

VSL #3 Mixture * IBD remission Miele et al. (2009)

VSL #3 Mixture * UC remission Mardini et al. (2014)

(Meta-analysis)

VSL #3 Mixture + UC associated diarrhea Sang et al. (2010)

(Meta-analysis)

Lactobacillus Rhamnosus + Nosocomial rotavirus-induced

diarrhea

Gallo et al. (2016)

Rhamnosus * Pouchitis remission Ritchie and Romanuk

(2012)

(Meta-analysis)

Bifidobacterium Bifidum + UC-associated diarrhea Sang et al. (2010)

(Meta-analysis)

VSL #3 is a mixture of L. Acidophilus, L. plantarum, L. casei, L. delbrueckii, B. breve, B. longum,
B. longum, B. infantis, and S. thermophilus
AAD antibiotics-associated diarrhea, ID infectious diarrhea, IBS irritable bowel syndrome,

HP Helicobacter pylori infection, CDD Clostridium difficile disease, IBD inflammatory bowel

disease, UC ulcerative colitis

* indicates an increase and + indicates a decrease
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infections that involve direct interactions of the pathogen with the intestinal epi-

thelium (Nishiyama et al. 2015; Hecht et al. 2016). Indeed, the attachment of several

species of pathogenic bacteria is a key step in the disruption of the commensal

microbiota, deterioration of the intestinal epithelium, and development of conditions

germane to further bacterial, viral, or parasitic infection. In response, probiotics are

uniquely equipped to inhibit both adhesion and survival of such pathogens.

One mechanism by which probiotics ameliorate infectious diarrhea is a successful

competition for mucosal adhesion sites via interaction with cell–surface proteins. In

vitro studies have thus far associated this mechanism of pathogen expulsion with

strains of Lactobacilli and Bifidobacteria. Investigation by Nishiyama et al. found

aggregation-promoting factors to mediate adhesion of probiotic Lactobacillus gasseri
(LG2055) and subsequent competitive exclusion of diarrheal pathogen Campylo-
bacter jejuni in an in vivo chicken model (Nishiyama et al. 2015). Additionally,

Acosta et al. demonstrated exposure of epithelial cell surface receptor DC-SIGN

(dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin;

CD209) to the surface layer proteins of four species of Lactobacilli (L. acidophilus,
L. brevis, L. helveticus, and L. kefiri) to inhibit foreign bacterial growth (Prado Acosta
et al. 2016). More specifically, the investigation revealed significant inhibition of

E. coli, S. typhi, and Klebsiella pneumoniae growth by L. acidophilus, a key bacterial
species found in commercial and clinical probiotic formulations.

Probiotics may also play a key role in the inhibition of intracellular pathogen

internalization as a means of pathogen exclusion. Hirano et al. showed that Lacto-
bacillus rhamnosus GG was capable of preventing the internalization of entero-

hemorrhagic E. coli (EHEC) in the C2BBe1 human colonic cell line (Hirano et al.

2003). Furthermore, L. rhamnosus GG has been shown to ameliorate diarrheal disease

driven by highly resistant nosocomial vancomycin-resistant enterococci (VRE). Tytgat

et al. (2016) reported that there is significant sequence homology of mucus binding pili

found on L. rhamnosus GG and VRE. This underlies the mechanism responsible for

successful inhibition of VRE colonization by permitting L. rhamnosus GG to compet-

itively bind to intestinal epithelial cells (IECs). Furthermore, Bifidobacteria have been
shown to result in decreased rotavirus adhesion to Caco-2 and HT-29 cells.

B. thermophilum has also been shown to have prophylactic effects when administered

before rotavirus infection in CD-1 suckling mice (Gagnon et al. 2016).

Pathogen exclusion is another possible mechanism underlying the efficacy of

probiotics in IBD models. Recently, IBD has been shown to be associated with

modifications to the natural intestinal microbiome (Kostic et al. 2014). Patients with

CD were found to harbor the pathogen adherent-invasive E. coli (AIEC) (Conte
et al. 2014). In vitro studies by Ingrassia et al. (2005) showed Lactobacillus casei
strain DN-114001 to inhibit interaction between AIEC and IECs. These results

were further supported by other studies showing L. helveticus and L. rhamnosus to
be effective in the attenuation of infectious colitis by Citrobacter rodentium
(Johnson-Henry et al. 2005; Collins et al. 2014). The findings indicated that this

effect was possibly due to reduced pathogen adhesion to the mouse colonic

epithelium. Detailed studies are needed to better understand the in-depth mecha-

nisms underlying the pathogen exclusion effects of probiotics.
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5.3.2 Secretion of Anti-Microbial Factors that Prevent
Diarrhea

In a corollary to pathogen exclusion, probiotics have also been found to secrete

anti-microbial and bioactive factors to enhance their competitive advantage against

diarrheal pathogens within the intestinal microbiome (Zanfardino et al. 2017). These

anti-microbial compounds may be further classified as either organic acids or small

heat-stable peptides (Gibson and Barrett 2010; Lievin et al. 2000; Hassan et al. 2012).

The anti-microbial effects of lactic or acetic acid secretion by probiotic bacteria

have been shown to exert a significant inhibitory effect on Gram-negative bacteria

(Alakomi et al. 2000). The acid enters the bacteria and dissociates in the cytoplasm,

thereby reducing the intracellular pH and activating signaling pathways, leading to

death of the pathogen (Russell and Diez-Gonzalez 1997). Indeed, accumulation of

lactic acid was found to mediate the anti-microbial activity exhibited by Lacto-
bacillus rhamnosus GG against Salmonella typhimurium (Castillo et al. 2011).

Furthermore, organic acids are also shown to permeabilize the Gram-negative

bacterial outer membrane, allowing for diffusion of other antimicrobial compounds

from probiotic bacteria, in addition to the host Paneth cells into the bacterial cyto-

plasm (Helander and Mattila-Sandholm 2000).

Different species of probiotics produce heat-stable peptides, termed bacteriocins,

which are associated with anti-microbial effects (Hassan et al. 2012). In general,

bacteriocins have been shown to promote pathogen death by inhibiting cell-wall

synthesis or initiating pore formation in bacterial cell walls. For example,

L. curvatus DN317 was shown to produce a bacteriocin termed curvaticin DN317,

with anti-microbial effects against the infectious diarrheal agentCampylobacter jejuni
(Zommiti et al. 2016). Several other studies demonstrated that different strains of

Lactobacilli produce similar effects mediated by bacteriocins in infectious models.

Bifidobacterium has also been implicated in the production of bacteriocins (Martinez

et al. 2013). Liévin et al. isolated 14 human Bifidobacteria strains from infant stools

and examined samples for antimicrobial activity (Lievin et al. 2000). Two strains

(CA1 and F9) were found to inhibit cellular entry and exhibit cytotoxic effects against

intracellular S. typhimurium SL1344 in Caco-2 cells (Lievin et al. 2000).

5.3.3 Maintenance of Gut Epithelial Barrier Function

The intestinal epithelium plays a critical role in protecting the human body from the

contents of the gut lumen. Disruption of this barrier may either directly disrupt ion

and water transport or induce an inflammatory response leading to diarrhea

(Krishna Rao and Samak 2013). The human microbiome is intricately involved in

maintaining the integrity of the gut epithelium and, increasing evidence has now

demonstrated the novel role of probiotics in maintaining epithelial barrier function.

The detailed mechanisms by which probiotics enhance intestinal barrier function

are currently under investigation by many groups.
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Maintenance, upregulation or phosphorylation of tight junction proteins are

some of the proposed mechanisms of enhancing intestinal epithelial integrity.

Several studies have found different probiotic species to utilize this mechanism to

confer therapeutic benefit. For example, strains of Lactobacilli in a T84 cell-line

model were found to upregulate expression of adherens junction proteins such as

E-cadherin and β-catenin (Seth et al. 2008). Lactobacilli were also shown to

enhance phosphorylation of adherens junction proteins, augmenting intestinal bar-

rier function (Resta-Lenert and Barrett 2003). Seth et al. demonstrated that Lacto-
bacillus rhamnosus GG-produced soluble proteins (p40 and p75) attenuated a

hydrogen peroxide-induced decrease in transepithelial resistance (TER) and

increase in inulin permeability via PKC- and MAP kinase-dependent mechanisms

(Seth et al. 2008). Studies have additionally shown an increase in TER upon

exposure of HT29 and Caco-2 cells to probiotic species such as Streptococcus
thermophilus and Lactobacillus acidophilus (Resta-Lenert and Barrett 2006). This

effect was accompanied by enhanced phosphorylation of tight-junction proteins

including zonula occludens 1 (ZO-1) and occludin. In an in vivo murine model of

DSS colitis, the probiotic E. coli Nissle 1917 (EcN) was shown to inhibit the

diarrheal phenotype and to upregulate expression of the tight junction proteins

ZO-1, ZO-2, and claudin-14 (Schroeder et al. 2006). A more recent study has

attributed this upregulation of tight junction proteins to factors released by EcN

outer membrane vesicles and secreted protein Toll/IL-1 receptor-containing

(TIR-containing) protein C (Alvarez et al. 2016).

Probiotics have also been shown to strengthen intestinal barrier function via

immunomodulation. Pro-inflammatory cytokines produced in IBD are involved in

the deterioration of intestinal barrier function (Schmitz et al. 1999). Further studies

showed these effects to be due to decreased tight junction protein function and/or

expression leading to a diarrheal phenotype (Landy et al. 2016). Two commercially

available probiotic mixtures have been associated with downregulation of

pro-inflammatory pathway mediators and epithelial defense. Krishnan et al.

(2016) found probiotic mixture VSL#3 to reduce interferon gamma (IFN-γ)-
induced epithelial barrier disruption in an in vitro HT29 cell model via direct

inhibition of the T-cell protein tyrosine phosphatase, a key protein product of

IBD-associated gene PTPN2. In a separate study, probiotics treatment with a

commercial probiotics mixture containing Lactobacillus acidophilus,
L. plantarum, L. salivarius, and Bifidobacterium lactis (Lactibiane Tolerance®, or
LT) significantly prevented the epithelial barrier disruption induced by the

intracolonic infusion of fecal supernatant from IBS patients and the LPS-induced

increase in paracellular permeability in T-84 cells (Nébot-Vivinus et al. 2014). The

studies additionally revealed that culture supernatants of both Bifidobacterium
infantis and Lactobacillus acidophilus protected against IL-1 beta-induced disrup-

tion of barrier function (Guo et al. 2017). Yu et al. studied the therapeutic effect of

Lactobacillus fructosus C2 in attenuating the enterotoxigenic E. coli K88 or

S. typhimurium SL1344-induced changes to mucosal barrier integrity (Yu et al.

2015). Their findings indicated that L. fructosus C2 reduced the paracellular

permeability of fluorescein isothiocyanate–dextran and the expression of
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pro-inflammatory cytokine IL-8, in addition to p-ERK and p-JNK. Overall,

probiotics have shown promising results in maintaining epithelial integrity in

normal and in disease conditions.

5.3.4 Role of Immunomodulation in Diarrheal Diseases
and Beneficial Effects of Probiotics

A common cause of diarrhea is gut mucosal inflammation resulting from the

activation of either innate or adaptive immune responses. Triggering of the innate

immune system largely leads to acute inflammation characterized by neutrophilic

infiltration and vasodilation. This initial response is mediated by receptor families

present on both immune and epithelial cells. One of the key members are toll-like

receptors (TLRs) found on resident sentinel cells (i.e., macrophages and IECs).

TLRs are typically activated by pathogen-associated molecular patterns, including

lipopolysaccharide (LPS) commonly found in Gram-negative bacterial membranes

(Gomez-Llorente et al. 2010). The ensuing signal cascade is mediated by MyD88

and involves activation of the NF-κB and MAPK signaling pathways. In some

cases, probiotics have been shown to play an important role in enhancing the innate

immune response to pathogens. In healthy mice, L. casei CRL 431 was found to

activate TLR4 and may be used as a surveillance mechanism against pathogenic

bacteria (Castillo et al. 2011). Activation of TLR4 leads to the induction of pro-

inflammatory mediators, an increase in TLR2 expression, and a reduction in its own

expression, which leads to the recruitment of inflammatory cells. This same mech-

anism has been shown to inhibit Salmonella infection in vivo (Castillo et al. 2011).

In contrast, some probiotics have been found to be beneficial in modulating the

immune response and attenuating inflammation. Indeed, L. casei was found to

attenuate the pro-inflammatory signal cascade by antagonism of NF-κB (Liu et al.

2012). In another study, L. reuteri strains DSM 17938 and ATCC PTA 4659

therapeutically prevented NEC in rats via downregulation of interleukin-6 (IL-6),

tumor necrosis factor alpha (TNFα), and TLR4. Results also revealed a significantly
increased survival rate and reduced severity of NEC in parallel with inhibition of

the NF-κB pathway (Liu et al. 2012). These outcomes suggest that probiotics might

play a key role in the regulation of the innate immune system and hence can

function by mitigating the effects of diarrheal pathogens.

Regulation of the adaptive immune response is essential in the maintenance of a

disease-free state. Adaptive immune responses utilize antigen-presenting cells such as

macrophages and dendritic cells to activate cytotoxic T-cells. Cells of this system,

specifically T-lymphocytes, are found to be both aberrantly and chronically activated

in the pathogenesis of autoimmune conditions such as IBD. Probiotics contribute to

immune regulation by enhancing the maturation and chemotaxis of CD4 (+) FoxP3

(+) Treg cells, which are responsible for attenuating T-lymphocyte-mediated immune

responses (Kwon et al. 2010). Consequently, probiotics are important for intestinal
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homeostasis and developing tolerance toward the native microbiome. Atarashi et al.

demonstrated that 17 strains of Clostridia found in the native human intestinal micro-

biome maintain a transforming growth factor beta-rich environment to help the

expansion and differentiation of Treg cells (Atarashi et al. 2013). Furthermore, in a

dinitrobenzene sulfonic acid mouse model of colitis, L. casei was found to enhance

chemotaxis of Treg cells to the intestinal intima, causing inhibition of T-cell-mediated

inflammation and cell death (Atarashi et al. 2013).

Another well-studied mechanism of attenuating the adaptive immune response is

the modification of cytokine profiles to inhibit inflammation and lymphocyte

maturation. L. plantarum may promote this process via the production of immuno-

modulatory peptides, such as enterotoxin E. coli heat-stable enterotoxin (Chen et al.
2010a). Al-Hassi et al. demonstrated that this peptide produced an anti-

inflammatory cytokine profile in dendritic cells in conjunction with downregulation

inflammatory mediators in both UC patients and healthy controls (Al-Hassi et al.

2014). Furthermore, strains of both Lactobacilli and Bifidobacteria were shown in

separate studies of murine colitis models to re-establish a normal physiological

ratio of IL-10 to IL-12, a comparison of anti-inflammatory with pro-inflammatory

cytokines, respectively. In addition, Guzy et al. found E. coli strain Nissle 1917 to

inhibit the secretion of CXCL8, a pro-inflammatory chemokine, and to induce apo-

ptosis in γδ T cells via a Fas/Fas ligand pathway (Guzy et al. 2008). In summary,

the effects of probiotics extend to the regulation of both the innate and the

adaptive immune system for the modulation of inflammatory diarrhea.

5.3.5 Alterations in Gut Microbiome Composition
in Response to Probiotics Use

The human gut microbiome is quite stable over time, but there is variability at the

extremes of age and among different individuals. Diet and other environmental

factors can also have a profound impact on the composition of the microbiome

(Shreiner et al. 2015). Furthermore, significant variation has been found in the

composition of the intestinal microbiota between healthy and diseased individuals

(Scott et al. 2015). As such, the gut microbiome has been shown to play a crucial

role in the pathogenesis of diarrheal diseases, including certain forms of IBD

(Halfvarson et al. 2017). For example, in comparison with UC, CD has been

shown to be associated with greater dysbiosis and less microbial diversity (Pascal

et al. 2017). Probiotics have displayed promise in the treatment of these diseases

and one aspect of their efficacy is tied to their potential to influence the resident

microbiota of the gastrointestinal system (Scott et al. 2015). To better elucidate the

effects of probiotics treatment on the composition of the native gut microbiome, a

study by Toscana et al. evaluated the ability of L. rhamnosus HN001 and B. longum
BB536 to colonize the intestinal environment of healthy subjects (20 healthy Italian

volunteers) and modify the composition of the endogenous microbiome.
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Administration of probiotics B. longum and L. rhamnosus resulted in an increase in
the abundance of both bacteria in the pre- and post-prandial groups. At the level of

the phyla, a significant reduction was discovered in Firmicutes and Proteobacteria

(Toscano et al. 2017). In a clinical study of celiac disease, probiotics were also

shown to be effective in restoring the physiological gut microbiome. Quagliariello

et al. found supplementation of Bifidobacterium breve strains B632 and BR03

essential in reducing the abnormal Firmicutes/Bacteroidetes ratios found in the

gut of 40 patients with celiac disease. As such, a clinically significant modality of

probiotics is their capability to therapeutically modify the composition of the

gut microbiome (Quagliariello et al. 2016).

Utilizing in-vivo mouse models, it has been shown that probiotics can restore gut

microbiome altered by lifestyle and diet. Park et al. supplemented Lactobacillus
curvatus HY7601 and L. plantarum KY1032 in diet-induced obese mice. Signifi-

cant alterations were found in the gut microbiota after probiotic supplementation.

However, the two most abundant phyla, Firmicutes and Bacteroidetes, did not show

considerable changes. Conversely, there was a significant reduction in key species,

including Verrucomicrobia and Proteobacteria, indicating that probiotics can also

alter the composition of the endogenous gut microbiome of mice (Park et al. 2013).

In another study, Zubiria et al. administered probiotic species L. kefiri in a mouse

model with a fructose-rich diet. Results revealed that L. kefiri supplementation

exerts compositional changes in gut microbiota, particularly in Bacteroidetes and

Firmicutes profiles, while simultaneously attenuating weight gain and epididymal

adipose tissue expansion.

These probiotic-induced alterations of the gut microbiome correlated innately

with their therapeutic capacity to inhibit pathogenic bacteria. Indeed, research by

Ma~nes-Lázaro et al. revealed that administration of L. johnsonii F19785 to chickens
significantly altered the gut microbiome of the chickens and inhibited the capacity

of pathogenic bacteria Campylobacter jejuni to colonize the gut (Manes-Lazaro

et al. 2017). Although the current research is promising, detailed studies have been

limited in exploring the therapeutic effects of probiotics-mediated gut microbiome

alterations and their significance in treating diarrheal diseases. Further mechanistic

and clinical studies should provide evidence for probiotics as a therapeutic modality

for a wide range of gut microbiome-associated diseases, including diarrhea.

Treg response is directly related to the maintenance of intestinal homeostasis

and the development of tolerance toward the resident microbiota (Toscano et al.

2017). Probiotics inducing the Treg response are of paramount importance, notably

within the framework of IBD and other inflammatory diseases.

5.3.6 Probiotic Modulation of Vectorial Ion Transport

Although considered to be multifactorial, diarrhea commonly results from

decreased intestinal absorption and/or increased secretion of fluid and electrolytes.

Therefore, a detailed understanding of the mechanisms of dysregulated ion
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transport in inflammatory or infectious diarrhea and the role of probiotics in

counteracting these effects are likely to define novel therapeutic targets for inter-

vention. Indeed, several reports in recent years demonstrated pro-absorptive effects

of probiotics to enhance intestinal absorption of ions and solutes by directly

modulating the expression/activity of the transporters involved. In addition, there

are reports to show the anti-secretory effects of probiotics, which should also

explain the antidiarrheal effects of certain probiotics.

5.3.6.1 Effects on NaCl Absorption

The major route of NaCl absorption in the mammalian intestine is via a coupled

operation of Na+/H+ exchanger 3 (NHE3, SLC9A3) and the Cl�/HCO3
� exchanger

down-regulated in adenoma (DRA, SLC26A3). NHE2 and SLC26A6 (PAT-1)

expressed on the apical surface also mediate Na+/H+ and Cl�/HCO3
� exchange

respectively. The significance of NHE3 in electrolyte and fluid homeostasis is

demonstrated by reduced Na+ absorption in NHE3 knockout mice and its inhibition,

leading to diarrhea (Schultheis et al. 1998; Priyamvada et al. 2015). Similarly,

mutations in the DRA gene have been shown to cause congenital Cl� diarrhea, a

rare disorder exhibiting metabolic alkalosis, impaired Cl�/HCO3
� exchange, and

high fecal Cl� concentration (Schweinfest et al. 2006). Further, DRA�/� mice

exhibited a substantial diarrheal phenotype with serum electrolyte imbalances.

As in congenital chloride diarrhea patients, increasing evidence indicates that

disturbances in NHE3/DRA function or expression play a major role in the path-

ophysiology of diarrheal diseases (Schweinfest et al. 2006). For example, previous

reports have shown that short-term infection of IECs with enteropathogenic E. coli
(EPEC), a food-borne pathogen, significantly inhibited Na+/H+ and Cl�/HCO3

�

exchange activities, defining the pathophysiology of EPEC-induced early diarrhea

(Gill et al. 2007). Therefore, agents that stimulate luminal NaCl absorption and/or

counteract inhibition of NaCl absorption in inflammation/infection could be prom-

ising antidiarrheals to be further explored for their therapeutic potential. In this

regard, recent studies have demonstrated probiotics-mediated stimulation of NaCl

absorption via their direct effects on the expression/activity of NHE3 and DRA.

These studies have shown that L. acidophilus (LA) or its culture supernatant

(LA-CS) stimulates Cl�/HCO3
� exchange activity via its short-term effects to

increase apical membrane DRA levels involving a PI-3 kinase-dependent mecha-

nism (Borthakur et al. 2008).

Along the same lines, LA showed the long-term effects of stimulating DRA

function by increasing DRA expression via transcriptional mechanisms and

counteracted the downregulation of DRA expression and function in in-vitro and

in-vivo models of inflammation, or in response to the infection of FVB/N mice by

Citrobacter rodentium (Kumar et al. 2016; Raheja et al. 2010). Additionally, LA/

LA-CS stimulated NHE3 expression/function in vitro and in vivo and counteracted

C. rodentium infection-induced inhibition of NHE3 expression (Kumar et al. 2016;

Singh et al. 2012). Furthermore, LA alleviated C. rodentium-induced
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downregulation of carbonic anhydrase I and IV, which are needed to maintain the

pool of bicarbonate required for DRA function (Cl�/HCO3
� exchange activity).

Studies from the same group further showed that the bacteria-free culture

supernatant of Bifidobacterium species (B. breve, B. infantis, B. bifidum), important

commensals in the healthy human colon, enhanced DRA expression in Caco-2 cells

via ERK1/2 MAPK pathway-dependent transactivation of DRA promoter, whereas

administration of the live bacteria increased expression of DRA mRNA and protein

levels in mouse colon (Kumar et al. 2012).

These studies significantly enhanced our mechanistic insights into the

antidiarrheal potential of Lactobacilli and Bifidobacteria. A key outcome of these

studies showing that soluble factor(s) present in the culture supernatant of
L. acidophilus and Bifidobacterium species mimic the stimulatory effects of live

bacteria on NaCl absorption highlights the critical importance of probiotics-derived

molecules in developing novel therapeutic strategies for treating diarrhea. A model

of the proposed mechanisms of the effects of probiotics on NaCl absorption is

depicted in Fig. 5.1. A brief outline of mechanisms of action of probiotics in

diarrheal disorders are summarized in Tables 5.2 and 5.3.

DRA
Soluble 
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Erk1/2

DRA 
Promoter

B. breve, B.infantis
B. bifidum
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L. acidophillus
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NHE3 
Promoter

L. acidophillus

DRA 
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Fig. 5.1 Proposed mechanisms of modulation of NaCl absorption by probiotics. As shown in the

schematic diagram, probiotics mediate upregulation of the expression and/or activity of down-

regulated in adenoma (DRA) and Na+/H+ exchanger 3 (NHE3). (Left to right) 1. The bacteria-free
culture supernatant (soluble factors) of Bifidobacteria species (B. breve, B. infantis, B. bifidum)
transactivated the DRA promoter in Caco-2 cells via the ERK1/2 MAPK pathway, which led to an

increase in DRA mRNA and protein levels and ultimately an increase in function. This correlated

with an increase in DRA mRNA and protein expression in mouse colon by the administration of

the live Bifidobacteria. 2. L. acidophilus (LA) or its culture supernatant (LA-CS) stimulated Cl�/
HCO3

� exchange activity via its short-term effects to increase apical membrane DRA levels

involving a PI-3 kinase and RAC-1-dependent mechanism. Similarly, LA also showed long-term

effects on DRA by increasing its function and expression via transcriptional mechanisms. 3. LA/
LA-CS also stimulated NHE3 promoter, which led to an increase in NHE3 mRNA and protein

expression and function in intestinal epithelial cells
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5.3.6.2 Effects of Probiotics on CFTR and NKCCL1

Activation of the cystic fibrosis transmembrane conductance regulator (CFTR)

chloride channel is another pathway that drives fluid secretion into the intestinal

lumen. The CFTR channel is activated in cholera and in diarrhea caused by other

bacterial enterotoxins. In cystic fibrosis patients, altered microbial diversity was

also observed, with an increase in Firmicutes and a reduction in Bacteroidetes

compared with controls, suggesting that gut microbiota might play an important

role in cystic fibrosis and its management (Burke et al. 2017) as well.

Another study by Heuvelin et al. analyzed the potency of the probiotic strain

Bifidobacterium breve C50 (Bb C50) and Lactobacillus rhamnosus 10893 to mod-

ulate epithelial Cl� secretion (Heuvelin et al. 2010). Carbachol- or forskolin (FSK)-

induced Cl� secretion was inhibited in a dose-dependent manner by B. breve C50
associated with decreased PKC activity. In addition, FSK-induced Cl� secretion

was also inhibited by Lactobacillus rhamnosus 10893 (Heuvelin et al. 2010).

Table 5.2 Genomic Mechanisms

Genus Species

Protein

product Functional implications Citation

Bifidobacterium Bifidum DRA * Enhanced electroneutral

NaCl absorption

Kumar et al. (2012)

Breve DRA * Enhanced electroneutral

NaCl absorption

Kumar et al. (2012)

Infantis DRA * Enhanced electroneutral

NaCl absorption

Kumar et al. (2012)

Escherichia coli Nissle TcpC * Maintenance of gut epi-

thelial barrier function

Alvarez et al. (2016)

Lactobacillus Acidophilus DRA * Enhanced electroneutral

NaCl absorption

Raheja et al. (2010)

Acidophilus NHE3 * Enhanced electroneutral

NaCl absorption

Singh et al. (2012)

Gasseri APF1 * Pathogen exclusion Nishiyama et al.

Johnsonii SGLT1 * Enhanced Na+/glucose

co-transport

Rooj et al. (2010)

Plantarum PepT1 * Enhanced oligopeptide

transport

Chen et al. (2010a)

Plantarum STp * Immunomodulation Chen et al. (2010a)

Rhamnosus SERT * Enhanced serotonin

uptake

Wang et al. (2015)

Saccharomyces Boulardii SGLT1 * Enhanced Na+/glucose

co-transport

Buts et al. (1999)

DRA Down-Regulated in Adenoma, TcpC Toll/IL-1 Receptor-Containing (TIR-containing)

Protein C, NHE3 Na+/H+ Exchanger 3, APF Aggregation-Promoting Factor, SGLT1 Sodium-

dependent Glucose Cotransporter 1, PepT1 Peptide Transporter 1, STp E. coli heat-stable

enterotoxin, SERT Serotonin Transporter
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Similarly, another study demonstrated that the probiotic strains Enterococcus
faecium NCIMB 10415 and Bacillus cereus var. toyoi increased prostaglandin

E2-induced short circuit current (Isc) (Klingspor et al. 2013; Ma et al. 2017).

Moreover, a recent study showed that L. salivarius UCC118 selectively inhibited

neurally evoked ion secretion in mice colonic tissues (Lomasney et al. 2014).

Furthermore, Streptococcus thermophilus (ST) and Lactobacillus acidophilus
(LA), or the commensal, Bacteroides thetaiotaomicron (BT) were able to block

the inhibitory effects of IFN on agonist-stimulated chloride secretion, trans-

epithelial resistance (TER), and epithelial permeability (Resta-Lenert and Barrett

2006). ST/LA pretreatment resulted in the reversal of the inhibitory effects of IFN

on CFTR and the Na-K-Cl co-transporter NKCC1 (Resta-Lenert and Barrett 2006).

Resta-Lenert et al. also demonstrated that probiotics protect against entero-

invasive E. coli (EIEC) and S. dublin (SD) infection in T-84 and HT29/cl.19A

cells. Wild-type ST/LA, LA, or ST were able to reverse the effects of EIEC and

SD on chloride secretion in IECs. In addition, they showed significantly altered

CFTR and NKCC1 function and cellular distribution after treatment with probiotics

following EIEC and SD infection (Resta-Lenert and Barrett 2002). These findings

also supported the beneficial role of probiotics in decreasing chloride secretion and

diarrhea by regulating kinase signaling and levels of ion transport proteins CFTR and

NKCC1 in IECs.

5.3.6.3 Effects of Probiotics on Short Chain Fatty Acid Absorption

Short chain fatty acids (SCFAs) are produced in the colonic lumen by bacterial

fermentation of dietary fiber or undigested carbohydrates. Butyrate, a key SCFA, serves

as the primary fuel for colonocytes, ameliorates mucosal inflammation, maintains

epithelial integrity, and exerts antidiarrheal effects by stimulating NaCl absorption.

For these intracellular effects, however, optimal absorption of butyrate by the colonic

epithelial cells is important (Thibault et al. 2007, 2010). Monocarboxylate transporter

1 (MCT1) plays an important role in the absorption of colonic SCFA. Indeed, previous

studies have shown extensive downregulation of MCT1 in intestinal inflammation,

leading to decreased availability of butyrate for oxidation in the colonic epithelial cells

(Thibault et al. 2007). Therefore, agents that upregulate butyrate absorption are likely to

have therapeutic value in counteracting intestinal inflammation and associated diarrhea.

Earlier reports have shown decreased butyrate uptake in Caco-2 cells in response

to EPEC infection that was attributed to an EPEC-induced decrease inMCT1 protein

level at the apical cell surface (Borthakur et al. 2011). Recent studies from the same

laboratory showed that L. acidophilus and its CS not only increasedMCT1-mediated

butyrate uptake, but also alleviated EPEC inhibition of butyrate uptake by blocking

EPEC-induced internalization of apical cell surface MCT1 (Kumar et al. 2015).

Additionally, L. plantarum, another species of Lactobacilli that showed no effects

on MCT1 activity, upregulated sodium-coupled MCT1 (SMCT1, another SCFA

transporter) in rat IEC-6 cells (Borthakur et al. 2010). Also, L. plantarum
counteracted cytokine-induced inhibition of SMCT1 expression and Na+-dependent

butyrate uptake in IEC-6 cells.
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5.3.6.4 Effects of Probiotics on Other Solute Transporters

Characterization of probiotic efficacy in the treatment of diarrheal diseases is not

complete without mentioning several areas of emerging study. Recent investi-

gations have found specific probiotic species to alter the expression or function of

oligopeptide, serotonin, and glucose transporters in different models of diarrheal

diseases. These novel effects correlated with amelioration of the diarrheal

phenotype.

Lactobacillus plantarum has recently been shown to enhance the function of the

peptide transporter PepT1 in a murine colitis model (Chen et al. 2010b). Utilizing

interleukin-10 knockout mice to model spontaneous colitis, Chen et al. observed a

marked decrease in PepT1 function in comparison to wild-type mice (Chen et al.

2010a). L. plantarum treatment was found to not only mitigate this effect in IL-10�/�

mice, but also to exhibit increased transporter function. Immunofluorescence and

western blot analysis showed unaltered expression and localization of PepT1 in both

WT and IL-10�/� mice. Further investigation revealed that diminished PKC activity

in IL-10�/� mice compared with WT led to enhanced PepT1 function.

Lactobacillus rhamnosus GG has been implicated in the treatment of diarrhea

associated with IBS (Aragon et al. 2010). IBS is hypothesized to have a psycho-

genic etiology where brain–gut interactions are fundamentally altered with minimal

inflammation. Probiotics have recently emerged as a clinically effective treatment

for this condition. To better ascertain the relationship between commensal gut

bacteria and IBS, Bifidobacterium infantis was observed to significantly upregulate
plasma tryptophan, a precursor to the neurotransmitter serotonin (Desbonnet et al.

2008). Furthermore, Wang et al. observed L. rhamnosus GG, a probiotic found in

commercial formulations, to upregulate serotonin transporter mRNA and protein in

HT-29, Caco-2, and mouse IECs (Wang et al. 2015). These novel results suggested

that probiotic-mediated modulation of neurotransmitter transport might be a possi-

ble mechanism for attenuating IBS-related diarrhea.

Several species of probiotics have also been implicated in the upregulation of

glucose transport across the intestinal brush border membranes. In addition, this

may be achieved by enhancing function or expression of sodium-dependent glucose

co-transporter (SGLT-1) or glucose transporter 2 (Roder et al. 2014). Similar to oral

rehydration therapy, probiotics-mediated enhancement of these transporters could

counteract the electrolyte loss common in diarrhea of all causes. Early studies

showed Saccharomyces boulardii to upregulate SGLT-1 function in both pig and

rat models (Buts et al. 1999). A recent study by Rooj et al. demonstrated super-

natant from cultures of probiotic species L. gasseri, L. amylovorus, L. gallinarum,
and L. johnsonii to enhance glucose transport by a nongenomic mechanism

(Rooj et al. 2010). Putative explanations implicate metabolites produced by these

bacterial species to underlie this effect. Mechanisms for the functional enhance-

ment of these nutrient transporters are not well understood and require extensive

studies.

5 Beneficial Role of Probiotics in Diarrhea 105



5.4 Conclusion

As described above, clinical data indicate that probiotics play a beneficial role in

several diarrheal disorders. However, inconclusive evidence for several major

etiologies of diarrhea, including CD, traveler’s diarrhea, and NEC, highlights the

need for more extensive investigations. Furthermore, a key limitation in the current

collection of meta-analyses and systematic reviews is the heterogeneity of the study

design. Variation in the selection of probiotics formulations, dosage, duration of

therapy, and subject selection underlie the difficulties in evaluating the efficacy of

probiotics in clinical settings. Also, clinical investigations in the past have over-

whelmingly utilized probiotic formulations containing multiple probiotic species or

strains. Results of such trials do not pinpoint the effects of individual probiotic

species and are difficult to translate to in-vitro or in-vivo experimental models.

Therefore, there is a strong need in probiotic clinical trials to obtain high-quality

data demonstrating the efficacy of specific individual strains of bacteria.

It should be noted that when comparing current models of treating diarrheal

diseases, one avenue, fecal microbiota transplant (FMT), is currently under intense

investigation, specifically for C. difficile-associated diarrhea. However, The FMT

procedure is likely to introduce risks of transmitting various pathogens and meta-

bolic disorders. In addition, FMT has been found to marginally worsen symptoms

of IBD, whereas traditional dietary supplementation of probiotics has been shown

to be safe for such conditions. Another weakness of FMT is the very concept of the

procedure, which some patients find to be rather unpleasant. In such conditions,

probiotics may be the preferred treatment for diarrheal pathological conditions.

In agreement with many clinical studies, several studies supported by the

in-vitro and in-vivo animal models on vectorial ion and nutrient transporters

show promising results in diarrheal diseases. These studies are of critical impor-

tance in increasing our understanding of the molecular basis of the beneficial effects

of probiotics and probiotics-derived effector molecules in diarrheal diseases. Addi-

tionally, the efficacy of probiotics or their secreted soluble factors to counteract

inflammation, maintain gut epithelial integrity, mediate pathogen exclusion, and

secrete antimicrobial peptides highlights the novel therapeutic potential of different

probiotic species in diarrheal diseases.

With increasing evidence indicating the therapeutic role of probiotics in diarrheal

diseases, future in-depth investigations are needed to identify bacterial species that are

most effective among current probiotic regimens, in addition to optimizing dosages to

achieve superior therapeutic effects. Furthermore, in-vitro and in-vivo studies have

indicated the importance of probiotics-secreted soluble factors such as bacteriocins,

S-layer proteins, and other similar unidentified compounds of low molecular weight.

The potential of isolating these soluble factors for further study in in-vitro, in-vivo, and

clinical settings presents a presently untapped reservoir of therapeutics for diarrheal

diseases. Indeed, such investigations would be beneficial for developing therapeutic

interventions for those who have poor gut barrier integrity or who are severely

immunocompromised and may not tolerate live probiotic bacterial administration.
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In summary, our mechanistic understanding of probiotic effects in the human gut

has developed significantly since the turn of the century. Further laboratory and

clinical studies may help to build on these advances by leveraging strains of

probiotics bacteria and/or their products as novel therapeutics for diarrheal

diseases.
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Chapter 6

The Influence of Microbiota

on Gastrointestinal Motility

Shreya Raja, Vivek Batra, and Shanthi Srinivasan

Abstract In recent years there has been a significant advancement in the role of gut

microbiota in regulating gastrointestinal motility. The bidirectional cross talk

between the host and gut microbiota has been implicated in the regulation of both

physiological and pathophysiological conditions. Intestinal dysbiosis or alteration

in the composition of intestinal microbiota can result in impaired host intestinal

permeability, immune response, and metabolism, leading to a proinflammatory

state. In this review, we focus on the role of the gut microbiome in regulating

gastrointestinal motility and shaping the enteric nervous system. We highlight the

mechanisms of microbial metabolites in regulating intestinal motility. Several host

factors such as diet and genetic predisposition can influence the gut microbial

diversity and ultimately contribute to dysbiosis. Intestinal dysbiosis can contribute

to the pathophysiology of disorders such as irritable bowel syndrome and chronic

intestinal pseudo-obstruction. Manipulation of the gut microbiome is a promising

therapeutic target for the treatment of motility disorders. Modification of gut

microbiota through diet, antibiotics, probiotics, prebiotics, and fecal microbiota

transplantation are all promising strategies for the treatment of gastrointestinal

motility disorders that are currently under investigation.
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neurons • Irritable bowel syndrome • Amyotrophic lateral sclerosis

S. Raja • S. Srinivasan (*)

Division of Digestive Diseases, Emory University School of Medicine, Atlanta, GA, USA

Atlanta VAMC, Decatur, GA, USA

e-mail: ssrini2@emory.edu

V. Batra

Department of Medical Oncology, Sidney Kimmel Cancer Center, Thomas Jefferson

University, Philadelphia, PA, USA

© The American Physiological Society 2018

J. Sun, P.K. Dudeja (eds.), Mechanisms Underlying Host-Microbiome Interactions
in Pathophysiology of Human Diseases, Physiology in Health and Disease,

https://doi.org/10.1007/978-1-4939-7534-1_6

113

mailto:ssrini2@emory.edu


6.1 Introduction

There is evolving evidence that interplay exists between the gut microbiota and the

enteric nervous system (ENS), resulting in altered gastrointestinal motility. The

conventional wisdom was that motor patterns influence the size, location, and

diversity of the microbiota (Quigley 2011). Recent literature and studies have

challenged this view, and several studies have demonstrated that the gut microbiota

may exert significant control over the enteral nervous system of the host. The

bidirectional cross talk between the gut microbiota and the host has been

established; yet, the exact dynamics of the relationship remain an active field of

investigation.

Several gastrointestinal disorders have been linked to alterations in gut

microbiota, including irritable bowel syndrome (IBS), acute diarrhea, inflammatory

bowel disease (IBD), and small intestinal bacterial overgrowth syndrome (SIBO)

(Aziz et al. 2013). Alterations in gastrointestinal flora with the use of antibiotics can

lead to Clostridium difficile-infected diarrhea (Kelly and LaMont 2008). Alterations

in intestinal bacteria, and the subsequent production of carcinogens may contribute

to the pathogenesis of colon cancer (Rowland 2009).

In a newborn, the gastrointestinal tract is sterile at birth. It is colonized within the

first few days to weeks after birth by the microbiota. This microbiota is essential for

survival as it confers a symbiotic and commensal advantage to the host. Antibiotics

use in the early stages of life can predispose to gastrointestinal disorders later in life.

The human microbiome contains nearly 100 trillion cells, about tenfold the number

of human cells, and encodes about 150 times more genes than human cells (Ley

et al. 2006). Metagenomic sequencing of fecal samples of 124 Europeans found that

99% of the genes in the human intestinal microbiome are bacterial. There are

1000–1150 prevalent bacterial species and each individual has at least 160 such

species, which are largely shared (Qin et al. 2010). Most of the bacteria found in the

human GI tract belong to the Bacteroidetes, Firmicutes, Actinobacteria, and

Proteobacteria phyla (Gill et al. 2006). The gut microbiota performs three broad

functions, which are well described and include metabolic, immunological, and

trophic functions. The metabolic function of bacteria is to extract calories from

complex oligosaccharides and promote the absorptive capacity of the intestinal

epithelium (Sekirov et al. 2010). The concentration of bacteria varies with age and

location in the gastrointestinal tract. The distal colon has the maximum concentra-

tion of bacteria, approaching almost 1011 bacteria per gram. The colon is populated

mainly by anaerobic bacteria owing to the low oxygen concentration in the colon,

including Bacteroides, Bifidobacterium, Clostridium, Lactobacillus, and

Porphyromonas. The stomach and proximal intestine have relatively small numbers

of bacteria because of the acidic environment. Gram-negative and anaerobic bac-

teria populate the terminal ileum (Mackie et al. 1999). In this chapter, we first

describe the influence of microbiota in shaping the ENS. Next, we discuss how

microbial metabolites can regulate intestinal motility. Host factors can affect gut
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microbial diversity, and we demonstrate how dysbiosis can lead to motility disor-

ders such as IBS and chronic intestinal pseudo-obstruction (CIPO).

6.2 Microbiota Effects on the Enteric Nervous System

6.2.1 Early Development of the ENS

The effects of the microbiota on the development of the ENS are best illustrated in

studies performed by colonizing germ-free animals with microbiota. Structural and

functional differences have been found in the jejunal and ileal myenteric plexus of

postnatal germ-free mice compared with specific pathogen-free mice. Postnatal

germ-free mice also have decreased nerve density, decreased neurons per ganglion,

and an increased ratio of nitrergic neurons compared with specific pathogen-free

mice. In addition, decreased jejunal and ileal contractility has been observed in

postnatal germ-free mice compared with specific pathogen-free mice (Collins et al.

2014). A recent animal experiment performed by McVey Neufeld et al. (2013)

showed that the microbiome is essential for normal gut intrinsic afferent neuron

excitability in the mouse. The investigators examined the electrophysiological

properties of myenteric plexus neurons in germ-free mice, specific pathogen-free

mice, and germ-free mice conventionalized with intestinal bacteria. Significant

findings from this study included decreased neuronal excitability in the myenteric

afterhyperpolarization neurons and prolonged post-action potential slow

afterhyperpolarization in germ-free mice compared with the other two groups of

mice. Another animal study examined small bowel myoelectrical activity in germ-

free rats colonized with specific bacterial strains. Interestingly, colonization with

anaerobic strains including Clostridium tabificum alone, and Lactobacillus aci-
dophilus and Bifidobacterium bifidum in combination stimulated small intestinal

transit by stimulating phase III of the migrating motor complex (MMC) sooner,

whereas aerobic strains such asMicrococcus luteus and Escherichia coli suppressed
or had no significant effect on the initiation of phase III of the MMC respectively

(Husebye et al. 2001). The mechanism by which the microbiota modulates the

MMC is unclear; however, the results of this study suggest that changes that arise in

the local environment as a result of anaerobic metabolism may influence small

intestinal motility. These landmark animal experiments provide evidence that the

microbiota are necessary for the normal development and physiological function of

the ENS.

6.2.2 Neurohormones

Serotonin (5-HT) functions as both a neurotransmitter and a local hormone, which

is present in the gastrointestinal tract and in the central nervous system. It plays

6 Microbiota and Gastrointestinal Motility 115



diverse roles in digestion, including initiation of intestinal secretion and peristalsis.

Serotonin activates both intrinsic excitatory and inhibitory enteric motor neurons. It

can stimulate cholinergic neurons to release acetylcholine, which results in smooth

muscle contraction, or it can stimulate inhibitory nitrergic neurons to release nitric

oxide, which results in smooth muscle relaxation (Sikander et al. 2009). Several

small studies suggest that gut microbiota might modulate the biosynthesis and

release of 5-HT in the gastrointestinal tract. The gut microbiota produces short

chain fatty acids (SCFAs) via fermentation of carbohydrates, and SCFAs modulate

the release of 5-HT from enterochromaffin cells in vivo (Fukumoto et al. 2003). The

presence of the cholera toxin induces release of 5-HT in the rat jejunum (Bearcroft

et al. 1996). In-vitro studies suggest that infection with enteropathogenic

Escherichia colimight decrease the activity of the serotonin transporter in intestinal

epithelial cells, resulting in decreased concentrations and uptake of 5-HT (Esmaili

et al. 2009).

6.2.3 Microbial Metabolism

Short chain fatty acids such as butyrate, propionate, and acetate are produced as

by-products of enteric bacterial fermentation of resistant starches. The proportions

of each SCFA produced vary based on the presence of a particular microbiota and

dietary fiber intake. Gram-positive anaerobic bacteria from the Firmicutes phylum,

such as Faecalibacterium prausnitzii and Eubacterium rectale/Roseburia spp., are

significant producers of SCFAs. The most widely studied SCFA is butyrate, which

is essential for enterocyte function. Butyrate provides a source of energy for

enterocytes, mediates intestinal epithelial cell turnover, modulates production of

inflammatory cytokines, and alters gastrointestinal motility (Canani et al. 2011).

The motor effects of SCFAs differ based on chain length. In-vitro and in-vivo rat

studies have shown that butyrate increases the proportion of ascending excitatory

cholinergic neurons and increases colonic contractile activity; however, these

findings were not demonstrated for propionate or acetate (Soret et al. 2010). In a

study performed on guinea pigs, butyrate increased the frequency of full-length

propagations in the proximal colon and increased the velocity of propagation in the

distal colon. In contrast, propionate blocked full and short propagations and had a

biphasic effect on nonpropagating contractions, and acetate decreased short and

total propagations (Hurst et al. 2014). The presence of SCFAs may also increase the

proportion of ascending excitatory cholinergic neurons and colonic contractile

activity (Soret et al. 2010). The mechanisms by which SCFAs affect gastrointesti-

nal motility are an active area of study.

Low-grade inflammation has been observed in patients with IBS. Immunohis-

tochemical studies of intestinal biopsy specimens from IBS patients have shown

increased lymphocyte and mast cell infiltration in addition to myenteric

neurodegeneration in patients with IBS compared with controls (Chadwick et al.

2002; Tornblom et al. 2002; Barbara et al. 2004). Increased cytokines such as IL-1β,
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IL-6, IL-8, LPS-induced IL-6, and TNF-α have also been observed in IBS patients

(Liebregts et al. 2007). The etiology of the inflammation is thought to be multifac-

torial, and disruption of the intestinal epithelial barrier resulting in increased

permeability has been proposed as a possible mechanism. Lipopolysaccharide

(LPS), a component of cell walls of Gram-negative bacteria, does not permeate

the intestinal epithelial barrier under normal conditions. However, LPS crosses the

epithelial barrier in settings of increased permeability, such as inflammation and

infection, and activates toll-like receptors (TLRs) found on macrophages and

dendritic cells. Activation of TLRs serves as protection against further injury.

The mechanism by which specific TLRs distinguish between virulent and com-

mensal bacteria is under study (Rakoff-Nahoum et al. 2004).

The host innate immune system is also able to detect the presence of microbial

metabolites through pattern recognition receptors and immune-sensing complexes

known as inflammasomes. Specifically, the NLRP-6 inflammasome plays a role in

colonic homeostasis and can be influenced by microbiota-associated metabolites,

including taurine, histamine, and spermine in a mouse model. These metabolites

alter the secretion of IL-8 from colonic epithelial cells, which subsequently affects

the downstream production of antimicrobial peptides. Disruption of the NLRP-6/

IL-8/anti-microbial peptide axis results in increased susceptibility to inflammation

in the host (Levy et al. 2015, 2017).

Bile acids serve many functions in the gastrointestinal tract. They are best known

for their role in facilitating the absorption of lipids and fat-soluble vitamins;

however, they also have antimicrobial properties, increase mucosal permeability,

enhance intestinal secretion of water and electrolytes, and participate in signaling

pathways in the ENS that modulate motility and sensation. The gut microbiota

metabolically alters bile acids through the process of deconjugation. Bile acid

malabsorption results in diarrhea, and is commonly seen in patients with ileal

resection, Crohn’s disease, and diarrhea-predominant IBS. Several causative mech-

anisms for bile acid malabsorption have been suggested, including a deficiency of

fibroblast growth factor 19 and genetic alterations of receptors involved in bile acid

synthesis and transport. Established modalities for treating bile acid diarrhea

include bile acid sequestrants such as cholestyramine, colestipol, and colesevelam.

Bile acid receptor agonists that bind Farnesoid X receptor, such as obeticholic acid,

are under development (Camilleri 2015).

Gut bacteria ferment carbohydrates and produce various gaseous by-products,

such as carbon dioxide, hydrogen, methane, and hydrogen sulfide. The microbes

generate energy via this process. Interestingly, there is an association between

excessive gas production and clinical disorders. Excess hydrogen production has

been implicated in SIBO and IBS. SIBO is defined by the presence of excessive

bacteria in the small intestine and can be diagnosed using a glucose or lactulose

hydrogen breath test or by culturing small intestinal aspirate. During a lactulose

hydrogen breath test, lactulose is ingested, which is subsequently digested by the

gut bacteria. Excess production of hydrogen is observed as a result of poor transit

and the resulting overgrowth of bacteria in the gut (Pimentel et al. 2013).
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Methane has been linked to constipation, constipation-predominant IBS, and

obesity. Methane gas is a common by-product of fermentation produced by intes-

tinal bacteria and results in slowed small intestinal transit. In animal models,

infusion of methane has resulted in 59% slowing of small intestinal transit

(Pimentel et al. 2006). Hydrogen sulfide is a toxic, pungent gas that is produced

by both microbes and mammalian tissues, and studies have shown that it may play a

role in gastrointestinal motility by indirectly mediating secretion, nociception, and

smooth muscle relaxation. It has been linked to ulcerative colitis, although the

mechanism of action remains unclear (Medani et al. 2011).

6.2.4 Host Factors

The effect of diet and genetics on shaping the gut microbiota has been demonstrated

by a comparative study in children from Europe and rural Africa. This study

compared the fecal microbiota of European children with the that of African

children from a village in Burkina Faso. The African diet was high-fiber, low-fat,

low-protein, and vegetarian, whereas the European diet consisted of mostly animal

protein, sugars, starch, and low-fiber foods. Analysis of microbiota from the

African children showed increased predominance of Bacteroidetes and decreased

concentrations of Firmicutes. Specifically, Bacteroidetes such as Prevotella- and
Xylanibacter-containing bacterial genes for cellulose and xylan digestion were

found in the microbiota of the African children, but not in European children. In

contrast, European children were found to have higher concentrations of Firmicutes

and Enterobacteriaceae than African children. The concentration of fecal SCFAs

also differed between the two groups, with the African cohort having higher

concentrations of SCFAs noted in their stool samples. The findings of this study

suggest that exposure to diets high in polysaccharides may influence the evolution

of the gut microbiota that can best utilize this diet to produce energy (De Filippo

et al. 2010).

Obesity has significantly increased in the last few decades, especially in the

USA. The gut microbiota has been shown to be different in obese individuals; a

decreased concentration of Bacteroidetes has been noted. The pathophysiology is

poorly understood, but it is hypothesized that changes in gut flora might lead to

altered proinflammatory molecules and changes in host–gene expression, which

affect the gut epithelial and endocrine function and have an impact on insulin

resistance and adiposity (Ley 2010).
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6.3 Microbiota in Neurological Diseases

The bidirectional interaction between the nervous system and gastrointestinal tract

is further illustrated by the role of the gut microbiota in the pathogenesis of

neurological conditions, particularly Parkinson’s disease (PD) and amyotrophic

lateral sclerosis (ALS). Altered microbial composition has also been observed in

multiple sclerosis, autism spectrum disorder, and Alzheimer’s disease (Scheperjans
et al. 2015; Zhang et al. 2017; Chen et al. 2016; Luna et al. 2017; Shen et al. 2017).

6.3.1 Parkinson’s Disease

Parkinson’s disease is a neurodegenerative condition resulting from the accumula-

tion of a specific amyloid protein, α-synuclein (ASO), within neurons. Motor

deficits seen clinically in PD arise from the deposition of ASO in the dopaminergic

neurons of the substantia nigra pars compacta in the midbrain. Gastrointestinal

symptoms such as constipation may precede neurological symptoms by many years

and arise from ASO deposition in enteric neurons.

Intestinal inflammation is present in patients with PD. Increased serum markers

of endotoxins such as LPS binding protein, increased intestinal permeability, and

increased mucosal staining of Gram-negative bacteria, ASO, and oxidative stress

markers such as nitrotyrosine have been observed in a small human study (Forsyth

et al. 2011). Differences in fecal microbiota composition have been identified in PD

patients compared with healthy controls. A relative increase in Enterobacteriaceae

and a decrease in Prevotellaceae have been observed in PD (Scheperjans et al. 2015;

Unger et al. 2016). Decreased concentrations of stool SCFAs have been observed in

PD patients compared with healthy controls, and may contribute to the development

of gastrointestinal dysmotility (Unger et al. 2016).

Gene–environment interactions are thought to play a role in the pathogenesis of

PD. An elegant experiment performed by Sampson et al. (2016) demonstrated that

germ-free transgenic mice overexpressing ASO have reduced motor deficits,

reduced microglial activation, and fewer ASO inclusions compared with ASO

mice colonized with complex microbiota. These findings suggest that the presence

of a microbiota might be required for the development of PD. Further experiments

by this group have shown that treating germ-free ASO mice with SFCAs induces

motor deficits, suggesting a possible mechanism by which microbiota modulate

microglia. Colonization of germ-free ASO mice with microbiota obtained from

patients with PD also induces clinical symptoms when compared with colonization

with healthy donors. Therefore, it is plausible that the microbiota might influence

the development of PD in genetically predisposed hosts.
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6.3.2 Amyotrophic Lateral Sclerosis

Dysbiosis has been implicated in the development of ALS. ALS is a rapidly

progressive, fatal neuromuscular condition affecting motor neurons associated

with mutations in the Cu/Zn superoxide dismutase gene (SOD1). The G93A

transgenic mouse model, which contains the human SOD1 gene, has been devel-

oped to study ALS.

Analysis of the fecal microbiota composition of G93A mice has shown

decreased concentrations of butyrate-producing bacteria such as Butyrivibrio
fibrisolvens, Escherichia coli, and Fermicus compared with wild-type mice. A

loss of integrity of tight junctions and increased permeability of the intestinal

epithelium has been observed in G93A mice, suggesting that a disruption of

intestinal homeostasis might be involved in the pathogenesis of ALS (Wu et al.

2015). A recent landmark study from Zhang et al. demonstrated that oral butyrate

treatment delayed progression of ALS symptoms, and significantly prolonged life

span in the G93A mouse. Interestingly, treatment with butyrate also increased the

proportion of butyrate-producing bacteria. Improvements in the structural integrity

of the murine gut with restoration of tight junction proteins, decreased intestinal

permeability, and decreased aggregation of SOD1 mutant proteins were also

observed following butyrate treatment. Manipulation of the microbiome and its

metabolites may emerge as a new therapeutic target for ALS (Zhang et al. 2017).

6.4 Dysbiosis in Motility Disorders

6.4.1 Small Intestinal Bacterial Overgrowth

Small intestinal bacterial overgrowth is defined by the presence of greater than 105

colony-forming units per ml of bacteria in jejunal aspirate. Clinical manifestations

of SIBO include bloating, distention, diarrhea, abdominal pain, and weight loss.

Host mechanisms to prevent SIBO include secretion of gastric acid, bile acid and

pancreatic fluids, normal gastrointestinal motility, a competent ileocecal valve, and

IgA production on the mucosal surface of the intestines (Miazga et al. 2015). The

acidity of the stomach prevents bacterial growth in the small intestine. Reduced

gastric acid production may occur as a result of increased aging or from exposure to

Helicobacter pylori and may lead to SIBO (Dukowicz et al. 2007). The use of

proton pump inhibitors has been considered a risk factor for SIBO; however,

previous studies have yielded inconsistent results. A large study from the Mayo

Clinic including 1,191 patients showed that the results of glucose hydrogen breath

testing did not differ between PPI users and non-users. This study also showed that

risk factors for a positive breath test included older age and the presence of diarrhea

(Ratuapli et al. 2012).
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Dysmotility likely plays a role in the pathogenesis of bacterial overgrowth. A

small study by Vantrappen et al. (1977) compared the motor complexes seen on

manometry tracings from normal subjects and those with SIBO, as defined by a

positive bile acid breath test and found that the patients with SIBO had absent or

disordered motor complexes. The function of the intestinal motor complexes is

thought to be clearance of secretions, desquamated cells and nutrients. Impairment

of this mechanism creates an environment that promotes bacterial overgrowth.

Another study performed by Stotzer et al. (1996) also showed differences in

antroduodenojejunal pressure tracings in healthy subjects compared with patients

with SIBO, confirmed by duodenal aspirate and glucose hydrogen breath testing.

The most significant finding in this study was the loss of phase III activity in the

antrum and small intestine of SIBO patients compared with healthy subjects.

Physiologically, phase III of the motor complex functions to clear stomach and

intestinal contents during the fasting state. A recent Norwegian study examined

intestinal motor patterns in patients with late radiation enteropathy by analyzing

small intestinal manometry tracings, gastric pH, and bacterial counts. Interestingly,

abnormalities in the MMC were found to be predictors of increased gram-negative

bacilli concentrations in patients with late radiation enteropathy (Husebye et al.

1995).

Delayed small intestinal transit time has been demonstrated in patients with

SIBO. A recent retrospective study examined 72 patients who underwent wireless

motility capsule testing and lactulose hydrogen breath testing. Subjects with pos-

itive lactulose hydrogen breath tests were found to have longer small bowel and

whole gut transit times than those with normal lactulose hydrogen breath tests.

Based on these results, the authors concluded that delayed small intestinal transit

contributes to the pathogenesis of SIBO (Roland et al. 2015).

6.4.2 Chronic Intestinal Pseudo-Obstruction

Chronic intestinal pseudo-obstruction clinically presents with the symptoms of

obstruction in the absence of a mechanical blockage. CIPO is challenging to

identify, and unfortunately many patients may experience recurrent episodes before

diagnosis. In CIPO, the intestinal smooth muscle does not effectively contract and

propagate luminal contents (De Giorgio et al. 2011).

The pathogenesis of CIPO is not very well understood. Inflammatory and

neurodegenerative processes can damage the myenteric ganglia and the interstitial

cells of Cajal. Viruses that have been implicated in CIPO include Herpesviridae and

John Cunningham virus. Secondary causes of CIPO include neurological disorders

such as PD, collagen vascular disease, and endocrine diseases. Chronic alcohol

abuse has also been linked to CIPO. Ongoing studies are being performed to

identify genetic causes of CIPO. Derangements in gut microbiota occur as a result

of altered intestinal motility, and this population frequently presents with symptoms

of bacterial overgrowth (Gabbard and Lacy 2013).
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6.4.3 Irritable Bowel Syndrome

Dysbiosis has been observed in patients with functional bowel disorders. Functional

bowel disorders include IBS, functional diarrhea, chronic idiopathic constipation,

and functional bloating. IBS is the most common functional bowel disorder with an

estimated 10–20% prevalence in the Western world (Saito et al. 2002). Diagnosis is

symptom-based as described by the Rome Criteria. The pathogenesis of functional

bowel disorders is multifactorial, with both biological and psychosocial circum-

stances influencing the course of the disease. Physiological studies suggest that the

fecal microbiota might alter the brain–gut axis in functional bowel disorders, which

results in aberrant sensorimotor and enteroendocrine function, loss of integrity of

the intestinal epithelial barrier, and increased intestinal inflammation (Ringel

2017).

The composition of the fecal microbiota in patients with IBS differs from

healthy controls and may also vary by IBS subtype. In a study conducted Rajilic-

Stojanovic et al. (2011), phylogenetic microarray analysis of fecal samples show

that Bacteroidetes are decreased and Firmicutes are increased in patients with IBS

compared with healthy controls. Interestingly, Faecalibacterium species were the

only Firmicutes found in lower concentrations in IBS patients compared with

healthy controls; Faecalibacterium prausnitzii is known to have anti-inflammatory

properties based on previous studies performed in animal models of colitis. Path-

ogenic species in the Firmicutes phylum including Streptococcus species were

found in higher concentrations in IBS patients.

It has been argued that the development of post-infectious IBS (PI-IBS) provides

compelling evidence that the microbiota is involved in the pathogenesis of IBS.

PI-IBS is a condition presenting with classic symptoms of IBS following acute

gastrointestinal infection. The odds ratios of developing PI-IBS after acute gastro-

enteritis are six- to sevenfold based on previous studies (Thabane et al. 2007;

Halvorson et al. 2006). Risk factors for PI-IBS include younger age, female gender,

co-existing psychiatric comorbidities such as anxiety and depression, and

prolonged infection and fever. Jalanka-Tuovinen et al. (2014) performed phyloge-

netic microarray analysis of fecal samples from patients with IBS-D, PI-IBS, and

healthy subjects and found that the composition of the microbiota of patients with

IBS-D and PI-IBS was similar, and that both differed from healthy controls.

However, it should be noted that this study performed by Jalanka-Tuovinen et al.

(2014) found increased Bacteroidetes and decreased Firmicutes in the IBS groups,

which conflicts with the study discussed earlier by Rajilic-Stojanovic et al. (2011).

The lack of consistency between studies suggests that although dysbiosis is

observed in IBS, the specific microbiota involved in the pathogenesis is still

unclear.
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6.5 Conclusion

Manipulation of the gut microbiome has emerged as a therapeutic target for the

treatment of motility disorders. Modification of the gut microbiota through diet,

antibiotics, probiotics, prebiotics, and fecal microbiota transplantation (FMT) is

currently under investigation. Recently, the efficacy of the low fermentable oligo-,

di-, monosaccharides, and polyols (FODMAP) diet has been demonstrated in the

treatment of IBS. FODMAPs are osmotically active, poorly absorbed carbohydrates

that are highly susceptible to bacterial fermentation. A recent meta-analysis shows

that IBS symptom severity is reduced on a low-FODMAP diet (Marsh et al. 2016).

Although the low-FODMAP diet appears promising, its long-term safety has not

been assessed.

Studies examining the use of prebiotics and probiotics are currently underway.

Prebiotics are foods ingested by the host that cannot be digested in the small

intestine and are subsequently fermented in the colon. Prebiotics selectively pro-

mote the growth and proliferation of species of commensal bacteria such as

Lactobacillus and Bifidobacterium with known health benefits. Studies addressing

the efficacy of prebiotics are limited, but there are data to suggest that ingestion of

inulin-type fructans might be beneficial (Quigley and Quera 2006). In contrast to

prebiotics, probiotics are live microorganisms ingested by the host. There are many

varieties of probiotics available commercially, and clinical efficacy appears to be

strain-specific (Whelan 2011). A systematic review of 16 randomized controlled

trials demonstrates improvement in IBS symptoms after treatment with

Bifidobacterium infantis 35624 (Brenner et al. 2009).

Non-absorbable antibiotics such as rifaximin are the mainstay of treatment for

SIBO, and have been recently approved for the treatment of diarrhea-predominant

IBS (Pimentel et al. 2011). Early antibiotics exposure, specifically to macrolides

and tetracyclines, has been linked to the subsequent development of functional

bowel disorders, and treatment with antibiotics such as clindamycin and cephalo-

sporins has been connected to the development of C. difficile infection (Villarreal

et al. 2012). These seemingly conflicting findings of antibiotics being both causa-

tive and therapeutic suggests that the microbiome might be selectively targeted by

antibiotics that may be beneficial or harmful to commensal bacteria.

Fecal microbiota transplantation is a process in which stool from healthy donors

is transplanted to patients with the hope of curing an underlying gastrointestinal

disorder. Restoration of a healthy gut microbiome to a diseased host underlines the

importance of the microbiota in modulating normal gastrointestinal function. The

efficacy of FMT has been established for recurrent C. difficile infection, and is

currently FDA-approved for this indication (Rossen et al. 2015). Ongoing studies of

FMT in the treatment of IBD and motility disorders are limited but promising. A

preliminary Chinese study examining 9 patients with CIPO demonstrated an

improvement in symptoms of bloating and abdominal pain in addition to the ability

to tolerate enteral feeds following FMT via a nasojejunal tube (Gu et al. 2017). A

randomized controlled trial examining the efficacy of FMT compared with laxative
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therapy in patients with slow-transit constipation showed 30% improvement in

patients with FMT, although the rate of treatment-related adverse events was higher

in the FMT group (Tian et al. 2017). A recently published open label study on FMT

in 10 Japanese patients with IBS (8 with IBS-D, 1 with IBS-C, and 1 with IBS-M)

demonstrated clinical improvement in symptoms in 6 patients at 4 weeks after

FMT. Analysis of stool microbiota composition showed increased diversity follow-

ing FMT. Higher concentrations of Bifidobacterium species were noted in donor

stools from the patients who responded to FMT (Mizuno et al. 2017). Although

these early studies are encouraging, FMT for the treatment of motility disorders

remains experimental.
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Chapter 7

Altered Microbiota and Their Metabolism

in Host Metabolic Diseases

Beng San Yeoh and Matam Vijay-Kumar

Abstract The mammalian intestine harbors trillions of bacteria collectively known

as the gut microbiota. This menagerie of gut microbes performs diverse metabolic

roles, many of which are prerequisites to maintaining their symbiotic relationship

with the host. Recent years have seen a surge in studies underscoring the profound

consequences of microbiota dysregulation and dysbiosis in promoting metabolic

disorders. This chapter examines several key concepts and potential mechanisms

that accentuate the link between gut microbiome and metabolic diseases. Accumulated

data from a variety of animal and human studies indicate that a dysbiotic microbiota

can play a key role in the instigation of metabolic diseases via the following

potential mechanisms: increasing calorie extraction; producing obesogenic metab-

olites; causing metabolic endotoxemia-induced, low-grade, chronic inflammation;

and reprogramming the host inflammatory/metabolic responses to favor the devel-

opment of metabolic syndrome.

7.1 Gut Microbiota: A Neglected Organ Within an Organ

The consortium of microbes inhabiting our body, including the skin and mucosal

surfaces, is collectively known as the “microbiota.” Out of the 52 bacterial phyla

known to exist on Earth (Rappe and Giovannoni 2003), only five to seven phyla—

predominantly Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria—are

capable of colonizing the human gut. The most prevalent bacterial phyla in the gut

are the Bacteroidetes and Firmicutes (composed of mostly obligate anaerobes that

are difficult to culture), whereas Proteobacteria constitutes only a minor commu-

nity, despite the latter’s predominance in most terrestrial environments (Costello

et al. 2009; Human Microbiome Project 2012). These microbes colonize the gut
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rapidly after birth and accrue to tens of trillions, a sum that was previously thought

to vastly outnumber the host cells by at least tenfold (Hooper et al. 2002). After

accounting for the host hematopoietic cells, recent estimates now estimate the ratio

between bacteria (~3.8� 1013) and host cells (~3.0� 1013) to be much closer to 1:1

(Sender et al. 2016a, b; Bianconi et al. 2013). Yet, compared with the human

genome, the collective genome of the gut microbiota is enumerated to be

150 times larger, which has led it to be considered our “second genome” (Grice

and Segre 2012). The discovery that the sequences in bacterial 16S rRNA genes can

be exploited to discern microbial phylogeny (Zuckerkandl and Pauling 1965;

Woese 1987; Woese and Fox 1977) has resulted in the development of next-

generation sequencing technologies capable of cataloging bacteria taxonomically

from phyla to species. Aided by the more sophisticated metagenomics sequencing

techniques (von Mering et al. 2007; Riesenfeld et al. 2004), studies to date have

characterized more than 1000 bacterial species from the human gut microbiota (Qin

et al. 2010).

Despite the heterogeneity in the gut microbiota composition among individuals,

a collage of dissimilar species converges to form a “core” microbiome, which

performs metabolic functions that are essential to the host (Turnbaugh et al.

2009; Qin et al. 2010; Human Microbiome Project 2012). Such interplay between

the host and its microbiota goes beyond simple symbiosis, with terms such as

“holobiont,” “composite organism,” and “superorganism” now used to describe

their metabolic inter-dependence. The events preceding the development of a

functional “core” microbiota are not well-elucidated; the current paradigm asserts

that the neonatal gut is first colonized by pioneer species, particularly Escherichia
coli from the phylum Proteobacteria, shortly after birth (Koren et al. 2012; Palmer

et al. 2007). Consumption of oxygen by these initial settlers would establish an

anaerobic niche, thus heralding the subsequent colonization by strict anaerobes

from the phyla Firmicutes and Bacteroidetes (Secher et al. 2016). Contrary to long-

standing dogma, human milk is not sterile, but is a rich source of diverse bacteria

(predominantly Staphylococcus spp., Streptococcus spp. and Pseudomonas spp.)

for infants. Based on an estimated median bacterial load of 106 cells/ml in healthy

women, it is projected that exclusively breast-fed infants consume about 7–8 billion

bacteria per day (Boix-Amoros et al. 2016). The composition of the neonatal

microbiota is relatively plastic and amenable to changes during early development,

but gradually stabilizes and is thought to maintain many of its characteristics

throughout the life of the host. Even so, the composition of the adult microbiota

can be rapidly altered in response to changes in dietary habits and aging (David

et al. 2014; Faith et al. 2011; Wu et al. 2011; Claesson et al. 2012; Yatsunenko et al.

2012).

Substantial alteration of the microbial ecology, however, could result in the loss

of functional diversity within the core microbiota and give rise to so-called

“dysbiosis.” Microbiota dysbiosis denotes any considerable imbalance in microbial

ecology that leads to a negative host response, including geographical dislocation

(e.g., growth of colonic bacteria in the small intestine) and over-representation or

depletion of a particular species, family or phyla; although not all altered
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microbiota can cause a phenotypic effect. For instance, antibiotics use during the

first 6 months of life in human infants can perturb the maturation of the gut

microbiota and has been associated with the risk of developing childhood obesity

(Trasande et al. 2013). Early-life exposure to antibiotics in mice has also been

shown to alter the host–microbe metabolic programming into favoring weight gain

and adiposity later in life (Cox et al. 2014; Cho et al. 2012). These provocative

findings echo the agricultural use of antibiotics to promote growth in livestock

(Gaskins et al. 2002), which further underpins the profound effects of gut dysbiosis

on host metabolism.

7.2 Gut Dysbiosis: Tipping the Balance Toward Metabolic

Syndrome

Metabolic syndrome denotes abnormalities in parameters such as hypertension,

hyperlipidemia, and dysglycemia, which lead to the development of type II diabetes

and cardiovascular disease (CVD). The epidemic of metabolic syndrome and

obesity is growing in many developed and developing countries. In the USA, the

prevalence of obesity in adults has increased more than 75% since 1980, with more

than half of the US population classified as overweight (Flegal et al. 2010). It is

estimated that 86% of the US population will be either obese or overweight by 2030

(Wang et al. 2008). The obesity crisis has been largely ascribed to overnutrition and

a sedentary lifestyle; it was not until the recent two decades that studies began to

recognize the gut microbiota as a new player in the development of metabolic

diseases. Compared with the stability of the genome, the microbiome is vulnerable

and can be altered much more rapidly and substantially (Yatsunenko et al. 2012)

owing to the influence of modern dietary habits, food processing, hygienic prac-

tices, and antibiotics use. Population-wide alterations in microbiota composition,

with the slow disappearance of H. pylori being one of many examples of this

phenomenon, may represent a plausible factor in the epidemic increase in metabolic

and other microbiota-associated diseases (Cover and Blaser 2009).

The pioneering studies by Gordon and colleagues have unraveled significant

differences in the microbiota composition between lean and obese humans, with the

latter displaying increases in Firmicutes and a concomitant decrease in

Bacteroidetes (Ley et al. 2006). Feeding mice with an obesogenic high-fat,

low-fiber diet recapitulates a similar increase in the Firmicutes/Bacteroidetes

ratio, a phenomenon now described as a shift in the “obese-type” microbiota

(Turnbaugh et al. 2006). The disparity between the presumed “obese” and “lean”

microbiota is further accentuated by a distinctive reduction in bacterial richness and

diversity (Le Chatelier et al. 2013) and an expansion of Proteobacteria (Shin et al.

2015) in the “obese” microbiota. One of the key pieces of evidence supporting the

existence of such an obesogenic microbiota came from a seminal study comparing

the gut microbiota from twins discordant for obesity (Ridaura et al. 2013).
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The transfer of fecal microbiota from obese twins, but not their lean counterparts,

into germ-free (GF) mice was sufficient to transmit the obesity phenotype, notably

the increase in adiposity (Ridaura et al. 2013). However, the increase in adiposity in

mice harboring the obese twins’ microbiota was prevented upon co-housing with

mice that had the microbiota from the lean twins; this observation correlated

strongly with the transfer of several species of Bacteroidetes from the “lean” to

the “obese” group of mice (Ridaura et al. 2013).

Recent studies have begun to elucidate the extent to which gut dysbiosis can be

promoted by various societal changes, especially those pertaining to intake of

processed foods. Pivotal work by Gewirtz and colleagues demonstrates that feeding

dietary emulsifiers, namely carboxymethylcellulose and polysorbate-80, to mice

substantially alters their gut microbiota and reduces its distance from the epithelia

by more than twofold (Chassaing et al. 2015a). Emulsifiers are detergent-like

chemicals widely thought to be generally safe as artificial food preservatives; yet,

their unexpected property in promoting the breakdown of the mucus layer and

provoking microbiota encroachment and dysbiosis implies that such chemicals

might not be entirely harmless. The emulsifiers-fed mice developed a metabolic

syndrome that is microbiota-dependent and transmissible to non-emulsifier-fed

mice via microbiota transplant (Chassaing et al. 2015a). Another food additive,

saccharin (an artificial sweetener), has likewise been shown to promote gut

dysbiosis and microbiota-dependent glucose intolerance in both humans and mice

(Suez et al. 2014). Although the dysbiosis-inducing effects of saccharin are not

well-understood, Suez et al. documented that the obesity in saccharin-fed mice is

associated with an increase in gut bacterial glycan-degrading pathways (Suez et al.

2014), which may enhance the production of short-chain fatty acids (SCFAs) and

provide the mice with extra calories (Turnbaugh et al. 2006).

Gut dysbiosis may be perceived to be pathological; however, this is not a

foregone conclusion. A study demonstrated that mice deficient in dual-specificity

phosphatase 6 (DUSP6) harbored a distinct set of gut microbiota; yet, such altered

microbiota turned out to be beneficial in conferring protection to the host against

high-fat diet (HFD)-induced obesity (Ruan et al. 2016). The anti-obesogenic

microbiota from DUSP6-deficient (Dusp6KO) mice is transmissible via fecal trans-

plants and mediates its effects by significantly increasing the energy expenditure in

the recipient GF wild-type (WT) mice. In another instance, a study documents that a

“dysbiotic” microbiota, despite its elevated Firmicutes and low diversity, may have

beneficial effects against metabolic diseases (Nicolas et al. 2017). Instead of using

GF mice as recipients, Nicolas et al. opted to use conventional mice and demon-

strated that these mice developed resistance to diet-induced obesity upon acquiring

the “dysbiotic” microbiota from obese mice. Such counter-intuitive findings under-

score that gut dysbiosis is not necessarily pathological, but may be contextually

dependent on the beneficial/adverse metabolic adaptation of the dysbiotic

microbiota and the host.

Studies described herein are by no means an exhaustive example of studies

implicating the role of gut microbiota in metabolic disorders. Nonetheless, these

studies and many others in the field provide key insights into the potential
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mechanisms, which could explain, in part or wholly, the way in which gut microbes

can modulate the host’s metabolic well-being. Potential mechanisms by which the

microbiota influences host metabolism can be broadly categorized as either: the

consequences of microbial metabolism (e.g., increased calorie extraction from

ingested foods, production of obesogenic metabolites) or host–bacteria interaction

mediated via activation of pathogen recognition receptors (PRR; e.g., TLR2, TLR4,

TLR5) by microbial ligands resulting in altered inflammatory and metabolic

responses (e.g., low-grade inflammation, metabolic endotoxemia, microbial

encroachment; Fig. 7.1). This chapter covers several key concepts that are prevalent

in the field, and provides examples of the extent to which specific bacteria and/or

their metabolites have been shown to affect host metabolism.

Lumen

IECIEC IEC IEC

Eubiotic
Stable & High Diversity

Dysbiotic
Volatile & Low Diversity

LPS,SCFA,TMA
Secondary bile acids

Low-grade systemic inflammation

Desensitization of metabolic receptors

Healthy state Metabolic diseases

Mucus

Microbial encroachment

Fig. 7.1 Potential mechanisms by which gut microbial dysbiosis can result in metabolic diseases.

A healthy gut is presumed to be capable of restricting the localization of gut microbiota to the

luminal side of the intestine. However, substantial alteration in the gut ecology may lead to gut

microbiotal dysbiosis, which is characterized by reduced species richness and diversity, and

increased microbial encroachment on the mucin layer. Increased translocation of bacteria and

exposure to microbial product [e.g., lipopolysaccharide (LPS), short-chain fatty acids (SCFAs),

trimethylamine (TMA), secondary bile acids] could promote low-grade chronic inflammation

and/or reprogram the host metabolic state into favoring the development of metabolic diseases
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7.3 Microbiota-Mediated Alterations of the Energy

Harvest, Expenditure, and Storage in the Host

The exposure to subclinical or low doses of antibiotics, as discussed earlier, could

result in dysbiosis, which in turn drives the development of metabolic disorders.

Yet, mice raised under GF conditions are seemingly resistant to HFD-induced

obesity (Backhed et al. 2007). These paradigms are not contradictory, but in fact

highlight the notion that complete and partial depletion of the gut microbes differ-

entially program the host metabolism. Backhed et al. postulated that the resistance

to diet-induced obesity observed in GF mice could be attributable to the constitutive

activation of adenosine monophosphate-activated protein kinase (AMPK) in the

liver and muscles (Backhed et al. 2007). As the rheostat for sensing energy status,

the elevated AMPK activates ATP-generating catabolic pathways, promotes fatty

acid oxidation in mitochondria, and reduces hepatic glycogen synthase activity

(Hardie et al. 1998). The introduction of gut microbiota into GF mice abrogated

their anti-obesity phenotype, and this is correlated with the decrease in AMPK

activity in the liver (Backhed et al. 2007). Moreover, GF mice colonized with

“obese” microbiota displayed increases in total body fat and calorie intake, and a

greater capacity for energy harvest (Turnbaugh et al. 2006).

Microbiota transplantation into GF mice was reported to suppress their produc-

tion of fasting-induced adipocyte factor (FIAF; alias angiopoietin-like protein 4)

(Backhed et al. 2007). FIAF is a potent inhibitor of lipoprotein lipase, whereby the

decrease in FIAF production was shown to increase de novo hepatic lipogenesis and

accumulation of triglycerides in the liver and adipose tissues of conventionalized

GF mice (Backhed et al. 2004). Accordingly, mice lacking FIAF have been shown

to display an obese phenotype, characterized by reduced energy expenditure, and

increased body weight and food intake (Kim et al. 2010). FIAF also modulates

AMPK activity, although whether FIAF increases (Backhed et al. 2007) or

decreases (Kim et al. 2010) AMPK activity remains a subject of contention.

These studies nevertheless implicated the active role of gut microbiota in modulat-

ing host energy extraction, and glucose and lipid metabolism. However, the

microbiota-associated factor(s) and the pathway(s) that influence FIAF and

AMPK still need to be further investigated.

Recent evidence suggests that gut microbiota could also modulate host energy

metabolism by impeding the emergence of beige adipocytes. Unlike the fat-storing

white adipocytes, the beige and brown adipocytes contain more mitochondria and

uncoupling proteins to dissociate oxidative phosphorylation and burn fat and

glucose to generate heat (Cannon and Nedergaard 2004). When compared to

conventional mice, both GF mice and antibiotics-treated mice have substantially

more beige adipose tissue, which is correlated with improved glucose tolerance,

insulin sensitivity, and resistance to diet-induced obesity (Suarez-Zamorano et al.

2015). This phenomenon is reversible, as re-colonizing the GF mice with gut

microbiota induces the whitening of beige adipose tissue, abrogates the anti-obesity

phenotype of GF mice, and reverts their metabolic phenotype (Suarez-Zamorano
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et al. 2015). The potential mechanisms by which the absence of gut microbiota

alters the white/brown adipocyte ratio are likely to involve interactions between the

host and the metabolites derived from gut bacteria. Such host-bacteria interaction

may be reciprocal, as one study suggests that the induction of beige/brown adipose

tissue activity due to cold exposure can also shape the gut microbiota that, in turn,

helps to promote adaptive thermogenesis (Worthmann et al. 2017). Taken together,

these studies collectively lend support to the prevailing hypothesis that gut

microbiota are modulators of their host energy harvest, storage, and expenditure.

7.4 Microbiota Generates Metabolites Associated

with Metabolic Diseases

A great deal of researches over the past decades has shed light on the various

contributions of the gut microbiota to host nutrition. For instance, the gut

microbiota constantly provides many important nutrients such as thiamine, ribofla-

vin, biotin, vitamin K, vitamin B6 and vitamin B12 to their host (Said 2011).

Dubbed as the “virtual endocrine organ”, the gut microbiota is also a major source

of hormones and secondary metabolites, including serotonin, tryptophan, indoles,

dopamine, norepinephrine, histamine, gamma-aminobutyric acid and extracellular

ATP (Lyte 2013; Wall et al. 2014; Madsbad 2014; Samuel et al. 2008; Iwase et al.

2010). The fermentation of dietary fibers by gut microbes generates large quantities

of SCFAs (Cummings et al. 1987) that can provide an additional source of calories

to the host. SCFAs could also affect the host’s ability to store energy as fat and to

respond to energy intake by promoting the release of gut hormones, such as peptide

YY (PYY) (Samuel et al. 2008; Cani and Delzenne 2009) and the incretin

glucagon-like peptide (GLP)-1 (Cani et al. 2007b, 2009; Barrera et al. 2011). The

bidirectional communication and inter-relationship between host and microbes has

been referred to as the gut–brain axis (Field et al. 2010).

In silico techniques have identified a total of 3449 distinct metabolic reactions

occurring in the gut, of which 1267 are unique to the gut microbiota, 940 are unique

to the host, and 1142 are present in both (Sridharan et al. 2014). Metabolomics

assessment revealed that 77 out of the 179 metabolites detected in luminal contents

were enriched in mice with an intact microbiota, when compared to GF mice

(Matsumoto et al. 2012). Gut bacteria-derived metabolites can traverse into sys-

temic circulation and are estimated to contribute ~10% of the total pool of metab-

olites present in mammalian blood (Wikoff et al. 2009). Therefore, it is not

surprising that microbiota substantially contribute to host metabolism and thus

any significant microbial alterations or dysbiosis would result in metabolic dis-

eases. Such outcomes have been associated with the capacity of the microbiota to

facilitate the biotransformation of environmental chemicals into a number of

obesogenic and diabetogenic compounds (Snedeker and Hay 2012), several of

which will be discussed below.
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7.4.1 Metabolic Functions of SCFAs

The major SCFAs derived from microbial fermentation of dietary fibers are acetate,

propionate and butyrate (Topping and Clifton 2001; Wong et al. 2006). The

Bacteroidetes mainly produces acetate and propionate, whereas the Firmicutes

produces butyrate as the primary metabolic end product (den Besten et al. 2013b;

Macfarlane and Macfarlane 2003); although, the acetate-producing and butyrate-

producing bacteria are also capable of cross-feeding one another (Wrzosek et al.

2013). In a prior study, SCFAs were shown to protect against diet-induced obesity;

concomitant dietary supplementation of propionate and butyrate to mice

completely blocked HFD-induced weight gain, while acetate moderately

suppressed the excess weight gain (Lin et al. 2012). In accord with this notion, a

study from our group also found that the lack of fermentable fiber (and thus SCFAs)

in Western diets may, in part, underlie their obesogenic and inflammatory effects

(Chassaing et al. 2015b). On a similar note, we observed the inclusion of dietary

soluble fiber substantially protected mice against HFD-induced metabolic syn-

drome and obesity (Chassaing et al. 2015b).

The beneficial effects of SCFAs are, in part, facilitated by the SCFA receptors G-

protein-coupled receptor (GPR) 41 and GPR43 (alias free fatty acid receptor

[FFAR] 3 and FFAR2 respectively), which are expressed on enteroendocrine

cells in the gut (Nohr et al. 2013). Intriguingly, genetic deficiency of GPR41

promotes obesity in mice and correlates with a reduction in energy expenditure

(Bellahcene et al. 2013). GPR43-deficient mice likewise displayed an obese phe-

notype, whereas GPR43-overexpressing mice remained lean even when fed an

HFD (Kimura et al. 2013). The interaction between SCFAs and their receptors is

thought to exert an anorexic effect in mice by inducing the release of appetite-

regulating gut hormones, namely GLP-1, PYY, and amylin (Samuel et al. 2008;

Cani and Delzenne 2009; Cani et al. 2007b, 2009; Barrera et al. 2011). Other

potential mechanisms have also been discussed, including the ability of SCFAs to

activate peroxisome proliferator-activated receptor gamma and induce the switch

from lipogenesis to fat oxidation (den Besten et al. 2015). The “anti-obesity”

properties of propionate and butyrate have also been associated with their inhibition

of lipolysis and insulin-stimulated de novo lipogenesis in rats (Sekirov et al. 2010).

Despite their acclaimed anti-obesity properties, SCFAs have also been shown to

contribute to the development of metabolic disorders, akin to a double-edged

sword. It should be noted that SCFAs themselves can serve as substrates for host

energy metabolism (den Besten et al. 2013b). In humans, the SCFAs provide

approximately 10% of the daily calorie requirements, considering that the average

daily diet in Western societies yields approximately 300–600 mmol SCFAs/day

(Bergman 1990; Fernandes et al. 2014; Royall et al. 1990). Most SCFAs are

metabolized by intestinal colonocytes (Zambell et al. 2003), although a fraction

of SCFAs can be transported into portal vein circulation and then to the liver (den

Besten et al. 2013b; Bloemen et al. 2009). By using stable isotopes of SCFAs, den

Besten et al. (2013a) demonstrated that colonic SCFAs can indeed reach the liver
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and participate in hepatic de novo lipogenesis. Their study further suggests that

acetate and butyrate are lipogenic, whereas propionate is gluconeogenic. This

notion is consistent with another study, which suggests that rectal-infused acetate

and propionate might be metabolized into serum triglycerides and cholesterol in

humans (Wolever et al. 1989).

In our study with Tlr5KO mice, which display microbiota-dependent develop-

ment of metabolic syndrome (Vijay-Kumar et al. 2010), we observed that these

mice exhibited decreased cecal oligosaccharides and elevated SCFAs compared

with their WT littermates (Singh et al. 2015). Such observations were not seen in

antibiotics-treated or GF Tlr5KO mice, suggesting that the increased SCFAs in the

conventional Tlr5KO mice might be derived from the gut microbiota. Intriguingly,

administration of SCFAs to Tlr5KO mice exacerbated their metabolic syndrome,

i.e., increased body weight and fat pad mass, dysglycemia, insulin resistance, and

elevation of serum total cholesterol and triglycerides. By feeding 13C-labeled

acetate, we demonstrated that gut-derived SCFAs were able to reach the liver and

become incorporated into the hepatic and plasma palmitate (C16:0) and triglycer-

ides to a greater extent in Tlr5KO mice than in WT mice. We hypothesized that the

utilization of SCFAs might be likely to be dependent on the de novo lipogenesis

machinery, such as the hepatic acetyl CoA carboxylase (ACC) and stearoyl-CoA

desaturase-1 (SCD1), which are elevated in Tlr5KO mice. In accordance with this

notion, liver-specific deletion of SCD1 was sufficient to prevent most of the indices

of metabolic syndrome. This study (Singh et al. 2015) lends support to the hypoth-

esis that increased calorie extraction by gut microbes, via provision of SCFAs,

could be one of the mechanisms by which the gut microbiota can promote meta-

bolic syndrome in susceptible hosts.

7.4.1.1 Acetate

Acetate produced in the gut can be subjected to the following metabolic fates:

(1) Locally utilized as a substrate for de novo lipogenesis by colonocytes (Zambell

et al. 2003),

(2) Converted into butyrate by gut bacteria (den Besten et al. 2013a),

(3) Oxidized via the tricarboxylic acid (TCA) cycle in the liver, or

(4) Used as a substrate for synthesis of cholesterol, ketone bodies, and long-chain

fatty acids (den Besten et al. 2013a). Under starving conditions, the liver can

also metabolize fatty acid stores to produce ketone bodies and acetate. Regard-

less of whether it is derived from the gut or endogenously produced in the liver,

acetate can be delivered to extrahepatic tissue via systemic circulation, where

it can be utilized in various metabolic processes, including the TCA cycle,

fatty acid, and cholesterol biosynthesis (Ballard 1972; Skutches et al. 1979;

Yamashita et al. 2007; Shoaie et al. 2013). Apart from its use in lipogenic

processes, acetate also performs various functions via its interaction with

GPR41 and GPR43. Activation of GPR41 and GPR43 by acetate, for instance,
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could result in increased local formation of pancreatic islets, but this compen-

satory expansion can lead to beta cell dysfunction in the obese and type

2 diabetic mice (Tang et al. 2015).

In one recent study on rats, Shulman and colleagues uncover a novel neurolog-

ical link between acetate and increases in appetite via the parasympathetic nervous

system (Perry et al. 2016). The rats fed an HFD displayed a substantial increase in

whole-body turnover of acetate, and had higher concentrations of plasma and fecal

acetate, which correlated with higher glucose-stimulated insulin secretion (GSIS; a

variant of the glucose tolerance test). The infusion of acetate into rats fed the control

diet increased their GSIS to levels comparable with rats fed an HFD. However, such

acetate-induced GSIS can be prevented by either surgically severing the vagus

nerves or by administering atropine, an agent that inhibits the parasympathetic

nervous system. Chronic infusion of acetate in rats over 10 days sustained their

increase in acetate turnover and GSIS, culminating into a positive feedback loop

promoting the secretion of insulin and ghrelin (alias the “hunger” hormone) that

resulted in insulin resistance and hyperphagia respectively. These findings provide

strong mechanistic evidence for linking gut microbiota and the onset of obesity,

along the gut–brain axis.

7.4.1.2 Propionate

Propionate is another major microbial fermentation metabolite in the human gut

with putative health effects (Hosseini et al. 2011). Unlike acetate, propionate is

thought to lower lipogenesis and serum cholesterol in both hepatic and nonhepatic

tissues in humans (Hosseini et al. 2011), and also reduce the fasting blood glucose

and hepatic cholesterol in obese rats (Berggren et al. 1996; Boillot et al. 1995).

Studies performed by using radio-labeled propionate demonstrated that propionate

is the preferred substrate for hepatic gluconeogenesis (den Besten et al. 2013a).

Propionate is first converted into propionyl-CoA by propionate-CoA ligase, and

subsequently propionyl-CoA is converted to succinyl-CoA via propionyl-CoA

carboxylase, methylmalonyl-CoA epimerase, and methylmalonyl-CoA mutase.

Ultimately, succinyl-CoA enters the TCA cycle and is converted to oxaloacetate,

the precursor of gluconeogenesis (Bloemen et al. 2010; den Besten et al. 2013a).

However, limited data are available to demonstrate the extent to which propionate

is partaking in gluconeogenesis and energy metabolism in humans. Concentrations

of propionate in portal blood and hepatic venous blood suggest that around 30% of

propionate is taken up by the liver (Cummings et al. 1987). In another study, it is

estimated that humans use 50% of the propionate as a substrate for hepatic

gluconeogenesis (den Besten et al. 2013a).
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7.4.1.3 Butyrate

Similar to acetate, butyrate is a major substrate for de novo lipogenesis in

colonocytes (Zambell et al. 2003). Butyrate in the gut, at least in part, comes

from the inter-conversion between acetate and butyrate mediated by microbial

butyryl-CoA:acetate-CoA transferase (den Besten et al. 2013a). Most of the

gut-derived butyrate is rapidly metabolized by the colonocytes into the TCA

cycle and de novo lipogenesis, in which butyrate is estimated to provide more

than 70% energy source (Donohoe et al. 2011). Because of its role as a potent

inhibitor of histone deacetylase, butyrate exerts epigenetic effects that can be

detrimental to certain cell types, such as the intestinal stem cells, whose prolifer-

ation could be inhibited upon exposure (Kaiko et al. 2016). Hence, the rapid

utilization of butyrate in the gut can be appropriately regarded as an adaptive

metabolic response to protect the proliferative cells sequestered in colonic crypts.

The butyrate that reaches the liver, via the hepatic portal vein, is mostly oxidized by

the hepatocytes (Bloemen et al. 2010; den Besten et al. 2013a).

7.4.2 Trimethylamine N-oxide

Choline is an essential nutrient that is present in most dietary sources as phospha-

tidylcholine (e.g., lecithin). Dietary choline is generally metabolized in the liver

and incorporated into various biological processes, including the synthesis of

lipoproteins, the neurotransmitter acetylcholine, and the phospholipids on cell

membranes (Vance 2008). The gut microbiota can convert dietary choline into

trimethylamine (TMA; a noxious metabolite known for its strong ammonia-like or

“fishy” odor) via the enzymatic activity of microbial TMA lyases (Craciun and

Balskus 2012). Microbial-derived TMA is absorbed and delivered to the liver,

where TMA can be rapidly detoxified by hepatic flavin monooxygenase

3 (FMO3) to generate trimethylamine-N-oxide (TMAO) for excretion (Bennett

et al. 2013). Excessive conversion of dietary choline into TMA by the gut

microbiota, however, may reduce the bioavailability of choline to the host, which

could impair very low-density lipoprotein secretion, increase accumulation of tri-

glycerides in the liver, and promote hepatic steatosis (Dumas et al. 2006).

In a series of studies, Hazen and colleagues elegantly demonstrated the pro-

found, yet detrimental, effects of TMAO in promoting CVD. Wang et al. reported

that dietary supplementation of TMAO or its precursors (choline, betaine, L-carni-

tine) resulted in the elevation of macrophage receptors CD36 and SR-A1 in the

atherosclerosis-prone apolipoprotein E-deficient mice (Wang et al. 2012; Koeth

et al. 2013). These receptors potently suppress the reverse cholesterol transport in

macrophages, increase cholesterol accumulation, and promote the formation of

foam cells, which is one of the earliest cellular hallmarks of atherogenesis (Bremer

1983; Wang et al. 2012). Metabolism of dietary L-carnitine from red meat into
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TMAO was likewise suggested to accelerate atherosclerosis in both mice and

humans (Koeth et al. 2013). The increase in plasma TMAO and foam cell formation

in mice can be prevented by either ablating the gut microbiota (Wang et al. 2011) or

inhibiting bacterial TMA lyases (Wang et al. 2015), thus affirming the link between

microbial choline metabolism and risk for CVD. It was suggested that high plasma

TMAO levels might be associated with an increased risk for major adverse CVD

events (Tang et al. 2013, 2014), including enhancing platelet hyperactivity and

thrombosis (Zhu et al. 2017).

Despite this, the extent to which choline-rich foods, such as eggs (Miller et al.

2014) and red meat (Koeth et al. 2013), could contribute to TMAO levels and CVD

risks remains highly contentious (Meyer et al. 2016). Such controversy is further

complicated by the notion that seafoods, which serve as a rich and direct source of

TMAO, have not in any way to date been associated with CVD (Landfald et al.

2017). As an alternative explanation to the TMAO-CVD dispute, it was suggested

that the hepatic enzyme FMO3 might play a prominent role in promoting CVD in a

fashion that is partially independent of TMAO. Warrier et al. found that FMO3

suppresses nonbiliary macrophage reverse cholesterol transport, but promotes

increased levels of biliary cholesterol and its absorption from the intestines

(Warrier et al. 2015). The knockdown of FMO3 in mice was reported to stimulate

macrophage reverse cholesterol transport and improve hepatic cholesterol balance.

However, this also resulted in promoting endoplasmic reticulum stress and inflam-

mation, which were postulated to be due to the dampening of liver X receptor

activation. Intriguingly, the administration of broad-spectrum antibiotics, but not

supplementation of TMAO, was able to correct the imbalance in the cholesterol

metabolism of FMO3-deficient mice. These findings suggest that, although the

observed metabolic phenotype is microbiota-dependent, the underlying mecha-

nisms may involve microbial metabolites other than TMAO. Warrier et al. asserted

that microbial-derived TMA, whose levels accumulated because of the loss of

FMO3, may be a likely candidate that could be further studied for its role in

promoting FMO3/TMAO-associated CVD risks.

More recently, the gut microbiota-driven TMA/FMO3/TMAO pathway has been

linked to obesity and energy metabolism. Schugar et al. reported a positive corre-

lation between high plasma TMAO levels with increased body weight, fat mass,

and adiposity in mice fed a high-fat and high-sucrose diet (Schugar et al. 2017). In

agreement with animal studies, humans with type 2 diabetes mellitus also displayed

significantly higher levels of plasma TMAO than healthy controls (Tang et al.

2017). Intriguingly, the genetic loss of FMO3 substantially protected mice from

diet-induced body and adipose weight gain. Further analysis revealed that the

absence of FMO3 activity stimulates the energy-storing white adipose tissue to

undergo “beiging” and transition into energy-burning beige/brown adipose tissue.

Supplementation of TMAO to mice lacking FMO3 reversed the expression of some

of the genes involved in the beiging of adipose tissue, although it was not sufficient

to abrogate their resistance to diet-induced obesity. These observations are none-

theless consistent with those of another study that reported that depletion of the gut

microbiota promotes the beiging of adipose tissue and reduces obesity in mice
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(Suarez-Zamorano et al. 2015). Taken together, these key findings provide yet

another mechanistic insight into the extent to which gut microbiota can influence

obesity by exerting metabolic reprogramming on the adipose tissue.

7.4.3 Microbiota-Derived Secondary Bile Acids

Bile acids are synthesized from cholesterol in the liver, stored in the gallbladder,

and released into the small intestine via bile secretion. In addition to their role in

facilitating intestinal absorption of dietary lipids and fat-soluble vitamins, bile acids

also serve as potent signaling molecules upon re-absorption via the enterohepatic

circulation. The primary bile acids synthesized in humans are cholate and

chenodeoxycholate (or β-muricholate in mice), and are generally conjugated with

glycine or taurine. A fraction of the primary bile acids released into the gut can be

deconjugated by bacterial bile acid hydrolases and further metabolized into sec-

ondary bile acids (deoxycholate and lithocholate) (Ridlon et al. 2006; Jones et al.

2008). These microbial-derived bile acids have increased hydrophobicity, which

enhances the intestinal absorption of dietary lipids and fat-soluble vitamins (Ridlon

et al. 2006). Both primary and secondary bile acids can serve as ligands for

farnesoid X receptor (FXR; a nuclear receptor) (Makishima et al. 1999; Parks

et al. 1999; Wang et al. 1999) and G protein-coupled receptor TGR5 (a cell-

surface receptor) (Maruyama et al. 2002; Kawamata et al. 2003). Interestingly,

deoxycholate and lithocholate were identified as the more potent agonists for TGR5

compared with the primary bile acids.

The outcome of FXR activation by bile acids is organ-specific: liver FXR

increases hepatic conjugation and excretion of bile acids (Pircher et al. 2003;

Moschetta et al. 2004), whereas intestinal FXR promotes expression of bile acids

binding protein (Grober et al. 1999) and transporters (Landrier et al. 2006; Lee et al.

2006). Activation of intestinal FXR also results in the production of fibroblast

growth factor 19 (FGF19 in humans; Fgf15 in mice) as a negative feedback

mechanism to inhibit bile acid synthesis in the liver (Holt et al. 2003; Inagaki

et al. 2005). The loss of FXR in mice increases hepatic and circulating levels of

cholesterol and triglycerides, and reduces the bile acid pools and their excretion

(Sinal et al. 2000). The other bile acid receptor, TGR5, plays an equally important

role in host metabolism; its activation induces energy expenditure in brown adipose

tissue (Watanabe et al. 2006) and GLP-1 production in enteroendocrine cells

(Thomas et al. 2009). Accordingly, studies with mice have shown that TGR5

activation helps to confer resistance to obesity (Watanabe et al. 2006; Thomas

et al. 2009), whereas deficiency in TGR5 augments the susceptibility to diet-

induced obesity (Maruyama et al. 2006).

Tauro-β-muricholic acid (TβMCA) is one such primary bile acid that has been

shown in mice to be negatively-associated with obesity because of its feature as an

antagonist for intestinal FXR. TβMCA competes with taurocholate to bind with
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FXR in the distal gut (Sayin et al. 2013). Yet, unlike taurocholate, TβMCA does not

activate FXR (Sayin et al. 2013). The disruption of FXR signaling due to excess

TβMCA was shown to be beneficial in mitigating obesity in mice fed an HFD

(Li et al. 2013). Genetic loss of FXR in mice also conferred a pronounced resistance

against diet-induced obesity (Li et al. 2013). These findings lend support to the

emerging paradigm that modulation of the primary/secondary bile acid pool may be

one of the myriad mechanisms by which microbiota can influence hepatic

cholesterogenesis (via FXR) and energy metabolism (via TGR5), thus possibly

contributing to the promotion/mitigation of obesity.

On the other hand, the secondary bile acid deoxycholate was reported to promote

the development of obesity-associated hepatocellular carcinoma (HCC) in mice

(Yoshimoto et al. 2013). The study employed a chemically induced HCC model,

whereby neonatal mice were treated once with the hepatocarcinogen 7,12-

dimethylbenz(a)anthracene and then placed on an HFD to potentiate HCC. At the

age of 30 weeks, these mice displayed a substantial increase in serum deoxycholate

(Yoshimoto et al. 2013), which can be explained by the elevated abundance of

Clostridium cluster XI populations, which are capable of performing 7-

α-dehydroxylation on primary bile acid to generate deoxycholate in the gut (Ridlon

et al. 2006). Remarkably, the levels of deoxycholate correlated positively with the

severity of HCC, which can bemodulated via inhibiting bacterial 7α-dehydroxylation
activity or dietary supplementation of deoxycholate (Yoshimoto et al. 2013). Their

follow-up study revealed that deoxycholate mediates its pro-tumorigenic effects in

synergy with the pro-inflammatory effects of lipoteichoic acid (a cell wall component

of Gram-positive bacteria, a ligand for TLR2) to induce cellular senescence and

TLR2-dependent inflammation, thus promoting the progression of an obesity-

associated HCC.

It is not clear whether the capacity of bile acids to modulate obesity and hepatic

inflammation are mutually exclusive, although one recent study was able to reca-

pitulate both phenotypes in mice fed on dietary guar gum (Janssen et al. 2017).

Mice fed an HFD supplemented with guar gum (a soluble fiber) displayed an

elevated total bile acid pool in the plasma, with substantial increases in TβMCA,

taurocholate, and deoxycholate compared with mice fed the control HFD (Janssen

et al. 2017). The changes in the bile acid profile correlated well with an increased

resistance to diet-induced obesity (i.e., improved body weight, adiposity, glucose

tolerance, and reduced hepatic steatosis); yet, at the same time, these mice exhibited

enhanced hepatic inflammation and fibrosis (Janssen et al. 2017). Their observation

that dietary supplementation with taurocholate could induce hepatic fibrosis in

conventional chow-fed mice, but not in microbiota-ablated mice, further implicates

the adverse role played by microbiota-driven bile acid dysmetabolism in the liver

(Janssen et al. 2017). Although the underlying molecular mechanisms require

further study, these findings support the emerging paradigm that microbiota-

mediated alterations in the host bile acid pool could partly explain the extent to

which gut microbiota can influence hepatic cholesterogenesis, contribute to obesity,

and possibly promote the development of pathological liver conditions.
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7.5 Loss of Gut Homeostasis Results in Low-Grade

Inflammation and Metabolic Dysregulation

The enormous microbial biomass in the gut is enriched with diverse pathogen-

associated molecular patterns (microbial ligands recognizable by host PRR) that are

likely to elicit adverse inflammatory responses if not regulated appropriately.

Accordingly, the host has evolved to compartmentalize the gut bacteria as a strategy

to promote tolerance and avert excessive PRR activation in the gut. For instance,

the single layer of epithelial lining in the mammalian intestine plays the crucial role

of separating the host from the gut microbiota, while allowing selective uptake of

nutrients and electrolytes. PRRs, such as the toll-like receptors, are expressed

mostly at the basolateral side of the epithelia (Abreu 2010; Gewirtz et al. 2001)

to prevent the PRR from being indiscriminately activated by bacteria residing on

the apical side of the epithelia. The frontier demarcating the epithelia and the fecal

stream is additionally fortified with mucins (most notably MUC2, and to a lesser

extent MUC5, MUC6, MUC7, and MUC19) secreted by the goblet cells

(McGuckin et al. 2011). These gel-forming mucins form two distinct mucus layers,

composed of a sterile thin inner layer and a partially colonized outer layer, whose

thickness increases in line with bacterial load in the intestine (Johansson et al. 2008;

Atuma et al. 2001). Furthermore, the secretion of trefoil factor 3 and resistin-like

molecule β (Relmβ) by goblet cells modulates epithelial restitution (Mashimo et al.

1996) and confers protection against parasitic nematodes that feed on the epithelia

(Artis et al. 2004; Herbert et al. 2009), respectively.

The production of antimicrobial factors, primarily by the Paneth cells in the

small intestine, further deters gut bacteria from breaching the inner mucus layer.

The host antimicrobial arsenal in the gut includes defensins, cathelicidin, lyso-

zymes, and phospholipase A2, which disrupts bacterial cell wall components

(Mukherjee et al. 2008). Antimicrobial proteins such as lipocalin 2 and calprotectin

can withhold key nutrients (particularly iron, calcium and zinc) from bacteria

(Hood and Skaar 2012). Additional antimicrobial peptides in the gut include the

ribonuclease Ang4 (which hydrolyzes bacterial RNA) and RegIIIγ (a C-type lectin
that limits association between Gram-positive bacteria and the mucosal surface)

(Hooper et al. 2003; Vaishnava et al. 2011). Bacterial adhesion to the epithelia is

also substantially prevented by the non-specific immunoglobulin A (IgA) present in

the enteric mucus, which promotes the clumping of bacteria (Mantis et al. 2011).

The notion that gut microbial encroachment across the enteric mucus is contrib-

uting to obesity has gained much traction in recent studies. The thinning of the

mucus layer increases the proximity between the bacteria and the host epithelia,

resulting in the translocation of bacteria and their products, which, in turn, promotes

low-grade inflammation and metabolic syndrome in mice (Chassaing et al. 2017b).

To further explore whether microbiota encroachment is also a feature of metabolic

syndrome in humans, Chassaing et al. analyzed the colonic biopsies from obese

individuals and found that their microbiota was indeed located much closer to the

epithelia than those observed in biopsies from healthy individuals (Chassaing et al.

7 Altered Microbiota and Their Metabolism in Host Metabolic Diseases 143



2017a). The microbiota encroachment in humans was found to be strongly corre-

lated with insulin resistance-associated dysglycemia, but not dyslipidemia

(Chassaing et al. 2017a). Other similar themes, such as “small intestinal bacterial

overgrowth” (SIBO) and “leaky guts” (impaired gut permeability), have also been

explored as potential mechanisms by which gut microbiota could have an impact on

host physiology (Wigg et al. 2001). These mechanisms are not likely to be mutually

exclusive and may occur in tandem to permit translocation of intestinal bacteria and

metabolites into the hepatic portal vein.

7.5.1 Metabolic Endotoxemia: A Mechanistic Link Between
Dysregulated Inflammatory Responses and Microbiota-
Induced Obesity

Among the gut metabolites associated with metabolic disorders, the bacterial lipo-

polysaccharide (LPS; a component of the outer membrane of Gram-negative bacte-

ria; a TLR4 ligand) is perhaps the most immunologically potent in inducing chronic

inflammation and liver injury. LPS is routinely translocated from the gut into the

liver, where it is detoxified by hepatic lipase (Shao et al. 2007) or alkaline phospha-

tase (Koyama et al. 2002). In pathological conditions, the liver may fail to mediate

efficient clearance of LPS, which then gives rise to low-grade inflammation that

precedes the steatosis in non-alcoholic fatty liver disease. Mechanistically, this

endotoxin binds to LPS-binding protein, MD2, and CD14, forming a complex that

activates the TLR4 expressed on Kupffer cells in the liver. Activated TLR4 then

upregulates the expression of pro-inflammatory cytokines, such as TNF-α (a well-

established proinflammatory cytokine), which induces insulin resistance and inhibits

lipoprotein lipase. In addition, the activation of LPS-TLR4 signaling on hepatic

stellate cells promotes TGF-β-mediated fibrogenesis, which leads to liver fibrosis

and then cirrhosis (Seki et al. 2007). The translocation of sufficient LPS into the

systemic circulation to promote metabolic dysregulation has been defined as “meta-

bolic endotoxemia.”

By showing that an HFD can induce metabolic endotoxemia, Cani et al. pro-

vided one of the most compelling pieces of evidence in support of the causal role of

the gut microbiota in promoting metabolic diseases. Their seminal study demon-

strated that high-fat feeding increases intestinal Gram-negative bacterial load, thus

increasing the amount of luminal LPS available to leak into the systemic circulation

(Cani et al. 2007a). The high-fat feeding also resulted in classical symptoms of

metabolic inflammation, including elevated macrophage infiltration into adipose

tissue, body weight gain, and diabetes. Four weeks of continuous subcutaneous

infusion of LPS (from E. coli 055:B5) recapitulated the hallmarks of metabolic

syndrome (increased fasting glucose, insulin resistance, obesity, and steatosis)

observed in HFD-fed mice (Cani et al. 2007a). The obesity-promoting effects of

metabolic endotoxemia are dependent on the capacity of the host to respond to LPS,
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as CD14-deficient mice challenged with HFD are seemingly resistant to obesity and

metabolic syndrome. In addition, mice deficient in TLR4 do not exhibit insulin

resistance and are protected against microbiota-dependent inflammation and met-

abolic disorders (Csak et al. 2011; Poggi et al. 2007; Tsukumo et al. 2007; Jia et al.

2014; Kim et al. 2012), thus affirming the involvement of LPS and TLR4 signaling

in promoting metabolic diseases. Despite this, it should be noted that not all

bacterial LPS are immunogenic; for instance, the LPS derived from Bacteroides
dorei (belonging to the phylum Bacteroidetes) lacks any detectable endotoxin

activity and exhibits a structure that is distinct from LPS from E. coli (Vatanen
et al. 2016).

The subsequent study by Cani et al. demonstrates that metabolic endotoxemia is

microbiota-dependent and is associated with HFD-induced intestinal permeability

(Cani et al. 2008). HFD feeding for 4 weeks significantly reduced the Lactobacillus
and Bacteroides population in the gut, while concomitantly increasing the intestinal

load of Gram-negative bacteria in WT mice. This change in microbiota composi-

tion in HFD-fed mice is accompanied by increased cecal and plasma LPS and

enhanced intestinal permeability, presumably because of the decreased expression

of the tight junction protein. The administration of antibiotics, however, signifi-

cantly reduced cecal and plasma LPS levels, mitigated the expression of inflam-

matory markers, and improved metabolic syndrome in WT mice fed an HFD. A

similar outcome was observed when antibiotics were administered to the hyper-

phagic ob/ob mice. Yet, microbiota ablation improved the insulin sensitivity in ob/
ob mice without altering their body weight. The processes that facilitate the

translocation of LPS are not well-understood, although two potential mechanisms

have been proposed: luminal LPS absorption via lipid-rich chylomicrons

(Vreugdenhil et al. 2003; Ghoshal et al. 2009) and/or leakage of LPS through

defects in the tight junctions of the epithelial monolayer (Cani et al. 2008). These

mechanisms are likely not mutually exclusive, but may function in parallel to

facilitate metabolic endotoxemia in susceptible hosts.

7.5.2 Microbiota-Mediated Metabolic Disorders Due
to Innate Immune Deficiency

Studies from our laboratory have shown a paradigmatically similar association of

metabolic syndrome with microbiota-mediated low-grade inflammation in mice

lacking toll-like receptor 5 (TLR5; an innate immune receptor that senses the

bacterial flagellin) (Vijay-Kumar et al. 2010). The absence of TLR5 in mice

induces substantial alteration in their gut microbiota, resulting in increased bacterial

load and overabundance of Proteobacteria compared with their WT littermates

(Carvalho et al. 2012). A fraction of Tlr5KO mice were prone to developing

spontaneous gut inflammation (Vijay-Kumar et al. 2007); yet, those that did not

display signs of colitis eventually developed pronounced hallmarks of metabolic
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syndrome (Vijay-Kumar et al. 2010). We have demonstrated that noncolitic

Tlr5KO mice gained 15–20% more body weight and 2.5-fold larger abdominal

fat pads than their WT littermates by 20 weeks of age. This increase in fat mass

correlated with substantial increases in serum triglycerides, total cholesterol, and

blood pressure. Furthermore, Tlr5KO mice exhibited hyperglycemia, loss of gly-

cemic control, hyperinsulinemia, and insulin resistance. In accordance with their

hyperinsulinemia, Tlr5KO mice exhibited an increase in the size and number of

functional pancreatic islets. The loss of glycemic control in these mice is likely

driven by insulin resistance, which is compensated for by the increase in insulin

production; these conditions resemble the metabolic syndrome typically seen in

humans. Tlr5KO mice exhibited hyperphagia and restricting their food consump-

tion to that of WT littermates prevented most aspects of their metabolic syndrome

except insulin resistance. This suggests that the insulin resistance in Tlr5KO mice

might not be a consequence of increased food consumption or adiposity, but could

be driven by inflammation instead. Feeding an HFD to Tlr5KO mice further

exacerbated their metabolic syndrome, induced insulitis (inflammatory infiltrate

in pancreatic islets), and promoted hepatic steatosis.

Studies that sought to determine the etiology of metabolic syndrome in Tlr5KO
mice reported that the disorder is predominantly driven by the acquired gut

dysbiosis, but not because of the deficiency of TLR5 per se (Zhang et al. 2016;

Ubeda et al. 2012). This notion is substantiated by the absence of metabolic

syndrome in Tlr5KO mice maintained under GF conditions (Singh et al. 2015) or

in other facilities (Letran et al. 2011). We observed that microbiota ablation via

administration of broad-spectrum antibiotics to Tlr5KO mice was indeed effective

in correcting their metabolic syndrome phenotype. The transplantation of cecal

microbiota from Tlr5-KOmice into GFWTmice was sufficient to recapitulate most

aspects of metabolic syndrome in the recipient mice. However, the genetic deletion

of either TLR4 or TLR2 failed to mitigate the features of metabolic syndrome in

Tlr5kO mice, thus suggesting that the microbiota might mediate their obesogenic

effects independently of TLR5, TLR4, and TLR2 (Vijay-Kumar et al. 2010).

A study from Caricilli et al. demonstrated that Tlr2KO mice also developed a

phenotype (Caricilli et al. 2011) that is reminiscent of the metabolic syndrome

associated with Tlr5KO mice. Specifically, their study demonstrated that the loss of

TLR2 in mice resulted in a threefold increase in Firmicutes and a slight increase in

Bacteroidetes compared with controls (i.e., an increase in the Firmicutes/

Bacteroidetes ratio). The changes in their gut microbiota were associated with

metabolic endotoxemia, low-grade inflammation, insulin resistance, glucose intol-

erance, and obesity. The transfer of the gut microbiota from Tlr2KO mice to GF

WT mice conferred many features of metabolic syndrome to the recipients, but this

was reversible by treating the recipient mice with antibiotics. Similar microbiota-

dependent obesity, metabolic dysfunction, and gut dysbiosis were also observed in

mice lacking the innate immune protein Nod2 (Rodriguez-Nunez et al. 2017).

Despite this, it should be noted that immune dysregulation does not necessarily

lead to adverse microbial alterations that potentiate diseases; instead, down-

regulation of some components of the host immunity may be counter-intuitively
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beneficial. MyD88 is the universal adapter protein downstream of TLRs (TLR1-9;

except TLR3); therefore, its absence may serve to downregulate TLR pathways.

The loss of MyD88 completely abrogates TLR5 and TLR2 signaling; yet, MyD88-

deficient mice did not develop metabolic syndrome, as was observed in Tlr5KO and

Tlr2KO mice (Vijay-Kumar et al. 2010; Caricilli et al. 2011; Everard et al. 2014).

Collectively, these studies emphasize that an altered immune response to the gut

microbiota could have a substantial impact on obesity, diabetes, and inflammation.

7.5.3 Loss of Inflammasome Signaling Contributes
to Metabolic Diseases

Inflammasomes, another component of innate immunity, are also implicated in the

development of metabolic syndrome that is dependent on the gut microbiota.

Inflammasomes are multi-protein complexes and include Nod-like receptors (e.g.,

NLRP1, NLRP3, and NLRC4), composed of proteins with leucine-rich repeats and

nucleotide-binding domains that sense microbial ligands (including LPS) and

damage-associated molecular patterns. Upon activation, inflammasomes induce

caspase 1-mediated cleavage of inactive proIL-1β and proIL-18 to their active

forms. Increased activation in the hepatic NLRP3 inflammasome has been associ-

ated with liver fibrosis and injury (Watanabe et al. 2009; Imaeda et al. 2009).

Conversely, the genetic ablation of NLRP3 improves hepatic insulin signaling and

protects against obesity (Vandanmagsar et al. 2011).

Yet, in another study, Henao-Mejia et al. demonstrated that mice deficient in

either NLRP3 or NLRP6 developed alterations in their gut microbiota that were

associated with the severity of diet-induced liver disease and metabolic syndrome

(Henao-Mejia et al. 2012). The microbiota dysbiosis in NLRP3- and NLRP6-

deficient mice resulted in an increased translocation of bacterial metabolites into

the hepatic portal vein, enhanced TNF-α expression, and exacerbated steatosis

(Henao-Mejia et al. 2012). Signaling through TLR4 and TLR9 was necessary, as

genetic ablation of either TLR prevented severe manifestations of diet-induced

metabolic diseases. Consistent with the phenotype observed in mice lacking TLR5

and TLR2 (Vijay-Kumar et al. 2010; Caricilli et al. 2011), the metabolic syndrome

in NLRP3- and NLRP6-deficient mice is microbiota-dependent and can be ame-

liorated by depleting the gut microbiota (Henao-Mejia et al. 2012).

7.5.4 Microbiota-Mediated Metabolic Diseases
in the Absence of Adaptive Immunity

A comprehensive understanding of the microbiota’s influence over the host metab-

olism is further complicated by the participation of the adaptive immunity, which
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cooperates with innate immunity to maintain gut homeostasis (Slack et al. 2009).

One such adaptive immune factor, IgA (the most abundant antibody in the gut), is

mostly directed against the microbiota and therefore plays a major role in shaping

gut homeostasis. The study by Shulzhenko et al. demonstrated that IgA deficiency

indirectly impairs metabolic functions of the intestinal epithelium (Shulzhenko

et al. 2011). Specifically, they demonstrated that mice deficient in B cells displayed

significantly lowered expression of lipid metabolizing genes with a concomitant

upregulation of inflammation-related genes, compared with WT mice. Although no

change in food intake was observed, B cell-deficient mice exhibited reduced fat and

cholesterol absorption that were reflected in decreased perigonadal fat pad mass.

The transfer of microbiota from the B cell-deficient mice into the GF WT mice was

sufficient to confer the phenotype from the former to the latter.

The intestinal epithelial cells in B cell-deficient mice upregulated their interferon-

inducible genes to compensate for IgA deficiency, while simultaneously repressing

GATA4-related genes. This resulted in a significant decrease in cholesterol and fat

absorption and reduced perigonadal fat in B cell-deficient mice, but had no effect on

food intake (Shulzhenko et al. 2011). Rederiving B cell-deficient mice in GF condi-

tions completely abrogated the differences in their gene expression in comparison

with WT mice. Colonizing GF B cell-deficient mice with an intact microbiota

recapitulated gene expression to levels seen in conventional B cell-deficient mice,

irrespective of the source of the colonizing microbiota. Further, stimulating the gut

epithelia in vitro with heat-killed E. coli or LPS suppresses the expression of

metabolic-related genes, but induces expression of immune-related genes

(Shulzhenko et al. 2011). It was postulated that, in the absence of luminal IgA, the

intestinal epithelium starts responding directly to the microbiota through the action of

this metabolic-to-inflammatory transcriptional “switch,” resulting in a reduction in

body fat. This study uncovers the longstanding enigmatic association among low

weight gain, muscle wasting, and lipid malabsorption in individuals with immuno-

deficiency syndromes, and demonstrates that the microbiota is capable of promoting

either an increase or decrease in adiposity, depending on specific conditions.

The interactions between PRR and their microbial ligands have also been

implicated in the pathogenesis of type I diabetes, despite it being an autoimmune

rather than an inflammatory disease. A study in rats revealed that suppressing the

load of PRR ligands in the gut via antibiotics could reduce insulitis and protect the

β-cells from autoimmune-mediated destruction (Brugman et al. 2006). However,

the lack of PRR signaling may also promote type I diabetes. A study by Chevonsky

and colleagues observed that non-obese diabetic (NOD) mice deficient in MyD88

are protected against the development of type I diabetes, whereas GF MyD88KO/

NOD mice develop robust diabetes (Wen et al. 2008). Colonization of GF

MyD88KO/NOD mice with altered Schaedler bacteria significantly reduced the

incidence of diabetes, whereas administration of broad-spectrum antibiotics

increased diabetes incidence in these mice. These results suggest that some degree

of innate immune activation might be necessary to develop regulatory T cells

capable of preventing autoimmunity.
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7.6 Manipulating the Gut Microbiota to Treat Metabolic

Diseases: A New Clinical Frontier

Established treatments for metabolic diseases have recently been found to involve

the gut microbiota. For example, the therapeutic effects of the antidiabetic drug

metformin were shown to be, in part, mediated by its ability to influence the gut

microbiota and restore butyrate production (Forslund et al. 2015). Similarly, the

metabolic benefits of bariatric surgery are also thought to be mediated, in part, by

the microbiota (Tremaroli et al. 2015). These findings strongly suggest that inter-

ventions that could alter the gut microbiota might be a promising strategy in

correcting metabolic diseases. Accordingly, many researchers have begun to

explore other means, such as the use of fecal microbiota transplant, probiotics,

and prebiotics, in addition to directly targeting certain bacteria and their metabolites

as potential therapeutic strategies to reshape the gut microbiota without harming the

gut ecosystem.

7.6.1 Fecal Microbiota Transplantation

The concept that an individual’s microbiota can be replaced with another via

consumption of fecal material was conceived many centuries ago (de Groot et al.

2017). It was not until quite recently that modern medicine unraveled the efficacy of

fecal microbiota transplantation (FMT) in treating Clostridium difficile infection

(CDI) (van Nood et al. 2013). FMT treatment substantially altered the patient’s
microbiota composition (Li et al. 2016), restored normal bile acids composition

(Weingarden et al. 2014), and re-established the microbiota-mediated colonization

resistance against C. difficile. Based on its successful application in treating CDI,

many studies now seek to establish FMT as a viable treatment option for

microbiota-driven metabolic diseases, CVDs, inflammatory bowel diseases, and

autoimmune diseases (Gupta et al. 2016). Transplanting fecal microbiota from lean

donors to obese recipients improved insulin resistance in patients with metabolic

syndrome (Vrieze et al. 2012). However, the use of FMT is currently limited

because of its notable risks, including the possible transfer of endotoxins or

infectious agents (Schwartz et al. 2013) or the appearance of new gastrointestinal

complications (De Leon et al. 2013). Instead of instilling the microbiota from

anonymous donors, a rational alternative would be to transplant only a defined

group of bacteria (e.g., altered Schaedler flora) (Shen et al. 2015).
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7.6.2 Probiotics and Prebiotics

Oral delivery of viable strains of probiotic bacteria capable of integrating into the

existing gut microbiota is a promising approach to treating metabolic disorders. The

administration of probiotic Lactobacillus strains, for instance, has been shown to

decrease fat mass, alleviate insulin resistance and reduce the risk of type II diabetes

in humans (Andreasen et al. 2010; Kadooka et al. 2010). The concomitant admin-

istration of probiotic formula VSL#3, which contains a mixture of Lactobacillus
and Bifidobacterium strains, and the prebiotic oligofructose, has also been demon-

strated to reduce liver injury and improve liver functions (Ma et al. 2013). The

conception, feasibility, and potential mechanisms underlying the efficacy of

probiotics and prebiotics have been elegantly reviewed (Delzenne et al. 2011;

Verspreet et al. 2016).

7.6.3 Suppressing the Proteobacteria Bloom

Members of the Proteobacteria phylum tend to be present in low numbers in a

healthy gut, but often bloom during various pathological conditions, including

inflammatory bowel diseases and metabolic disorders (Shin et al. 2015). One

clinical strain of Proteobacteria, the Enterobacter cloacae B29 isolated from a

morbidly obese individual, was found to be particularly obesogenic; its mono-

colonization into GF mice was sufficient to potentiate obesity and insulin resistance

(Fei and Zhao 2013). Similar to the LPS from E. coli (Cani et al. 2007a), the LPS
purified from the B29 strain also displayed a strong endotoxin activity capable of

potentiating low-grade inflammation in their host (Fei and Zhao 2013). Given the

pathological roles associated with E. coli (and other members of Proteobacteria), it

would be interesting to explore whether gut dysbiosis and metabolic syndrome

could be mitigated by specifically depleting E. coli via intervention with phage

therapy (Sarker et al. 2016), antimicrobial fecal miRNA (Liu et al. 2016), or using

FimH inhibitor (Spaulding et al. 2017). The administration of intestinal alkaline

phosphatase (IAP), which neutralizes LPS by de-phosphorylating its lipid A moiety

(Economopoulos et al. 2016; Fawley and Gourlay 2016), may also be considered a

potential strategy to mitigate the metabolic endotoxemia and inflammation associ-

ated with Proteobacteria.

7.6.4 Exploiting the Anti-obesogenic Akkermansia

muciniphila

Akkermansia muciniphila is a Gram-negative, mucin-degrading bacterium that was

previously thought to be a strict anaerobe (Derrien et al. 2004), but was recently
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shown to be an aerotolerant anaerobe (Ouwerkerk et al. 2016; Reunanen et al.

2015). A. muciniphila thrives in the outer mucus layer, where it depends on mucin

as its energy source (Derrien et al. 2004). Its prominent feature as anti-obesogenic

bacteria was documented in seminal studies that demonstrated that oral gavage of

the bacteria protected mice against diet-induced obesity (Everard et al. 2013) and

type 2 diabetes (Shin et al. 2014). The mechanisms underlying its anti-obesogenic

property are thought to involve its capacity to counteract metabolic endotoxemia

(Everard et al. 2013) and modulate the host immune responses and gut barrier

function (Ottman et al. 2017). A recent study by Cani and colleagues found that

many of the health-promoting effects of A. muciniphila can be recapitulated by

orally administering either the pasteurized bacterium or its purified membrane

protein Amuc_1100 (thus obviating the use of live bacterium) (Plovier et al.

2017), which further highlights their tremendous potential as novel therapeutics

for treating obesity.

7.7 Conclusion and Future Directions

Over the last two decades, our understanding of the gut microbiota and its associ-

ation with various metabolic disorders, namely obesity, diabetes, atherosclerosis,

cardiovascular and hepatic diseases, has increased exponentially. Such knowledge

was made possible because of the advent of high-throughput multi-“omics” tech-

nologies (e.g., metagenomics, metatranscriptomics, metaproteomics,

metabolomics) that enable in-depth analyses into the extent to which gut bacteria

communicate not only with the host, but also with other bacteria in the gut. Yet,

there are still many unanswered questions, for instance:

(1) What defines an ideal/normal/healthy microbiota? Does it vary from person to

person?

(2) What is the relative contribution of host genetics (immunodeficiencies) in

addition to dietary habits?

(3) What kind of dysbiosis is fixable?

(4) What if dysbiosis is an adaptation to a person’s lifestyle or to a pre-existing

disorder?

It has been hypothesized that it might not be the composition per se, but rather

microbial genetics/metabolism in the gut that predominantly influence host metab-

olism. Identifying the microbial metabolic pathways in obese and non-obese indi-

viduals may help in developing promising therapeutic bacterial formulations.

Harnessing the power of a non-obese microbiota to affect weight loss and/or

prevent weight gain, however, is both a potential therapeutic approach and a

major challenge. Given the tremendous inter-individual heterogeneity and variabil-

ity in the composition of the gut microbiota, it is thus unlikely that any bacteria

consortia developed to treat metabolic disease would be universally applicable.

Although an optimal “one-size-fits-all” bacterial consortia might not exist, the
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approaches that optimize personalized nutrition and medicine (Zeevi et al. 2015) by

accounting for individual microbiota disposition may be more effective in treating

the various microbiota-associated metabolic disorders.
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Chapter 8
The Influence of the Microbiota on the Etiology
of Colorectal Cancer

Melissa C. Kordahi and R. William DePaolo

Abstract The microbiome of the gastrointestinal (GI) tract is estimated to comprise
39 trillion organisms that act in a symbiotic relationship with the surrounding tissue
cells to maintain homeostasis. Constituents of the gut microbiota occupy either a
planktonic niche within the fecal stream, are adherent to the gut mucosa, or are
associated with the mucous layer. Alterations in the gut microbiota at any of these
levels, caused by the genetics of an individual or by environmental factors, can
disturb this homeostatic relationship and promote disease such as colorectal cancer
(CRC). CRC is the third most common form of cancer in both men and women and
the second leading cause of cancer-related death in the USA, representing a consid-
erable disease burden. The intimate association between the microbiota and the cells
of the colon sets the stage for a number of interactions that may contribute to
carcinogenesis. Although only a few specific commensal species may play a direct
causal role in CRC, more general shifts in the composition may promote local
inflammation through the engagement of innate immune receptors encoded within
the colonic tissue. Changes in gene expression within the microbiota may also be
important as virulence factors are altered and metabolites are produced that may
have detrimental effects on the tissue. In this chapter, we explore the theoretical
bodyworks through which certain members of the microbiota are believed to cause
CRC, the sensing of microbiota-associated molecular patterns by innate immune
receptors known as toll-like-receptors (TLRs) and the various strategies aimed at
manipulating the microbiota and targeting the TLRs, in the hope of developing new
treatment approaches.
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8.1 Introduction

Colorectal cancer (CRC) is the third most common form of cancer in both men and
women and the second leading cause of cancer-related death in the USA (Bardhan
and Liu 2013). CRC can be divided into three subtypes: heritable, sporadic, and
inflammation-associated (Valle 2014). Family studies have identified mutations in
dominant genes such as the adenomatous polyposis coli gene (APC) and mismatch
repair genes in only 10–15% of CRC (Valle 2014). These tumors typically develop
at earlier ages than the sporadic and inflammation-associated CRC (Valle 2014).
Epidemiological studies have shown that the most CRC cases are sporadic, arising
from non-shared environmental factors, and rapidly increase in incidence beyond
age 50 (Bardhan and Liu 2013). A third subset of CRC, comprising less than 1% of
all CRCs, is associated with chronic inflammatory diseases such as Crohn’s disease
and ulcerative colitis, the two main forms of inflammatory bowel disease (Bardhan
and Liu 2013; Karin 2009).

The intestine is home to a large microbial ecosystem that provides protective,
structural, and metabolic functions. Due to the proximity of the microbiota to the
intestinal epithelium and underlying immune cells, tightly regulated communication
must occur to prevent abnormal tissue responses that could lead to chronic inflam-
mation and malignancy. Coordination of intestinal responses are initiated through the
recognition of both microbial-associated and host cellular-associated ligands by
innate immune receptors, such as the toll-like receptor (TLR) and NOD-like receptor
(NLR) families. Thus, mucosal homeostasis in the healthy intestine depends largely
on the interplay between commensal microbiota, host genetics, and the immune status
of the mucosal tissue. Disruption or imbalances of these signals can lead to
uncontrolled inflammation and changes within the microbiota, which play a signif-
icant role in tumorigenesis and tumor progression (Grivennikov et al. 2010).

As the intestinal microbiome most likely plays an etiological role in all three
subsets of CRC, its importance in CRC has been most clearly illustrated in models
using germ-free (GF) mice, which develop less inflammation and fewer tumors than
conventionally housed mice (Zackular et al. 2013). Moreover, studies using GF mice
colonized with the microbiota from tumor-bearing mice showed a significant
increase in tumorigenesis in the colon compared with GF animals colonized with a
healthy gut microbiome, further suggesting that the gut microbiome contributes
directly to tumorigenesis (Belkaid and Hand 2014). Alterations in the composition
of the microbiota have also been identified in both mouse models of cancer and
patients with CRC (Sobhani et al. 2011; Chen et al. 2012; Geng et al. 2013).
However, it is important to consider that the initiation and progression of colon
cancer is likely not due to one unique bacterial species, as many members of the
microbiota have been identified as contributors to colon cancer pathogenesis (Sears
and Garrett 2014). In that regard, each bacterial species may contribute to carcino-
genesis by a distinct microbial signature that could include the production of
metabolites and other by-products, stimulation of innate immunity, changes in
location, and/or changes in bacterial gene expression.
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8.2 Microbiota Associated with CRC

The number of commensal bacteria in a normal healthy gut is equal to the number of
our own eukaryotic cells, but there is an even more astonishing amount of genetic
diversity that these bacteria contribute to our physiology. It is estimated that for
every one of our genes, there are approximately 145 microbial genes. This roughly
equals 3.3 million bacterial genes in the gut to the 23,000 in the human genome (Qin
et al. 2010). Therefore, although it is important to consider how commensal com-
position changes in a diseased state, we must also pay close attention to changes in
the gene expression of the microbiota. Changes in microbial gene expression may be
influenced by intrinsic factors such as polymorphisms in the host genome or the
immune status of the mucosal tissue, and they may be influenced by extrinsic factors
such as diet, infection, and exposure to xenobiotics. These factors may induce
genetic programs in the commensal microbiota, that modulate virulence protein
expression, metabolites, genotoxins, and/or carcinogenic molecules, leading to
direct neoplastic effects (Sears and Garrett 2014). They may also intensify neoplasia
through the induction of local inflammation (Grivennikov et al. 2010). For example,
bacterially produced toxins can lead to DNA damage, inhibition of apoptosis or
induction of cellular proliferation. In addition to toxin production, bacteria also
produce reactive oxygen species (ROS). ROS can directly promote the initiation
and progression of carcinogenesis by causing DNA damage or alter cellular signal-
ing and activation pathways, leading to cell survival and proliferation signals (Reuter
et al. 2010).

8.2.1 Microbiota Species Most Commonly Correlated
with CRC Pathogenesis

Streptococcus gallolyticus Streptococcus gallolyticus is a low-grade pathogen
known for its involvement in bacteremia and endocarditis. It belongs to the
Firmicutes family, and is a frequent colonizer of the intestinal tract. Interestingly,
25–80% of patients with S. gallolyticus in the bloodstream have concomitant colon
adenomas (Reynolds et al. 1983). Further studies have shown that S. gallolyticus
bacteremia is specifically associated with an aggressive form of polyp, the tubular
villous adenoma, necessitating careful clinical screening in a certain subset of
patients (Hoen et al. 1994). The etiological role of S. gallolyticus in CRC is thought
to be mediated through specific virulence mechanisms involving adherence and
induction of inflammatory factors.

Streptococcus Gallolyticus possesses a pilus protein, encoded by the pil1 locus,
with a collagen-binding domain allowing it to attach to mucosal surfaces and also
translocate into systemic circulation. The pil1 locus is further induced through
metabolic processes or promoted by the dysbiosis of the microbiota. This microor-
ganism has been shown to translocate efficiently through a para-cellular epithelial
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route and promote vasodilatation and capillary permeability, thereby promoting
vascularization of neoplasms. S. gallolyticus also induces strong inflammatory
signals such as cyclooxygenase-2 (COX2), interferon-γ (IFN-γ), interleukin-1β
(IL-1β), which may lead to alterations in apoptosis and proliferation, formation of
nitric oxide and free radicals that directly cause DNA damage, or production of
angiogenic factors such as interleukin-8 IL-8 (Abdulamir et al. 2011; Boleij et al.
2009).

Enterococcus faecalis Another microorganism belonging to the Firmicutes is
E. faecalis. E. faecalis has been linked to CRC pathogenesis because certain strains
have the capacity to produce ROS. The high levels of ROS can damage DNA and
create genomic instabilities, two events that can lead to transformation in the colon’s
epithelium. The involvement of certain E. faecalis strains in CRC pathogenesis has
further been assessed in studies showing that the ROS produced by the microorgan-
ism were involved in distal colitis, DNA damage, and cancer in GF IL10�/� mice.
On the other hand, E. faecalis strains that did not produce ROS induced inflamma-
tion, but not tumorigenesis. In addition to ROS, an E. faecalis symbiont found in the
oral cavity was capable of inducing mucosal macrophages to produce another
chromosomal-breaking factor called 4-hydroxy-2-nonenal, a breakdown product of
omega-6 polyunsaturated fatty acids. Despite the abundant experimental literature,
human studies linking superoxide-producing E. faecalis strains to tumorigenesis are
lacking (Wang et al. 2012).

Enterotoxigenic Bacteroides fragilis Enterotoxigenic Bacteroides fragilis (ETBF)
belongs to the Bacteroidetes phylum, and may be considered oncogenic under
certain circumstances, because of its virulence factor B. fragilis toxin (BFT), or
fragilysin. BFT, like ROS, can induce DNA damage in vivo (Sears and Garrett
2014). Further, BFT has been shown to rapidly alter the structure and function of
colonic epithelial cells, including the cleavage of the tumor suppressor protein,
E-cadherin. E-cadherin is a transmembrane protein confined to epithelial cells and
responsible for maintaining the tight junctions between neighboring cells. The
extracellular domain of one E-cadherin molecule interacts with E-cadherin mole-
cules on neighboring cells. A prerequisite for intercellular adhesion is the cytoplas-
mic linkage of E-cadherin to β-catenin. The association of β-catenin at the cell
membrane prevents its nuclear translocation and activation of oncogenic signals.
The cleavage of E-cadherin by BFT increases cytosolic levels of β-catenin, allowing
it to translocate to the nucleus and increase epithelial cell proliferation and expres-
sion of proto-oncogenes such as myelocytomatosis viral oncogene (MYC) (Sears and
Garrett 2014). In ApcMin/þ mice, BFT has been shown to induce colonic hyper-
plasia and tumor initiation via induction of signal transducer and activator of
transcription 3 (STAT3) and a TH17 inflammatory response (Wu et al. 2009).
ApcMin/þ mice develop tumors in the small bowel with limited formation in the
colon. However, colonization with ETBF increases tumorigenesis in the distal colon,
but not in the small intestine and histological findings showed that colonic adenomas
are detectable much faster in mice colonized with ETBF than in ApcMin/þmice that
were ETBF-free. In humans, one study detected ETBF at a significantly higher
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frequency in the stools of consecutive cases of CRC compared with concurrent
hospital-based, age- and gender-matched patients without CRC (Toprak et al. 2006).
However, the development of an IL-17 immune response has been linked to a worse
prognosis in human CRC, indicating that long-term ETBF colonization may pro-
mote colon carcinogenesis in certain predisposed individuals.

Escherichia coli Unlike ETBF, and E. faecalis, whose importance in CRC has been
identified using mouse models or in preclinical studies, E. coli has been isolated from
human CRC patients and the importance of this microorganism in the
immunopathophysiology of CRC has been verified experimentally (Shen et al.
2010). E. coli is a member of the Enterobacteriaceae family and constitutes less
than 1% of a healthy individual’s fecal microbiota, when performing 16S rDNA
sequence analysis. Despite it being found in relatively low numbers compared with
other commensal bacteria, E. coli is a very common cause of intestinal disease
(Apperloo-Renkema et al. 1990). During inflammation, E. coli often becomes a
dominant member in the gut microbiota after 16S fecal rDNA sequence analysis, a
phenotype particularly associated with clinical irritable bowel disease (IBD) and, in
animal models, chronic inflammation (Mukhopadhya et al. 2012). Although the
molecular mechanism that E. coli uses to expand during tumorigenesis is not
known, Enterobacteriaceae and other Proteobacteria have evolved a number of
strategies to utilize products or by-products formed during an inflammatory
response.

Escherichia coli is particularly interesting because, in addition to the changes
observed in its abundance, it seems that it can also alter its gene expression in an
inflamed gut. Evidence for changes in gene expression come from the analysis of
clinical isolates from patients with a chronic disease, such as IBD and CRC. These
studies demonstrate that E. coli alters its functional characteristics by inducing a
more pathogenic phenotype, including an increase in its adherence and invasive
abilities (Darfeuille-Michaud et al. 2004). Analysis of E. coli strains isolated from
IBD and CRC patients has identified a number of genes that encode factors influenc-
ing tumorigenesis. The first is cytolethal distending toxin or CDT-V, which can
directly cause DNA damage (Nesić et al. 2004). However, only a small number of
E. coli strains carry this gene. More recently, a natural peptide–polyketide genotoxin
called colibactin was identified in E. coli isolated from IBD and CRC patients as well
(Prorok-Hamon et al. 2014). This genotoxin is encoded by the 54-kb polyketide
synthase (PKS) genotoxicity island. The importance of this genotoxicity island was
first demonstrated by Jobin and colleagues when a mutant E. coli strain harboring a
deletion in PKS was still able to induce inflammation, but had less DNA damage,
tumor numbers, and bacterial invasion in mice lacking the gene encoding IL-10
(Arthur et al. 2012). Thus, in the context of IL-10 deficiency, carcinogenesis requires
expression of a bacterial genotoxin in addition to the genotype-dependent inflam-
mation. PKS may promote oncogenesis via its ability to directly bind DNA and
causes double-stranded breaks (Cuevas-Ramos et al. 2010). E. coli has been asso-
ciated with gender-specific differences in CRC development as well. It was demon-
strated that hemolytic type I E. Coli is significantly associated with adenoma and
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CRC in female patients only, upon the analysis of a large number of clinical E. coli
isolates. This was linked to the activation of the expression of the tumor suppressor
BIM by acting in part on hypoxia-induced α-subunit (Jin et al. 2016).

Fusobacterium nucleatum Fusobacterium Nucleatum is a fastidious anaerobe,
belonging to the Fusobacteria family, that has also been isolated from patients
with CRC and its pro-tumorigenic effects have been verified in experimental models.
Despite its presence in the colon, F. nucleatum is most abundant in the oral cavity
where it is associated with dental plaques and gum disease. Although considered an
oral bacterium, F. nucleatum has been intimately linked to gut inflammation and
carcinogenesis, because of its isolation from IBD and CRC patients (Strauss et al.
2011). Similar to E. coli, there seem to be pro-tumorigenic effects due to inflamma-
tion caused by the expression of the microorganism’s own genes. There is a strong
correlation between the abundance of F. nucleatum and the magnitude of the
inflammatory response, especially in terms of tumor necrotic factor-α (TNF-α) and
interleukin-10 (IL-10) expression (McCoy et al. 2013). However, the molecular
signals that induce these cytokines are not well understood. In fact, the findings to
date demonstrate that the induction of pro-inflammatory cytokine responses are
likely TLR- and NLR-independent, yet rely on the sensing of F. nucleatum by
viral-associated innate receptors such as cytoplasmic retinoic acid-inducible gene I
(Lee and Tan 2014).

The genetics of F. nucleatum are still widely undefined, as this microorganism is
difficult to isolate, culture, and manipulate experimentally and clinically. Studies
using a periodontal disease-derived F. nucleatum strain suggested that the invasive
and carcinogenic properties of F. nucleatum might be mediated by the activated
complex of the FadA adhesin (FadAc), a well-characterized virulence protein
(Rubinstein et al. 2013). In vitro colon carcinoma cell-line studies and in vivo
tumor xenograft models revealed that FadAc binds to a select extracellular domain
of E-cadherin. This binding triggers invasion of the organism and activation of
β-catenin/Wnt signaling with stimulation of cell proliferation or tumor growth.
Evaluation of tumor tissue from adenoma and adenocarcinoma patients compared
with normal colon tissue from nontumorous individuals revealed elevated gene copy
numbers of fadA, but more interesting was the fact that the highest fadA gene copies
were detected in cancer tissues and associated with increases in expression of
representative Wnt and nuclear factor kappa B (NF-κB) genes (Rubinstein et al.
2013). In another study, F. nucleatum was shown to be associated with the promo-
tion of colonic tumor formation in mice through the identification of a host poly-
saccharide Gal-GalNAc and fusobacterial lectin (Fap2) that explained the
abundance of the microorganism in CRC. Indeed, Fap 2 was shown to mediate
F. nucleatum binding to Gal-GalNAc overexpressed in CRC and targeting host
Gal-GalNAc or Fap2 may provide a way to reduce the F. nucleatum drive of CRC
(Abed et al. 2016). Anecdotally, F. nucleatum was also shown to be more abundant
on colon tumors from Spanish individuals compared with tumors from individuals in
the USA or Vietnam. This suggests that F. nucleatum colonization might vary
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regionally, indicating that environmental causes may affect the virulence of this
microorganism and its involvement in CRC (Kostic et al. 2012).

These five CRC-associated members of the microbiota, S. gallolyticus,
E. faecalis, ETBF, E. coli, and F. nucleatum have also been suggested to breach
the colonic mucus layer and persistently adhere to the mucosa. This mucosal
adherence is likely necessary for their oncogenic potential because it allows a
more intimate contact with the epithelium. This intimate association could affect
the rate of initiation and progression of CRC by promoting inflammation via the
stimulation of innate receptors, it could allow direct targeting of factors that may
cause DNA damage, or in the context of an individual’s genetic makeup and
environment, have an impact on cellular turnover (Soler et al. 1999; Grivennikov
et al. 2012). Furthermore, alterations in the composition of the microbiome can favor
changes in bacterial virulence and metabolism genes, supporting the hypothesis that
specific microbes might act sequentially, and in synergy, with certain microbial
communities involved in colon carcinogenesis. The findings concerning these
microorganisms demonstrate that there are three major mechanisms through which
bacteria may contribute to human CRC pathogenesis. The first is that certain
members of the colonic microbial community are capable of triggering signaling
pathways classically activated during carcinogenesis, such as Wnt and E-cadherin.
The second mechanism is through the induction of oxidative stress pathways leading
to DNA damage, and the last mechanism is through the activation of signaling
pathways leading to an inflammatory cytokine response and the production of
interleukin-17 (IL-17), IFN-γ, and TNF-α (Sears and Garrett 2014). However,
simplification of these bacterial processes in CRC does not rule out the possibility
that additional signaling pathways may be involved, nor does it diminish the
possibility that as yet undefined regulatory elements could be targeted by the
microbiota. These microorganisms and their genomic potential to induce CRC are
summarized in Fig. 8.1.

8.3 The Influence of Microbiota-Derived Metabolites
on CRC

As discussed earlier, the microbiota contributes to the immunopathophysiology of
CRC via inflammation and modulation of pathways, leading to carcinogenesis. In
addition to these pro-tumorigenic effects of the microbiome, accumulating evidence
suggests that there might be an influence of the wider microbial community on CRC
through its secreted metabolites. Some of the metabolites secreted from the
microbiota exert an important beneficial influence on human health, whereas others
have been linked to the pathogenesis of cancer by influencing inflammation, DNA
damage, and apoptosis, as summarized in Fig. 8.2.
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8.3.1 Metabolites that Contribute to CRC

Nitrogenous Compounds A subset of both Bacteroidetes and some Firmicutes
ferment aromatic amino acids from proteins and produce potentially bioactive
ammonia and nitrogenous products, particularly N-nitroso compounds (NOCs).
Both ammonia and NOCs are carcinogenic agents. In the case of NOCs, their
carcinogenic nature is due to their ability to alkylate DNA, resulting in genetic
mutations. NOCs are positively associated with CRC in Europeans and although
some pre-formed NOCs are taken in as part of the diet, they can also be formed via
endogenous microbial fermentation that occurs in the colon through the expression
of nitro- and nitrate-reductases encoded by Proteobacteria (Loh et al. 2011; Roisin
Hughes 2000).

Sulfides Hydrogen sulfide is a major product of the gut and occurs through the
reduction of diet-derived sulfate. Sulfides cause both a breakdown in the epithelial
barrier and DNA damage via the activation of ROS. An increase in sulfate-reducing

Fig. 8.1 The commensal species most commonly associated with colorectal cancer (CRC) are
Streptococcus gallolyticus (blue) enterotoxigenic Bacteroides fragilis (green), Escherichia coli
(gray), Fusobacterium nucleatum (purple) and Enterococcus faecalis (not shown). S. gallolyticus
promotes inflammation via its paracellular translocation and subsequent stimulation of mucosal
dendritic cells causing elevated Cox2 and inflammatory cytokines. S. gallolyticus also promotes
vascularization and vasodilation. Enterotoxigenic B. fragilis (ETBF) produces fragilysin or BFT,
which can directly cause DNA damage or increase proliferation by freeing intracellular β-catenin
from E-cadherin. Chloride ions produced by ETBF and the dissociation of E-cadherin allows
bacterial translocation and stimulation of TH17-mediated immunity. E. coli species are predominant
during inflammation and in CRC alter gene expression to become more mucosally associated.
E. coli expresses CDT and PKS, which both have DNA-damaging effects. F. nucleatum expresses a
virulence factor, FadA, which binds to the extracellular portion of E-cadherin and dissociates
β-catenin, allowing activation of proto-oncogenic and proliferative pathways. F. nucleatum also
contributes to CRC via the induction inflammation after recognition by intracellular retinoic acid-
inducible gene I
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bacteria such as Desulfovibrio spp. Are not likely driving these pathways in CRC, as
they have not been increased in the stool of patients. Therefore, the increase in
hydrogen sulfide may be due to changes in bacterial gene expression and activity
rather than composition (Reuter et al. 2010).

Bile Acids Gut bacteria are also important contributors to bile acid metabolism and
thus may play a role in the biology linking bile acids to colon cancer. For instance,
prolonged consumption of red meat and saturated fatty acids increases the risk of
CRC. This was observed among descendants of low-risk individuals who moved to
developed countries and converted to a western-type diet (Berg et al. 1973). At the
gut microbiome level, a high-fat diet may alter the composition of the microbiome
by resulting in a bloom of the sulfur-reducing bacterium Bilophila wadsworthia,
which in turn was shown to exacerbate colitis and inflammation in IL10�/� mice
(Devkota et al. 2012) and can also modify the composition of the microbiota owing
to their strong antimicrobial activities. Bile acids have been implicated in carcino-
genesis and increases in bile acid concentrations have been observed in the stool of
patients with CRC (Barrasa et al. 2013). The mechanism by which bile salts
contribute to CRC is likely due to the generation of DNA-damaging ROS and
reactive nitrogen species, which can lead to increased DNA damage and an increase
in the mutation rates (Ajouz et al. 2014).

It is important to note that although certain metabolites such as lithocholic and
deoxycholic acid have been shown to be pro-inflammatory and linked to the
development of colon cancer, others, such as ursodeoxycholic acid have been
shown to have certain health benefits in pre-clinical and clinical studies. Clostridium,

Fig. 8.2 The five stages of bacterial biofilm formation. (a) Bacteria reversibly attach to solid
support. (b) Bacteria become irreversibly attached, and aggregate to form a matrix. (c) Maturation
phase: cells become layered and the effects of quorum sensing begin. (d) Clusters reach maximum
thickness. (e) Escape of planktonic bacteria from matrix dispersion
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Ruminococcus, and Eubacterium strains, from the commensal microflora, have the
capacity to convert chenodeoxycholic acid to ursodeoxycholic acid. The latter have
been shown to be beneficial for CRC prevention in patients with a history of
adenomas and IBD in small retrospective studies (Carey and Lindor 2012).

8.3.2 Metabolites that Are Beneficial in CRC

Short Chain Fatty Acids Still with the idea that not all metabolic products from the
microbiota are tumorigenic, one of the major fermentation products of the
microbiota are the short chain fatty acids (SCFAs) acetate, propionate, and butyrate.
The SCFAs have important anti-inflammatory effects and many studies have
reported the beneficial role that SCFAs play in colonic homeostasis and models of
inflammation. SCFAs modulate inflammation through a number of mechanisms that
include the downregulation of the genes encoding pro-inflammatory cytokines
through the inhibition of histone deacetylases and the induction of regulatory T
cells (Atarashi et al. 2011; Furusawa et al. 2013). Of the three SCFAs, butyrate is
mainly produced in the proximal colon and it has been regarded as one of the most
important nutrients for colonocytes. Other important anti-tumorigenic effects of
butyrate include inhibiting proliferation and selectively inducing apoptosis of CRC
cells (Fung et al. 2012). Butyrate also possesses possible anti-carcinogenic effects as
it suppresses the expression of COX-2 in cancer cell lines (Zhang et al. 2004).
Bacterial pathways of butyrate production have been characterized in Clostridium
acetobutylicum, and more recently in Butyrivibrio fibrisolvens, a butyrate producer
that has been found in the gastrointestinal (GI) tract of humans, dogs, and cats, and
Enterococcus durans (Raz et al. 2007).

8.4 Microbiota, Biofilm Formation, and CRC

The commensal bacteria found within our intestines are not all free-floating entities,
but are in a planktonic state. Some of the microbes live in complex communities
called biofilms. Biofilms are populations of microbes held to each other, to surfaces
or at an interface by microbial-produced polymeric matrices. To form and maintain
biofilms, bacteria must induce a different set of genes that aids in increasing the
concentration of bacteria, a regulation referred to as quorum-sensing. Bacteria in a
biofilm may also differ from their planktonic counterparts in antimicrobial resistance
and expression of different virulence genes (Burmølle et al. 2014). The five steps of
biofilm formation are illustrated and described in Fig. 8.3.

It is believed that the intestinal microbiota can form biofilms along the mucosal
surface in healthy individuals. However, these data come from human sudden death
studies and may be an artifact resulting from the embedding time, as healthy subjects
lacked these biofilm-like structures (Dejea et al. 2014). Despite their controversial
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presence in healthy individuals, biofilms have been associated with nonmalignant
pathological conditions such as IBD and with colon-associated malignancy (Dejea
et al. 2014; Swidsinski et al. 2005; Johnson et al. 2015). Interestingly, in human
CRC, the presence of bacterial biofilms was linked to cancer location with right-
sided colon adenomas and cancers possessing biofilms, whereas left-sided cancers
were biofilm-negative (Johnson et al. 2015). Siuzdak and colleagues also went on to
show a direct correlation between biofilms and the upregulation of a specific
polyamine metabolite, N1, N12-diacetylspermine. However, polyamine production
was connected to biofilm formation and was not specific to the cancer cells associ-
ated with the biofilm, as measurement of up-regulated polyamines was identified in
paired normal tissue and in the small number of biofilm-positive left-sided cancers
(Johnson et al. 2015). The expression of polyamine is known to enhance eukaryotic
cellular proliferation, microbial growth, and cell wall formation (Gerner and
Meyskens 2004). Thus, it seems that the presence of biofilms increases polyamines

Fig. 8.3 Pro- and anti-tumor effects of bacterial metabolites. Short chain fatty acids (SCFAs)
include butyrate, propionate, and acetate. Extracellular or secreted SCFAs can bind to a GP and
provides signals to upregulate important genes needed to modulate T regulatory cell (TREG)
differentiation. Intracellular SCFAs block COX2. SCFAs also promote TREGs and inhibit apoptosis
through modulation of histone deacetylases. Bile acids promote carcinogenesis via the breakdown
by certain commensals that generate DNA-damaging ROS. Hydrogen sulfide (H2S) is produced by
many bacteria and can damage DNA or cause a breach in the epithelial barrier, allowing translo-
cation of commensals and generating inflammation. Dietary proteins can be metabolized to
N-nitroso compounds that alkylate DNA and cause cancer. Biofilms generate polyamines, which
can increase cellular proliferation
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and epithelial proliferation, and creates an environment that more amenable to
oncogenic transformation.

With regard to the microbial composition of biofilms, it seems that the organiza-
tion of the biofilms rather than specific composition may be more important in the
pathogenesis of CRC. As Dejea et al. (2014) found that most right-sided tumors are
associated with biofilms and that the normal colon tissue from these patients was also
biofilm-positive. In contrast, normal tissue from patients with biofilm-negative
tumors were always biofilm-negative (Dejea et al. 2014). Furthermore, analysis
found that the communities from nonmalignant tissues of CRC patients were
significantly closer in composition to those from the tissue of healthy volunteers
than to those from tumor-associated communities. Yet, nonmalignant tissues from
CRC patients containing biofilms showed a significantly closer structure to
CRC-associated tissue than to the biopsies from healthy, cancer-free volunteers.
Thus, the observations from examining these tumor-associated and nontumor-
associated tissues suggest that the presence of a biofilm might correlate with changes
in bacterial composition.

8.5 Microbiota-Dependent Sensing by the Innate Immune
System and CRC

The function of the inflammatory response is to protect us against microbes and to
help repair and regenerate tissue damage caused by both infectious and
non-infectious agents. Thus, it is not surprising that there is an intrinsic link between
inflammation and cancer. This is demonstrated by the fact that 15% of worldwide
cancers are microbial-associated, and that a number of cancers are associated with
chronic inflammatory diseases, such as gastritis, inflammatory bowel disease, and
thyroiditis (Selgrad et al. 2008). Our innate immune system imparts our bodies with
sensors for tissue damage and infection, with major examples being TLRs and
NOD-like receptors. Defective innate immune responses may lead to inadequate
pathogen eradication, recurrent tissue injury or failure of anti-inflammatory
responses, which can cause chronic inflammation and support tumorigenesis. In
CRC, the severity of inflammation strongly correlates with the risk of CRC in
patients with IBD and we believe that one of the major factors that drives chronic
inflammation in genetically susceptible IBD patients is the commensal microbiota
(Rutter et al. 2004; Gupta et al. 2007). Thus, it definitely makes sense that many of
the genetic polymorphisms identified in large-scale, genome-wide association stud-
ies of IBD patients were genes directly or indirectly involved in microbial sensing
(e.g., TLR, NLR), microbial handling (e.g., autophagy) or innate inflammation
(cytokines, chemokines).
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8.5.1 Toll-like Receptor Biology

Toll-like receptors are evolutionarily conserved, type I transmembrane pattern recog-
nition receptors (PRRs) that sense conserved microbial motifs also called pathogen-
associated molecular patterns (Pasare and Medzhitov 2004). Currently, 10 TLRs have
been identified (TLR1–TLR10) in humans and 12 in the mouse (TLR1–9, TLR11–13)
(Gay and Gangloff 2007). TLR1, -2, -4, -5, and -6 are localized at the cell surface,
TLR3, -4, -7, -8, and -9 are present in the intracellular compartment (Akira and Hemmi
2003), and TLR4 can be expressed both intracellularly and extracellularly (Pasare and
Medzhitov 2004). TLRs can recognize a variety of ligands such as lipids and
lipopeptides (TLR1, -2, -4, -6), bacterial flagellin (TLR5), and fragments of nucleic
acids (TLR3, -7, -8, -9). The expression of TLRs is not limited to immune cells as their
expression has also been found on non-immune cells. Most of the TLRs are expressed
throughout the small and large intestines; however, the localization and function of all
the individual TLRs are still unclear.

Activation of TLRs can induce a number of signaling pathways, which results in the
up-regulation of genes involved in co-stimulation, inflammation, cellular metabolism,
survival, and death. Receptor dimerization of a TLR results in differential recruitment
of specific adaptor proteins, including MyD88, MyD88 adaptor-like (Mal, also known
as TIR domain-containing adaptor protein), TIR domain-containing adaptor-inducing
interferon-β (TRIF), or TRIF-related adaptor molecule, which drive subsequent sig-
naling. This results in the activation of a number of downstream pathways, including
NF-κB, mTOR, interferon regulatory factor, PI3K/Akt and mitogen-activated protein
kinase (MAPK) pathways that lead to signals affecting inflammation, regeneration, cell
survival, and proliferation (Fitzgerald et al. 2001; Kawai and Akira 2011). To expand
their PAMP-recognizing capacity, TLRs also have the capacity to form heterodimers
and homodimers and bind different accessory proteins, leading to different signal
transduction pathways, such as MD-2 and CD14, that form a complex with TLR4 in
response to lipopolysaccharide (LPS). Another example is TLR2, which is able to
switch its ability to produce pro- and anti-inflammatory responses by dimerizationwith
several co-receptors such as TLR2 itself, TLR1, TLR6, and TLR10. Recent studies
suggest that TLR2/TLR6 dimerization might activate a particular signal transduction
pathway that induces the transcription of pro-inflammatory molecules, whereas TLR2/
TLR1 dimerization promotes the anti-inflammatory pathway that leads to the expres-
sion of IL-10 and the trans-differentiation of Th17 and iTreg cells (Melmed et al. 2003).

8.5.2 Toll-like Receptors Associated with CRC

The idea that TLRs might be involved in tumorigenesis came about at the end of the
nineteenth century, when William Coley observed that repeated injections of a
mixture of bacterial toxins from the Gram-positive bacterium Streptococcus
pneumoniae and the Gram-negative bacterium Serratia marcescens yielded efficient
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anti-tumor effects, providing proof that microbial products, rather than the infection
itself, mediate an anti-tumor effect (Coley 1991). Shear and Turner later discovered
that LPS, which is a component of the membrane of Gram-negative bacteria, was the
fraction of Coley’s toxin that accounted for its anti-tumor effect (Lundin and
Checkoway 2009). As LPS stimulates TLR4, these results suggest that the anti-
tumor effect of Coley’s toxin was a result of TLR activation.

Toll-like receptors play many reported and sometimes conflicting roles in tumor-
igenesis. The number of potential roles are likely due to the number of different
TLRs, the different sets of genetic signatures induced by each TLR, and the
differences in expression within the GI tract.

Toll-like receptor signaling may provide activation of antitumor immunity by
inducing downstreammediators such as type I interferons. This activation has recently
been used to generate TLR agonists as potential candidates for cancer immunotherapy.
In contrast, there is much literature on the role of TLRs as tumor promoters through the
induction of pathways linked to inflammation, wound healing, tissue regeneration, cell
survival, and cell death. Owing to their ability to promote cell survival and proliferation
and regulate apoptosis and cell death, the function of a given TLR signal may be highly
influenced by many factors such as the tissue microenvironment, the host’s genetic
signature or themicrobiota. TLR sensing of themicrobiota is evenmore complex, as an
individual TLR can influence either tumor promotion or antitumor immunity,
depending on the context in which it is activated. Regardless of the effect, it is well
accepted that TLR recognition of the microbiota plays an influential role in CRC, and
this has been demonstrated in a number of studies. For example, the deletion of the TLR
adapter molecule Myd88, the absence of the microbiota in GF mice on the APCmin
background, or treating mice with broad spectrum antibiotics decreases the incidence
and severity of cancer in both sporadic and colitis-associated cancer models (Fitzgerald
et al. 2001; Kawai and Akira 2011; Couturier-Maillard et al. 2013; Klimesova et al.
2013).

8.5.3 Specific Contributions of Individual TLRs to CRC

TLR1 Our group has previously shown that genetic deficiency in TLR1 promotes
acute enteric infection by Yersinia enterocolitica. Examining that model further, we
uncovered an altered cellular immune response that promotes the recruitment of
neutrophils, which in turn increases metabolism of the respiratory electron acceptor
tetrathionate by Yersinia. These events drive permanent alterations in anti-commensal
immunity, microbiota composition, and chronic inflammation, which persist long after
Yersinia is cleared (Kamdar et al. 2016). These data demonstrate that acute infection
can drive long-term immune and microbiota alterations, leading to chronic inflamma-
tory disease in genetically predisposed individuals and potentially predispose them to
cancer. Interestingly, humans express a variant of TLR1 in which a hydrophobic
isoleucine is replaced by a hydrophilic serine at the (I602S) transmembrane domain.
When the variant allele is expressed, TLR1 does not localize to the surface membrane,
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but is rather trapped intracellularly in the cytosol of the cell (Schumann and Tapping
2007). This reduces the TLR1-mediated activation of NF-κB by extracellular ligands.
Recently, we have shown that metastatic CRC patients expressing one or both variant
alleles of TLR1 I602S have a better response to treatment in addition to improved
progression-free survival, when treated with FOLFIRI (a combination therapy of
irinotecan, 5-fluorouracil, and folic acid) and bevacizumab, a humanized monoclonal
antibody and angiogenesis inhibitor, suggesting that endogenous TLR2/1 ligands
might play a pro-tumorigenic role (Okazaki et al. 2016).

TLR2 The role of TLR2 remains controversial in CRC. In one study, there were no
differences in tumor burden between wild-type and TLR2-deficient mice, using a
colitis-associated neoplasia model of azoxymethane (AOM) and dextran sulfate
sodium (DSS). Increased tumor number and higher IL-6, IL-17A, and phospho-
STAT3 levels were identified in TLR2-deficient mice by a different group using a
similar AOM-DSS model (Salcedo et al. 2010; Lowe et al. 2010). The different
outcomes seen in TLR2 studies may be explained by the fact that TLR2 can form
heterodimers with TLR1, TLR6, and, in humans, TLR10. The ability to bind
different TLRs expands the number of ligands that TLR2 recognizes, and potentially
alters the downstream signaling molecules associated with activation. Moreover,
TLR1 and TLR6 allow TLR2 to sense tri-acylated and di-acylated lipoproteins
respectively, and, depending upon it binding TLR2, has been shown to induce
different MAPK and genetic signatures (Depaolo et al. 2008). Therefore, if the
microbiota of an animal colony differed greatly between two groups, with one
containing more TLR2/6-activating bacteria and the other more TLR2/1, then even
the baseline microenvironment could be different, and knocking out TLR2 may
modulate a response in one instance and not in the other.

TLR4 Toll-like receptor 4 can activate bothMyD88-dependent and TRIF-dependent
signaling pathways, depending upon its cellular expression (Troutman et al. 2012).
Using the same AOM/DSS model, TLR4 deletion was shown to strongly reduce
inflammation and tumor burden, whereas transgenic mice overexpressing constitu-
tively activated TLR4 in the intestine exhibit a higher sensitivity to colitis-associated
neoplasia due to activation of β-catenin signaling pathways (Fukata et al. 2009, 2011;
Santaolalla et al. 2013). In contrast, one recent study showed that intestinal
overexpression of constitutively activated TLR4 in the APC/Min/þ model reduces
tumor load by increasing tumor cell apoptosis (Li et al. 2012, 2014).

An anti-tumor role for TLR4 has also been shown. The release of HMGB1, a
TLR4 ligand, by damaged or necrotic tumor cells can trigger TLR4 activation in
local immune cells, enhancing antigen presentation and promoting anti-tumor immu-
nity. In humans, a TLR4 loss-of-function allele is associated with less cross-
presentation of antigens and results in relapse and an increase in metastasis in
patients with breast cancer (Apetoh et al. 2007). Another human variant, TLR4-
D299G was recently identified as an aberrant innate immune mediator that may
create an auto-inflammatory environment, favoring excessive intestinal epithelial
cell (IEC) remodeling and driving tumor progression. This polymorphism seems to
compromise the recruitment of the signaling adaptors MyD88 and TRIF, thereby
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impairing the downstream activation of NF-κB target genes. Instead, activation of
STAT3 is likely the principal target of this SNP, thereby promoting malignant tumor
progression in human IECs (Cario 2013). Moreover, primary human sporadic
adenocarcinomas from patients carrying the TLR4-D299G are more frequently
associated with advanced tumor stage.

Lastly, LPS, which can also be derived from Gram-negative commensal bacteria,
has been used in phase II clinical trials for the treatment of CRC and was shown to
lead to tumor regression when directly injected into adoptively transferred tumors
(Otto et al. 1996).

TLR2/6 Lactic acid bacteria are a group of commensal bacterial strains that were
shown to have anti-tumor potential in several probiotic studies (see Sect.
“Probiotics”). A recent study also found that several strains such as Lactobacillus
plantarum CCFM634, L. plantarum CCFM734, L. fermentum CCFM381, Lactoba-
cillus acidophilus CCFM137, and Streptococcus thermophilus CCFM218 stimu-
lated TLR2/TLR6, providing an insight into lactic acid bacteria-specific host–
microbe interactions (Ren et al. 2016).

TLR10 Like TLR1 and TLR6, TLR10 can form heterodimers with TLR2. Although
TLR6/2 dimerization allows recognition of di-acylated lipoproteins and lactic acid
bacteria, no ligand has yet been found for TLR10 and little is known about TLR10
and CRC.

Toll-like receptor 9 is activated by both bacterial and viral DNA, immunoglobulin–
DNA complexes, and synthetic oligodeoxynucleotides (ODNs), which contain
unmethylated CpG sequences (Kanzler et al. 2007). Apical expression and activation
of TLR9 on epithelial cells by bacterial DNA fragments have been reported tomaintain
colonic homeostasis. TLR9-induced type 1 interferons have also been shown to
mediate the anti-inflammatory effects in experimental colitis (Lee et al. 2006). In
CRC, expression of TLR9 has been shown to be higher in adenomatous polyps, but
decreased in hyperplastic and villous polyps from patients who developed CRC,
suggesting that TLR9 expression might play a protective role against malignant
transformation (Rachmilewitz et al. 2002). Recently, much research has focused on
antitumor immunity induced by TLR9 antagonists and inhibitory ODNs (inh-ODNs;
discussed below).

TLR Adaptor Molecules Similar to TLR2, conflicting results were also found in
studies looking at the effect of Myd88 deletion on CRC in the APCmin/þ model.
One study demonstrated that APCmin/þMyd88�/� mice develop fewer colonic
tumors than APCmin/þ mice, indicating that bacterial signaling contributes to
tumorigenesis in the context of APC mutations (Rakoff-Nahoum and Medzhitov
2007). However, a subsequent study found that MyD88-dependent activation of
ERK stabilizes β-catenin; in this way, the absence of MyD88 protects against
APC-dependent tumors (Lee et al. 2010). Thus, depending on the model used,
MyD88-deficiency either protects or increases tumorigenesis.
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8.6 Manipulation of the Microbiome as a Treatment
for CRC

Specific microbiota species and their products constitute potential targets for mod-
ulating colon cancer because of their immunological potential and/or protective
effects on colon carcinogenesis. A large body of evidence exists chronicling the
influence of certain commensal micro-organisms on both the development of the
mucosal immune system and the modulation of innate inflammatory responses to
maintain homeostasis. The commensal microbiota has evolved a number of mech-
anisms that help to modulate the inflammatory response. Indeed, it has been shown
to induce anti-inflammatory cytokines such as IL-10 and TGF-β that directly sup-
press inflammatory signaling, reduce antigen presentation, and can induce regulatory
T cells. Other commensal species may directly inhibit colon cancer through the
generation of ROS that can, in combination with platinum compounds, greatly
enhance the effect of chemotherapies.

In addition to their immune-modulatory effects, commensal microbiota has been
shown to reduce cell cycle progression, induce apoptosis of tumor cells, and alter the
host’s metabolome, by producing specific bacterial enzymes that enhance the pro-
duction of beneficial or protective metabolites. Moreover, the microbiota and its
products may be exploited for diagnosis and detection purposes. For example,
comparing the microbial characteristics of patients with CRC with those of IBD
patients could begin to dissociate whether the changes observed in the microbiota are
inflammation- or cancer-dependent.

8.6.1 Specific Therapies Targeting the Microbiota
to Treat CRC

Probiotics According to the US Food and Drug Administration (FDA), probiotics
are live microorganisms that are intended to have health benefits. Products sold as
probiotics include foods, dietary supplements, and products that can be used topi-
cally. Although some probiotics have shown promise in research studies, strong
scientific evidence to support the specific uses of probiotics for most health condi-
tions is lacking. The FDA has not yet approved any probiotics for preventing or
treating any health problems. Some experts have also cautioned that the rapid growth
in marketing and use of probiotics may have outpaced scientific research for many of
their proposed uses and benefits, as we have yet to define the therapeutic windows
for probiotic dosing, the potential side effects, and the accurate stratification of
patients most likely to benefit from such therapies.

However, in-vitro and in-vivo studies, in addition to some clinical trials, do
suggest that certain microbial species in colon cancer might have a promising
beneficial effect. For instance, a particular study showed that the administration of
Lactobacillus rhamnosus GG (LGG) induced a significant reduction in polyamine
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biosynthesis in HGC-27 and DLD-1 cancer lines, suggesting that LGG might have
the potential to change the host’s metabolome and consequently halt the proliferation
of tumor cells (Orlando et al. 2009). As mentioned earlier, polyamine is a metabolite
that is necessary for cell proliferation. It was also found to be produced by microbial
biofilms. Thus, targeting polyamine production and biofilm interactions could be
another strategy for treating CRC, for example, by the administration of probiotic
strains with adhesive properties, that can prevent the establishment of pathogenic
biofilms by competitive exclusion. This ability of probiotics to adhere to GI mucus is
of considerable importance in their potential to exert a modulatory effect in situ and
the adhesion of probiotic bacteria to epithelial cells has been shown to prevent the
establishment of pathogens (Russo et al. 2014). Resta-Lenert and Barret showed that
exposure of biofilms to live, but not heat-inactivated, probiotic S. thermophilus and
L. acidophilus strains significantly limited adhesion, invasion, and physiological
dysfunction induced by exposure to an entero-invasive strain of E. coli (Resta-Lenert
and Barrett 2003). A similar effect has been demonstrated for a probiotic strain of
L. plantarum, which had a protective effect against damage to the integrity of Caco-2
monolayers and the structure and distribution of TJ proteins by enteroinvasive E. coli
(Qin et al. 2009). Another study showed that Caco-2 cells exposed to L. plantarum
bacteria significantly induced human beta-defensin 2 mRNA expression and secre-
tion in a dose-dependent manner compared with controls. This was inhibited by anti-
TLR2 neutralizing antibodies, suggesting that L. plantarum may signal through this
microbial PRR and generate an anti-cancer response (Paolillo et al. 2009). In-vivo
examples include a study that showed that daily oral administration of
microencapsulated L. acidophilus in a yogurt formulation to APCþ/� mice resulted
in significant suppression of colon tumor incidence, tumor multiplicity, and reduced
tumor size. Moreover, the treated animals exhibited fewer GI intra-epithelial neo-
plasia with a lower grade of dysplasia in tumors, that this probiotic might have a
potential benefit (Urbanska et al. 2016). In another study, Park et al. fed F344 male
rats with Bacillus polyfermenticus, showing that these rats displayed significantly
lower numbers of aberrant crypt foci than the control group. Supplementation with
B. polyfermenticus induced less leukocytic DNA damage and plasma lipid peroxi-
dation levels, in addition to a lower plasma total antioxidant potential, suggesting
that B. polyfermenticus might exert a protective effect on the antioxidant system and
the process of colon carcinogenesis (Park et al. 2007).

Last, the potential benefit of certain microorganisms was also tested in some
clinical trials involving human subjects. In one study, the administration of Lacto-
bacillus casei was evaluated as a method of preventing the occurrence of colorectal
tumors. The occurrence of tumors with a grade of moderate atypia or higher was
significantly lower in the patient group after 2–4 years of treatment with L. casei
compared with the control group (Ishikawa et al. 2005). In another 12-week clinical
trial completed back in 2007, polypectomized patients were treated with LGG,
Bifidobacterium lactis Bb12, and oligofructose-enriched inulin. The treatment
resulted in significant changes in fecal microbiota of the patients, as the proportion
of Bifidobacterium and Lactobacillus increased and Clostridium perfringens
decreased. The intervention was also associated with a significant reduction of
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colorectal epithelial cell proliferation in the patients (Rafter et al. 2007). Another
study reported in a prospective trial that in 31 CRC patients, Lactobacilli johnsonii
(La1), but not Bifidobacterium longum (BB536), affects intestinal microbiota by
reducing the concentration of pathogens and modulating intestinal dendritic cell
(DC) and T-cell specific responses exemplified by a reduction in the release of anti-
inflammatory cytokines and a reduction of potentially pathogenic bacteria. More-
over, DCs isolated from patients colonized with La1 had a significantly blunted
ability to proliferate, and it is possible that La1 might prevent excessive activation of
DCs and the development of Th1-polarized immunity in the intestinal mucosa
(Gianotti et al. 2010). Recently, a cohort study with 12 years’ follow-up on 45,241
volunteers determined that high yogurt intake was significantly associated with
decreased CRC risk, suggesting that the long-term administration of probiotic
formulations might reduce the incidence of CRC (Pala et al. 2011). These studies
definitely show promising findings, but we have yet to elucidate the mechanisms
underlying these potential therapeutic effects. Perhaps unraveling how probiotics
may contribute to CRC treatment will uncover new insights into cancer
immunotherapy.

Fecal Microbiota Transplantation Another way of manipulating the intestinal
microbiota in the hope of enhancing or ameliorating intestinal disease involves
fecal microbiota transplantation (FMT) from healthy donors to individuals with
specific diseases. Significant clinical effectiveness of FMT has been demonstrated
for recurrent Clostridium difficile infection and ongoing studies are investigating
FMT for other diseases such as IBD (Pamer 2014). Transplantation of autologous
microbial populations to recipients likely triggers mucosal immune responses that,
depending on the microbiota composition and the recipient’s genotype, could range
from pro- to anti-inflammatory. However, the impact of FMT on the recipient
immune system is complex and unpredictable, and the ongoing discovery of com-
mensal microbes and investigation of their impact on the host will lead to the
development of new personalized probiotic agents and microbial consortia that
will eventually replace FMT.

TLR Agonists and Antagonists We are beginning to understand the therapeutic
potential of individual TLRs in the fight against colon cancer through a number of
recent clinical trials and through pre-clinical studies (Hedayat et al. 2012). However,
the development of optimal therapeutic strategies for targeting TLR signaling
depends on a fuller characterization of the roles of TLR and their downstream
adaptors under nondiseased and diseased conditions in the intestine, and through a
more thorough understanding of the molecular mechanisms behind their role in the
pathophysiology of CRC. TLRs in the gut are constantly exposed to commensal-
derived ligands, inducing downstream signaling pathways that contribute to gut
mucosal immunity and homeostasis. The pleiotropic nature of TLRs and their ability
to activate/modulate many important cellular mechanisms including intestinal per-
meability, inflammation, cell survival and death, regeneration and repair, autophagy,
and tolerance makes them candidates for targeted intervention. Various strategies for
modulating TLR signaling exist, including administration of specific commensal
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species and/or ligands, administration of antibodies to block TLR signaling, and
directly targeting the signaling of TLRs on tumor cells to trigger an anti-tumor innate
and/or adaptive immune responses.

As mentioned above, TLR9 signaling is not associated with carcinogenesis, but
rather plays an important role in generating anti-tumor responses, making it a very
promising therapeutic choice. Pre-treatment with the TLR9 ligand CpG DNA was
recently shown to ameliorate both chemically induced and spontaneous colitis in
mice by inhibiting pro-inflammatory cytokines and chemokines (Rachmilewitz et al.
2002). TLR9 agonists were also shown to suppress tumor growth, and metastasis of
CRC cells to the lung and liver, thus increasing overall survival when administered
alone or in combination with chemotherapy regimens in CRC xenografts (Fűri et al.
2013; Kim et al. 2012; Zoglmeier et al. 2011). The effects of TLR9 have been
observed at the site of drug delivery and at systematic sites, and are dependent upon
the presence of MyD88 (Heckelsmiller et al. 2002a, b; Westwood et al. 2009). TLR9
agonists are also being used to boost the anti-tumoral immune response of the host in
the context of antigen-loaded DC immunotherapy. The combination of DC and
TLR9 agonists have been used in CRC and have demonstrated a stronger immune
response, both local and systemic anti-tumoral effects, and the induction of an anti-
tumor memory response in the host (Heckelsmiller et al. 2002a).

Toll-like receptor 4 signaling has been shown to perpetuate carcinogenesis
through the induction of prostaglandins and through the activation of β-catenin.
Thus, patients with CRC may benefit from administration of antagonists that can
inhibit TLR4 signaling. A recent study by Wei-Ting Kuo et al. showed that the
administration of a synthetic analog of LPS that inhibits TLR4 signaling caused an
increase in tumor cell apoptosis and decreased the tumor burden (Kuo et al. 2016).
Similar to TLR9, TLR7 agonists seem to promote anti-tumor responses. For exam-
ple, intravenous administration of the selective TLR7 agonist DSR-29133 led to
enhanced anti-tumor effects in a solid tumor model (Dovedi et al. 2016).

Toll-like receptors can also be finely tuned to optimize tumor responsiveness to
chemotherapy through their microbial recognition. Experimentally, polyI:C, a TLR3
agonist, was shown to enhance cycloheximide-induced apoptosis of tumor cells,
whereas TLR9 agonist administered with chemotherapy regimens increased the
overall survival of mice in a CRC xenograft model (Jiang et al. 2008). These studies
are opening up a new range of clinical applications for TLR agonists as an adjuvant
for chemotherapy (Adams 2009; Bhardwaj et al. 2010). Table 8.1 summarizes
information regarding the various human TLRs that have been implicated in colon
cancer, their natural and synthetic ligands, their location throughout the large
intestine, and their therapeutic potential.
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Table 8.1 Toll-like receptor (TLR) biology and therapeutic potential in colorectal cancer (CRC)
(Uematsu and Akira 2008; Yu et al. 2010)

TLR Ligands
Location in the
large intestine

Effects on immunological
functions associated with CRC

TLR2/1 Tri-acylated lipopeptidesm Myofibroblasts TLR1 I602S variant is associated
with better response to CRC
treatment and progression-free
survival

Pam3CSK4s Circulating
PMNs

TLR2 PGm, LPm, Zymosanm, GPIm,
Tc52m

LP macrophages,
myofibroblast,
circulating PMNs

TLR2KO had increased tumor
number, IL6, IL17A, p-STAT3
in AOM/DSS CRC mouse modelOspAm, Porinm, LcrVm,

HSP60h, HSP70h, HMGB1h,
endoplasmin, biglycanh,
human cardiac myosinh,
hyaluronanh, monosodium
urateh crystalsh

TLR3 IMQm Epithelial cells Experimentally, polyI:C, was
shown to enhance
cycloheximide-induced apopto-
sis of tumor cells

Poly(I:C)m DC,
MyofibroblastsPoly(A:U)m

mRNAh

TLR4 LPSm, MPLAm, Mannanm Endothelial cells TLR4 signaling enhances carci-
nogenesis through the induction
of STAT3, prostaglandins, and
activation of β-catenin

Glycoinositol phospholipidsm LP macrophages,
IEC, DC

Patients with CRC may benefit
from administration of antago-
nists that can inhibit TLR4
signaling

– Myofibroblasts
– Circulating
PMNs

Phase II clinical trials using LPS
for the treatment of CRC lead to
tumor regression when directly
injected into adoptively trans-
ferred tumors

Biglycanh, CD138h,
β-defensinh, endoplasminh,
fibrinogenh, heparin sulfateh,
HMGB1h, HSP22h, HSP60h,
HSP70h, HSP72h, hyaluronanh,
monosodium urate crystalsh,
Resistinh, S100 proteinsh, sur-
factant protein Ah, tenascin-Ch

TLR5 Flagellinm LP endothelial
cells, LP macro-
phages,
myofibroblasts,
circulating PMNs

Lack of MyD88 or TLR5
expression dramatically
enhanced tumor growth and
inhibited tumor necrosis in
mouse xenografts of human
colon cancer (Rhee et al. 2008)

TLR2/6 Di-acylated lipopeptidesm Myofibroblasts No association with CRC

LTAm Circulating
PMNs

GPI anchorm

(continued)
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8.7 Conclusion

The gut microbiota possesses a huge genomic and metabolic potential. It can also
have an impact on the immune system through microbial PRR receptors that live in
close proximity to these commensal microorganisms in the gut. Thus, the gut
microbiota constitutes a potential target for modulating colon cancer risk, through
diagnostic or treatment strategies, offering a very exciting field of investigation and
discoveries for scientists.
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Chapter 9

Oral Microbiome: Potential Link to Systemic

Diseases and Oral Cancer

Adrian A. Vasquez, Jeffrey L. Ram, Milad S. Qazazi, Jun Sun,

and Ikuko Kato

Abstract The human oral microbiome comprises more than 2,000 bacterial taxa,

including a large number of opportunistic pathogens, and it is considered to be the

second most diverse microbial community following stool. However, oral

microbiome as a whole in determining human health and diseases has been

understudied compared with the gut microbiome. Yet, potential links between

oral bacteria and a range of systemic diseases have long been recognized based

on their associations with periodontal diseases and surgical dental procedures.

These pathological conditions include sepsis/endocarditis, cardiovascular diseases

and their established risk factors, chronic kidney disease, Alzheimer’s disease,

rheumatoid arthritis, and head and neck cancer, and are reviewed here. Although

local inflammation and physical interventions from dietary and hygiene habits can

facilitate systemic dissemination of oral bacteria, studies have delineated several

bacterial virulence factors from oral pathogens that are involved in systemic

dissemination, inflammation, immune evasion, and cytotoxicities, and are thus

relevant to systemic diseases. Unfortunately, mechanistic information to date has

been primarily derived from a few periodontal pathogens. To fully elucidate host–

microbial and microbial–microbial interactions pertinent to human health and

disease, use of a multi-omics approach, including metagenomics, metabolomics,

and transcriptomics, may be required.
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9.1 Introduction

The link between oral health and systemic disease has been postulated for many

centuries. In fact, the focal infection theory resulted in many teeth being extracted

without relief for the patient during the nineteenth century (Li et al. 2000).

Although treatment methods may have changed, the basic idea of these outdated

treatments, that oral health may affect systemic health, is even more strongly

supported today. As is reviewed in this chapter, comprehensive studies of the oral

microbiome, its metabolic activities, and its potential for systemic pathogenicity

have been conducted and the association and mechanisms of interaction of the oral

microbiome with the rest of the body are the focus of much current research.

The oral microbiome consists of a wide range of microorganisms, e.g., viruses,

fungi, protozoa, archaea, and bacteria, and includes a large number of opportunistic

pathogens that are involved in dental, periodontal, respiratory, cardiovascular, and

other diseases. In fact, upper respiratory infection (common cold) caused by a range

of viruses is the most frequent acute illness diagnosed worldwide (Vos et al. 2015),

and most people experience caries and periodontitis caused by oral bacteria in their

lifetime (Warinner et al. 2014). Also, Epstein–Barr virus and human papilloma

virus have long been recognized to be causal agents for nasopharyngeal and

oropharyngeal cancers respectively. This high rate of infections by opportunistic

pathogens suggests a state of dysbiosis of the oral microbiome rather than symbi-

osis, as occurs with other human microbiomes.

Yet, the oral microbiome as a whole in determining human health and diseases

has been rather understudied compared with the gut microbiome. Older studies

relied on the presence or severity of periodontal diseases and culture from these

lesions in assessing the effects of oral bacteria on the risk of various diseases.

However, recent progress in genomic technology based on 16S rRNA sequencing

has revolutionized this field, providing a culture-independent comprehensive view

of the oral bacterial community. Exploiting this rapidly growing information, the

chapter primarily focuses on bacteria, with some reservations. The chapter does not

address well-established bacterial etiology, i.e., the associations with dental and

periodontal diseases, and aspiration pneumonia, and also excludes literature

concerning oral pathogens migrating and growing in the lower digestive tract as

part of its local flora, because the associations with such bacteria are covered by

other chapters. In addition to those chapters, there are excellent reviews on this

emerging issue, specifically the association between bacteria originating in the oral

cavity (such as Fusobacterium) and colorectal cancer, and their plausible biological

pathways (Sun and Kato 2016; Flynn et al. 2016). We further limit the description

to the diseases for which evidence suggests involvement of specific bacteria, their

toxin/virulence factors, or antibiotic/probiotic treatment, beyond their associations

with periodontal diseases or dental caries alone. Here, we summarize current

understanding of the potential link between oral bacteria and a range of systemic

diseases and oral (head and neck) cancers.
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9.2 Oral Microbiome Composition, Diversity, Evolution,

Acquisition and Development

The human oral microbiome consists of hundreds of species of bacteria in addition

to viruses and fungi. Collectively, this community of organisms contributes to the

well-being or dysregulation of the host. Ecologically, the oral microbiome is very

diverse and with the advent of DNA sequencing advances, much progress has been

made in this area. In fact, the diversity of the oral microbiome is suggested to be

among the best known to date (Duran-Pinedo and Frias-Lopez 2015). However,

fundamental ecological knowledge about the human oral microbiome is still

lacking, and research aimed at answering some of these questions is needed.

The 2,000 or so bacterial taxa that inhabit the oral microbiome give rise to a

plethora of diseases (Warinner et al. 2014). Studies of ancient dental plaque

revealed a constantly evolving acquisition and turnover of the oral microbiome as

human populations expanded, diversified, and fluctuated among hunter–gatherer,

agrarian, industrial, and post-industrial (Adler et al. 2013). Their results suggest

that recent populations of bacteria in the oral microbiome might be less diverse than

ancient populations and that this might result in the disease states seen today.

A recent work summarized the application of ecological principles for studying

the oral microbiome (Zaura and Mira 2015). This perspective is important because

the oral microbiome can be analyzed as a typical ecological habitat, encompassing

both abiotic and biotic factors. Mclean (2014) summarizes present strategies and

suggests that future studies might need to focus on pH, an abiotic factor within the

ecological perspective.

An insightful review of the acquisition of the oral microbiome analyzed it in the

context of ecological succession concepts (Sampaio-Maia and Monteiro-Silva

2014). They indicate that the first colonizers are Streptococcus and Staphylococcus,
and their role in succession can be compared with species that inhabit habitats that

are just being made available (Sampaio-Maia and Monteiro-Silva 2014). These

species are considered r-selected species that have a high reproductive and growth

rate and exploit new territory (Green 1980). Bacteria are further colonized through

the process of microbial succession, leading to complex and stable communities

(Sampaio-Maia and Monteiro-Silva 2014). The last colonizers include slow-

growing bacteria such as Fusobacteria that are very stable and successful once

established (Green 1980; Sampaio-Maia and Monteiro-Silva 2014). Other studies

previously reported a similar succession of bacteria when oral microbiota of

children at various developmental stages were analyzed (Crielaard et al. 2011).

Acquiring the oral microbiome after birth is essential and is considered by some

groups as the critical first step to maintaining a normal oral microbiome during

adult life (Zaura et al. 2014). If the delivery is by the vagina, newborns show a

higher oral microbiome taxonomic diversity comprising Haemophilus
parainfluenzae, Streptococcus sanguinis, Streptococcus spp., and Cardiobacterium
hominis in comparison with the microbiomes of newborns delivered by Cesarean

(C)-section (Lif Holgerson et al. 2011). In contrast, oral bacteria in newborns
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delivered by C-section had higher populations of Slackia exigua, Veillonella spp.,

V. atypica, and V. parvula (Lif Holgerson et al. 2011). As suggested by Holgerson

et al. (2013), oral microbiomes also differed in breastfed and formula-fed new-

borns. The oral microbiome of breastfed newborns included Lactobacillus and

Streptococcus, whereas formula-fed newborns had more anaerobic bacteria and

lacked lactobacilli (Holgerson et al. 2013).

With the advent of powerful omics technologies including transcriptomics, prote-

omics, and metabolomics, we are getting a deeper view of the composition of the oral

microbiome. Results from the Human Microbiome Project Consortium gave great

insights into the diversity and variation between body habitats and between races, but

left many questions unanswered (Human Microbiome Project Consortium 2012).

Compared with other body sites such as stool, skin, and vagina the oral microbiome

had the highest median alpha diversity operational taxonomic units (OTUs), but one of

the lowest beta diversities (Human Microbiome Project Consortium 2012). The NIH

HumanMicrobiome Project states on its online portal that it has been developed to be a

“central repository for all HumanMicrobiome Project data with the aim to characterize

microbial communities found at multiple human body sites” (http://hmpdacc.org/).

This resource is continually updated and can be consulted to access themost up-to-date

literature on the panmicrobial communities. The site describes each habitat as having a

core resident bacteria population that distinguishes it fromother locations. For example,

the oral cavity mostly comprises Streptococcus, Haemophilus (buccal mucosa), Acti-
nomyces (supragingival plaque),Prevotella (adjacent to the subgingival plaque), and to
a lesser degree Corynebacterium, Moraxella, Propionibacterium, and Veillonella
(Human_Microbiome_Project_Consortium 2012). A study using this public database

mined the metagenomics data to construct and portray host genetic variation correla-

tions with oral microbiota (Blekhman et al. 2015). This approach revealed correlations

in alpha (within individual) diversity between host variation and body sites such as the

oral microbiome (Blekhman et al. 2015). Another interesting result was the alpha

diversity correlation between stool and palatine tonsils (Blekhman et al. 2015).

The habitats within the mouth have been described as containing distinct micro-

environments that support specific populations of microbes (Warinner et al. 2015).

Using fluorescent probes, a recent paper by Mark Welch et al. (2016), demonstrated

the spatial distribution of bacteria in the mouth giving insights into the “biogeog-

raphy” of the mouth in which diverse habitats enable multiple species of bacteria to

co-exist. Not only are the bacteria of interest, but also the metabolome that arises,

such as the 400,000 protein families from the oral cavity that have not yet been

functionally characterized (Human_Microbiome_Project_Consortium 2012).

Studies of the ecology and metabolome of the oral microbiome continue to

expand our understanding and appreciation of the integral role that the oral

microbiome plays in human health. With continued research on the oral

microbiome, our knowledge is likely to expand to the high level that has recently

been achieved for the gut microbiome. Advances in preventing and restoring gut

microbiome dysfunction have been especially important for human health in recent

times, and we expect similar benefits with an increased understanding of the roles of

the oral microbiome in human health.
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9.3 Associations with Pathological Conditions

9.3.1 Bacteremia and Endocarditis

Bacteria in the mouth can be a source of systemic infection, leading to bacteremia.

Bacteria that have mediated such infections include Streptococcus spp. and Lacto-
bacillus spp., and serious systemic infections are most frequently reported in

immunosuppressed or immunocompromised patients, or those with other serious

health issues, such as vascular disease or diabetes. In addition, bacteria that are not

specifically associated with the oral microbiome, but that may exist there as

transient oronasal commensals, such as S. aureus, may also become the source of

systemic infections. Endocarditis infections are most frequently reported; infec-

tions with noncardiac involvement occur as well.

Several studies have observed that the most commonly observed species present

in bacteremia following dental procedures are various streptococcal species, includ-

ing Streptococcus spp., Peptostreptococcus micros (Bahrani-Mougeot et al. 2008),

S. mitis, S. oralis, and S. sanguinis (Forner et al. 2006). Veillonella dispar or

V. parvula, and Dialister pneumosintes have also been reported (Bahrani-Mougeot

et al. 2008). A brain abscess that occurred following a dental extraction has been

attributed to Arcanobacterium haemolyticum (Vargas et al. 2006).

Infections of heart valves, a condition known as endocarditis, often require

surgery (valve replacement) and are associated with high levels of morbidity and

mortality (Pang et al. 2015). While the bacteria that cause endocarditis may

sometimes be of cutaneous or unknown origin, about 30% of endocarditis cases

appear to have been caused by bacteria of dental origin (Delahaye et al. 2016).

Approximately 70% of these putative oral-source infections were caused by

viridans streptococci, although 10% were due to a group of species known as

HACEK bacteria (Haemophilus, Aggregatibacter, Cardiobacterium, Eikenella,
Kingella), and were usually associated with patients having concurrent dental

infections, including periodontal disease and tooth decay (Delahaye et al. 2016).

Streptococcus mutans, which is most frequently found in dental caries, is the most

prevalent bacteria of dental origin found in coronary artery endothelial cells in

patients undergoing heart valve surgery (Abranches et al. 2009); molecular identi-

fication techniques have confirmed this observation in a variety of cardiac tissues

(Oliveira et al. 2015; Nakano et al. 2009).

Although many endocarditis patients have periodontal disease, the decay-

causing bacteria S. mutans is found more commonly than the periodontal disease

pathogen P. gingivalis in the cardiac tissue (Oliveira et al. 2015). Various authors

have speculated that this might indicate that S. mutans may more readily evade

immune system responses when translocating from the oral cavity to cardiac

tissues. Despite a mortality rate of 5–10% (up to 30% for in-hospital subjects) for

patients with endocarditis, this degree of mortality seems more frequently associ-

ated with non-oral bacteria (often S. aureus) than Streptococcus spp. (Pang et al.

2015; Slipczuk et al. 2013). However, although S. aureus is often assumed to be of
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non-oral origin, cases have been reported in which the suspected source is from

dental procedures (Kasmi et al. 2014). Nevertheless, despite the seriousness of the

condition, endocarditis of oral origin associated with S. mutans seems less likely

than with S. aureus to result in death and also, the global rate of oral Streptococcus
involvement in infectious endocarditis has decreased in recent decades (Selton-

Suty et al. 2001).

9.3.2 Cardiovascular Diseases

Much evidence accumulated over several decades supports an association of

cardiovascular diseases (CVDs) with oral bacteria. These studies encompass

major cardiovascular events, i.e., ischemic heart disease and stroke, and well-

established risk factors for these conditions namely, hypertension, atherosclerosis,

and metabolic syndrome consisting of dyslipidemia, abdominal obesity, and high

blood sugar. This section summarizes these conditions according to various types of

available evidence.

9.3.2.1 The Association with Periodontal Disease and Its Treatments

Several meta-analysis studies examined associations between periodontal disease

defined by diverse measures and different types of CVD and its precursors. Nibali

et al. summarized 20 studies published through 2011. Using a random effects

model, they reported that the presence of metabolic syndrome is associated with

the presence of periodontitis in a total of 36,337 subjects (odds ratio [OR] 1.71;

95% confidence interval [CI] 1.42–2.03). When only studies with definite diagnoses

were included (n ¼ 16,405), the magnitude of association increased to an OR of

2.09 (95% CI 1.28–3.44). However, the directionality of this association (i.e., which

condition makes the other more susceptible) has been controversial, as most studies

have relied on the cross-sectional study design (Watanabe and Cho 2014). In fact,

only one group of investigators used a longitudinal study design and demonstrated

that the onset of two of more metabolic syndrome components during follow-up is

associated with the presence of periodontal pockets at baseline (Morita et al. 2010).

Zeng et al. recently analyzed 15 observational studies concerning periodontal

disease and carotid atherosclerosis that were published through February 2015 and

involved a total of 17,330 participants (Zeng et al. 2016). They reported a pooled

OR of 1.27 (95% CI: 1.14–1.41) with statistically significant heterogeneity. Sub-

group analysis adjusted for smoking and diabetes mellitus weakened this associa-

tion (OR: 1.08; 95% CI: 1.00–1.18). Again, the data from longitudinal studies are

limited. A study from Austria failed to show a significant association with the

Periodontal Index, but showed significant associations with decayed, missing or

filled teeth and with poor oral hygiene (Schillinger et al. 2006).
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Blaizot et al. reviewed 29 observational studies published between 1989 and

2007 on various CVD endpoints (including coronary heart disease, stroke, and

atherosclerosis), yielding pooled odds ratios of 2.35 (95% CI 1.87–2.96) for case–

control and 1.34 (95% CI 1.27–1.42) for cohort studies. Since then a few new

studies (both case–control and cohort) have reported stronger associations (OR 4–8)

of periodontitis with stroke (Pradeep et al. 2010; Sim et al. 2008; Jimenez et al.

2009). Two of these studies (Sim et al. 2008; Jimenez et al. 2009) suggest that there

might be a further increase in risk in younger (<60 or <65 years) populations.

Furthermore, several clinical trials of periodontal treatments have provided

additional evidence to reinforce the associations reported in observational studies.

In a single arm study, the standard periodontal treatment (scaling and root planing)

resulted in an improved blood lipid profile during a 12-month follow-up (Buhlin

et al. 2009). Another single arm study using anti-infective periodontal therapy

found reduction of carotid intima media thickness after 12 months of the treatment

(Piconi et al. 2009). Likewise, a Turkish group reported significant improvement in

endothelial function immediately after nonsurgical periodontal therapy

(Mercanoglu et al. 2004). As the control group without treatment in this study

consisted of individuals without periodontitis, the authors did not completely rule

out chronological fluctuations in endothelial function in patients with periodontitis.

Finally, a randomized clinical trial comparing the standard versus intensive peri-

odontal therapies revealed that topical antibiotic administration resulted in a sig-

nificant improvement in the blood lipid profile (D’Aiuto et al. 2006).

9.3.2.2 Serum Antibodies Against Oral Bacteria

Serological assays to detect and quantify antibodies against specific oral pathogens

were often used in earlier studies to address the role of specific bacteria. Most

investigators used whole bacteria extract as an antigen, applying it to an ELISA,

whereas a few other recent studies focused on antibodies against specific bacterial

virulence proteins. In these studies, IgG antibody or IgG and IgA antibodies were

measured. Most commonly studied are Porphyromonas gingivalis and

Aggregatibacter actinomycetemcomitans. Mustapha et al. performed a meta-

analysis including various types of CVD endpoints (Mustapha et al. 2007),

reporting a summary odds ratio for coronary heart disease of 1.75 (95% CI

1.32–2.34), combining all bacterial and antibody types together, whereas no

increase in risk was observed for stroke. A subsequent cohort study concerning

stroke did not yield ORs consistently increased across genders (Pussinen et al.

2007). Conversely, a case–control study measuring antibodies against four peri-

odontal pathogens, including Tannerella forsythia and Treponema denticola, in
addition to the two aforementioned bacteria, confirmed that higher antibody levels

in any of these bacteria were associated with an increased risk for myocardial

infarction (Lund Håheim et al. 2008). Hyvärinen et al. (2012) reported significantly

higher IgA levels against A. actinomycetemcomitans in patients with acute coronary
syndrome compared with control subjects. The meta-analysis by Mustapha et al.
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(2007) also revealed that individuals with elevated. P. gingivalis antibodies

presented with a more advanced degree of atherosclerosis, measured by carotid

intimal media thickness, whereas Beck et al. suggested that an increase in carotid

intimal media thickness might have been associated with antibody titers to a wider

range of oral bacteria including some commensals such as S. oralis (Beck et al.

2005). Jeong et al. specifically investigated auto-immune reactions to a peptide

(Pep19) from P. gingivalis human heat shock protein 60 homolog, GroEL, and

found that patients diagnosed with atherosclerosis had higher antibody titers to this

bacterial protein (Jeong et al. 2012). Moreover, two recent cross-sectional studies

have described an increased risk for metabolic syndrome being associated with

elevated antibody titers to P. gingivalis and to A. actinomycetemcomitans in Japan

(Iwasaki et al. 2016) and in Finland (Hyvärinen et al. 2015) respectively.

9.3.2.3 Bacteria from the Oral Cavity

The presence of antibodies to oral pathogens does not necessarily distinguish past

and current active infection. Several recent studies made attempts to detect and

quantify oral bacteria that were compared according to clinical phenotypes. Using

real-time polymer chain reaction (PCR), Matsushita et al. (2015) reported that a

component of metabolic syndrome, abdominal obesity, was associated with the

presence of three high-risk periodontal pathogens, P. gingivalis, T. forsythia, and
T. denticola, in buccal swab samples. Using pyrosequencing of bacterial 16S rRNA,

Koren et al. (2011) discovered associations between dyslipidemia in low-density

lipoprotein (LDL) and high-density lipoprotein (HDL) levels, with an abundance of

Fusobacterium and Streptococcus abundance oral swab samples. Desvarieux et al.

(2010) applied DNA–DNA hybridization techniques to test 11 bacteria in

subgingival plaques and calculated the total bacterial load and the sums of three

bacterial groups with different periodontal risk levels. The total bacterial loads were

linearly positively associated with both diastolic and systolic blood pressures. The

prevalence of hypertension also increased progressively with an increase in the

loads from etiological and putative groups of bacteria. Using the same methodol-

ogy, these authors described significant positive associations of degree of athero-

sclerosis, measured by carotid intima media thickness, with both cumulative and

etiological bacterial loads (Desvarieux et al. 2005). A more recent longitudinal

study by the same authors has proved that an increase in etiological bacterial loads

over a median 3-year follow-up was associated with progressive thickening of the

common carotid artery (Desvarieux et al. 2013). Furthermore, a tenfold increment

in salivary Aggregatibacter actinomycetemcomitans counts has been noted to

increase the risk of acute coronary syndrome 4.31-fold (95CI 1.06–17.5) and that

of stable coronary artery disease 7.47-fold (95% CI 1.57–35.5) (Hyvärinen et al.

2012). However, these associations were not replicated when the same group of

investigators examined subgingival plaque bacteria (Mäntylä et al. 2013). 16S

rRNA pyrosequencing data have provided a different view, pointing to an associ-

ation of history of myocardial infarction or stroke with a relative abundance of
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Anaeroglobus, a new member of the family Veillonellaceae, compared with pop-

ulation controls (Fåk et al. 2015). This study also uncovered 29 additional genera or

families differentially distributed between both control groups (population and

hospital) combined and patients with a history of myocardial infarction or stroke

(Fåk et al. 2015). Most of these 29, however, were not established periodontal

pathogens, making the interpretation of these results difficult, until the associations

are confirmed by independent studies.

9.3.2.4 Laboratory Studies

Thus far, experimental models to test the effects of periodontal infection on the

development of CVDs and their precursors have mostly relied on oral inoculation of

P. gingivalis alone. However, a study by Blasco-Baque et al. (2012) applied mixed

infection of P. gingivalis, Prevotella intermediat, and Fusobacterium nucleatum to

C57BL/6 mice fed on a high-fat diet, mimicking the bacteria that occur with human

periodontitis. They found that experimental periodontal infection augmented sev-

eral components of metabolic syndrome, i.e., elevated systolic and diastolic blood

pressure and glucose intolerance. A more recent metabolomic study in P. gingivalis
inoculated C57BL/6 mice not only demonstrated the development of hyperglyce-

mia and hyperinsulinemia, but also revealed changes in metabolomic profiles in the

brain, liver and heart, and plasma (Ilievski et al. 2016). Specifically, in the hearts,

the upregulation of the glycolytic pathway, indicative of ischemia, was noted,

whereas a microbially derived metabolite, 4-ethylphenylsulfate, was systemically

elevated. Other investigators used genetically modified mice susceptible to CVD. In

ApoE-null or deficient mice, oral inoculation of P. gingivalis accelerated the growth
of atherosclerotic lesions, which was accompanied by increases in several inflam-

matory markers, such as VCAM, interleukin (IL)-6 and toll-like receptors (TLRs),

in the aorta and serum (Lalla et al. 2003; Gibson et al. 2004; Miyamoto et al. 2006;

Madan et al. 2007). Furthermore, a study by Gibson et al. (2004) demonstrated that

the acceleration of atherosclerosis by experimental P. gingivalis infection depended
on the presence of fimbriae, as fimA mutant strains failed to replicate these pheno-

types. According to Turunen et al. (2012), P. gingivalis arginine-specific gingipain
(Rgp) is responsible for inducing the production of auto-antibodies against oxidized

LDL that play a vital role in atherosclerosis. Jeong et al. (2015) further reported that

auto-immune reactions to peptides from a P. gingivalis human heat shock protein

60 homolog, GroEL, are crucial in the development of arterial plaque and

hypercholesteremia in ApoE-null mice on a high-fat diet. Importantly, immuniza-

tion with heat-killed whole bacteria or antibiotic treatment in these mouse models

prevents the acceleration of atherosclerosis in addition to inflammatory responses

(Gibson et al. 2004; Miyamoto et al. 2006; Madan et al. 2007; Turunen et al. 2012),

reinforcing the potential causal association.
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9.3.3 Chronic Kidney Disease

Patients with chronic kidney disease (CKD) present decreased function (glomerular

filtration rate [GFR]<60mL/min per 1.73m2), whichmay lead to kidney failure (GFR

<15 mL/min per 1.732 m2) and end-stage renal disease (ESRD). The association

between periodontitis and CKD has been documented in both cross-sectional and

cohort studies. In community residents in the USA, severe peritonitis is associated

with a twofold (OR 2.0; 95% CI 1.23–3.24) increased risk of CKD (Kshirsagar et al.

2005), whereas the presence of periodontitis is associated with an increase in risk of

CKD of 1.6-fold (OR 1.62; 95% CI 1.17–2.26) in the National Health and Nutrition

Examination Survey (NHANES) III study (Fisher et al. 2011). Furthermore, the latter

study clarified that the association with periodontitis was mediated through the devel-

opment of hypertension and diabetes, which are known risk factors for CKD. A cohort

study among native Americans with type 2 diabetes found a five-fold (hazard ratio

1.49; 95%CI 1.4–17.4) increased incidence of ESRD associatedwithmoderate/severe

periodontitis compared with no/mild periodontitis (Shultis et al. 2007). Similarly, a

longitudinal study in Japan showed that elderly people with a larger inflamed peri-

odontal surface area at the beginning of the study exhibited a significantly greater

decline in in kidney function 2 years later (Iwasaki et al. 2012a). Corroboratively, high

levels of antibodies against the periodontal pathogens, P. gingivalis, T. denticola, and
A. actinomycetemcomitanswere associatedwith CKD,with an odds ratio ranging from
1.6 to 1.8 in USA residents (Kshirsagar et al. 2007), and Japanese elderly people with

elevated antibody titers toP. gingivaliswere 2.6 (95%CI 1.05–3.64) times more likely

to present CKD (Iwasaki et al. 2012b). Finally, one small single-arm clinical trial

demonstrated that nonsurgical periodontal treatment led to a significant improvement

in kidney function,measured by serumcystatinC levels (Graziani et al. 2010). Because

there has not been convincing evidence supporting the direct involvement of periodon-

tal pathogens in specific pathological kidney conditions or detection of those pathogens

in patients’ urine, the observed associations most likely represent the indirect effects of

oral pathogens through cardiovascular risk factors as discussed above.

9.3.4 Alzheimer’s Disease

Alzheimer’s disease (AD) is a type of dementia that occurs commonly in the

elderly. This progressive neurodegenerative disease affects regions of the brain

associated with memory, speech, and awareness of surroundings (Faizi et al. 2016).

Despite numerous studies to elucidate the pathogenesis of this disease, little pro-

gress has been made in understanding its causes or effective treatments that can

cure the disease (Miklossy 2015). Increases in spending by >$1 trillion in the USA

have been predicted by the year 2050 for treating AD in the 13–14 million people

who may be suffering from AD by then (Olsen and Singhrao 2015).
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The disease starts with short-term memory loss and anxio-depressive symptoms

followed by orientation and verbal difficulties (Miklossy 2015). Patients usually

survive with the disease for a decade or more, and death could occur from a

secondary infection, due to pneumonia or a urinary infection (Miklossy 2015).

Periodontitis is one of the factors that can possibly promote the development of

AD, as a sixfold increase in the rate of cognitive decline over a 6-month follow-up

period has been reported in AD patients with periodontitis compared with those

without (Ide et al. 2016). Periodontitis is a chronic disease, accelerated by the

formation of bacteria biofilm that adheres to the surfaces of the tooth to the gingiva

(Noble et al. 2014). Periodontitis patients show an elevated pro-inflammatory state,

demonstrated by high serum C-reactive protein and pro-inflammatory cytokines (e.g.,

tumor necrosis factor α [TNFα]) levels, which results in a decrease in the anti-

inflammatory capacities (Ide et al. 2016). The increase in serum bacterial lipopoly-

saccharide (LPS) in patients with periodontitis was detected after chewing and eating

(Ide et al. 2016), suggesting bacterial translocation through oral mucosa to the blood

stream, and possibly to the brain. Intact bacteria, bacterial virulence factors, and

inflammatory mediators can be disseminated to the brain via the blood stream from

the oral cavity, which harbors various periodontal pathogens (Olsen and Singhrao

2015). Increases in amyloid beta (Aβ) and tau protein that have been linked to

pathological AD conditions may result from the systemic inflammatory products

formed by periodontal disease (Watts et al. 2008). The effects of infectious agents

and increased inflammatory mediators in the development of AD may be medicated

through the APOEɛ4 genotype. Live bacteria, LPS, and other toxic bacterial products
can penetrate the human brain. APOEɛ4, TNFα, and perhaps ephrin type-A receptor

1 are factors that can impair the integrity of the blood–brain barrier (BBB), which

allows live bacteria, LPS, and other toxic bacteria to easily penetrate the brain (Olsen

and Singhrao 2015). Specifically, APOEɛ4 leads to BBB breakdown in brain

pericytes by activating the cyclophilin A-matrix metalloproteinase 9 (MMP-9) path-

way, which is also involved in periodontal disease. Chlamydophila pneumoniae
occasionally found in the oral cavity is found in 80–90% of the brain-tissue speci-

mens from late-onset AD patients that showed correlation with APOEɛ4 allele

expression, as was reported by Balin et al. (cited in Olsen and Singhrao 2015).

A prospective study has demonstrated that when the level of serum IgG against

periodontal pathogens (P. gingivalis) is increased, the risk of being diagnosed with

incident AD increases (Noble et al. 2014). Patients with and without AD can be

discriminated based on levels of a mixture of three periodontal bacterial IgG titers

(Noble et al. 2014). Actinomyces naeslundii are gram-positive rod-shaped bacteria

linked to matured dental plaque formation, gingivitis, and dental caries, and it plays

an important role in bone loss. A high level of serum A. naeslundii IgG was

determined to be related to an increased risk of AD (Noble et al. 2014). Eubacterium
nodatum is also a gram-positive, anaerobic rod-shaped bacterium that is associated

with lowering the risk of AD, but its role in oral pathogenesis has not been clearly

identified (Noble et al. 2014).

Another follow-up study was carried out to survey patients who were prospec-

tively converted to AD by looking at the serum antibodies to bacteria (Stein et al.
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2012). In a comparison with control subjects who did not develop AD or mild

cognitive impairment, patients who developed AD displayed a significant increase

in the levels of antibodies to F. nucleatum, T. denticola, and P. intermedia (Stein

et al. 2012).

Although the connection between peripheral inflammation/infections and brain

Aβ, a main pathological feature of AD, has been studied with human periodontal

disease, it has still not been determined whether peripheral inflammation or infec-

tions facilitates the accumulation of Aβ (Kamer et al. 2015). As discussed above,

both clinical evidence and data from animal models clearly indicate that inflam-

matory components are involved in the pathogenies of AD, but it remains to be

elucidated which form of peripheral inflammation or infectious settings plays a

significant role in the development of AD (Kamer et al. 2015).

9.3.5 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune chronic inflammatory disease affect-

ing multiple synovial joints. A possible association between RA and periodontitis

has been debated for the past 200 years (Rutger Persson 2012). An epidemiological

link between these two conditions has been primarily reported in case–control or

cross-sectional studies in various populations. A population-based cross-sectional

study from the NHANES pointed out that the presence of periodontitis increased

the risk of RA by 1.82-fold (95% CI 1.04–3.20) (De Pablo et al. 2008). In a Dutch

clinic-based study, the relative risk of RA was 3.6 (95% CI 2.3–5.5) and 3.7 (95%

CI 2.4–5.9) for moderate and severe periodontitis respectively (De Smit et al. 2012)

and a case–control multicenter study in India reported a 4.28-fold (95% CI

2.35–7.38) increased risk of RA associated with periodontitis (Potikuri et al.

2012). A more recent multicenter study in the USA confirmed that the association

was particularly evident for RA positive to antibody against citrullinated protein,

which is postulated to be generated by the enzymatic activity of periodontal

pathogens (Mikuls et al. 2014).

Porphyromonas gingivalis has been a focus of research interest in this associa-

tion, because it expresses a unique enzyme named peptidylarginine deiminase

(PAD), which catalyzes post-translational modification of arginine to citrulline

(Wegner et al. 2010). Citrullinated proteins are known to play a critical role in RA

pathogenesis, leading to production of autoantibodies. Several sero-epidemiological

studies corroborate this hypothesis, demonstrating antibody titers to this bacterium,

but not to other oral pathogens such as P. intermedia, F. nucleatum, Eikenella
corrodens, and A. actinomycetemcomitans, were elevated in RA patients compared

with controls (Okada et al. 2011; Hitchon et al. 2010; Mikuls et al. 2009). This

association was also observed even among individuals who were positive to

RA-associated autoantibodies, but do not present clinical signs/symptoms of

RA, disputing the possibility that periodontal disease is a consequence of RA

(Mikuls et al. 2012). Jeong et al. (2012) reported that auto-immune reactions to a

206 A.A. Vasquez et al.



peptide (Pep19) from P. gingivalis, a human heat shock protein 60 homolog, GroEL,

may play an additional role in the development of RA, as serum antibodies against

this peptide from P. gingivalis in RA patients were elevated compared with those

against other nonperiodontal pathogens. There are also supporting data from mouse

experimental arthritis models. Pretreatment with oral inoculation of P. gingivalis led
to the development of severe arthritis (Cantley et al. 2011), whereas immunization

with P. gingivalis enolase induced autoimmunity to human enolase and clinical

arthritis (Kinloch et al. 2011).

More recent studies based on culture-independent, high-throughput sequencing

techniques examined the associations of RA with more comprehensive microbial

community structure. Scher et al. reported using 16S ribosomal RNA gene

pyrosequencing that not P. gingivalis, but Anaeroglobus geminatus and Prevotella
and Leptotrichia species may play a role in RA pathogenesis (Scher et al. 2012). In

a metagenome-wide study, alterations in the dental or saliva microbiome distin-

guished individuals with RA from healthy controls and correlated with clinical

measures of RA. In particular, Haemophilus spp. were depleted in individuals with

RA and correlated negatively with levels of serum autoantibodies, whereas Lacto-
bacillus salivarius was over-represented in individuals with RA and was present in

increased amounts in cases of very active RA. This dysbiosis was also partially

restored in treated RA patients (Zhang et al. 2015). These studies suggest a

possibility that a wider range of oral microbiome or overall community balance

might be involved in the pathogenesis of RA.

9.3.6 Oral Cancer

9.3.6.1 Cancer Development

The associations of the presence of periodontal disease and the risk of head and

neck cancer have been studied in cross-sectional, case–control, and cohort studies.

In the study based on the National Health and Nutrition Examination Survey

(NHANES), the severity of periodontal disease was assessed by clinical attachment

loss (CAL). More than 15 mm of CAL was strongly associated with the presence of

a benign tumor ( OR 4.57, 95% CI 2.25–9.30) and precancerous lesions

(OR¼ 1.55, 95% CI 1.06–2.27) (Tezal et al. 2005). The same authors subsequently

conducted a case–control study for head and neck cancer (oral, oropharyngeal, and

laryngeal cancer) at Rosewell Park Cancer Institute, using alveolar bone loss (ABL)

as a measure of periodontitis (Tezal et al. 2009). The authors demonstrated that a

1-mm increase in ABL is associated with a fourfold increase in the risk of head and

neck cancer (OR¼ 4.36, 95% CI 3.16–6.01). The association was strongest for oral,

intermediate for oropharyngeal, and weakest for laryngeal cancer. A more recent

case–control study conducted in India indicated an approximately twofold

increased risk of oral cancer associated with severe gingivitis (OR 2.28, 95% CI

1.18–4.38) and generalized gingival recession (OR 1.74, 95CI 1.15–2.62) (Laprise
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et al. 2016) with adjustment for a priori selected covariates. Despite these positive

findings, a prospective cohort study in US male health professionals failed to

confirm the increased risk of oropharyngeal cancer based on self-reported peri-

odontal disease with bone loss (Michaud et al. 2008). Other head and neck cancer

sites were not evaluated in this study (Michaud et al. 2008). However, it is

important to note that the two well-known periodontal pathogens, P. gingivalis
and F. nucleatum, were recently tested in a new murine chemical carcinogenesis

model (Gallimidi et al. 2015). Oral inoculation of these bacteria before and after

chemical carcinogen exposure significantly increased tumor size and invasion,

through the IL6–STAT3 pathway. Furthermore, co-culture of P. gingivalis in

immortalized keratinocytes leads to epithelial–mesenchymal transition

(Sztukowska et al. 2016) and in oral cancer cells increases cancer stem cell

properties and thus the aggressiveness of cancer (Ha et al. 2015).

Porphyromonas gingivalis has been found to colonize on tumor surfaces more

densely than on normal mucosa and it can attach and invade gingival epithelial cells

through the interaction between fimbriae and host integrin (Yilmaz et al. 2003). It

also targets dividing cells in the S phase (Al-Taweel et al. 2016). Potential involve-

ment of Streptococcus, which is preferentially found in dental plaques, has also

been reported, as it is more frequently detected on oral and pharyngeal cancer sites

or in the oral cavity of these patients than in control samples (Sasaki et al. 2005;

Tateda et al. 2000). In addition to these studies focusing on specific oral pathogens,

others have attempted to characterize the poly-microbial community associated

with oral and pharyngeal cancer, employing various techniques, and have yielded

highly variable results (Nagy et al. 1998; Mager et al. 2005; Hooper et al. 2006,

2007; Pushalkar et al. 2011, 2012; Schmidt et al. 2014; Sonalika et al. 2012; Hu

et al. 2016). However, as summarized in Table 9.1, over-representation of Strepto-
coccus, Fusobacterium, and Prevotella in cancer specimens was noted by multiple

studies.

9.3.6.2 Treatment Outcome/Complications

Treatments for head and neck cancer have changed substantially over the past few

decades, with increased use of chemoradiation, which has led to improvement in

overall survival and local tumor control. Unfortunately, this type of treatment often

causes a range of acute and late oral complications (Epstein et al. 2012) and the oral

microbiome has been implicated in the development and progression of some of

these conditions. Xerostomia are well-known common side effects from radiation

therapy for head and neck cancer, which leads to a dramatic shift in the core

structure of the oral microbiome (Gao et al. 2015; Hu et al. 2013) and in abundance

of pathogenic bacteria and fungi (Almståhl et al. 2015; Tong et al. 2003; Brown

et al. 1975). In addition, immunosuppression due to systemic chemotherapy exac-

erbates these dysbiotic conditions (Panghal et al. 2012).

Treatment-induced oral and oropharyngeal mucositis is an acute debilitating and

troublesome condition that profoundly affects patient quality of life. Bacterial
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overgrowth on the affected mucosa and their invasion through ulceration and

impaired mucosal barrier also represents a possible source of systemic opportunis-

tic infection or sepsis (Al-Ansari et al. 2015; Meurman et al. 1997). For example,

Staphylococcus aureus and S. epidermidis have been more frequently isolated from

both the oral cavity and the blood of patients who received chemotherapy or

chemoradiation for oral squamous cell carcinoma than from those who received

radiation alone (Panghal et al. 2012). Dysbiosis induced by cytotoxic treatments

weakens mucosal protection by resident oral bacteria and leads to enhanced

pro-inflammatory reactions to exacerbate and extend mucositis, which initially

arises from damaged epithelial cells directly by cytotoxic agents (Donnelly et al.

2003; Stringer and Logan 2015). Using qPCR, Laheij et al. (2012) compared the

abundance of selected bacteria in oral rinse samples from cancer patients who

developed moderate to severe (ulcerative) mucositis and those who developed no

or mild mucositis and found that P. gingivalis in particular, in addition to

T. denticola and F. nucleatum, were more abundant and Parvimonas micra was

less abundant in moderate to severe mucositis patients than in those with no or mild

mucositis. More recently, using 16S rRNA amplicon pyrosequencing, Ye et al.

(2013) conducted a prospective study among Swedish pediatric cancer patients.

They found that, compared with children who did not develop mucositis, children

who developed mucositis have higher microbial community diversity (Shannon

index) with increased frequencies of Capnocytophaga, Peptostreptococcaceae,

lactococci, Fusobacteria, and Spirochaetes in their oral mucosa.

Besides these acute toxicities, other important late complications in which the

oral microbiome is involved are dental caries and osteoradionecrosis (Buglione

et al. 2016). A major microbial shift associated with hyposalivation due to radiation

is an increase in cariogenic bacteria, specifically Streptococcus and Lactobacillus
species, which are acid-producing bacteria, as documented by many studies

(Almståhl et al. 2015; Tong et al. 2003; Brown et al. 1975). Moreover,

hyposalivation leads to loss of buffering capacity, thus further lowering oral pH,

and to a decreased supply of enamel remineralization substrates (Deng et al. 2015;

Epstein et al. 2012), both of which contribute to the development of dental

demineralization and caries. Osteoradionecrosis is a necrotic process resulting

from radiation-activated fibrosis and inflammation in irradiated bones (mandible

and maxilla). Under this condition, minimal external trauma can cause ulceration,

facilitating certain bacterial infection and leading to osteomyelitis (Chrcanovic

et al. 2010; Silvestre-Rangil and Silvestre 2011). Several studies have reported

the frequent detection of Actinomyces in affected bones (Hansen et al. 2006a, b;

Støre et al. 2005). Other isolated bacteria are mainly anaerobic, including

P. gingivalis, F. nucleatum, and Prevotella (Støre et al. 2005; Aas et al. 2010).

Active roles of these bacteria in the pathogenesis of the disease are unclear, but

bacterial infection complicates the disease process, impeding successful treatment

(Hansen et al. 2006a, b).

Despite these known complications, direct evidence is still lacking as to whether

preexisting and treatment-induced oral dysbiosis alters treatment outcome and

patient survival in head and neck cancer patients.
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9.4 Potential Mechanisms

9.4.1 Experimental Models

9.4.1.1 Animal Models

In addressing mechanistic questions, animal models have distinct advantages over

in-vitro studies that take place on plastic surfaces with limited numbers of cell types

present. Various animal models for studying the host–bacterial interactions

involved in periodontitis have been developed to test bacterial colonization, inva-

sion, induction of host responses, and a repair process (De Molon et al. 2013;

Graves et al. 2012). Although large animal models such as nonhuman primates and

dogs exist, most studies use rodent (rat and mouse) models. Bacterial inoculation or

induction of host responses can be achieved by several modes. One called the

“ligature model” physically induces indigenous bacterial accumulation in dental

plaques by placing ligatures around teeth. Other models use direct injection of

bacterial virulence factors, such as LPS or fimbriae, or bacteria themselves into

local tissues, e.g., gingiva and scarp (Graves et al. 2012). All of these are acute

models primarily used to study the effects and mechanisms of the development of

periodontal disease. The most relevant animal model for studying the chronic

effects on the development of systemic diseases is the oral gavage model, where

human bacterial cultures are inoculated into an animal oral cavity. This model also

allows investigators to examine every step of the model host response (De Molon

et al. 2013). A variant of this model is the A. actinomycetemcomitans infection

model, in which the bacteria are given with the animal feed (Graves et al. 2012). In

these models, investigators are able to test mutant bacterial strains that lack specific

virulence factors of interest, in addition to human clinical isolates. It should be kept

in mind, however, that in both models, the introduction of exogenous bacteria may

alter existing native oral flora, unless germ-free animals are used, which may

contribute to host responses and pathogenesis. Also, in studies of systemic disease,

various genetically modified animal models, such as ApoE-deficient mice suscep-

tible to CVD, are often used in conjunction with bacterial exposure (Kebschull et al.

2010), and bacterial inoculation has also been tested to augment the induction of

target diseases (e.g., cancer, CVD, arthritis) in established chemical, immunolog-

ical or dietary pathogenesis models (Gallimidi et al. 2015; Cantley et al. 2011;

Kebschull et al. 2010).

9.4.1.2 In-Vitro and Organotypic Models

Although standard monolayer culture of malignant or immortalized oral or gingival

cell lines have been used for co-culture, incubation or transfection studies with oral

pathogens or their virulence factors, recent advances in 3D culture technology

allow investigators to develop new in-vitro models consisting of multiple lineages
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of organ-specific cells that more closely mimic human organs. To our knowledge,

organoids derived from embryonic stem cells or organ-specific adult stem cells,

which are standard for other organs, have not yet been available for orodental and

pharyngeal structures (Clevers 2016). Instead, several 3D organotypic tissue culture

models have been constructed using tissue engineering technology and were orig-

inally aimed at clinical application to repair damaged oral tissue (Moharamzadeh

et al. 2007, 2012; Kinikoglu et al. 2015). These models have recently have been

appreciated for their utility in studying host–bacterial and epithelial–mesenchymal

interactions, oral carcinogenesis, and drug efficacy, as a potential alternative to

in-vivo testing. Typically, these artificial mucosae consist of three components,

epithelial cells, fibroblasts, and natural or synthetic scaffold, but the cells are not

from the same origins (not from one stem cell or the same individuals). Earlier

models often utilized established cell lines (malignant or immortalized), whereas

more recent models have used patients’ own keratinocytes and fibroblasts

(Mostefaoui et al. 2002; Kinikoglu et al. 2009; Moharamzadeh et al. 2008).

Moreover, Pe~na et al. developed a completely autologous oral mucosa equivalent

using a patient’s own materials, including fibrin as a scaffold (Pena et al. 2010,

2011). For oral carcinogenesis models, normal epithelial cells are replaced with oral

cancer or dysplastic oral keratinocyte cell lines (Colley et al. 2011). More complex

models incorporate immunological cells, i.e., monocytes, which may be more

suitable for testing host pro- and anti-inflammatory responses (Bao et al. 2015b).

In other models, dental tissue is placed on top of the epithelial culture (Gursoy et al.

2012) and bone is attached using a fibrin-based adhesive to engineered mucosa

(Almela et al. 2016). These models have been successfully employed to demon-

strate variabilities in penetration and intracellular invasion/survival of different

strains of periodontal pathogens, such as F. nucleatum and P. gingivalis (Andrian
et al. 2004; Gursoy et al. 2010; Pinnock et al. 2014), internalization of host

molecules by A. actinomycetemcomitans (Paino et al. 2012), intracellular delivery

of antibiotics (Wayakanon et al. 2013), and host immunological responses to

multispecies biofilm (Bao et al. 2015a).

9.4.2 Bacterial Toxin and Virulence Factors

This section is intended to provide information regarding selected nonspecific

bacterial virulence factors that are found ubiquitously in many oral bacteria and

species-specific virulence factors that have been well characterized in well-

established periodontal pathogens.
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9.4.2.1 Non-specific Universal

Lipopolysaccharide

Lipopolysaccharide (LPS) is a major surface component of the bacterial cell wall

and is an outer membrane glycolipid that is essential for virtually all Gram-negative

bacteria. LPS represents one of the conserved microbial structures that activates the

innate immune system (Trent et al. 2006). As a result, LPS is the best studied

bacterial universal virulence factor, and in fact one of the commonly used animal

models of periodontal disease is based on LPS injection (De Molon et al. 2013).

Because of its ubiquitous presence within our environment and in vivo, circulating

LPS is not indicative of its origin and is more likely to be contributed by gut

bacteria (Moreira et al. 2012). LPS expresses potent bioactivity in extremely small

amounts (nanogram to picogram range), causing sepsis (endotoxemia), and modu-

lating a myriad of other host innate inflammatory responses. Specifically, LPS

exerts the prototypical stimuli for host activation through myeloid cells (neutro-

phils, monocytes, macrophages), nonmyeloid cells (fibroblasts, platelets), and other

innate host defense mechanisms, such as serum complement, in addition to specific

components within the intrinsic coagulation pathway (Dixon and Darveau 2005).

LPS is therefore implicated in etiological pathways of wide range of pathological

conditions, including inflammatory diseases, cancer, and CVD.

Lipopolysaccharide is composed of three distinct domains—lipid A, core oligo-

saccharides, and the O-antigen polysaccharide. The lipid A domain, also known as

endotoxin, is the bioactive component primarily recognized by host TLR4 (Trent et al.

2006). In most bacteria, lipid A structure is conserved and consists of a mono- or

biphosphorylated disaccharide backbone, which is acylatedwithC12–C14 fatty acids.

Investigations of the lipid A structures of various organisms have revealed the

presence of considerable diversity, which can be attributed to the action of latent

enzymes that modify the canonical lipid A molecule. Variations can range from

simplemodifications, such asminor alteration in the length of the segment, to dramatic

changes in the overall chemical configuration, composition, or attached charge

groups, which, in turn, can affect overall structure (Dixon and Darveau 2005).

Potency of LPS components has been traditionally quantified through the use of

in-vivo animal models, i.e., the chick embryo lethality test, the rabbit pyrogenicity

assay, and the Shwartzman reaction (skin hemorrhagic reaction), whereas in-vitro

assays, such as induction or enhancement of IL-1, PGE2, O2
� production in murine

macrophages, and activation of the human complement cascade, have also been

introduced. Studies with these models have identified that key determinants of the

toxicity of LPS are mediated via the TLR4 pathway and include the number of

phosphate groups and the lengths, number, and positions of fatty acids and β, (1–6)-
linked D-glucosamine disaccharide backbone in lipid A (Dixon and Darveau 2005;

Trent et al. 2006). Interestingly, when lipid As from enteric (e.g., Escherichia coli)
and oral bacteria (P. gingivalis) were compared, investigators found that the potency

of oral bacteria was much lower than that of enteric bacteria (Dixon and Darveau
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2005; Ogawa et al. 2007). Accumulating evidence indicates, however, that despite

the low affinity of P. gingivalis LPS to host TLR4, P. gingivalis LPS possesses

significant biological activity mediated through TLR2 (Ogawa et al. 2007), which has

been now acknowledged to be the case for a number of other human pathogens,

including Helicobacter pylori (Trent et al. 2006). The attenuation in the TLR4

pathway activation may in turn confer advantages for some bacteria in evading

host innate immune reactions and thus establishing chronic infections.

GroEL

The bacterial molecule chaperone GroEL belongs to heat shock protein family

60 (HSP60), which represents one of the most conserved proteins in living organ-

isms and is present not only in the cytosol, but also on the cell surface and in the

extracellular milieu (Castanié-Cornet et al. 2014). Consequently, GroEL is pro-

duced ubiquitously regardless of the Gram positivity of the bacteria. The virulence

of this protein among oral microbiome bacteria has been, thus far, primarily studied

in Gram-negative bacteria that have been linked to periodontal disease. This

molecule exerts virulence through two postulated etiological pathways: direct

effects eliciting proinflammatory responses and indirect effects via molecular

mimicry. In-vitro studies using various types of human cells, including peripheral

blood cells, fibroblasts, and endothelial cells and of bacteria (i.e., P. gingivalis,
T. forsythia, F. nucleatum and A. actinomycetemcomitans) have shown that

co-culture with this protein stimulates secretion of several inflammatory cytokines,

mediators, and adhesion molecules, such as IL-6, IL-8, IL-12, MCP1, COX2,

ICAM-1 VCAM-1, and E-selectin (Jung et al. 2016; Lee et al. 2012; Nalbant and

Saygili 2016; Huang et al. 2016). These effects were mediated by TLR-4 in some

bacteria, e.g., P. gingivalis (Huang et al. 2016) and F. nucleatum (Lee et al. 2012),

but not in others, e.g., T. forsythia (Jung et al. 2016). A Taiwanese group assessed

the direct effects of GroEL on endothelial migratory and angiogenic functions that

play important roles in the etiology of both CVD and cancer (Huang et al. 2016; Lin

et al. 2015). The results depended on the types of endothelial cells used. Although

both capacities were suppressed when coronary artery endothelial cells were

exposed to P. gingivalis GroEL (Huang et al. 2016), both capacities were increased

when endothelial progenitor cells were used (Lin et al. 2015). Both findings were

further reinforced by concomitant animal experiments, suggesting their potential

involvement in CVD and cancer. Specifically, in the former, P. gingivalis GroEL
injection accelerated the development of atherogenic lipid profiles (elevated blood

LDL and triglyceride) in mice fed a high-cholesterol diet (Huang et al. 2016). In the

latter, P. gingivalis GroEL led to neovasculogenesis in chicken embryos and

accelerated tumor growth in mice (Lin et al. 2015).

Molecular mimicry is caused by the homology between foreign and self-antigens

that may elicit cross activation of T and B cells and thereby produce an autoimmune

response (Chistiakov et al. 2016; Kebschull et al. 2010). Mammalian HSP60 shares

significant homology with bacterial GroEL. Accordingly, anti-GroEL antibodies
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cross-react with human endothelial HPS60, leading to auto-aggressive destruction

through endothelial cytotoxicity (Mayr et al. 1999). HSP-reactive T-cells have

indeed been found in the peripheral blood and atherosclerotic plaques of patients

with periodontal disease (Yamazaki et al. 2004). Autoantibodies to HPS60 also

promoted thrombus formation in a murine chemical thrombosis model (Dieudé

et al. 2009). F. nucleatum GroEL injection elicited anti-GroEL antibody production

in ApoE knockout mice, which was accompanied by atherosclerotic plaque forma-

tion and increased serum inflammatory markers and LDL (Lee et al. 2012),

although direct stimulation rather than autoimmune response may account for

some of these results.

9.4.2.2 Bacterial Species-Specific

Porphyromonas Gingivalis

Porphyromonas gingivalis is a nonmotile, Gram-negative obligate anaerobic intra-

cellular bacterium and the best studied oral pathogen, with an array of virulence

factors reviewed by others (Zenobia and Hajishengallis 2015; Nakayama 2015).

Thus, this section focuses on only well-established virulence factors known to have

clinical relevance. Importantly, P. gingivalis is considered to be a keystone path-

ogen, which, even with a very low abundance, can alter commensal microbial

composition, leading to a dysbiotic community that further promotes host immune

suppression and inflammatory responses (Lamont and Hajishengallis 2015;

Hajishengallis et al. 2011). Another distinct feature of P. gingivalis virulence is

the absence of machineries, e.g., types III and IV, that directly inject effectors into

host cells. Rather, this bacterium utilizes a novel type IX secretion system distrib-

uted among the Bacteroidetes phylum to secrete virulence proteins into the extra-

cellular milieu (Nakayama 2015).

Porphyromonas gingivalis fimbriae are protein-based filamentous appendages

that protrude from the cell surface and are thinner and shorter than a flagellum.

Fimbriae facilitate adhesion to host cells, tissues, or to other bacteria, and help

mediate bacterial invasion/internalization and thus delivery of other virulence

factors (Yoshimura et al. 2009). In addition, P. gingivalis fimbriae play a role in

the production of outer membrane vesicles that contain other virulence factors

(Mantri et al. 2015). P. gingivalis expresses two forms of fimbriae, FimA (major/

long) and Mfa1 (minor/short), which are genetically distinct, encoded by separate

gene clusters, but share similar architecture, comprising five proteins, FimA–E for

FimA and Mfa1–5 for Mfa1, designated as one major (FimA/Mfa1), three minor

accessory (FimCDE/Mfa345) structural proteins, and one controlling filament

length (FimB/Mra2) (Shoji et al. 2004; Yoshimura et al. 2009). Expression and

maturation of these proteins also depends on other P. gingivalis virulence factors,
namely rgp and kgp, as both rgp and kgp bind the fimA promoter and Rgp cleavages

the FimA N-terminal (Xie et al. 2000; Kadowaki et al. 1998). Fimbria proteins

themselves exert direct effects on various host cells via adherence to a wide range
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of molecules (Amano 2010). As a result, both major and minor fimbriae induce

expression of proinflammatory cytokines and adhesion molecules on endothelial

and hematopoietic cells via TLR2 and TLR4 pathways, while causing immune

evasion via CXCR4 and complement receptor 3 pathways (Enersen et al. 2013).

The virulence of fimbriae is also determined by amino acid sequence variations in

the fimA gene, which is grouped into six genotypes, I, Ib, II, III, IV, and

V. Genotypes Ib, II, and IV have been designated as high-activity genotypes as

these strains lead to elevated inflammatory reactions in vivo and in vitro (Kato et al.

2007; Gao et al. 2012) and are more commonly found in periodontitis patients than

in healthy subjects (Nakagawa et al. 2002). Differential distributions in the fimA
genotypes have also been implicated in CVD risk (Enersen et al. 2013). Finally,

several other oral pathogens express fimbriae, but their molecular structures and

biological activities have not been well characterized to date (Amano 2010).

Gingipains, a group of cysteine proteinases, represent the most significant

virulence factors produced by this bacterium. Because of the asaccharolytic nature

of P. gingivalis, high proteolytic abilities that degrade proteins from host and other

microorganisms are essential for P. gingivalis to meet its nutritional requirements

(Li and Collyer 2011). Accordingly, this bacterium secretes several proteolytic

enzymes besides gingipains, as discussed elsewhere (Sheets et al. 2008). Gingipains

(P. gingivalis + clostripain) are endopeptidases consisting of arginine-specific

(Arg-gingipain [Rgp]) and lysine-specific proteases (Lys-gingipain [Kgp]), which

account for 85% of the extracellular proteolytic activity of this bacterium. Rgp and

Kgp are encoded by three genes, rgpA, rgpB, and kgp (Potempa et al. 2003). The

rgpA gene is composed of a pre-pro-fragment, followed by a proteinase domain,

and a large hemagglutinin/adhesion (HA) domain at the C-terminus. Although the

kgp gene product shares a similar size and structure to the rgpA gingipain, the rgpB

gene is missing the entire section of the HA domain (Potempa et al. 2003; Li and

Collyer 2011). Maturation of gingipain proteins requires extensive processing with

specific post-translational cleavage and both R and K gingipains are mutually

involved in mutual efficient maturation. In addition, a carboxypeptidase (CPG70)

processes the C-terminus RgpA and Kgp HA domains, and several other loci

(wpbB, porR, vimA, vimE, and vimF) participate in post-translational carbohydrate

modifications of gingipains, resulting in a high heterogeneity of these proteins

(Sheets et al. 2008). As far as proteolytic activities are concerned, Rgp exerts

indiscriminate powerful proteolytic activities, whereas Kgp exhibits a narrow

specificity and weak proteolytic activities. The former is considered to be crucial

for this bacterium in nutrient acquisition, but the latter plays more roles in the

manipulation of host defense systems (Potempa et al. 2003).

In addition to the role in facilitating the expression of other P. gingivalis
virulence factors as discussed above for fimbriae, a myriad of virulence activities

of gingipains against the host are mediated through the biphasic mechanisms:

activation and inactivation of host proteins (Imamura et al. 2003; Guo et al.

2010). Rgps enhanced vascular permeability through prekallikrein activation or

direct bradykinin release in combination with Kgp. Rgps also activate protease-

activated receptors and induce platelet aggregation, which, together with the
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coagulation-inducing activity, may explain an emerging link between periodontitis

and CVD. Signaling via protease-activated receptors 1 and 2, Raps stimulates oral

epithelial cells to produce an array of proinflammatory cytokines, including

IL-1alpha, IL-1beta, IL-6, TNFα and IL-8, whereas RgpA and Kgp, but not

RgpB, mediate, in a proteolytic activity-independent manner, strong enhancement

of the production of proinflammatory cytokines in macrophages (Imamura et al.

2003; Guo et al. 2010). Both gingipains stimulate expression of MMPs and activate

secreted latent MMPs that can destroy periodontal tissues and basement membrane,

which potentially promotes cancer cell migration and invasion (Whitmore and

Lamont 2014). Finally, gingipains degrade various cytokines, components of the

complement system and cell surface receptors on immunological cells, epithelial

cells and endothelial cells, including C5aR, CD14, CD4, and CD8, thus perturbing

the host defense against not only this bacterium, but also other oral pathogens

(Imamura et al. 2003; Guo et al. 2010).

Nucleoside diphosphate kinase is an evolutionarily highly conserved enzyme

that catalyzes γ-phosphate transfer between nucleoside triphosphates and diphos-

phates (NTPs/NDPs) (Spooner and Yilmaz 2012). Among a range of oral patho-

gens, its virulence to human hosts has been exclusively studied in P. gingivalis in
which PG1018 encodes the enzyme (Yilmaz et al. 2008). This enzyme functions as

an ATPase and thus prevents various ATP-dependent host immune responses

mediated through the purinergic receptor P2X7 (Spooner and Yilmaz 2012). This

leads to suppression of ATP-dependent host cell apoptosis (Yilmaz et al. 2008) and

attenuation of the inflammasome, IL-1β, and HMGB1 extracellular secretion acti-

vated by the host eATP-P2X7 signaling pathway (Johnson et al. 2015), which

together may contribute to bacterial persistent infection and to tumor proliferation.

Interestingly, humans express several isoforms of this enzyme and their

overexpression has been reported in surgically resected oral squamous cell carci-

noma (Atanasova and Yilmaz 2014). A recent study also indicates that this enzyme

inhibits reactive oxygen species (ROS) production in gingival epithelial cells via

membrane-bound NADPH–oxidase complex and mitochondrial signaling path-

ways to counteract host antimicrobial activities, and this mitochondrial exploitation

is postulated to affect host energetics (Choi et al. 2013).

The P. gingivalis PAD encoded by ppad is a putative etiological factor for RA as

discussed above. PAD is primarily a cell surface-associated protein transported by

T9SS (Nakayama 2015) and it deiminates the guanidino group of carboxyl-terminal

arginine residues on a variety of peptides, including the vasoregulatory peptide-

hormone bradykinin that controls blood pressure, to yield ammonia and a citrulline

residue (Mcgraw et al. 1999). The ability of the enzyme to create altered host

epitopes by converting arginine residues is postulated to promote autoimmune

reactions by creation of altered host epitopes. Citrullination by prokaryotic PAD

(PPAD) is distinct from mammalian PAD which more efficiently citrullinates

internal arginine residues, independent of calcium (Mikuls et al. 2012). The dual

expression of gingipains and PPAD is deemed to act in concert in RA, the former

producing a carboxy-terminal arginine residue that then serves as a target for PPAD

(Mikuls et al. 2012). However, a recent transfection experiment using full-length
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and truncated (secreted) forms of strain W83 PPAD revealed that only the full-

length PPAD exhibited the ability to autocitrullinate (Konig et al. 2015), challeng-

ing the original hypothesis on RA pathogenesis. As an intracellular pathogen,

P. gingivalis may still provide host proteins with possibilities to interact with the

nonsecreted, full-length PPAD. In addition, PPAD-positive strains have been

shown to induce the expression of cyclo-oxygenase 2 (COX-2) and microsomal

PGE synthase-1 (mPGES-1), key factors in the prostaglandin synthesis pathway in

gingival fibroblasts, augmenting inflammatory reactions (Gawron et al. 2014).

Treponema Denticola

Treponema denticola is a Gram-negative obligate anaerobic bacterium and a key

pathogen of periodontitis, belonging to the Spirochetes family. Recently, a number

of potential virulence factors have been reviewed (Ishihara 2010; Fenno 2012).

Among those for which corresponding bacterial genes have been identified are

several virulence factors that are specific to this bacterium and possess multiple

functions. Major outer sheath protein (MSP) is a 53-kDa protein encoded by msp
(Fenno et al. 1996), locates within the outer membrane, and demonstrates, instead,

that it is predominantly periplasmic, with only limited surface exposure (Caimano

et al. 1999). Besides mediating adherence to host cells (Fenno et al. 1996), MSP

exerts cytotoxic activity toward human polymorphonuclear leukocytes, suppressing

chemotaxis and phagocytosis through disruption of cytoskeleton (Puthengady

Thomas et al. 2006), while it activates macrophages through the TLR2-dependent

pathway (Nussbaum et al. 2009). More importantly MSP activates host mitogen-

activated protein kinase (MAPK) pathways (i.e., ERK1/2), which are key regulators

of cell proliferation (Jobin et al. 2007).

Dentilisin, encoded by prtP, is an adhesin with pore-forming activity, and an

outer membrane-associated chymotrypsin-like protease. Dentilisin has cytotoxic

activity, degrading a variety of humoral proteins, including basement membrane

components (type IV collagen, laminin, and fibronectin), serum proteins (transfer-

rin, fibrinogen, IgG, IgA, and α1-antitrypsin), and bioactive peptides (cytokines and
chemokines) (Ishihara 2010; Fenno 2012). Accordingly, it plays an important role

in bacterial invasion through epithelial cells and endothelial cells and also plays a

role in immunosuppression. In fact, in-vitro experiments using reconstructed base-

ment membrane (Matrigel) (Grenier et al. 1990) and multi-layer epithelial cell

culture (Uitto et al. 1995) have demonstrated that bacterial migration/penetration is

potentiated by this enzymatic activity. This bacterial penetration was mediated

through the alteration of host epithelial cell tight junctions (Chi et al. 2003). In

addition, higher O2
� production was observed in a dentilisin-positive wild-type

strain in comparison with a dentilisin-negative mutant, suggesting another possible

mechanism mediating the cytotoxicity of this enzyme (Yamazaki et al. 2006). As a

result, in a mouse abscess model, attenuation of lesion formation was observed with

the mutant strain, compared with a dentilisin-positive wild-type strain (Ishihara

et al. 1998).
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Tannerella Forsythia

Tannerella forsythia is an obligate anaerobic Gram-negative member of the

Cytophaga-Bacteroides family. Despite the strong associationwith periodontal disease,

this bacterium remains understudied owing to difficult culture conditions, yet a few

putative virulence factors have been identified to date (Sharma 2010). The best

characterized virulence factor is a surface and secreted protein, BspA (Bacteroides

surface protein A), encoded by the bspA gene, which belongs to the leucine-rich repeat

family (LRR). The presence of LRR domains suggests that the BspA protein might be

involved in protein–protein interactions important in mediating host–bacterial or

bacterial–bacterial interactions (Sharma 2010). BspA has been shown to trigger the

release of pro-inflammatory cytokines frommonocytes and chemokines from epithelial

cells by activating the TLR2-dependent pathway. TLR1 serves as a coreceptor for

TLR2 in this activation, and the BspA LRR domain-1 is involved in activation of

TLR2/1 heterodimers (Onishi et al. 2008). In addition, BspA is required for this

bacterium to invade epithelial cells (Inagaki et al. 2016), which is mediated through

the activation of host PI3K signaling and interactionswith host Rac1GTPase (Mishima

and Sharma 2011). In vivo, BspA injection into ApoE knockout mice accelerated the

development of dyslipidemia and atherosclerosis (Lee et al. 2014). Recently, a gene

encoding a novel MMP-like enzyme called karilysin has been sequenced (Karim et al.

2010). This protease has a wide specificity to host proteins and thus is likely to

contribute to T. forsythia virulence. Karilysin facilitates the shedding of soluble, fully

active TNFα from the macrophage surface (Bryzek et al. 2014) and degrades antimi-

crobial peptide LL-37 (Koziel et al. 2010), a critical component of innate immunity.

Fusobacterium Nucleatum

Fusobacterium nucleatum is a Gram-negative, nonspore-forming, obligate anaer-

obe of the Fusobacteriaceae family and best appreciated for its role as a component

of dental plaque (Han 2015). FadA is a unique adhesin among all adhesins of this

bacterium that can bind host cells and is the best-characterized virulence factor,

with potential roles in various pathogenic conditions, including CVD and cancer. In

fact, FadA is only present in a subset of pathogenic Fusobacterium species, i.e.,

F. nucleatum and F. periodonticum (Han 2015). FadA exists in two forms, the

pre-FadA, consisting of 129 amino-acids and the secreted mature FadA (mFadA),

consisting of 111 amino acids (Xu et al. 2007). These two molecules together form

an active complex, FadAc, for host–cell binding and invasion in both normal and

cancerous cells (Rubinstein et al. 2013; Fardini et al. 2011). FadA binds to various

host cell surface proteins, such as cadherins (VE-cadherin on the endothelial cells

and E-cadherin on epithelial cells) (Rubinstein et al. 2013; Fardini et al. 2011).

FadA binding to VE-cadherin on endothelial cells induces the translocation of

VE-cadherin from cell–cell junction to intracellular compartments, increasing the

permeability of the endothelium (Fardini et al. 2011). Thus, FadA mediates both

direct invasion into the host cells and pericellular invasion via loosened cell–cell
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junctions, which may facilitate systemic dissemination (Fardini et al. 2011). Fur-

thermore, the increased endothelial permeability allows other bacteria in the vicin-

ity to penetrate through and facilitates both intra- and inter-cellular invasion of

other bacterial species (Fardini et al. 2011). Alternatively, FadA binding to

E-cadherin on epithelial cells activates β-catenin signaling (Rubinstein et al.

2013), leading to increased transcriptional activity of oncogenes, Wnt, and

pro-inflammatory cytokines, in addition to cell proliferation.

FAP2 is another F. nucleatum cell surface protein and a component of the type V

secretion system (Kaplan et al. 2010), for which a role in virulence has recently been

delineated. This protein binds specifically to human immune cells in peripheral blood

(Jewett et al. 2000) and in tumor tissue (Gur et al. 2015) on an inhibitory receptor, T

cell immunoglobulin and ITIM domain (TIGIT). This binding triggers cell apoptosis,

thus leading to immune suppression. Furthermore, this protein has been characterized

to be a galactose-sensitive adhesin (Coppenhagen-Glazer et al. 2015) and recognizes

a specific host polysaccharide, Gal-GalNAc, which is overexpressed in tumor tissue

(Abed et al. 2016). Accordingly, this protein not only enhances the survival of other

bacteria, but may also promote tumor progression.

Aggregatibacter actinomycetemcomitans

Aggregatibacter actinomycetemcomitans is a facultative anaerobic, nonmotile,

nonsporing, small Gram-negative bacterium that belongs to the class of

Gammaproteobacteria and is involved in the pathology of aggressive types of peri-

odontitis (Henderson et al. 2010). This organism expresses twowell-established toxins,

leukotoxin and cytolethal distending toxin (CDT), which are not unique to this partic-

ular organism, because they are also produced by various other bacteria belonging to

Proteobacteria (Henderson et al. 2010). Although not all A. actinomycetemcomitans
strains harbor genetic loci encoding CDT (ranging from 70 to 80%) (Faı̈s et al. 2016),

the expression of leukotoxin is highly dependent on promoter sequences of the

corresponding genetic loci (Johansson 2011). Leukotoxin is secreted by a type I

secretion system and CDT by a type V secretion system (Zijnge et al. 2012).

The A. actinomycetemcomitans leukotoxin operon consists of four genes, ltxC,
lltxA, ltxB, and ltxD and an upstream promoter. ltxA encodes the structural protein of

the toxin of 1,055 amino acids, ltxC for components required for post-translational

acylation, and ltxB and D for transport of the toxin to the bacterial outer membrane

(Kachlany 2010; Johansson 2011). A 530 bp deletion and an insertion of a

DNA-transposable element (IS1301) in this promoter region have been shown to

lead to a highly leukotoxic phenotype (Kachlany 2010; Johansson 2011; Henderson

et al. 2010). LtxA expressed by A. actinomycetemcomitans exhibits a unique speci-
ficity against cells of human hematopoietic origin. This restricted cell specificity is

mediated through interactions between CD18molecule of LFA-1 on the host cells and

a repeat region of the toxin consisting of 14 tandem repeats of nine amino acids that

recognizes and interacts with the host receptor molecule (Johansson 2011; Kachlany

2010). Leukotoxin induces cell death primarily through apoptosis, interfering host
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mitochondrial respiration pathway, and activating caspase (Henderson et al. 2010).

The effects are more potent on neutrophils and monocytes/macrophages than on

lymphocytes (Henderson et al. 2010; Johansson 2011). These effects ultimately lead

not only to suppression of both host innate and acquired immunity, but also to the

release of proteolytic enzymes from neutrophils and of proinflammatory cytokines

(e.g., 1L-1β and IL-18) from macrophages (Henderson et al. 2010).

Aggregatibacter actinomycetemcomitans CDT belongs to the AB toxin family

and is composed of an active subunit (CdtB) and two binding subunits (CdtA and

CdtC) encoded by the cdtABC gene cluster (Ahmed et al. 2001). This CDT is

distinguished from binary CDT toxin secreted by Clostridium difficile in its struc-

ture and functions. Importantly, the active CdtB subunit of CDT is functionally and

structurally homologous to mammalian DNase I, is translocated into the nucleus,

and acts as a genotoxin, leading to DNA damage (Faı̈s et al. 2016). The CdtB

subunit contains putative DNA binding residues (Nesic et al. 2004) and a single

nucleotide polymorphism at amino acid 281 (H/R) has been shown to change its

biological activity by six log orders (Nishikubo et al. 2006). The high-activity R281

strain was reported to be dominant in clinical isolates (Nishikubo et al. 2006).

Through its DNase activity, CDT damages DNA at an extremely low concentration

(50 pg/mL), leading to both single-strand and double-strand breaks. These result in

cell arrest, followed by DNA repair, cell death or cell senescence (Faı̈s et al. 2016).

Cell fate following CDT exposure depends on cell type, with epithelial and mes-

enchymal lineages mainly undergoing cell cycle arrest accompanied by cytoplas-

mic elongation and distension, whereas hematopoietic lineages rapidly move

toward apoptosis after a brief cell cycle arrest (Shenker et al. 1999). Loss of

hematopoietic lineages may lead to immunosuppression and thus persistent bacte-

rial colonization (Faı̈s et al. 2016). CDT also inhibits macrophage phagocytosis and

is capable of inducing the release of pro-inflammatory cytokines (such as IL-1β,
IL-6, and IL-8) from cultured cells (Faı̈s et al. 2016). Moreover, exposure of

gingival tissue or epithelial cells to CDT causes a pronounced increase in the

expression and cytosolic distribution of E-cadherin and β-catenin, indicating a

potential impact on mucosal barrier function (Damek-Poprawa et al. 2013).

Many properties of this toxin support its involvement in human cancers.

CDT-induced DNA damage may be involved in cancer promotion/progression.

Chronic intoxication with sublethal doses of CDT can induce DNA damage by

increasing the frequency of mutations, resulting in chromosomal instability that may

not cause cell death or cell cycle arrest, but that leads to activation of pro-survival

signals, enhancing anchorage-independent growth (Guidi et al. 2013). Furthermore,

the pro-inflammatory action and immunotoxicity of this toxin may foster tumor

survival, proliferation, and progression (via promoting angiogenesis and metastasis)

(Faı̈s et al. 2016). Alternatively, cellular senescence following CDT exposure leads to

a senescence-associated secretory phenotype (SASP), which is characterized by

secretion of a large number of growth factors and pro-inflammatory cytokines and

can promote survival and proliferation of transformed cells (Coppé et al. 2010).

Correspondingly, mice infected with another CTD-positive bacterium, Helicobacter
hepaticus, have been shown to develop hepatic dysplastic lesions (Ge et al. 2007), and
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the prevalence of CDT-producing Escherichia coli was significantly higher in colo-

rectal cancer patients than in diverticulosis patients (Buc et al. 2013). Because

A. actinomycetemcomitans CDT has been described to be unstable in the absence of

sucrose, in contrast from CDT from other bacteria (Yamada et al. 2006), in-vivo

carcinogenicity of this bacterial CDT needs to be assessed separately.

9.4.3 Oral–Systemic Bacterial Translocation

Bacteria can enter the circulation to cause infections at remote locations by a

number of mechanisms:

(1) Damage to blood vessels during traumatic dental procedures, giving direct

exposure of the circulation to bacteria.

(2) Direct entry associated with severe tooth decay.

(3) Ulceration of the epithelium caused by oral infections such as periodontitis.

(4) Uptake of bacteria by phagocytic cells thatmigrate into the circulation. Some of

the most basic procedures of dental hygiene result in bacteria entering the blood

stream. For example, although the presence of bacteria of oral origin ordinarily

found in circulation is practically nil (tested by culture-based methods, <3%), tooth-

brushing resulted in the transient appearance of culturable bacteria of oral origin in

32% of subjects when blood was sampled within 5 min of tooth-brushing (Lockhart

et al. 2008). Although brief (back to pre-treatment levels within 20 min), the transient

bacteremia associated with tooth-brushing included bacterial species known to be

associated with infective endocarditis (23% of subjects) and prosthetic joint infection

(12% of subjects) (Mougeot et al. 2015). Probing the periodontal pocket depth in

patients with periodontal disease exhibited an increased incidence of post-treatment

bacteremia to 20% and 43% in studies by Kinane et al. (2005) and Daly et al. (2001)

respectively. Significant increases in transient bacteremia have also been observed in

numerous studies on the effects of ultrasonic root scaling (Forner et al. 2006;Heimdahl

et al. 1990; Kinane et al. 2005). Given the effects of these relatively non-invasive

procedures, it is not surprising that tooth extraction also gives rise to bacteremia,which

occurs more frequently and at higher titers if unaccompanied by antibiotic treatment

(Barbosa et al. 2015; Heimdahl et al. 1990; Lockhart et al. 2008; Mougeot et al. 2015).

A case of post-extraction septicemia caused by Neisseria meningitidis has been

described as a rare complication of dental extraction (Pedersen et al. 1993). Root

canal treatment has also been associated with bacteremia (Heimdahl et al. 1990;

Savarrio et al. 2005), being observed more frequently when the instrumentation

penetrates through the tooth to several outside the root canal than in treatments in

which the root canal reamer remained inside the root canal (Debelian et al. 1995). In

many of the cases described above, characterization of the bacteria in blood has been

compared with those isolated from the mouth or from the oral area probed or treated

and found to be closelymatched in type. For example, various species of Streptococcus
are among the most common oral bacteria found in blood following these dental

procedures (Savarrio et al. 2005). Nevertheless, post-dental therapy bacteremia tends
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to be of short duration, with bacteria observed within 5 min of therapy but often being

cleared from the blood within 30 min, as reported by many of the above references.

Severe tooth infection may also give rise to bacteremia independent of treat-

ment. Although bacterial levels in blood are virtually zero before treatment of

simple dental caries, dental infections involving the pulp of the tooth (pulpitis)

may be associated with periapical inflammation and systemic bacteremia (Olsen

and Van Winkelhoff 2014). Because the infection may often remain local, distant

infections of odontogenic origin have occasionally been observed in other organs,

such as the liver and brain (Wagner et al. 2006). Also, in rare cases, dental infection

has been the initiating cause of necrotizing fasciitis (Bahl et al. 2014).

The epithelium lining the periodontal pockets becomes ulcerated in periodontal

disease, providing a potential direct entry pathway for bacteria into the circulation

(El Kholy et al. 2015). The dentogingival epithelial surface area, which averages

approximately 5 cm2 in the absence of periodontitis, expands to an average of 20 cm2

among those individuals with severe enough gum disease to be referred to a peri-

odontist (Hujoel et al. 2001). Numerous studies have shown that periodontal disease

increases the bacteremia associated with typical dental therapies such as periodontal

probing and root scaling (Olsen 2008). Nevertheless, patients with periodontitis

rarely exhibited bacteremia before these treatments (Daly et al. 1997; Reis et al.

2016). Although periodontitis is an underlying condition that may allow bacteria to

enter the circulation, bacteremia often occurs only after the gums are manipulated

during dental treatment. Prophylactic treatment with antibiotics before such treat-

ments may therefore be helpful in blocking this source of infection.

Although direct entry of bacteria into the circulation may mediate translocation

of oral bacteria to sites elsewhere in the body, this pathway immediately exposes

the bacteria to various immune defense systems and rapid clearance. However,

several instances have been reported in which live bacteria are internalized in cells

and thereby carried throughout the body somewhat protected from direct immune

attack. For example, dendritic cells (DCs) of the oral mucosa have been reported to

carry culturable P. gingivalis and Burkholderia cepacia and the carriage rate is

increased by dental intervention in patients with chronic periodontitis (Carrion et al.

2012). Being carried by DCs enhanced the survival of P. gingivalis under aerobic
conditions that these anaerobes would encounter in the circulation. Oral strepto-

cocci have also been shown to be carried by blood platelets, which the authors have

referred to as “inadvertent Trojan horse carriers” of oral bacteria (Deng et al. 2014).

9.4.4 Modulation of Immunological and Inflammatory
Parameters

The transition from periodontal health to disease is associated with a dramatic shift

from a symbiotic microbial community composed mostly of facultative bacterial

genera to a dysbiotic microbial community that is mainly composed of anaerobic
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genera enriched with virulence factors. First, active bacterial subversion of the host

immune response is a critical mechanism that enables the persistence of pathogens

and the induction of pathological conditions at systemic sites. Manipulation of the

host immune response by a keystone pathogen such as P. gingivalis is essential to
instigate compositional alterations in the oral microbiota, which can thereby trigger

proinflammatory reactions. Although on the one hand, the dysbiotic microbial

community needs to evade immune-mediated killing, on the other, it requires

sustained inflammation to procure nutrients from host tissue breakdown. Hence,

periodontal bacteria manipulate host immune responses through interactions with

immunological cells to achieve this goal (Hajishengallis 2015).

A keystone pathogen can subvert neutrophil homeostasis, causing impaired

recruitment and chemotaxis, resistance to granule-derived antimicrobial agents

and to the oxidative burst, inhibition of phagocytic killing while promoting a

nutritionally favorable inflammatory response, and a delay of neutrophil apoptosis

(Olsen and Hajishengallis 2016). These responses are mediated through interfer-

ence with the expression of chemokines and cell adhesion molecules and with cell

surface chemotactic peptides, and instigation of C5aR-TLR2 crosstalk and follow-

ing PI3K activation (Olsen and Hajishengallis 2016). Periodontal pathogens are

also capable of blocking complement activation through the degradation of the third

complement component (C3) or of key upstream components, such as the mannose-

binding lectin, and thus inhibit bacterial opsonization and phagocytosis, recruit-

ment and activation of inflammatory cells, and direct lysis of microorganisms by

the C5b–C9 complex (Hajishengallis 2015).

Dysregulated proinflammatory reaction is another important mechanism involved

in the pathogenesis of various systemic chronic diseases, such as CVD and cancer.

Bacterially induced IL-23 production by innate immune cells, such as DCs and

macrophages (Mφ), promotes the survival and expansion of Th17 cells and activates

γδ T cells. Acting as a link between innate and adaptive immunity, Th17 cells secrete

IL-17, which upregulates expression of granulocyte colony-stimulating factor

(G-CSF) and CXC chemokines and the production and release of neutrophils from

the bone marrow. Recruited neutrophils, in turn, produce chemokines that selectively

recruit more Th17 cells, leading to reinforced feedback for high-level production of

IL-17 to maintain the inflammatory state (Hajishengallis 2014).

Another important player in host–bacterial interactions is platelets/thrombocytes,

which are now known to play key roles in innate and adaptive immunities and

inflammation, in addition to their primary role in blood coagulation (Ferdous and

Scott 2015). Bacteria binding to platelets triggers platelet activation. Themain platelet

receptors that mediate these interactions are glycoprotein (GP)IIb–IIIa, GPIbα,
FcγRIIa, complement receptors, and TLRs. This process may involve direct interac-

tions between bacterial proteins and the receptors, or can be mediated by plasma

proteins such as fibrinogen, von Willebrand factor, complement, and IgG (Cox et al.

2011). Although promoting blood coagulation shows a clear link between periodontal

infection and CVD, platelet activation also induces host immune responses. Platelets

have been shown to enhance the phagocytosis of periodontal pathogens by neutro-

phils. Platelets can also directly phagocytose bacteria, but phagocytosis does not
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necessarily result in bacterial killing and bacteria can also become trapped in the space

between platelets in an aggregate. As a result, phagocytosis of bacteria by platelets can

lead to the formation of a pool of viable bacteria, present either intracellularly or

within a thrombus, that is protected from the immune system and may serve as a

potential reservoir for systemic dissemination (Cox et al. 2011). Human platelet

expresses TLR4 to detect TLR4 ligands and induce platelet binding to adherent

neutrophils, leading to robust neutrophil activation and formation of neutrophil

extracellular traps (NETs), while it directly secretes proinflammatory cytokine and

matricidal proteins. Human platelets have also been shown to interactwith a triggering

receptor expressed on myeloid cells 1 (TREM1) to promote neutrophil-mediated

production of ROS and secretion of IL-8 (Ferdous and Scott 2015). Activated platelets

express functional CD40 ligand (CD40L/CD154), a molecule of vital importance to

the adaptive immune response, and thus are capable of augmenting T-cell responses

and promoting B-cell differentiation and immunoglobulin class switching. CD40L

expressed on the surface of platelets can also interactwith CD40 on endothelial cells to

induce adhesionmolecules and release of CC-chemokine ligand 2, all of which further

promote leukocyte recruitment to inflammatory sites (Ferdous and Scott 2015).

An additional immunological mechanism is molecular mimicry (MM), which

was discussed earlier for GroEL. During a viral or bacterial infection, if the

organism shares cross-reactive epitopes for B and T cells, immune responses

targeting the infectious agent also attack the host, causing autoimmune diseases

(Oldstone 2005). Although CVD is not a typical autoimmune disease, molecular

mimicry may play an important role in atherogenesis, as structurally homologous

human heat shock protein (HSP60) is found in atherosclerotic lesions, whereas

autoantibodies against HSP60 may exert endothelial cytotoxicity. Cross-reactive T

cells may also lead to the secretion of cytokines, MMPs, and NO by macrophages,

thereby fueling inflammatory reactions in the atherosclerotic lesion (Ludewig et al.

2004). On the other hand, MM may act as a protective mechanism for certain

neurodegenerative diseases, such as AD. Healthy periodontal bacterium, S. mutans,
is known to produce amyloid proteins, which in turn elicit the production of

autoantibodies against amyloid β (Friedland 2015) that facilitate the clearance of

amyloid β (Gu et al. 2014) and thus are inversely associated with temporal lobe

atrophy (Kimura et al. 2016).

9.4.5 Microbial Enzymatic Activities and Metabolites

Owing to advancements of sequencing technologies, knowledge of the diversity of

the oral microbiome has increased. However, less is understood regarding the oral

metabolome, i.e., the metabolic activities of the oral bacterial communities, and how

metabolic products of the metabolomemay influence systemic health. Metabolites are

produced not only by the host, but also by microorganisms, and their actions can be

far-reaching (Johnson et al. 2016). Under normal physiological conditions, the effects

of metabolites are counteracted by the host to maintain homeostasis (Johnson et al.
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2016). Loss of homeostatic control can lead to permanently altered states. Currently,

metabolomics emphasizes the need to understand the identities and variation of

molecular mechanisms that may one day provide direct targets for treating disease.

In a recent review, Takahashi (2015) identified ethanol and acetaldehydes as

among the most prominent known oral bacterial metabolites that may lead to somatic

disease and cancer (Takahashi 2015). Ethanol is metabolized by bacteria to acetalde-

hyde, which may be carcinogenic. The contribution of acetaldehyde generated in the

oral bacterial cavity to cancer of the upper digestive tract, which has been postulated

for decades, is supported by several recent studies (Salaspuro 2012; Homann et al.

2000; Marttila et al. 2013). Homann et al. reported that oral microbial acetaldehyde

production from ethanol plays a major role in alcohol-associated carcinogenesis and

also showed that oral acetaldehyde production in smokers was significantly higher

than from samples of nonsmokers (Homann et al. 2000). This effect of smoking on

acetaldehyde is consistent with the increased presence of squamous cell carcinoma

and oral lichenoid disease in smokers (Marttila et al. 2013). Althoughmany species of

oral bacteria may be involved, Neisseria has been implicated as one microbial genus

found in the oral cavity of healthy individuals that can produce acetaldehyde from

ethanol and sugar and thereby potentially plays a major role in human carcinogenesis

(Moritani et al. 2015; Muto et al. 2000). Overall, Takahashi (2015) emphasized the

need for more studies on the metabolome of the oral microbiome.

Acetate, a product of fatty acid breakdown, is also a metabolite that, when

altered by the oral microbiome, could lead to diseased states. A recent work by

Perry et al. (2016) demonstrated that acetate was sufficient to cause obesity and

related sequelae in a gut microbiome study, which was accompanied by an increase

in Firmicutes, a decrease in Bacteroidetes, and changes in Proteobacteria abun-

dance (Perry et al. 2016). Whether the oral microbiome may contribute to this was

not discussed, but previous work by our laboratory revealed correlations among a

diet high in saturated fatty acids (SFAs) and alpha diversity indices in richness, the

number of OTUs, and diversity with SFA positively correlated with the relative

abundance of Betaproteobacteria (Kato et al. 2016).

The concentration of nitrate, a key player in smooth muscle regulation and

cardiovascular health, has also been shown to depend on the commensal microbiota

found in the oral cavity (Kapil et al. 2013). A genomic analysis of the nitrate-reducing

bacteria populations in the oral cavity revealed several species that may play an

important role inmaintaining homeostasis (Hyde et al. 2014). Species such asNeisseria
flavescens andHaemophilus parainfluenzaewere amongst the highest nitrate-reducers

(Hyde et al. 2014). An imbalance in nitrite concentration can be detrimental to human

health, especially in smokers, and can lead to cancer (Stepanov et al. 2008).

The overall composition of the metabolome of the human oral microbiome is

also affected by external changes to the person. A comparative study of sailors

before and after a long sea voyage revealed stark changes in the metabolome and an

overall decrease in the diversity of the oral microbiome (Zheng et al. 2015). They

report shifts in the metabolome that would result in the sailors being more prone to

disease, highlighting the importance of a stable and healthy metabolome for

maintaining general health (Zheng et al. 2015). Specifically, microbially derived
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folate biosynthesis was decreased, along with a concomitant decrease in Lactoba-
cillus lactis and a reduction of dihydrofolate reductase and dihydropteroate

synthase enzyme activity (Zheng et al. 2015).

9.5 Concluding Remarks

As summarized above and in Fig. 9.1, evidence is growing to support the role of the

oral microbiome in etiologies of various systemic conditions beyond dental and

periodontal diseases. Although some of the associations have been supported by

both observational and experimental studies along with sound biological mecha-

nisms (e.g., CVD, bacteremia), others present rather modest associations with no

strong biological mechanisms tested or proposed. It is important to note that an

association between a presumed exposure and a disease outcome does not neces-

sarily indicate a causal relationship. Such an association may be caused by close

correlation with other known or unknown risk factors of the disease of interest. In

the case of oral pathogens, smoking is the greatest concern, as smoking is a known

risk factor for almost all the conditions discussed in this chapter, and because

External Impacts Pathological 
effects

•Inflammation
•Immune-
suppression
•Autoimmune 
reaction
•Systemic 
invasion
•Geno-
cytotoxicity

Diseases

Atherosclerosis

Endocarditis

Alzheimer's

Rheumatoid 
arthritis

Chronic 
kidney 
disease
Cancer

Toxins and 
metabolites

Dysbiosis

Treatment effects

Fig. 9.1 Schematic summary of the mechanistic pathways linking the oral microbiome to various

systemic conditions and cancer. Chemical (tobacco, alcohol, etc.) and physical (oral hygiene pro-

cedures) may affect oral microbiome composition. Dysbiotic oral microbiome produces more potent

toxins (lipopolysaccharide, gingipains, nucleoside diphosphate kinase, cytolethal distending toxin,

etc.) and potentially carcinogenic metabolites (acetaldehyde, nitrosamines). These facilitate, together

with external stimuli, immune subversion, bacterial invasion, proinflammatory and autoimmune

reactions, and cyto-genotoxic damages, eventually resulting in a myriad of disease states listed.

Treatments for the resulting diseases such as chemotherapy and radiation may further exacerbate

dysbiosis and inflammatory and immune suppressive conditions
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smokers have a high prevalence of periodontal disease due to poor oral hygiene

behaviors or local/systemic immune suppression (Barbour et al. 1997; Santos et al.

2015). As a result, a shift in the oral microbial structure caused by smoking has been

recently acknowledged (Wu et al. 2016; Kato et al. 2017). Therefore, analyses

stratified by smoking status or stringent statistical adjustment is necessary to draw

valid observations from studies on many conditions still under investigation.

Oral microbiome research to date has provided a wealth of information

concerning host–bacterial interaction, using not only epithelial cells, but also immune

cells, fibroblasts, and osteoclasts as discussed above. However, a major limitation is

that the vast majority of the research was based on P. gingivalis, which is a rather

uncommon intra-cellular bacterium with very low abundance. Further research is

warranted to elucidate virulence mechanisms of other major bacteria in the dysbiotic

community members induced by keystone pathogens, e.g., P. gingivalis, in addition

to protective mechanisms of commensal bacteria. Finally, equally important to host–

bacterial interactions are bacterial–bacterial interactions, either in maintaining oral

health or in inducing pathological conditions. This is particularly the case for oral

bacteria living in a steep oxygen gradient and with a limited nutrient supply that relies

on endogenous nutrients from saliva, tissue exudates, crevicular fluids, degenerating

host cells or other bacterial metabolites (Wade 2013; Hojo et al. 2009). As a result,

metabolic cooperation by consortia of bacteria is necessary for any bacteria to

survive, and biofilm development facilitates this cooperation and horizontal gene

transfer (Wade 2013; Hojo et al. 2009), which may modulate the expression of

bacterial virulence. It is now clear that the behavior of platonic- versus biofilm-

associated bacteria is dramatically different (Gabrilska and Rumbaugh 2015). Recent

development of in-vitro and in-vivo polymicrobial biofilm models has certainly

contributed to knowledge concerning bacterial social behaviors (Gabrilska and

Rumbaugh 2015). However, these models do not necessarily replicate the full

range of complex natural oral microbiome from obligate aerobics to obligate anaer-

obics. Perhaps further advances in this area may be facilitated by the introduction of

humanized oral microbiomes, as in recent gut microbiome studies.
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Dieudé M, Gillis MA, Théorêt JF, Thorin E, Lajoie G, Levine JS, Merhi Y, Rauch J (2009)

Autoantibodies to heat shock protein 60 promote thrombus formation in a murine model of

arterial thrombosis. J Thromb Haemost 7(4):710–719. https://doi.org/10.1111/j.1538-7836.

2009.03305.x

Dixon DR, Darveau RP (2005) Lipopolysaccharide heterogeneity: innate host responses to

bacterial modification of lipid a structure. J Dent Res 84(7):584–595. https://doi.org/10.1177/

154405910508400702

Donnelly JP, Bellm LA, Epstein JB, Sonis ST, Symonds RP (2003) Antimicrobial therapy to

prevent or treat oral mucositis. Lancet Infect Dis 3(7):405–412. https://doi.org/10.1016/S1473-

3099(03)00668-6

Duran-Pinedo AE, Frias-Lopez J (2015) Beyond microbial community composition: functional

activities of the oral microbiome in health and disease. Microbes Infect 17(7):505–516. https://

doi.org/10.1016/j.micinf.2015.03.014

El Kholy K, Genco RJ, Van Dyke TE (2015) Oral infections and cardiovascular disease. Trends

Endocrinol Metabol 26(6):315–321. https://doi.org/10.1016/j.tem.2015.03.001

Enersen M, Nakano K, Amano A (2013) Porphyromonas gingivalis fimbriae. J Oral Microbiol

5. https://doi.org/10.3402/jom.v5i0.20265

Epstein JB, Thariat J, Bensadoun R-J, Barasch A, Murphy BA, Kolnick L, Popplewell L, Maghami

E (2012) Oral complications of cancer and cancer therapy. Cancer J Clin 62(6):400–422.

https://doi.org/10.3322/caac.21157

Faı̈s T, Delmas J, Serres A, Bonnet R, Dalmasso G (2016) Impact of CDT toxin on human

diseases. Toxins 8(7):220. https://doi.org/10.3390/toxins8070220

Faizi M, Seydi E, Abarghuyi S, Salimi A, Nasoohi S, Pourahmad J (2016) A search for mitochon-

drial damage in Alzheimer’s disease using isolated rat brain mitochondria. Iran J Pharm Res

15:185–195
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Hyvärinen K, Mäntylä P, Buhlin K, Paju S, Nieminen MS, Sinisalo J, Pussinen PJ (2012) A

common periodontal pathogen has an adverse association with both acute and stable coronary

artery disease. Atherosclerosis 223(2):478–484. https://doi.org/10.1016/j.atherosclerosis.2012.

05.021

Hyvärinen K, Salminen A, Salomaa V, Pussinen PJ (2015) Systemic exposure to a common

periodontal pathogen and missing teeth are associated with metabolic syndrome. Acta Diabetol

52(1):179–182. https://doi.org/10.1007/s00592-014-0586-y

Ide M, Harris M, Stevens A, Sussams R, Hopkins V, Culliford D, Fuller J et al (2016) Periodontitis

and cognitive decline in Alzheimer’s disease. PLoS One 11(3):9. https://doi.org/10.1371/

journal.pone.0151081

Ilievski V, Kinchen JM, Prabhu R, Rim F, Leoni L, Unterman TG, Watanabe K (2016) Experi-

mental periodontitis results in prediabetes and metabolic alterations in brain, liver and heart:

global untargeted metabolomic analyses. J Oral Biol (Northborough) 3(1). 10.13188/12377-

13987X.1000020

Imamura T, Travis J, Potempa J (2003) The biphasic virulence activities of gingipains: activation

and inactivation of host proteins. Curr Protein Pept Sci 4(6):443–450

Inagaki S, Kimizuka R, Kokubu E, Saito A, Ishihara K (2016) Treponema denticola invasion into

human gingival epithelial cells. Microb Pathog 94:104–111. https://doi.org/10.1016/j.micpath.

2016.01.010

Ishihara K (2010) Virulence factors of Treponema denticola. Periodontol 2000 54(1):117–135.

https://doi.org/10.1111/j.1600-0757.2009.00345.x

Ishihara K, Kuramitsu HK, Miura T, Okuda K (1998) Dentilisin activity affects the organization of

the outer sheath of Treponema denticola. J Bacteriol 180(15):3837–3844
Iwasaki M, Taylor GW, Manz MC, Kaneko N, Imai S, Yoshihara A, Miyazaki H (2012a) Serum

antibody to Porphyromonas gingivalis in chronic kidney disease. J Dent Res 91(9):828–833.

https://doi.org/10.1177/0022034512455063

Iwasaki M, Taylor GW, Nesse W, Vissink A, Yoshihara A, Miyazaki H (2012b) Periodontal

disease and decreased kidney function in Japanese elderly. Am J Kidney Dis 59(2):202–209.

https://doi.org/10.1053/j.ajkd.2011.08.027

Iwasaki M, Minagawa K, Sato M, Kaneko N, Imai S, Yoshihara A, Miyazaki H (2016) Serum

antibody to Porphyromonas gingivalis in metabolic syndrome among an older Japanese

population. Gerodontology 33(2):193–200. https://doi.org/10.1111/ger.12135

Jeong E, Lee JY, Kim SJ, Choi J (2012) Predominant immunoreactivity of Porphyromonas
gingivalis heat shock protein in autoimmune diseases. J Periodontal Res 47(6):811–816.

https://doi.org/10.1111/j.1600-0765.2012.01501.x

Jeong E, Kim K, Kim JH, Cha GS, Kim S-J, Kang HS, Choi J (2015) Porphyromonas gingivalis
HSP60 peptides have distinct roles in the development of atherosclerosis. Mol Immunol 63

(2):489–496. https://doi.org/10.1016/j.molimm.2014.10.004

236 A.A. Vasquez et al.

https://doi.org/10.1016/j.oraloncology.2016.03.007
https://doi.org/10.1034/j.1600-0765.2001.00011.x
http://www.nature.com/nature/journal/v486/n7402/abs/nature11234.html#supplementary-information
http://www.nature.com/nature/journal/v486/n7402/abs/nature11234.html#supplementary-information
https://doi.org/10.1371/journal.pone.0088645
https://doi.org/10.1371/journal.pone.0088645
https://doi.org/10.1016/j.atherosclerosis.2012.05.021
https://doi.org/10.1016/j.atherosclerosis.2012.05.021
https://doi.org/10.1007/s00592-014-0586-y
https://doi.org/10.1371/journal.pone.0151081
https://doi.org/10.1371/journal.pone.0151081
https://doi.org/10.13188/12377-13987X.1000020
https://doi.org/10.13188/12377-13987X.1000020
https://doi.org/10.1016/j.micpath.2016.01.010
https://doi.org/10.1016/j.micpath.2016.01.010
https://doi.org/10.1111/j.1600-0757.2009.00345.x
https://doi.org/10.1177/0022034512455063
https://doi.org/10.1053/j.ajkd.2011.08.027
https://doi.org/10.1111/ger.12135
https://doi.org/10.1111/j.1600-0765.2012.01501.x
https://doi.org/10.1016/j.molimm.2014.10.004


Jewett A, Hume WR, Le H, Huynh TN, Han YW, Cheng G, Shi W (2000) Induction of apoptotic

cell death in peripheral blood mononuclear and polymorphonuclear cells by an oral bacterium,

Fusobacterium nucleatum. Infect Immun 68(4):1893–1898. https://doi.org/10.1128/iai.68.4.

1893-1898.2000

Jimenez M, Krall EA, Garcia RI, Vokonas PS, Dietrich T (2009) Periodontitis and incidence of

cerebrovascular disease in men. Ann Neurol 66(4):505–512. https://doi.org/10.1002/ana.21742

Jobin M-C, Virdee I, McCulloch CA, Ellen RP (2007) Activation of MAPK in fibroblasts by

Treponema denticola major outer sheath protein. Biochem Biophys Res Commun 356

(1):213–218. https://doi.org/10.1016/j.bbrc.2007.02.111

Johansson A (2011) Aggregatibacter actinomycetemcomitans leukotoxin: a powerful tool with

capacity to cause imbalance in the host inflammatory response. Toxins 3(3):242–259. https://

doi.org/10.3390/toxins3030242

Johnson L, Atanasova KR, Bui PQ, Lee J, Hung S-C, Yilmaz Ö, Ojcius DM (2015)
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Chapter 10

Candida albicans Commensalism and Human

Diseases

Changbin Chen and Xinhua Huang

Abstract Candida albicans is by far the most prevalent commensal yeast and

frequently causes opportunistic infections in humans. This polymorphic fungus

resides as a lifelong, harmless commensal on mucosal surfaces of the oropharynx,

gastrointestinal, and genitourinary tracts in healthy individuals, but causes a fre-

quently fatal disseminated infection responsible for multiple forms of disease in

immunocompromised patients, including oral, vaginal, dermal, and disseminated

candidiasis. Although C. albicans colonization can be detected in humans as early

as a few weeks after birth, our understanding of its commensal adaptation has arisen

only recently from the most basic level. C. albicans commensalism requires a

homeostatic interplay among fungus, resident microbiota, and host immunity, and

disturbance of the balance can lead to pathogenicity of the yeast. This chapter

describes a number of important factors contributing to the maintenance of this

interaction and summarizes recent progresses regarding mechanisms underlying

the regulation of C. albicans colonization in various host niches.

Keywords Candida albicans • Commensalism • Candidiasis • Microbiota • Host

immunity

10.1 Introduction

The fungus Candida albicans was first discovered as the etiological agent of oral

thrush in the first half of the nineteenth century by F.T. Berg. Since then, it has been

isolated from different parts of the human body and a diverse variety of animals

(Odds 1988; Jacobsen et al. 2008). So far, this dimorphic organism has been

recognized as the most frequently isolated yeast in humans. One of the most
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intriguing features of C. albicans is its versatility: this fungus gained the ability to

strive in a wide range of different niches following a long coevolution with the host

(Calderone 2002). C. albicans is a part of the natural microbial microbiota and

resides as a commensal of the oral cavity, vagina, and gastrointestinal (GI) tract in

healthy humans (Znaidi et al. 2015; Zordan and Cormack 2012). For example, it can

be detected in oropharyngeal microbiota in up to 50% of normal individuals and in

the vagina in 25 to 30% of asymptomatic and healthy women. Furthermore,

C. albicans was found to be a predominantly opportunistic fungal pathogen con-

tributing to diverse infectious syndromes, such as oral and oropharyngeal candidi-

asis (OPC), vulvovaginal candidiasis (VVC), mucocutaneous candidiasis, and

disseminated candidiasis. It is able to translocate through the mucosa and gain

access to internal organs, causing a systemic disease and organ failure (Mavor et al.

2005). C. albicans ranks as the fourth most common infectious agent isolated from

blood cultures, responsible for 60% of bloodstream-derived fungal infections, and

has a mortality rate of approximately 40% (Kett et al. 2011). Interestingly, although

the origin of systemic C. albicans infection remains controversial, a burgeoning

body of evidence has shown that the GI tract is considered the most frequent place

for C. albicans colonization in humans and may represent the major source of

candidemia, given favorable conditions (Nucci and Anaissie 2001; Odds et al.

2006). In a mammalian host, C. albicans transits from being a commensal to a

pathogen by adapting itself to diverse physiological niches, which differ with

regard to a variety of environmental cues such as pH, temperature, nutrients, and

stress challenges. Moreover, the yeast competes with other members of the

microbiota and confronts the host immune defenses. Thus, in addition to contribu-

tions of virulence factors, pathogenicity of C. albicans also relies on a number of

fitness attributes (Mayer et al. 2013). To date, numerous studies have been carried

out to focus on the pathogenic state of C. albicans; our knowledge about its

commensalism is comparatively limited, although accumulating evidence has

suggested that the most effective strategy to reduce candidemia-associated mortal-

ities might be to prevent infections from occurring. Recent progresses in addressing

functional roles of commensalism factors indicate that maintaining C. albicans in
its commensal form requires a tripartite interaction of fungus, resident microbiota,

and host immunity, and involves a subtle balance between first, the host’s immune

defenses, bacterial microbiota, and other local environmental conditions, and

second, the yeast’s virulence factors. Disturbance of this balance was found to

promote proliferation and colonization of C. albicans in different mucosal surfaces

before invading the tissues (Odds 1988). A commensal stage of C. albicans
involves regulation and adaptation to diverse host microenvironments and could

be sustained by downregulating the pathogenic potential. Moreover, commensalism

may represent a specific stage in the human host evolution that enables it to

recognize and deal with a potential fungal invader.

In this chapter, we summarize the latest advances in our understanding of

commensalism-related mechanisms, enabling C. albicans to colonize different

host niches. Key commensalism attributes, including microbiota, mucus layer,

antimicrobial peptides (AMPs), and gene regulatory circuits, are discussed and
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evaluated in terms of their roles in specific host niches including the oral cavity,

reproductive tract, and GI tract.

10.2 C. albicans Commensalism in the Oral Cavity

Candida albicans is normally a commensal fungus, able to colonize saliva and oral

mucosa, where it transits into a pathogen causing OPC or oral thrush (Zhu and Filler

2010; Naglik et al. 2011; Nucci and Anaissie 2001). A typical OPC symptom is

displayed as geographically extensive thick white plaques formed on the tongue,

buccal mucosa, soft palate, and pharynx. In healthy individuals, C. albicans is most

commonly isolated from the tongue (the mid-line of the middle and posterior

thirds), the cheek, or the palatal mucosa (Arendorf and Walker 1979, 1980;

Borromeo et al. 1992). The individual’s health is a major predisposing factor for

C. albicans colonization in the oral cavity, supported by statistics showing that the

mean rates of oral Candida carriage in healthy or hospitalized individuals are

17.7% and 40.6% respectively (Odds 1988). Normally, oral candidiasis is not

life-threatening, but still leads to a significant level of morbidity because of chronic

pain or discomfort upon mastication and limited nutrition intake in the elderly or

immunodeficient patients. Moreover, OPC is one of the first clinical signs of HIV

infection, and commonly detected in neonates, the elderly, patients with xerostomia

(dry mouth), and individuals undergoing chemotherapy and radiotherapy for head–

neck cancers (Fidel 2011). Severe infection in infants can even lead to malnutrition

and a failure to thrive (Fidel 2011; Glocker and Grimbacher 2010). Given increased

oral Candida infection and carriage titers in OPC patients, it is important to analyze

the functional role of some key factors in promoting C. albicans colonization in this
niche.

10.2.1 Adhesion

Candida albicans normally resides at low levels in the oral microbiota of humans.

A successful colonization in the oral cavity requires a stable population of

C. albicans to be maintained in this niche. The yeast cells have to evolve strategies

for adherence to the mucus or epithelial surface to avoid removal by host clearance

mechanisms in the oral cavity, a continuous-flow environment. First, C. albicans
colonization or clearance can be determined from a balance between growth in the

oral cavity and removal of cells from the mouth. Yeast cells may be washed out or

removed by saliva, swallowing, and oral hygiene. Once the balance is disrupted,

C. albicans can either be cleared or cause OPC. Second, a number of fungal surface

adhesins have been identified by different experimental approaches and reagents,

and attested to be crucial for the avid adherence of C. albicans to epithelial cells.

Some of them, including members of the agglutinin-like sequence (ALS) family,
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Hwp1, Eap1, have been well characterized (Zordan and Cormack 2012). Dysfunc-

tion of cell-wall regulation undoubtedly has a negative effect on adhesion proper-

ties. Moreover, using a C. albicans isolate known to be highly adherent to buccal

epithelial cells (BECs), Imbert-Bernard et al. (1995) fractionated the yeast cell wall

extracts for measuring adhesion activity and identified two proteins, with molecular

masses of 38 and 54 kDa respectively, from the protein fraction Fr1, as potential

candidates contributing to adherence mechanisms of C. albicans to human BECs.

C. albicans CaMNTI gene encodes a mannosyltransferase involved in O-linked

mannosylation and mutant cells lacking CaMNTI displayed significantly reduced

adherence to BECs (Buurman et al. 1998). The secreted aspartyl proteinases (Saps)

also implicated in C. albicans adherence to BECs and other substrates (Ghannoum

and Abu Elteen 1986; Watts et al. 1998). Third, C. albicans adherence also involves
plenty of ligands, including epithelial and bacterial cell-surface molecules, extra-

cellular matrix proteins, and dental acrylic. Absorbed saliva molecules, including

previously identified basic proline-rich proteins IB-6 (O’Sullivan et al. 1997) and

Psi (Babu and Dabbous 1986), are receptors for C. albicans adhesion and play

important roles in maintaining its commensal behavior. Moreover, the influence of

carbohydrates on C. albicans adherence to BECs has been assessed through in-vitro
analyses. Sugars such as glucose, galactose, sucrose, or mannose, significantly

enhance adherence, whereas it is not the case for other carbohydrates such as

xylose, ribose, fructose, maltose, lactose, or raffinose (Macura and Tondyra

1989). Finally, a biofilm community is formed in the oral cavity when

C. albicans cells co-adhere with several species of oral bacteria, including Strep-
tococcus spp. and Actinomyces spp. Adhesive interactions between yeast and

bacteria, such as protein–protein interactions and lectin binding, have been pro-

posed to contribute to C. albicans colonization in the oral cavity (Millsap et al.

1998). In-vitro assays have validated that carbohydrates (e.g., rhamnose, glucose,

GlcNAc, and galactose) isolated from the S. gordonii cell wall act as receptors for
C. albicans adherence (Holmes et al. 1995). Studies also found that inactivation of

S. gordonii cell-surface polypeptide-encoding genes, including CSHA, CSHB,
SSPA, and/or SSPB, results in significant reductions in adherence of C. albicans
cells (Holmes et al. 1996), indicating co-adherence between the yeast and bacteria

is multifactorial. However, in some cases bacteria may interfere with the adherence

of C. albicans cells. For example, a biofilm of S. gordonii was found to reduce the

adherence of C. albicans to polystyrene (Webb et al. 1995), arguing against a

positive role of bacteria in C. albicans adherence.
Clearly, adherence of C. albicans cells to the oral cavity is controlled by a

spectrum of adhesive factors operated through various mechanisms. However,

contributions of these factors to colonization still need to be fully deciphered

owing to environmental diversity of the oral niche and complex adhesive mecha-

nisms of this yeast.
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10.2.2 Acquisition

To maintain a high level of C. albicans population in the oral cavity, yeast cells

must grow and multiply at a rate at least equal to that of clearance. However, the

oral cavity is an environment with extremely limited carbon sources, possibly

because of the consumption of a large number of bacteria in saliva (Samaranayake

et al. 1986), and this reflects a fact that the growth rate of C. albicans in saliva is too
low to be measured accurately. To overcome this, C. albicans has to manipulate its

metabolic activities to facilitate assimilation of carbon and nitrogen from the oral

cavity, and these activities have been shown to aid the growth and survival of yeast

cells in this niche. Competition with other oral microorganisms for nutrients such as

glucose significantly affects C. albicans growth rate (Ribeiro et al. 2016). Given

that oral bacteria are present at most oral sites at concentrations much higher than

C. albicans, Candida cells must compete with them for adhesion sites and nutrients.

Antibiotics treatment, which reduces the number of oral bacteria, turns out to be a

predisposing factor for C. albicans colonization in the oral cavity (Cannon et al.

1995). Moreover, a recent study suggested that a fungal species, Pichia, might exert

an antagonistic effect on C. albicans colonization and the associated mechanisms

include nutrient limitation, and modulation of growth and virulence factors

(Mukherjee et al. 2014).

10.2.3 Anti-host Clearance Mechanisms

As stated previously, a successful colonization of C. albicans in the oral cavity

depends on a balance between the rates of its growth and clearance. A major

strategy that yeast cells utilize to influence this balance is to modulate host defenses

(Cannon et al. 1995). Accumulating evidence has suggested that immune evasion

and immunomodulatory strategies carried out by C. albicans might be important

not only in defending against immune killing, but also in the maintenance of its

commensal state. For example, complement regulator molecules, including fH,

FHL-1, and C4bp, can be captured by C. albicans and directly bind to the fungal

cell surface to block all three complement activating pathways (Zipfel et al. 2007).

Lymphocytes appear to be important for modulating C. albicans oral colonization,
because children with thymic athymic dysplasia and HIV-AIDs patients are more

susceptible to oral candidiasis (Cleveland et al. 1968; McCarthy et al. 1991; Scully

et al. 1994). Signaling pathways involving IL-17 and IL-17RA are crucial for

controlling overgrowth and invasion of C. albicans in the oral cavity, supported

by a study reporting that mice deficient in different components of the IL-17

pathway (IL-23, IL-17RA and RORγt) develop severe oral candidiasis (Conti

et al. 2009). Mitogen-activated protein kinase (MAPK) signaling was also found

to be important, as oral epithelial cells are able to discriminate between yeast and

hypha via a bi-phasic MAPK response. Compared with the invasive hyphal form, a
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low burden of yeast-form cells favors colonization and can be recognized by an

unknown pattern recognition receptor leading to a weak, early, and transient

activation of MAPK response followed by induction of NF-κB and c-Jun (Moyes

et al. 2010; Gow and Hube 2012). In summary, C. albicans has evolved to become a

successful commensal on mucosal surfaces of the oral cavity, where its colonization

requires actions of different key players of the fungal cell surface, the role of the

microbiota, in addition to attributes important to avoiding or overcoming host

defense mechanisms (Fig. 10.1).

10.3 C. albicans Commensalism in the Reproductive Tract

Fungi are recognized as important components of the vaginal ecosystem in healthy

women, although they are vastly outnumbered by their bacterial counterparts in this

niche. C. albicans colonizes the reproductive tract of 20% of women without

causing any overt symptoms, yet it is one of the leading causes of infectious

vaginitis. Although vaginal candidiasis is not lethal and rarely has the chance to

develop systemic disease, this infection results in significant morbidity, affects a

Fig. 10.1 Key factors involved in promoting colonization of Candida albicans in the oral cavity.
C. albicans cells have to evolve strategies facilitating adherence to the mucus or epithelial surface

of the oral cavity. The cartoon illustrates some of the important factors contributing to adhesion,

acquisition, and anti-host clearance of the yeast, based on a number of publications. For example,

factors involved in 1 adhesion (Zordan and Cormack 2012; Buurman et al. 1998; Watts et al. 1998;

O’Sullivan et al. 1997); 2 acquisition (Macura and Tondyra 1989; Cannon et al. 1995; Mukherjee

et al. 2014; Ribeiro et al. 2016); 3 biofilm (Millsap et al. 1998); 4 host complement (Zipfel et al.

2007); 5 host lymphocytes (Cleveland et al. 1968; McCarthy et al. 1991; Scully et al. 1994);

6 Th17 response (Conti et al. 2009); 7 activation of host MAPK pathways (Moyes et al. 2010; Gow

and Hube 2012)
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large number of patients, and shows tolerance to conventional therapy. Three

quarters of women of reproductive age experience at least one episode of VVC

during their lifetime (Sobel 1990; Sobel et al. 1998). C. albicans vaginal infection is
most frequently detected in young women of childbearing age and 40–50% of

women experience a recurrence. Compared with VVC, recurrent VVC (RVVC) is a

much more serious clinical condition because of symptoms recurring four or more

episodes per year and because of its refractoriness to successful treatment (Cassone

2015). Recent epidemiological studies have found that RVVC prevalence may be

higher than previously estimated and that 7–8% of women who experienced the first

episode may develop RVVC (Foxman et al. 1998). Clinical signs and symptoms of

RVVC include intense pruritus, vaginal discharge, an erythematous vulva, and

dyspareunia. Given a poor therapy outcome, recurrent VVC has a severe impact

on women and their partners, both physically and psychologically (Mardh et al.

2002; Watson and Calabretto 2007; Aballéa et al. 2013), resulting in considerable

suffering and cost, in addition to a markedly negative effect on sexual relations

(Foxman et al. 2000).

Although it is far less abundant than bacteria in the vagina, C. albicans infection
provides a pronounced effect on vaginal health. Despite therapeutic advances, VVC

and RVVC remain common problems worldwide, affecting all strata of society.

However, understanding of the mechanisms of C. albicans commensalism in the

vaginal tract has developed slowly.

10.3.1 Estrogen Levels

Predisposition to VVC can be determined by exogenous and endogenous factors.

Exogenous factors include the use of antibiotics or oral contraceptives, pregnancy,

hormone replacement therapy, and uncontrolled diabetes mellitus (Sobel 1990;

Sobel et al. 1998), whereas hormonal levels, such as those of estrogen and proges-

terone, constitute major endogenous factors (Kalo-Klein and Witkin 1989), and

their importance in C. albicans vaginal colonization has been addressed. Clinical

studies have shown that C. albicans is more frequently detected in the vaginal

microbiota during pregnancy than at other times (Susic 1988). Women taking oral

contraceptive pills are more prone to infection by C. albicans during the mid-cycle

estrogen surge (Goplerud et al. 1976; Oriel et al. 1972). Besides clinical evidence,

the contribution of estrogen to C. albicans vaginal infection was further confirmed

in animal models, providing an extremely useful tool for identifying factors impor-

tant in the regulation of susceptibility to Candida infection. C. albicans is normally

absent from the vaginal microbiota in rats or mice and it is impossible to establish

Candida infection in untreated animals. However, high doses of long-acting estra-

diol (E2) promote persistent vaginal colonization of Candida in these animals

(Cassone and Sobel 2016; Fidel et al. 2000). The reasons for estrogen-promoted

C. albicans colonization in the vaginal tract have become somewhat clear.

C. albicans harbors a specific estrogen-binding protein (EBP) and a cytosol
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receptor or binding system for estrogen has been documented (Skowronski and

Feldman 1989). Of significance, vaginal colonization by an isolate of C. albicans
containing a high-affinity EBP shows an 8.6-fold increase in response to in-vivo

treatment with E2 than with a comparable dose regimen of diethylstilbestrol, an

efficacious mammalian estrogen receptor agonist, highlighting that mechanisms

for estrogen-sensitive vaginal colonization of C. albicans include a functional

ligand–EBP interaction within the yeast (Tarry et al. 2005). Moreover, in-vitro

studies have shown that estrogen treatment highly induces expression of soluble

heat-shock proteins in C. albicans and significantly promotes germ tube formation

(Burt et al. 2003; White and Larsen 1997). Enhanced C. albicans adherence to

vaginal epithelial cells was found through estrogen signaling, as a hormone-

dependent glycogen production and accumulation from human vaginal epithelial

cells significantly contribute to fungal colonization by providing a carbon source

for Candida growth (Dennerstein and Ellis 2001; McCourtie and Douglas 1981).

10.3.2 Colonization Factors

Similar to its colonization in the oral cavity, C. albicans commensalism in the

vaginal tract requires yeast adherence to vaginal epithelial cells. So far, only a few

factors have been identified and characterized to play roles in regulating vaginal

colonization with yeast. A previous study indicates that vaginal C. albicans colo-
nization and tissue invasion can be significantly enhanced by germ-tube formation,

as a nongerminating mutant fails to induce experimental VVC in vivo (Sobel et al.

1984). Consistent with this result, factors that influence Candida germination had a

profound effect on symptomatic vaginitis. High-frequency heritable phenotypic

switching was also thought be important for spontaneous in-vivo transformation

from asymptomatic commensal colonization to symptomatic vaginitis, based on an

observation that fresh vaginal C. albicans clinical strains isolated during acute

vaginitis tend to have high frequency of switching (Soll 1988; Soll et al. 1989).

The observation that production of lactic acid and short-chain fatty acids by

vaginal bacteria such as lactobacilli acidifies the vaginal environment suggests that

pH regulation might have an impact on C. albicans colonization in this niche.

Indeed, low pH favors the yeast form, but inhibits an invasive hyphal form of

C. albicans (Han et al. 2011). Recent in-vitro and in-vivo studies have proposed a

model that C. albicans co-opts amino acid metabolism to produce and secrete

ammonia, which raises extracellular pH, triggers hyphal development, and escapes

from immune killing by macrophages (Vylkova et al. 2011; Vylkova and Lorenz

2014). Interestingly, clinical studies showed that lactobacilli were frequently

co-isolated with C. albicans in the vaginal epithelium of women with VVC and

vaginal administration of different lactobacilli strains after conventional treatment

can dramatically decrease recurrences of Candida vaginitis (Ehrstrom et al. 2010).

This is presumably achieved by an improvement in the vaginal pH value, as

displayed with inhibition of hyphal growth and repression of the genes involved

in biofilm formation in C. albicans (De Seta et al. 2014).
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Understanding the mechanisms of C. albicans commensalism and pathogenicity

in the vaginal tract is essential for developing effective therapies against Candida
vaginitis (Fig. 10.2). Animal models have validated the effectiveness of using anti-

Candida vaccines and systemically administered antibodies in preventing vaginal

candidiasis, but the efficacy of these treatments in human beings remains elusive.

Improvement of prevention strategies requires a better knowledge of host anti-

Candida defense mechanisms in the vagina, host genetic susceptibility, and fungal

genetic factors that induce host immune responses and facilitate vaginal

persistence.

10.4 C. albicans Commensalism in the GI Tract

Candida albicans colonization in the GI tract may cause disseminated infection and

severe disease symptoms upon disruption of the host defense (Odds 1987; Nucci

and Anaissie 2001). Even though commensalism was thought to be the default

Fig. 10.2 Candida albicans colonization in the vaginal tract is determined by levels of estrogen

and a list of characterized colonization factors derived from the fungus and its microbiota

counterparts. C. albicans harbors a specific estrogen-binding protein (EBP) and evolves a cytosol

receptor or binding system for estrogen (Skowronski and Feldman 1989). A functional ligand–

EBP interaction significantly promotes estrogen-sensitive vaginal colonization of C. albicans
(Tarry et al. 2005). Moreover, the production and accumulation of glycogen from human vaginal

epithelial cells depend on activation of an estrogen pathway that significantly contributes to fungal

colonization by providing a carbon source for Candida growth (Dennerstein and Ellis 2001;

McCourtie and Douglas 1981). Finally, estrogen induces expression of soluble heat-shock proteins

in C. albicans and significantly promotes germ tube formation, a strategy that also enhances its

colonization (White and Larsen 1997; Burt et al. 2003). In addition to hormonal regulation, vaginal

colonization with C. albicans was also affected by factors involved in high-frequency phenotypic

switching (Soll 1988; Soll et al. 1989), germ-tube formation (Sobel et al. 1984), and pH regulation

(Ehrstrom et al. 2010; Han et al. 2011; Vylkova et al. 2011; De Seta et al. 2014; Vylkova and

Lorenz 2014)
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lifestyle of C. albicans in the GI tract, obvious disease symptoms told us that its

pathogenic state often overshadows the commensal tendencies of this fungus.

A clinical survey from patients who were diagnosed as positive in a blood culture

for Candida noted that C. albicans isolates from blood were genetically indistin-

guishable from those isolated from the GI tract, suggesting that GI colonization

might be a source of invasive C. albicans candidemia (Miranda et al. 2009).

Moreover, studies from patients with familial Crohn’s disease (Standaert-Vitse

et al. 2009) and ulcerative colitis (Ksiadzyna et al. 2009; Zwolinska-Wcislo et al.

2009) further indicate a tight correlation between C. albicans colonization in the GI
tract and inflammatory bowel disease. Patients with ulcerative colitis showed a

reduction in clinical symptoms and a decrease in the size of inflammatory lesions

after treatment with the anti-fungal drug fluconazole (Zwolinska-Wcislo et al.

2009). C. albicans can be frequently cultured from gastric biopsies and brush

mucosal samples of patients with gastric ulcers, and the clinical severity of the

ulcer was found to be dependent on the degree of Candida colonization (Zwolinska-
Wcislo et al. 2006), implying that Candida GI colonization might be a determinant

in triggering host inflammation and promoting a pathological condition in this

niche. Therefore, understanding mechanisms responsible for the adaptation of

C. albicans to GI commensalism should shed light on the multilevel design of

new strategies for combating fungal diseases (Fig. 10.3).

10.4.1 C. albicans Polymorphism

Candida albicans is a polymorphic fungus that undergoes morphological transition

among the yeast, pseudohyphal, and hyphal forms (Brown 2002). The ability of

C. albicans to switch from yeast to filament, and vice versa, is a major virulence

determinant of this organism (Berman and Sudbery 2002). Interestingly, recent

studies have proposed that morphological alterations of C. albicans in response to

environmental stimuli have been associated with both commensalism and patho-

genesis (Neville et al. 2015). C. albicans colonization seems to favor a yeast form

that tolerates host immunity and could be maintained at low numbers on the

epithelial surface through various mechanisms that inhibit transition to a filamen-

tous form (Neville et al. 2015). However, even though a form of yeast is the

dominant morphology of this fungus in the GI tract, genetic analyses indicate that

C. albicans GI colonization was found to be associated with elevated expression

levels of hyphae-specific genes (HSGs), such as EFH1, ECE1, RBT4, and RBT1;
even the cells are in yeast forms (Doedt et al. 2004; White et al. 2007; d’Enfert
2009; Rosenbach et al. 2010). These seemingly contradictory results suggest that

upregulation of HSGs might facilitate the maintenance of C. albicans in yeast forms

in the GI tract in a morphogenesis-independent manner. This hypothesis was further

supported by an assay monitoring expression of Efg1, which was previously known

to be a major regulator of filamentation. A substantial body of literature based on

diverse lines of research has indicated a dual role of Efg1 in regulating the
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pathogenic virulence of C. albicans and its commensal colonization in the GI tract

(Kumamoto and Vinces 2005; d’Enfert 2009; Pierce et al. 2013; Pierce and

Kumamoto 2012; Stoldt et al. 1997). Cell-to-cell variation in the levels of Efg1

expression in the GI tract may divide C. albicans cells into different subpopulations
with multiple characteristics, enabling host-dependent shaping and diversity of the

colonizing population (Pierce et al. 2013). Thus, a precise understanding of the

attributes of the C. albicans polymorphism and their role in either commensalism or

pathogenesis is very important.

Fig. 10.3 Mechanisms responsible for the adaptation of C. albicans to commensalism in the

gastrointestinal (GI) tract. Recently, the related mechanisms have been appreciated, in which the

successful colonization of C. albicans in the GI tract depends on multiple factors, including (a)

polymorphism (Doedt et al. 2004; White et al. 2007; d’Enfert 2009; Rosenbach et al. 2010), (b)

phenotypic switch (Pande et al. 2013; Tao et al. 2014; Noble et al. 2016; Scaduto and Bennett

2015), (c) microbiota (Peleg et al. 2010; Zelante et al. 2013; Fan et al. 2015), (d) and interactions

between fungus and host immune responses (Del Sero et al. 1999; Nucci and Anaissie 2001;

Brown 2006; Jawhara et al. 2008; Mochon et al. 2010; Chen et al. 2011; Tsai et al. 2011; Gladiator

et al. 2013; Pande et al. 2013; Perez et al. 2013; Fan et al. 2015; Trevijano-Contador et al. 2016;

Urrialde et al. 2016). Note that C. albicans GI commensalism is associated with expression of

tremendous numbers of genes from the host, microbiota and the fungus itself
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10.4.2 C. albicans Phenotypic Switch

In its unicellular form, C. albicans may adopt distinct, nongenetically determined

phenotypes to colonize in host niches, depending on environmental conditions. So

far, at least four types of cells have been identified and characterized, named based

on their colony appearance: white, opaque, gray, and gastrointestinally induced

transition (GUT) (Tao et al. 2014; Pande et al. 2013; Noble et al. 2016). Cells of

each type have distinct morphological phenotypes that are stable and inheritable.

White cells exhibit a standard round-to-oval yeast morphology that can be easily

distinguished from the other three more elongated yeast-like cell types. In-vitro

assays have shown that these cell types display differences in a variety of cellular

events such as transcriptional profiling, activities of secreted aspartyl proteases and

mating competencies (Pande et al. 2013; Tao et al. 2014). In-vivo studies using

mouse models also indicate that they have varying features in both pathogenesis

and commensalism. Compared with the other three cell types, white cells were

more virulent in a mouse model of systemic candidiasis, whereas gray and opaque

cells appear to be important for skin damage (Tao et al. 2014), and GUT cells

represent a unique phenotypic form specifically isolated from the GI tract (Pande

et al. 2013).

Different cell types evolve to adapt to a variety of host niches and phenotypic

switching in response to various environmental triggers have been verified to be

associated with C. albicans commensalism (Gow et al. 2011). The white-to-opaque

switch, firstly described by Soll in 1987 (cited in Slutsky et al. 1987) significantly

affects C. albicans survival in the host by regulating mating competence, cell

diversity, and host immune recognition. Opaque cells are essential for mating,

rendering C. albicans competent in mating (Miller and Johnson 2002). Moreover,

opaque cells have lost the ability to secrete important chemoattractants that can be

specifically recognized by polymorphonuclear neutrophils and therefore success-

fully escape from recognition by immune cells under certain conditions (Geiger

et al. 2004; Sasse et al. 2013). An in-vivo murine skin model suggests that

compared with white cells, opaque cells are better colonizers at the mucosal

surfaces of the skin (Kvaal et al. 1997, 1999; Geiger et al. 2004; Sasse et al.

2013), but appear to have a negative impact on mucosal commensalism because

of its ability to damage skin tissues (Pande et al. 2013). However, white cells

outcompete opaque cells in the GI tract of antibiotics-treated mice (Pande et al.

2013). In addition to the well-characterized white-to-opaque switch, recent studies

add a novel “white–gray–opaque” tristable phenotypic switching system. Gray cells

had a faster growth rate than either the white or the opaque cells in an ex-vivo

murine tongue infection assay, which can be explained by a better adapted nutrient

acquisition of this type of cells from host tissues (Tao et al. 2014). This tristable

system seems to be a general feature of Candida species, as an in-vitro study in

Candida dubliniensis showed that switching to a gray phenotype can be fostered by
a combined treatment with N-acetylglucosamine (GlcNAc) and CO2 (Yue et al.

2016; Pande et al. 2013). Taking into consideration the release of GlcNAc and CO2
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by commensal bacteria present in the GI tract, this study suggests that the “white–

gray–opaque” tristable phenotypic switching system might facilitate Candida to

compete with its bacterial counterparts and colonize the preferred biological niches.

Furthermore, our unpublished in-vivo results demonstrate that gray cells are

extremely unstable in the GI tract and rapidly switch to either white or opaque

form, thus preventing the host from a necrotic cell death.

Passage through the murine GI tract triggers formation of another new C. albicans
cell type, GUT, which primes this fungus for commensalism (Pande et al. 2013).

A major difference between GUT and gray-type cells is the stability under various

environmental conditions. GUT cells are identified only during in vivo GI coloniza-

tion, whereas gray cells can be obtained in vitro and confirmed to be stable under a

variety of culturing conditions (Pande et al. 2013; Tao et al. 2014). GUT is defined as

the first specialized commensal cell type, adding more complexities in host–Candida
interactions. Although colonizing C. albicans cells in the GI tract are the yeast form,

“white” cell type (White et al. 2007; Pierce and Kumamoto 2012), the presence of the

GUT cell type in this niche suggests that yeast-form cells may undergo phenotypic

switching by altering their morphologies, transcriptomes, and metabolism, and

unknown host factors may contribute to this transition. For example, GUT cells

promote C. albicans commensalism in the GI tract through metabolic adaptation,

as genes related to glucose catabolism and iron uptake were repressed whereas

transcripts related to the catabolism of fatty acids and N-acetylglucosamine were

activated. Importantly, transcription patterns operated by the GUT cells are consistent

with its apparent optimization for GI colonization.

Thus, C. albicans is capable of undergoing multiple-stable phenotypic transi-

tions under certain environmental conditions. The phenotypic switching increases

fitness flexibility and genetic heterogeneity that greatly promotes the evolution of

different phenotypic variants, and this strategy may be important for C. albicans to
be better adapted to unfavorable conditions and support its survival in the host.

A certain cell type expressed by C. albicans may reflect different functional

specializations and developmental programs that have been optimized for com-

mensalism in different niches (Soll 2002). In addition to those characterized cell

types, we believe that more unidentified phenotypic variants of C. albicans may

exist in certain host niches. A certain type of phenotypic variant represents a

specialized growth form under environmental pressures and it is reasonable to

hypothesize that phenotypic switching may be a general feature of natural

C. albicans strains and the highly frequent and diverse phenotypic and morpholog-

ical switching more likely contributes to survival of C. albicans within the host.

10.4.3 Other Factors

Candida albicans has no environmental reservoir and always resides in human

individuals or other mammals (Hube 2004), meaning that its commensal state

within the GI tract is controlled by a tripartite interaction involving the fungus,
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host immunity, and the microbiota (Neville et al. 2015). Importantly, the population

size of C. albicans in this niche is maintained by multiple factors including normal

microbiota, host physical barriers and immune system with which the yeast con-

tinuously or transiently interacts (Hoffmann et al. 1999; Mochon et al. 2010), in

addition to changes in fungal gene expression when C. albicans colonizes as a

commensal in the GI tract (Neville et al. 2015). Therefore, each of these factors,

including microbiota, host immune defenses, host stresses, adhesion, and fungal

gene expression are evaluated in terms of their contributions to C. albicans colo-
nization in the GI tract.

10.4.3.1 Microbiota in the GI Tract

The gut microbial community (microbiota), which is composed of members of

bacteria, fungi, archaea, viruses, and protozoans, plays a fundamental role in the

well-being of its host. Microbiota constituents have been shown to exert specific

functions by interacting with one another and with the host immune system and

greatly influence disease development (Clemente et al. 2012). For example, gut

microbiota is required for development and for homeostasis in human life because

it actively participates in the regulation of a variety of key cellular events, including

nutrient and drug metabolism, maintenance of mucosal integrity, immunomodulation

and protection against pathogens. If the homeostasis is disrupted, inappropriate

inflammation can result in host cell damage and/or autoimmunity. For example,

dysbiosis of the intestinal microbiota has been largely related to chronic disease of

the intestinal tract, including ulcerative colitis, Crohn’s disease, celiac disease, and

irritable bowel syndrome, in addition to more systemic diseases such as obesity and

types 1 and 2 diabetes (Jandhyala et al. 2015).

The microbiota also has a major influence on the success of C. albicans as a

commensal in the GI tract, where C. albicans co-exists and interacts with numerous

bacteria (Lindsay et al. 2012). It has been appreciated that adult mice without any

treatments normally showed resistance to GI colonization of C. albicans, given that
the mouse is not a natural host of this fungus.

The associated mechanisms have been demonstrated recently. Anaerobic bacte-

ria, e.g., Bacteroides thetaiotaomicron and Bacteroides fragilis, are highly enriched
in the murine GI tract and mediate resistance to C. albicans colonization by

activating the innate immune effector hypoxia-inducible factor (HIF)-1a and the

AMP, LL-37 (Fan et al. 2015). Studies using a mouse commensal model revealed

that endogenous tryptophan metabolites derived from the gut microbiota specifi-

cally trigger an IL-22-dependent immune response to tip the balance back toward

homeostasis and thereby suppress C. albicans colonization in the GI tract (Zelante

et al. 2013). Moreover, C. albicans is able to persistently colonize the GI tract in

neonatal mice (Pope et al. 1979; Field et al. 1981), antibiotics-treated adult mice

(White et al. 2007; Koh et al. 2008), and germ-free mice (Schofield et al. 2005),

supporting the notion that the composition of resident bacteria in the gut microbiota

is an important determinant of C. albicans colonization.
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Resident probiotic bacteria directly inhibit fungal growth by blocking epithelial

binding sites and competing for nutrients, and thus providing a balanced and

protective immunity. C. albicans colonization was successfully established in the

alimentary tract of germ-free mice, but superinfection of Escherichia coli imposed

an antagonistic effect on C. albicans colonization (Nishikawa et al. 1969). The

nonpathogenic yeast Saccharomyces boulardii was also found to antagonize colo-

nization of C. albicans in the GI tract, as both in-vitro and in-vivo evidence has

shown that large amounts of this nonpathogenic yeast significantly reduce the

population of C. albicans in feces (Algin et al. 2005).

It needs to be clarified that the relationship between bacteria and C. albicans is
not always deleterious. For example, commensal bacterium E. faecalis interacts

with C. albicans and promotes a mutually beneficial association with the host, and

the resulting homeostasis ensures a commensal lifestyle over a pathogenic one, as

this commensal bacterium significantly inhibits the transition of C. albicans from
being a commensal to a pathogen by secreting molecule(s) in an FsrB-dependent

manner (Peleg et al. 2010). However, this beneficial commensal relationship could

be disrupted by changing microbes or host factors that have been known to promote

invasive infection (Mason et al. 2012a, b).

In summary, although we have obtained some knowledge of mechanisms by

which commensal bacteria and other nonpathogenic yeasts diminish or prevent

C. albicans colonization in the GI tract, there is still a long way to go before we

obtain a comprehensive picture of how bacteria or host-derived factors function to

promote or decrease fungal colonization. Moreover, prevention of invasive fungal

disease in humans may be approached by interfering with C. albicans GI coloni-
zation, for example, by reducing the ability of C. albicans to compete for resources,

supplementing probiotic bacteria that inhibit fungal growth, and/or boosting GI

mucosal immune responses to reduce the fungal burden.

10.4.3.2 Host Immune Defenses

In the GI lumen of immunocompetent hosts, C. albicans is predominantly present

as yeast-like cells in small numbers that do not cause epithelial damage, implying

that host immunity must play a major role in preventing invasive infection of the

yeast. Indeed, alterations of host defenses have been shifting C. albicans from

commensal colonization to systemic dissemination and disease. It has been clear

that the host immune system could selectively induce IgG antibodies to recognize

those immunogenic proteins abundant in C. albicans, e.g., Eno1, Pgk1, Cdc19,
Met6, Pdc11, and Hsp70, and to restrict fungal replication in the GI tract (Mochon

et al. 2010). C. albicans GI colonization is modulated by a series of key host

receptors, such as TLR2 and Dectin-1. Dectin-1 is a C-type lectin involved in

recognition of beta-glucans enriched in the cell walls of fungi (Brown 2006; Brown

et al. 2006; Graham et al. 2006; Heinsbroek et al. 2006; Ozment-Skelton et al. 2006;

Pyz et al. 2006; Taylor et al. 2007). Oral inoculation of C. albicans in the

conditional macrophage-specific Dectin-1-deficient mice results in greater

10 Candida albicans Commensalism and Human Diseases 261



C. albicans loads in stomachs and pyloric ceca compared with wild-type mice,

suggesting that activation of Dectin-1 signaling might negatively regulate

C. albicans colonization of the GI tract (Carvalho et al. 2012). However, the role

of Dectin-1 in C. albicans immune recognition remains controversial. Studies from

Vautier et al. (2012) showed that Dectin-1 does not play a role in host immune

responses to C. albicans carriage in the GI tract, which contradicts an earlier study

in which Dectin-1 was found to play a positive role (Gales et al. 2010). It became

somewhat clear that the opposite conclusions drawn from different groups are due

to two facts. One is that genetic backgrounds of the mouse line of each group are

different and have been shown to yield altered phenotypes in Dectin-1-deficient

mice (Carvalho et al. 2012), and apparently may affect experimental results and

reproducibility. Another possibility is that different mouse lines may trigger differ-

ent innate and adaptive immune responses, and indeed, Dectin-1 deficiency pro-

duces different cytokine profiles upon C. albicans challenge in each of the different
mouse lines (Carvalho et al. 2012). The implications of other specific cytokines for

C. albicans GI colonization were also assessed. For example, IL-10-deficient mice

are actually more resistant to C. albicans GI colonization (Del Sero et al. 1999).

Candida colonization of the GI tract is associated with elevated levels of IL-17, a

pro-inflammatory cytokine secreted by Th17 cells (Kumamoto 2011). Similar to

IL-17, IL-22, which is produced by T cells and innate lymphoid cells, has been

shown to be crucial for controlling colonizing numbers of C. albicans in the mouse

GI tract. Consistently, altered IL-22 levels in humans correlate significantly with

the progression of chronic mucocutaneous candidiasis (De Luca et al. 2010; Puel

et al. 2010; Gladiator et al. 2013). In addition to secreted cytokines, host immune

effectors activated by commensal bacteria were found to be crucial for the modu-

lation of GI colonization by C. albicans. For example, the AMP, LL-37, produced

by epithelial cells and by some phagocytes, belongs to the family of AMPs, which

are small molecules previously known to mediate protection against infections

(Lopez-Garcia et al. 2005; Tsai et al. 2011). The HIF-1a functions as an essential

transcriptional regulator in controlling the expression of antimicrobial cathelicidin

peptides such as LL-37 and therefore promoting mammalian innate defense

(Peyssonnaux et al. 2005; Nizet and Johnson 2009). Commensal anaerobic bacteria,

specifically the Bacteroides and clostridial Firmicutes clusters IV and XIVa, were

found to confer resistance to C. albicans gut colonization by markedly promoting

the expression of HIF-1a, a key transcriptional regulator of mammalian innate

immunity that induces expression of the AMP, LL-37, with anti-Candida activity

(Fan et al. 2015). These findings are highly suggestive that an intact gut microbiota,

which helps to boost GI mucosal immune defense reduces GI colonization by

C. albicans, may represent a feasible strategy for preventing Candida infection.

Strikingly, C. albicans is able to hijack other inflammation-related mechanisms to

enhance its ability to colonize the GI tract, as a recent finding revealed that mice

pretreated with dextran-sulfate sodium, a chemical that damages the epithelial cells

and causes inflammation, could establish sustained C. albicans colonization in the

GI tract, whereas untreated mice still show colonization resistance to C. albicans
(Jawhara et al. 2008).
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Collectively, a complex network of host immune defenses is crucial for GI

colonization of C. albicans in its commensal state, but this is dependent on the

site and stage of infection, as well as host immune status. Modulating host immune

effectors may also be a therapeutic strategy to prevent invasive candidiasis.

10.4.3.3 Environmental Stresses in the GI Tract

During its colonization as a commensal in the GI tract, C. albicans needs to cope

with different environmental stresses including temperature, pH, nutrients, reactive

oxygen species (ROS), microbiota counterparts, and host immunity. Most studies

about host environmental stresses have been focusing on their contributions to

C. albicans pathogenicity. In comparison, studies on their role in C. albicans GI
commensalism remain in their infancy. In a search for uncharacterized transcription

factors involved in stress responses, a genetic screening was conducted and the

transcription factor Pho4 was identified as a key fungal mediator responding to host

stresses (Urrialde et al. 2016). Mutant cells lacking PHO4 were hypersensitive to

osmotic and oxidative stresses and oral inoculation of this mutant exhibited signif-

icant attenuated GI colonization in a competitive commensalism mouse model. In

this model, an equilibrated mix of fluorescently labeled strains (wt-GFP/pho4-

dTOM2) was inoculated intragastrically in C57BL/6 mice and C. albicans gut

colonization was determined by plating and counting CFUs from stools. Moreover,

compared with wild-type cells, equally mixed pho4 mutant cells displayed a

reduced adherence to the intestinal mucosa surfaces in an ex-vivo competition

assay. Successful colonization of commensal microbes such as C. albicans in the

GI tract also indicate that these microbial organisms have evolved multiple evasion

strategies to avoid removal from the niche that may trigger different kinds of

cellular stresses upon immune recognition and/or host inflammatory responses.

10.4.3.4 Adhesion

Similar to its role in C. albicans colonization of the oral cavity, adhesion to host

tissues is also important for commensal colonization of this fungus in the GI tract.

Regardless of the site at which C. albicans colonization occurs, e.g., oral cavity,

vagina, or GI tract, the process of adhesion depends on a number of well-

characterized fungal and host factors, as discussed in numerous excellent reviews

(Douglas 1985; Tronchin et al. 1991; Kennedy et al. 1992; Pendrak and Klotz 1995;

Hostetter 1996; Fukazawa and Kagaya 1997; Sundstrom 1999, 2002; Calderone

et al. 2000; Cotter and Kavanagh 2000; Verstrepen and Klis 2006; Chaffin 2008;

Hiller et al. 2011; Liu and Filler 2011; Silva et al. 2011; de Groot et al. 2013; Fan

et al. 2013; Cho et al. 2014; Modrzewska and Kurnatowski 2015; Moyes et al. 2015;

Nobile and Johnson 2015; Polke et al. 2015; Hofs et al. 2016; Trevijano-Contador

et al. 2016). For example, most C. albicans adhesins belong to fungal cell wall

proteins such as the agglutinin-like sequence (Als) family, hyphal wall protein
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1 (Hwp1), Sun41, cell surface hydrophobicity protein 1 (Csh1), Eap1, and hyphally

regulated protein 1 (Hyr1), in addition to the family of secreted aspartyl protease

(Saps). Among them, the ALS gene family encodes large cell surface glycoproteins

that are important for C. albicans adhesion to host surfaces (Hoyer 2001; Hoyer and
Cota 2016). Hwp1, a major C. albicans hypha-specific cell wall protein, functions
as a substrate of mammalian transglutaminases and promotes the cross-link of the

fungus to epithelial cells (Staab et al. 1999). The SUN family protein, Sun41, was

reported to be a putative glycosidase and involved in C. albicans adhesion to host

tissue (Hiller et al. 2007). Changes in Csh1 expression could influence a multitude

of interactions with the host, including adhesion to various host cells (Hazen 1989).

The gene EAP1 was isolated as a putative cell wall adhesin and its expression

significantly promoted C. albicans attachment to human epithelial cells (Li and

Palecek 2003). The role of Hyr1 in adhesion is still under debate. Some studies

noted that hyr1 is important in adherence (Sundstrom 1999); however, others

questioned its irrelevance to the interaction with epithelial cells (Wächtler et al.

2011). Production of the secreted aspartyl proteinases (Saps) is associated with a

number of putative colonization attributes of C. albicans, including adhesion

(Naglik et al. 2003, 2004; Zhu and Filler 2010). In addition to fungal cell wall

proteins, a number of transcription factors, kinases, heat shock proteins, and

mediators, such as Czf1, Efg1, Tup1, Tpk1, Tpk2, Hgc1, Ras1, Rim101, Vps11,

Ecm1, Cka2, Bcr1, Bud2, Rsr1, Irs4, Chs2, Scs7, Ubi4, Ume6, Tec1, and Gat2,

have been characterized to contribute to adhesion as well (Modrzewska and

Kurnatowski 2015). As for host factors related to C. albicans commensal coloni-

zation, it has become clear that the fungal adhesion receptors such as fibronectins

and integrins, and features of epithelial cells, including morphology, cell type and

differentiation phase, were found to influence adhesion. However, whether the

presence or absence of specific adhesion molecules is more conducive to commen-

salism than pathogenesis requires further investigation.

10.4.3.5 Fungal Gene Expression

Transcription regulators act as central elements in regulating the gene expression

network of any organisms. It is reasonable to speculate that C. albicans GI com-

mensalism involves dynamic, but tightly regulated gene transcription programs.

Studies have shown that the most important commensalism-associated transcrip-

tional outputs include activation of processes involved in nutrition assimilation,

such as carbon and nitrogen metabolism, morphogenesis, and stress tolerance. An

iron-responsive transcription factor, Sfu1, acts as one of the main commensal

factors, possibly through regulation of a unique tripartite iron utilization system

of C. albicans (Chen et al. 2011). Deletion of Sfu1 confers susceptibility to toxic

levels of iron in the gut and therefore significantly diminishes C. albicans coloni-
zation in the GI tract (Chen et al. 2011). In addition, activation of another tran-

scription factor Wor1 was found to be essential for gut commensalism (Pande et al.

2013). Wor1 is the master regulator of the white-to-opaque switch (Morschhauser
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2010). Cells lacking Wor1 were rapidly cleared from the mouse gut, whereas

overexpression of WOR1 enhanced GI colonization by C. albicans, and strikingly,

promoted a phenotypic switch from the white cell type to a GI-specific new cell

type, GUT (Pande et al. 2013; Noble et al. 2016). Efg1, another central regulator for

C. albicans yeast-to-hypha transition, has also been identified as a major regulator

of GI colonization in mice (Pierce and Kumamoto 2012). Even more importantly,

mutants depleting Efg1 completely outcompete the wild type (White et al. 2007;

Pande et al. 2013; Pierce et al. 2013) and expression levels of EFG1 are greatly

influenced by both host immune status and the time course of colonization (Pierce

and Kumamoto 2012). In addition, a Candida-specific zinc finger transcription

factor CRZ2, when overexpressed, significantly increases intestinal colonization

by C. albicans; the inside mechanism may involve a substantial reprogramming of

amino acid and metal/ion homeostasis (Znaidi et al. 2015). Given the complex

nature of the GI tract, various signals triggered by the fungus, host immunity,

microbiota, and/or microenvironments of different niches, should also be consid-

ered. Although the classical MAPK signaling pathways have been characterized to

influence multiple aspects of fungal physiology, such as dimorphism, cell wall,

oxidative stress and virulence (Monge et al. 2006; Roman et al. 2007), their role in

regulating C. albicans GI fitness has recently been addressed. A recent in-vivo

study using a murine commensal model indicated that all three classic MAPK

pathways, mediated by the MAPKMkc1, Cek1, and Hog1, are required to maintain

C. albicans colonization in the GI tract (Nucci and Anaissie 2001). Interestingly,

the Hog1 pathway appears to play a more critical role in establishing GI coloniza-

tion of the yeast. Mutants lacking either Hog1 or Pbs2 showed defects in adhesion

to the mucosa surfaces of the gut, susceptibility to bile salts, and rapid clearance

from the gut in a competitive gut colonization assay. In comparison, colonization

defects in mutants affecting the other two MAPKs can only be observed after a long

course of inoculation, indicating that the contribution of these two kinases is much

smaller than Hog1.

Transcriptional programs regulating the disparate behaviors of C. albicans as

commensal versus pathogen are much more complicated than expected. Some

regulators may act to execute individually, whereas others may operate by inte-

grating their roles in both behaviors. For example, transcription regulators, includ-

ing Efg1, Sef1, Rtg1, Rtg3, and Hms1, were found to be functional in both

pathogenesis and commensalism (Chen et al. 2011; Pierce and Kumamoto 2012;

Perez et al. 2013; Pierce et al. 2013). However, transcription factors such as Lys144

and Tye7 were characterized to regulate C. albicans colonization of the GI tract

only (Perez et al. 2013).

10.4.3.6 Nutritional Immunity

For successful colonization in a specialized host niche, commensal microbes must

acquire nutrients efficiently to be able to compete effectively. Regulation of

nutrient acquisition is pivotal for C. albicans colonization in the mammalian gut,
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given changes in nutrient availability in the gut due to dietary intake. In-vivo

screening for C. albicans mutants defective in GI colonization was carried out

and 6 out of 77 transcription regulators were identified (Perez et al. 2013). Surpris-

ingly, 4 of these 6 candidates, i.e., Rtg1, Rtg3, Tye7, and Lys144, were found to

regulate expression of genes responsible for the acquisition and metabolism of

nutrients, particularly carbon and nitrogen sources (Perez et al. 2013), implying the

importance of locally available nutrients in GI colonization of the yeast.

Candida albicans is able to assimilate sugars and alternative carbon sources

simultaneously (Niimi et al. 1988). It was shown that this type of metabolic

flexibility enhances the ability of yeast to colonize a diverse range of complex

niches in its mammalian host. Interestingly, most fermentative carbon sources such

as glucose, fructose, and galactose, although routinely used in laboratory cell

culture medium, are actually present at extremely low levels in many host niches.

For example, glucose concentrations in the colon are thought to be vanishingly low

(Childers et al. 2016), mainly because glucose derived either from hydrolysis of

starch or from sucrose is rapidly absorbed in the small intestine by glucose trans-

porters and any remaining amounts are easily taken up by microbes in the ileum/

proximal colon (Barelle et al. 2006; Wright et al. 2011). C. albicans is exposed to

complex mixtures of alternative carbon sources in the GI tract that include amino

acids, fatty acids, and carboxylic acids, suggesting that alternative, nonfermentative

carbon sources might contribute to C. albicans colonization in these glucose-poor

niches. Indeed, our recent work indicates that mitochondrial complex I somehow

regulates assimilation of alternative carbon sources by integrating its role in

triggering an ROS-dependent, alternative carbon-specific signaling pathway and

regulating hyphal growth and biofilm formation, and thereby influencing

C. albicans colonization in the GI tract (Huang et al. 2017).

In addition, a heterogeneous range of complex plant-derived polysaccharides

constitutes sources of great diversity in dietary fiber types and fermentation of fiber

carbohydrates by intestinal bacteria greatly contributes to the maintenance of a

favorable intestinal microbial balance (Fuller 1989; Saarela et al. 2002). As a

commensal in the GI tract, C. albicans is certainly exposed to the fiber carbohy-

drates; however, contribution of dietary fiber to C. albicans gut colonization

remains elusive. Dietary coconut oil was found to reduce GI colonization with

C. albicans, as the number of C. albicans cells was much lower in mice fed with a

coconut oil-rich diet than those fed with diets rich in beef tallow or soybean oil

(Gunsalus et al. 2016). Moreover, consumption of a high-glucose diet leads to

increased GI colonization of C. albicans in a neutropenic mouse model (Vargas

et al. 1993). Intriguingly, clinical studies in healthy individuals did not find a

positive correlation between subjects’ normal dietary carbohydrate intake and GI

colonization with C. albicans (Weig et al. 1999). Even doubling the daily carbo-

hydrate intake still has no impact on GI colonization with C. albicans, suggesting
that unlike animal models, dietary carbohydrates might have a minimal effect on GI

colonization with C. albicans in humans.

Catabolite inactivation of the glyoxylate cycle was reported to reduce the fitness

of C. albicans in the GI tract (Childers et al. 2016). Moreover, the relevance of
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metabolic adaptation to C. albicans colonization of the GI tract can be extended to

other nutrients, including oxygen, phosphorus, or micronutrients. Iron is an essen-

tial nutrient for microorganisms, acting as a cofactor for many enzymatic reactions,

but becoming extremely toxic at high levels because of the production of ROS. As

expected, regulation of iron metabolism is vital for C. albicans gut commensalism

(Chen et al. 2011; Chen and Noble 2012; Noble 2013). Moreover, further trace

metals, such as zinc, manganese, and copper, are also essential for growth and

survival of C. albicans in a commensal state. However, related regulators remain

unidentified.

10.5 Conclusions

Here, we summarize recent advances in understanding C. albicans commensalism

in host niches including the oral cavity, vagina, and GI tract. Apparently, successful

colonization of C. albicans in these niches depends on both intrinsic factors (fungal
gene regulation, cell morphology, adaptation, fungal burden) and extrinsic factors

(competitive microbiome, diet, and host immune status), and requires a tripartite

interaction involving the fungus, microbiota counterparts, and host immunity. In

this chapter, we reviewed the influence of each of these factors on C. albicans
commensalism and highlighted key events related to this process.

Nevertheless, some questions remain unsolved. Animal models have been most

commonly used to study C. albicans commensalism; however, it should be noted

that C. albicans does not normally colonize mice and all studies involving animal

models require extra treatments such as antibiotics. Undoubtedly, this may cause a

problem in that results obtained from animal studies may not truly reflect

C. albicans behaviors in humans owing to altered host immune response and

microbiota after treatment. Recent identification of the GUT cell type, which favors

fitness in the mouse gut, also raises several biological questions. GUT cells appear

to differ from the standard opaque cells based on in-vitro transcriptomic analyses,

and this should be further validated by profiling an in-vivo expression pattern after

inoculation of GUT cells in the GI tract. Moreover, the GUT cell type is only

observed by overexpressing the transcription factorWOR1 in vitro; the existence of
this type of cell in vivo still needs to be explored further.

Genetic factors and potential environmental stimuli triggering transitions of

different cell types should also be studied in more depth. Moreover, other morpho-

logical switches have been discovered, but it is not clear whether they are involved

in adaptation to commensalism.

Understanding of the gene networks involved in C. albicans commensalism

could provide therapeutic targets to prevent the transition from commensalism to

pathogenesis. As such, investigations of expression and regulation of these signal-

ing networks during in-vivo commensalism are worthwhile. So far, some forward

genetics screens have been performed and have yielded a considerable insight into

the gene regulons responsible for C. albicans commensalism in the GI tract, but
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transcript profiling in other niches, such as the vagina and oral cavity, should also be

considered. In addition, most identified commensal factors are transcription factors.

Downstream targets of these regulators need to be identified and the potential

mechanisms by which they function have yet to be understood. Furthermore,

other nontranscription factors should be assayed to obtain a more comprehensive

picture of C. albicans commensalism.

It is worth noting that studying genetic programs contributing to C. albicans
commensalism could potentially allow for development of novel therapeutic strat-

egies that would reduce the risk of C. albicans infections. Although much progress

has already been made toward this goal, more is needed, and research in this area is

likely to continue into the future.

Commensalism behaves as a precursor to invasive disease. Studying host and

microbial factors governing C. albicans colonization should shed light on our

understanding of the pathogenesis of fungal disease and even the development of

more effective therapies, as those will be highly dependent on how well we uncover

mechanisms by which this microbe colonizes the human host. However, thus far,

current studies in C. albicans have been heavily biased toward its pathogenesis.

Further attention will be required to focus on the persistence, colonization, and

commensalism of this fungus, as those behaviors may have been evolved over many

hundreds of thousands of years of co-evolution within the human host.
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Chapter 11

Fecal Microbiota Transplants: Current

Knowledge and Future Directions

Roxana Chis, Prameet M. Sheth, and Elaine O. Petrof

Abstract The human gastrointestinal tract (GI) is home to an exceptionally diverse

bacterial community, collectively referred to as the gut microbiota. These microbes

play a pivotal role in modulating host physiology and immune response, in both

gastrointestinal health and disease. There is evidence that alterations leading to an

imbalance of the constituents of the gut microbiota, or dysbiosis, may contribute to

several intestinal and extra-intestinal pathological states. These discoveries have

led to exciting new microbe-based therapeutic developments, including reconstitu-

tion of bacterial communities, to reverse and correct dysbiosis. For instance, fecal

microbiota transplantation (FMT), the process of infusing fecal matter from a

healthy donor into a sick patient to restore a healthy microbiome in the recipient,

has been used to treat recurrent Clostridium difficile infection (rCDI) and may hold

promise for other gastrointestinal conditions. This chapter focuses on the key

aspects of FMT, including methodology, physician and patient attitudes, safety

and regulation, and its therapeutic potential for the treatment of rCDI and other

gastrointestinal conditions, including inflammatory bowel disease, obesity, irritable

bowel syndrome, and colorectal cancer.
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11.1 Introduction

11.1.1 Human Gut Microbiome

The human gut microbiota, a community of bacteria that inhabit the human

gastrointestinal (GI) tract, is made up of over 1000 bacterial species (Qin et al.

2010). This microbial ecosystem harbours over 100-fold more unique genes than

our own genome and is increasingly being recognized as an essential determinant of

host health including vitamin production, energy extraction, immune modulation,

and protection against infection (Lozupone et al. 2012). Gut microbial composition

varies significantly between individuals, with variations attributed to numerous

biotic and abiotic factors, including medication use, health status, lifestyle, genet-

ics, diet, age, and sex (Falony et al. 2016). However, despite such variation, there

seem to be general trends that are conserved among healthy adults, with

Bacteroidetes and Firmicutes being the most prevalent bacterial phyla, followed

by Actinobacteria and Proteobacteria (Eckburg et al. 2005). These trends toward

conservation of keystone organisms in the gut imply that the microbiome might

play a role in physiological gut function. As such, alterations of this “normal” gut

microbiota composition have important implications for health, often being asso-

ciated with negative functional outcomes.

11.1.2 Gut Dysbiosis

Gut dysbiosis is defined as a state of imbalance in the gut microbial populations

resulting from alterations in the composition or function of the microbial commu-

nity (Frank et al. 2011).

Perhaps the most dramatic alteration of the gut microbiota occurs following the

use of antibiotic therapy, leading to decreased overall microbial diversity (Chang

et al. 2008; Chow et al. 2011). Diet has also been shown to play a significant role in

altering the gut microbiota. For example, depending on dietary intake, gut micro-

bial metabolism can be induced toward proteolytic fermentation, which in turn

leads to the production of compounds such as amines, ammonia, phenols and

sulfides (Vipperla and O’Keefe 2016). Given their pro-inflammatory nature, these

compounds have been implicated in gut dysbiosis, the development of inflamma-

tory bowel disease (IBD), and even colorectal cancer (Vipperla and O’Keefe 2016).
Gut dysbiosis, characterized by decreased gut microbial diversity, in addition to

being linked to IBD (Frank et al. 2007), has also been implicated in irritable bowel

syndrome (IBS) (Codling et al. 2010), cancer (Sobhani et al. 2011), and obesity

(Turnbaugh et al. 2006). For instance, dysbiosis in Crohn’s Disease (CD) is

characterized by a deficiency of Faecalibacterium prausnitzii, an anti-

inflammatory bacterium (Sokol et al. 2008). Other studies have shown that patients

with ulcerative colitis (UC) also have dysbiotic microbiota, with less bacterial
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diversity and a greater abundance of Actinobacteria and Proteobacteria than healthy

controls (Lepage et al. 2011). The intestinal microbiota in IBS is also thought to be

different than the microbiota of healthy controls marked by a reduction in Lactoba-
cillus and Bifidobacterium, combined with increased numbers of Enterobacteriaceae,

Bacteroides, and Firmicutes species in patients with IBS (Bolino and Bercik 2010;

Jeffery et al. 2012). Given the pathological conditions associated with intestinal

dysbiosis, restoration of a healthy gut microbiome has been attempted by various

methods (Preidis and Versalovic 2009), including probiotics (organisms beneficial to

the host), prebiotics (aimed at improving growth and/or activity of commensal

microbes), and fecal microbiota transplantation (FMT), the latter of which is the

focus of this review.

11.2 Fecal Microbiota Transplantation

Fecal microbiota transplantation refers to the process of infusing fecal matter from

a healthy donor into a sick patient to restore a healthy microbiome in the recipient.

The infused donor bacteria restore microbiome diversity by colonizing the gut and

existing alongside or taking over the existing microbiota (Li et al. 2016; Seekatz

et al. 2014). Although there has been a marked increase in FMT over the past

decade, its use as a therapeutic approach was described as early as fourth-century

China, when the oral intake of human feces was used to treat patients with food

poisoning or severe diarrhea (Zhang et al. 2012). The first report in modern

medicine of FMT use for the treatment of pseudomembranous colitis was in 1958

(Eiseman et al. 1958).

11.2.1 Attitudes to FMT

With the advent of antimicrobials, returning to an “archaic” stool-based therapy

might be perceived negatively by the general population. In a survey of physicians

on their experience with FMT for the treatment of recurrent C. difficile infection

(rCDI), the most common reason for not offering patients FMT or referring them

for FMT was a belief that they would find it unappealing (Zipursky et al. 2014).

However, this has proven to not be the case. A survey of nearly 200 participants

examining patients’ attitudes toward FMT revealed that although most patients do

find the treatment itself unappealing, most would nonetheless opt for FMT to treat

rCDI over multiple courses of antibiotic therapy (Xu et al. 2016). Furthermore,

most patients who had already undergone FMT for rCDI reported a preference for

FMT as a first treatment over antibiotics in the event of future rCDI (Xu et al. 2016).

In another survey of 95 patients with UC, the authors found that despite excellent or

very good control of their disease, nearly half of the patients were willing to

consider FMT as an alternative to their treatment, and patients who had been

11 Fecal Microbiota Transplants: Current Knowledge and Future Directions 281



hospitalized were even more willing to undergo FMT (Kahn et al. 2013). This

underscores the notion that currently there is an interest in and acceptance of FMT

as a therapeutic alternative by both physicians and patients alike. Therefore,

dispelling any inaccurate preconceptions of patient attitudes could lead to the

widespread utilization of FMT for a multitude of conditions.

11.2.2 FMT Methodology

At present there are multiple FMT protocols available for donor stool preparation

and administration. FMT broadly consists of suspending donor fecal matter in

liquid, blending the mixture, straining it to remove large particles and then infusing

it into a recipient for the purpose of restoring a healthy microbiome (Fig. 11.1). The

administration routes for fecal suspension vary and include gastroscopy, nasogas-

tric tube, nasojejunal tube, rectal tube/enema, colonoscopy or transendoscopic

enteral tubing to the appendix (Peng et al. 2016; Kassam et al. 2013), Frozen

encapsulated microbial preparations have also been used by some investigators

and are available as standard care at certain hospitals (Youngster et al. 2014). No

ideal method of instillation has been determined, however, each method has its

own advantages and disadvantages, lower gastrointestinal FMT infusion by colo-

noscopy being marginally more effective than upper gastrointestinal infusion

(Kassam et al. 2013). Generally, fecal donation is a very involved process. Donors

are screened at many levels and can be disqualified at any level (Table 11.1).

A medical questionnaire is taken to exclude people with high-risk sexual behaviors,

use of antibiotics within the preceding 3 months, and a history of gastrointestinal

comorbidities such as IBS, IBD, and chronic diarrhea (Bakken et al. 2011). Another

level of screening involves testing for blood-borne infections of both the donor and

the recipient to exclude transmissible infections, including hepatitis A, B, C viruses,

human immunodeficiency virus, human T-cell lymphotrophic virus, Cytomegalo-
virus, Epstein–Barr virus, and syphilis. Stool testing of the donor includes testing

for C. difficile, ova and parasites, Salmonella, Shigella, Escherichia coli O157:H7,
and Yersinia (Merenstein et al. 2014). All of these tests are undertaken to ensure the

safety of the transplant.

11.2.3 Safety of FMT

The safety of FMT has been studied mostly in the context of the treatment of rCDI,

adverse effects and complications being fairly uncommon.

In a systematic review of 11 studies with follow-up ranging from weeks to

months, Kassam et al. reported that 90% of patients achieved clinical resolution in

the absence of any adverse events (Kassam et al. 2013). Other studies have shown

that FMT is generally a safe treatment, even in immunocompromised patients
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(Kelly et al. 2014) and in the elderly (Agrawal et al. 2016). In a study of the efficacy

of FMT in 168 elderly patients with recurrent, severe, or complicated CDI FMT,

primary, and secondary cure rates were 82.9% and 95.9% respectively, and serious

adverse events occurred in only six patients, with one culminating in death

(Agrawal et al. 2016). Nevertheless, adverse events have been reported in a number

of encounters. For instance, at the Virginia Mason Medical Center in Seattle,

despite rigorous testing of donors and appropriate handling by staff of fecal

material, 2 out of 13 FMT recipients developed norovirus gastroenteritis after

receiving FMT (Schwartz et al. 2013). Bacteremia caused by Escherichia coli
have also been reported post-FMT (Quera et al. 2014). More seriously, a limited

number of studies have also reported deaths as adverse events of FMT administra-

tion. For instance, a multicenter retrospective series on the use of FMT in immu-

nocompromised patients with recurrent, refractory, or severe CDI reported a death

Fig. 11.1 Fecal microbiota transplantation (FMT) methodology. The normal human intestinal

microbiome is made up of a wide variety of bacteria that interact with the host genetics, the

environment, and the host dietary intake to modulate host physiology, and contributes to energy

production and immune modulation. Certain alterations in genetics, environment, diet or use of

antibiotics (1) can disrupt the normal intestinal microbiome and lead to a state of dysbiosis, an

imbalance in the gut microbiota that is associated with the development of several pathological

states including Clostridium difficile infection, inflammatory bowel disease, or obesity (2). FMT

involves instilling stool-based material from a healthy donor to a recipient with the end goal of

restoring the healthy microbiome in the sick recipient. The stool is resuspended, the suspension is

mixed to a homogeneous consistency, and filtered to remove large particles. The mixture is then

delivered to the recipient via various methods, including colonoscopy, enema, naso-gastric or

naso-duodenal route; frozen pills have also proven effective (3). The healthy microbiome of the

donor then colonizes the recipient’s gastrointestinal tract and restores the healthy microbiome by

existing alongside or overtaking the pre-existing microbiota (4)
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Table 11.1 Summarized donor screening recommendations

Regulatory

body Stool donor characteristics Donor laboratory screening

Consensus

of IDSA,

AGA, ACG

Initial screening questionnaire

similar to current protocols for

screening blood donors.

Donor exclusion criteria
– History of antibiotics treatment

during the 3 months before

donation

– History of gastrointestinal ill-

nesses, including inflammatory

bowel disease, irritable bowel

syndrome, gastrointestinal

malignancies or major gastroin-

testinal surgical procedures.

– History of autoimmune or

atopic illnesses or ongoing

immune modulating therapy

– History of chronic pain syn-

dromes (fibromyalgia, chronic

fatigue) or neurological,

neurodevelopmental disorders

– Metabolic syndrome, obesity

(BMI of >30), or moderate-to-

severe undernutrition

– History of malignant illnesses

or ongoing oncological therapy

Serological

testing

• HAV IgM

• HBV surface

antigen

• HCV anti-

body

• HIV 1/2

immunoassay

• Syphilis

antibody

Stool testing

• Clostridium difficile (PCR
or EIA test for toxin A and

B)

• Routine culture for

enteric bacterial pathogens

• Ova and parasite studies,

if pertinent travel history

Health

Canada

Guidelines

Donor Health History/Lifestyle

Questionnaire for risk behaviors,

and physical examination

Donor exclusion criteria
– Donors who may transfer

undesirable agents (i.e.,

C. difficile toxins, antibiotics,
systemic immunosuppressive or

biological agents, systemic anti-

neoplastic agents and exogenous

glucocorticoids, anti-diarrheal

drugs, mineral oil, bismuth,

magnesium, or kaolin)

Serological

testing

• HBV surface

antigen

• HCV anti-

body

• HIV 1/2

immunoassay

• HTLV-I/II

• Syphilis anti-

body

• Chagas

diseasea

• Strongyloidesa

Other screen

testsa

• Helicobacter
pylori
• Malaria

• Neisseria
gonorrhoeae
• Chlamydia
trachomatis

Stool testing

• Enteric pathogens (Shi-
gella, Salmonella
• Yersinia, Campylobacter,
E. coli 0157:H7,
Plesiomonas spp.,
Aeromonas spp.)
• Shiga-toxin producing

E. coli
• Norovirus

• Rotavirus

• Adenovirus

• Vibrio spp.

• Listeria monocytogenes
• Ova and parasites

• Vancomycin-resistant

enterococci

• Methicillin-resistant

Staphylococcus aureus

(continued)
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that was the result of aspiration during sedation for FMT (Kelly et al. 2014).

Another death due to aspiration pneumonia following stool infusion by endoscopy

to the distal duodenum has been described in the literature (Baxter et al. 2015).

Non-infectious adverse events have also been reported. Interestingly, weight gain

post-FMT was described in a case report of a woman successfully treated with FMT

for rCDI, who subsequently became obese after receiving the transplant (Alang and

Kelly 2015). Autoimmune diseases such as rheumatoid arthritis, Sj€ogren syndrome,

idiopathic thrombocytopenic purpura, and peripheral neuropathy have been

reported in other patients post-FMT, but without clear causality between FMT

and the autoimmune disease (Brandt et al. 2012).

Finally, the safety of FMT in other disease states warrants further study. In UC

patients, transient flares of IBD have been reported post-FMT treatment (De Leon

et al. 2013). Such findings underscore the need for further research into the

subtleties of FMT as a therapeutic option for different gastrointestinal diseases.

11.2.4 Regulation of FMT

Given the composition of fecal matter, it should come as no surprise that regulations

surrounding it are complex and still evolving. A lack of consensus exists with

respect to the designation of FMT as a drug by regulatory bodies across different

countries. Although certain countries do not categorize FMT as a drug, Health

Canada and the Federal Drug Administration (FDA 2013; HealthCanada 2016) do

label FMT a drug. In practice, this requires an Investigational New Drug application

for approval of the use of stool-based therapeutics. The exception to this is FMT

Table 11.1 (continued)

Regulatory

body Stool donor characteristics Donor laboratory screening

• Babesiosis

• Creuztfeldt–

Jakob disease

• Prion-related

diseases

Note: The guidelines from Health Canada list a number of pathogens and permit the physician to

risk-stratify which ones are appropriate. Non-infectious diseases (e.g., cancer) are also mentioned,

but not listed here. See also: http://www.hc-sc.gc.ca/dhp-mps/consultation/biolog/fecal_

microbiota-bacterio_fecale-eng.php

Source: Bousvaros, A., Relman, D., Rustgi, A., Vender, R., Wang, K. (2013). “Letter to FDA

re. Current Consensus Guidance on Donor Screening and Stool Testing for FMT. Accessed

February 25, 2017.”; HealthCanada (2016). “Guidance Document: Fecal Microbiota Therapy

Used in the Treatment of Clostridium difficile Infection Not Responsive to Conventional

Therapies.”

IDSA Infectious Diseases Society of America, AGA American Gastroenterological Association,

ACG American College of Gastroenterology
aIf clinically indicated
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used for rCDI, provided that several requirements are met, including adequate

screening of the donor and donor stool, and adequate consent having been obtained

by the health care provider from the patient after discussion of the risks (FDA 2013;

HealthCanada 2016). Most recently, an additional stipulation has been added—that

the donor be “known” to the treating physician (IDSA 2016). Even with such

restrictions, in Ontario, the provincial advisor on the quality of health has released

a recommendation in favor of publicly funding FMT for patients with rCDI, in light

of the “large improvement of outcomes that are important to patients” in addition to

the significant cost savings to the healthcare system (HealthQualityOntario 2016).

11.3 FMT in Recurrent C. Difficile Infection

11.3.1 Clostridium Difficile Infection

Clostridium difficile is an anaerobic, toxin-producing, Gram-positive, spore-

forming bacterium which is transmitted via the fecal–oral route. It is also the

etiological agent of C. difficile colitis, a gastrointestinal disease caused by

C. difficile toxin production (Abt et al. 2016). In CDI, toxin production by

C. difficile causes increased intestinal permeability and fluid secretion in addition

to intense colonic inflammation. If left untreated, CDI can have devastating conse-

quences, including toxic megacolon and even death (Bartlett and Gerding 2008).

CDI has achieved notoriety as a widespread nosocomial infection, accounting for

15–25% of cases of antibiotics-induced diarrhea (Bartlett and Gerding 2008) and

affecting up to 1.2% of hospitalized patients in the USA, costing the health care

system $433–$797 million per year (Ghantoji et al. 2010). Furthermore, in recent

years, CDI has been found to affect people previously thought to be at a low risk of

infection. For instance, there are increasing concerns regarding community-

associated CDI in a healthy young population, in antibiotic-naı̈ve patients, and in

people with no recent health care exposure (Gupta and Khanna 2014; Wilcox et al.

2008). Such changes in the epidemiology of CDI amplify the magnitude of the

threat that CDI poses and have broad implications for the health care system.

It has been known for a long time that exposure to antibiotics, most commonly

broad-spectrum cephalosporins, fluoroquinolones, and clindamycin (Aldeyab et al.

2012), is a major pre-disposing factor for CDI, as antibiotics use creates an altered

microbial environment in the GI tract that is conducive to the overgrowth of

C. difficile (Hensgens et al. 2013). Under normal circumstances, the resident gut

microbiota is thought to create an environment that is resistant to C. difficile
colonization, suppressing its pathogenic activity in the colon (Theriot et al. 2014).

However, broad-spectrum antibiotics use disrupts the host microbiota, decreasing

its abundance and diversity and altering its metabolic activity. This results in

decreases in metabolites such as secondary bile acids, glucose, free fatty acids

and dipeptides, and increases in primary bile acids and sugar alcohols, all changes

that promote C. difficile propagation (Theriot et al. 2014).
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11.3.2 Recurrent C. difficile Infection

With regard to therapeutic intervention, antibiotics (vancomycin, metronidazole,

and fidaxomicin) remain the treatment for an initial CDI presentation. However,

despite appropriate antibiotics treatment, CDI recurs in 20% of patients (Surawicz

et al. 2000). Recurrent CDI is defined as the return of symptoms within 8 weeks of

the initial episode, after successful resolution of symptoms following appropriate

antibiotics therapy (Bakken 2009). Studies have shown that rCDI can be due to

either re-infection with a different strain (Barbut, Richard et al. 2000) or relapse of

the infection with the original strain (Figueroa et al. 2012) against a background of

an impaired immune response and altered gut microbiota, which allows for the

proliferation of C. difficile (Kyne et al. 2001).
After a first recurrence, the risk of a second recurrence increases to 40–65%

(McFarland et al. 2002), and standard therapy with antimicrobials such as vanco-

mycin is only around 30% effective in these cases (Leong and Zelenitsky 2013).

Given such high failure rates with appropriate antibiotics treatment, attention has

shifted toward other viable therapeutic alternatives, such as FMT.

Other than previous CDI infection, risk factors that predispose to recurrence

include hospitalization, further antibiotics use, chemotherapy, use of proton pump

inhibitors, and advanced age (Abdelfatah et al. 2015). A previous appendectomy

has also been shown to be a risk factor for rCDI. Patients without an appendix have

been shown to have a 2.5-fold increase in the risk of recurrence of CDI compared

with patients who still have an appendix (Im et al. 2011). The postulated reason for

this is that the appendix serves as a natural reservoir of normal commensal bacteria,

which subsequently restores and recolonizes the colon with normal microbiota to

protect against the development of rCDI (Im et al. 2011).

11.3.3 Efficacy of FMT in rCDI

Fecal microbiota transplantation has been extensively used in the treatment of rCDI

with moderate success. In a 2013 clinical trial, van Nood et al. (2013) compared

three treatment arms: FMT preceded by bowel lavage and vancomycin, vancomy-

cin treatment alone, and vancomycin treatment with bowel lavage. The authors

found that 94% of the FMT group achieved clinical resolution, 81% after the first

FMT and the rest following a second infusion. This outcome was significantly

better than the other treatment arms, with 23% of patients achieving clinical

resolution after vancomycin treatment alone, and 31% after treatment with vanco-

mycin and bowel lavage. The study was discontinued early as most patients in the

control groups (the groups not receiving FMT) had suffered a relapse and

witholding FMT was deemed unethical. Furthermore, in that same study increased

microbiota diversity, a positive predictor of gut health, was noted in FMT recipients
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with increases in Bacteroidetes, Clostridium clusters IV and XIVa, and decreases in

Proteobacteria (van Nood et al. 2013).

A more recent randomized double-blind clinical trial investigated the efficacy of

FMT for the treatment of rCDI. The patients were treated with either FMT from a

donor or received an autologous FMT. The authors found that 91% of the patients

who received donor FMT compared with 63% of those who received autologous

stool achieved clinical cure, thus rendering donor FMT more effective than autol-

ogous stool at preventing rCDI (Kelly et al. 2016). A double-blind randomized

clinical trial conducted over 2 years at six medical academic centers in Canada

sought to determine whether frozen FMT is non-inferior to fresh FMT for patients

with recurrent or refractory CDI. Patients in this study were randomized to receive

either fresh FMT within 24 h of collection or frozen FMT, within 24 h of thawing.

The authors found that frozen FMT was non-inferior to fresh FMT, with 83.5% of

patients in the frozen FMT groups achieving clinical resolution compared with

85.1% in the fresh FMT group (Lee et al. 2016).

Similarly, Youngster et al. demonstrated the effectiveness of oral frozen fecal

capsules from unrelated donors in the treatment of rCDI, with significant clinical

resolution of diarrhea in 90% of participants (Youngster et al. 2014). In a follow-up

to this small feasibility study, the authors treated 180 patients with rCDI with

frozen, encapsulated FMT and found that 82% experienced clinical resolution

after one treatment and 91% after two treatments at 8 weeks (Youngster et al. 2016).

Regardless of fresh or frozen, or the method of infusion, the success of FMT is

likely due to the ability of the donor microbial ecosystem to replace the microbiota

that has been lost or altered in the recipient and thus suppress C. difficile over-

growth, promoting patient recovery (Seekatz et al. 2014). Although failure of a first

FMT is uncommon, it occurs most frequently in patients with a previous history of

CDI-related hospitalization events, pre-existing IBD, or severe/complicated rCDI

status (Fischer et al. 2016; Khoruts et al. 2016). Given the therapeutic success of

FMT in rCDI, current recommendations state that if there are three or more

recurrences of CDI following vancomycin therapy, FMT should be considered as

the next therapeutic option (Surawicz et al. 2013).

11.3.4 Other Stool-Based Therapies for rCDI

The appeal of FMT is closely linked to its effectiveness. However, theoretical

concerns about its safety profile have led some to investigate other alternatives in

the form of stool-substitute therapies. Stool-substitute therapies take a similar

approach to FMT, but use a more defined community of microbes, consisting of

specifically chosen bacterial strains to compete with C. difficile. To date, this

approach has been used only for the treatment of rCDI. The first report of using

stool-derived isolated microbial strains to cure CDI occurred in the late 1980s

before the emergence of hypervirulent C. difficile strains such as NAP1/ribotype

027 (Tvede and Rask-Madsen 1989). Currently, more efforts are targeting progress
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in this area. For instance, Khanna et al. investigated the efficacy of a spore mixture

derived from healthy donor stool treated with ethanol to prevent rCDI in a phase Ib

clinical trial (Khanna et al. 2016). Overall, the mixture leads to resolution of

diarrhea in 87% of patients within 8 weeks and was associated with increased

intestinal microbiota diversity, including beneficial bacterial species not present in

the spore preparation. Unfortunately, despite the promising results, the study failed

to show diarrhea resolution in phase II (SeresTherapeutics 2016).

In a separate phase II randomized control trial, a spore preparation of

nontoxigenic C. difficile has been tested for the prevention of rCDI and has

shown some success. CDI recurrence was decreased in patients receiving the

spore treatment compared with the placebo group, with the authors reporting

recurrence in 11% of patients in the treatment group and in 30% of placebo controls

(Gerding et al. 2015). Another success story is the proof of concept “RePOOPulate”

study, by Petrof et al. (2013) in which 33 representative bacterial species were

isolated from a donor stool sample and used as a “stool substitute” in an attempt to

repopulate the gut microbiota of two patients with rCDI. Both patients formed

normal stool within 2–3 days of treatment and remained free of rCDI at 6 months’
follow-up. However, despite its success and the potential advantages of using a

more defined microbial composition, several hurdles remain. The complex regula-

tory requirements that apply to the production of microbial ecosystems present

challenges that must be addressed before this approach is available for

widespread use.

11.4 FMT in Inflammatory Bowel Disease

11.4.1 Inflammatory Bowel Disease

Inflammatory bowel disease is a chronic and relapsing inflammatory disorder of the

intestine that includes both UC and CD. IBD is a complex disease thought to arise

from interactions among environmental factors, dysregulated immune responses

and modifications of the microbiota in genetically susceptible individuals (Zhang

and Li 2014). There is evidence that the intestinal microbiota in IBD is different

than the normal gut microbiota and that the gut microbiota plays an important role

in driving inflammation in IBD, by enhancing immune stimulation, causing epithe-

lial dysfunction, or increasing mucosal permeability (Sartor 2008). For instance, the

intestinal microbiota of IBD patients shows decreased bacterial diversity compared

with healthy individuals. A study of both CD and UC patients with active disease

showed that microbial diversity in CD patients was reduced to 50% and that of UC

patients to 30% compared with healthy controls; this reduction was due to decreases

in normal anaerobic bacteria including depletion of Bacteroides, Eubacterium
species and Lactobacillus species (Ott et al. 2004). In addition to reduced

microbiota diversity, other studies have detected a reduced complexity of the

bacterial phylum Firmicutes in the microbiota of CD patients (Manichanh et al.
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2006). Faecalibacterium prausnitzii is a major member of the Firmicutes phylum

and has been found to be associated with anti-inflammatory effects in patients with

CD, partly as a result of metabolites (such as butyrate) being able to block

pro-inflammatory NF-κB activation and IL-8 production (Sokol et al. 2008). It

seems that bacterial diversity in IBD can also change within the same individual at

different time points. For instance, a study examining microbiota diversity of UC

patients found a further loss of bacterial species such as Bacteroides, Escherichia,
Eubacterium, Lactobacillus, and Ruminococcus during a UC relapse compared

with remission in the same patients (Ott et al. 2008). Similar to the CD microbiota,

F. prausnitzii has been found to be depleted in patients with UC, and its recovery

after relapse was associated with maintenance of clinical remission (Varela et al.

2013).

Differences in bacterial communities between CD and UC suggest that the

microbiome might play a different role in the pathogenesis of these two separate

diseases. Overall though, the IBD microbiome has been shown to be

pro-inflammatory and profoundly altered in function, with changes characterized

by increased oxidative stress and perturbed micronutrient availability, in addition to

increases in virulence and secretion pathways (Morgan et al. 2012). As a result of its

pro-inflammatory nature, current medical treatments for IBD are aimed mainly at

reducing the immune inflammatory response, via immune suppressive therapies

(Zenlea and Peppercorn 2014). Given that the intestinal microbiota can modulate

the host inflammatory response as well, there is significant interest in using FMT

therapy in IBD to modulate or alleviate the existing pathological inflammatory

state.

11.4.2 Efficacy of FMT in IBD

Fecal microbiota transplantation use in the IBD population to treat rCDI has been

shown to have beneficial effects without serious adverse effects. A systematic

review of FMT in IBD, which included 18 studies and one randomized controlled

trial, showed positive results, finding a remission rate of 22% in UC patients in a

subgroup analysis and 61% in CD patients treated with FMT (Colman and Rubin

2014). A multicenter retrospective study evaluating the use of FMT for rCDI in

immunocompromised patients that included patients with IBD found that adverse

effects occurred in 14% of the patients with IBD and consisted of disease exacer-

bation (Kelly et al. 2014). In another study evaluating the impact of IBD on FMT

outcomes for rCDI, IBD patients were found to have a lower efficacy of clearing

C. difficile infections with only 74% clearing the infection compared with 91% of

non-IBD patients following a single FMT (Khoruts et al. 2016). However, Khoruts

et al. (2016) also reported that one in four patients in their study experienced an IBD

flare after FMT. Studies on treating CD exclusively with FMT, however, are scarce.

An early case report of a patient with refractory CD demonstrated short-term

clinical improvement, relapsing 18 months later (Borody et al. 1989). A more
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recent case report demonstrated complete clinical, endoscopic, and histological

remission following FMT in a patient with Crohn’s colitis who had failed immu-

nosuppressive therapy (Kao et al. 2014). However, despite changes in the fecal

microbiota following FMT in a patient with Crohn’s colitis, these changes did not

persist once FMT was discontinued (suggesting that maintenance FMT might be

required in patients with CD). Other positive results have been observed in a

pediatric population of CD. In a 2015 study by Suskind et al., seven of the nine

patients enrolled were in remission after FMT and a 12-week follow-up demon-

strated that more than half of the patients remained in remission (Suskind et al.

2015). Furthermore, in a study of 30 adult patients with refractory CD, FMT led to

clinical improvement in 87% and remission in 77% after a month of follow-up (Cui

et al. 2015) These studies suggest that FMT might be a therapeutic option in the

management of CD, but larger clinical studies are required to assess the efficacy and

safety of FMT in CD.

With regard to UC, the data are more abundant. The first case report of the use of

FMT for the treatment of UC dates back to 1989 and included one of the authors

who suffered from UC as a subject. Following self-transplantation of healthy donor

stool by enema, he achieved symptomatic resolution for 6 months and resolution of

acute inflammation on colonic biopsies at 3 months (Bennet and Brinkman 1989).

A more recent report in 2003 describes a retrospective case series of six patients

with endoscopically and histologically confirmed UC in whom traditional therapy

had failed and disease remission lasting 1–13 years had been achieved following

FMT administered as retention enemas daily for 5 days (Borody et al. 2003). More

studies reflect a positive outcome in UC patients treated with FMT. In the largest

randomized control trial to date of FMT in UC, it was found that 24% of the treated

patients achieved remission compared with only 5% in the placebo arm. These

patients also had a statistically significant increase in microbial diversity similar to

the fecal microbial profile of their donors compared with the placebo group at

week 6 (Moayyedi et al. 2015), supporting the theory that FMT can be used to

restore a healthy gut microbiota. Another study of six patients with UC refractory to

conventional therapy who were treated with FMT demonstrated transient clinical

improvement in all patients (Kump et al. 2013). A recent systematic review

assessing the efficacy and safety of FMT in UC, which included 2 randomized

controlled trials, 15 cohort studies, 8 case studies, and 234 patients, also had

positive results, finding that 42% of patients achieved clinical remission and 65%

achieved a clinical response (Shi et al. 2016).

Given that UC is a relapsing disease, the role of FMT maintenance therapy is of

interest to the management of the disease. In fact, a 2016 Australian study evaluated

the effectiveness of maintenance therapy. In this study, patients received either

FMT or placebo infusion delivered via colonoscopy, after which they were assigned

to receive either an intensive treatment of five FMTs or placebo enemas per week,

for 8 weeks. The study found a trend toward significance in endoscopic remission

rates between the groups, with the treated group achieving a better remission rate

(Paramsothy 2016).
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However, despite the encouraging results, not all studies have been positive.

A recent randomized control trial by Rossen et al. (2015) was stopped early owing

to unexpected inferior results in the treatment arm compared with the control arm.

In this study, patients with UC were randomized to receive FMT from healthy

donors or to receive autologous fecal material. Only 30% of patients receiving FMT

from donors achieved symptomatic relief versus 32% in the autologous FMT group.

In another prospective study using FMT in five adult patients with moderate to

severe UC not responding to immunosuppressive therapies, the authors found that

none of the five patients achieved clinical remission and only one showed clinical

improvement during the 12-week follow-up (Angelberger et al. 2013).

Overall, it seems that FMT is not as effective in treating IBD as it is in the

treatment of CDI. A potential explanation for this might be that IBD is not caused

solely by microbiota alterations in the absence of environmental and genetic inputs

(Willing et al. 2010; Hansen et al. 2010). Therefore, FMT restoration of the

microbiota may be only one of the therapeutic components of a multifactorial

cocktail for IBD. Given the mixed results in the literature regarding the role and

efficacy of FMT in IBD, more trials are needed to further our understanding of how

FMT influences the microbiota and inflammatory response in IBD.

11.5 FMT in Obesity

11.5.1 Obesity

Obesity, defined as a body mass index (BMI)>30 in adults due to the accumulation

of excess fat, is associated with negative health effects and is a serious worldwide

public health epidemic (Villanueva-Millan et al. 2015). Recent evidence suggests

that gut microbiota can modulate nutrient uptake and energy regulation, potentially

playing a role in metabolic syndrome and obesity-related disorders (Boulange et al.

2016). For instance, studies have shown that the ratio of gut Firmicutes to

Bacteroidetes was different in obese versus lean animal and human models and

this was also associated with different energy harvesting capacity (Turnbaugh et al.

2009; Ley et al. 2006). However, other studies have shown no link between the gut

Firmicutes to Bacteroidetes ratio and obesity (Fernandes et al. 2014), and the role

that the intestinal microbiota plays in modulating nutrient absorption has not been

fully defined.

11.5.2 Efficacy of FMT in Obesity

To date, studies evaluating the effect of FMT on the treatment of obesity are scarce,

but promising. Studies in animal models have shown a potential link among the gut

microbiota, obesity or metabolic syndrome, and associated insulin resistance. With
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regard to microbiome diversity, FMT from twin mice discordant for obesity into

germ-free mice led to differences in the microbiome in addition to the phenotype of

the recipient mice (Ridaura et al. 2013). The mice that had received the microbiome

of the obese twin had decreased gut bacterial diversity and increased adiposity,

whereas mice populated with the microbiota of the lean twin had increased gut

bacterial diversity and a leaner phenotype. These results suggest an association

between the microbiome and the metabolic phenotype of the host. In another study

by Di Luccia et al. the authors found that insulin resistance in adult rats on a high-

fructose diet could be reversed with orally administered FMT from control rats

(Di Luccia et al. 2015).

Despite the encouraging results and the ongoing interest in FMT for the treat-

ment of obesity, there is to our knowledge only one published study of FMT for the

treatment of metabolic disorders in humans. In the study by Vrieze et al., obese

individuals diagnosed with type 2 diabetes received stool transplants from either

healthy, lean donors or an autologous stool transplant. Although there were no

significant differences in BMI, the authors did report a significant increase in gut

microbiota diversity and insulin sensitivity in the FMT recipients of healthy stool

compared with the recipients who received an FMT comprising their own, autol-

ogous stool (Vrieze et al. 2012). It stands to reason that the increased insulin

sensitivity could be due to increased gut microbial diversity (including butyrate-

producing bacteria), as butyrate has been shown to play an important role in

promoting insulin sensitivity in mice (Lin et al. 2012). FMT as a potential therapy

for obesity and metabolic syndrome is an area of intense interest; with 11 clinical

trials at various phases currently in progress (ClinicalTrials.gov), more data on this

application should soon be available.

11.6 FMT and Irritable Bowel Syndrome

11.6.1 Irritable Bowel Syndrome

Irritable bowel syndrome is a functional bowel disorder characterized by abdominal

pain, bloating, and stool irregularities; it is often associated with extra-intestinal

symptoms such as pain syndromes or psychiatric conditions such as depression and

anxiety (Enck et al. 2016). IBS is a commonly diagnosed gastrointestinal disease in

the USA, with a significant impact on health-care costs (Sandler et al. 2002). The

pathogenesis of IBS cannot be explained by a single mechanism and traditional

treatments of IBS (including dietary change, psychological therapies, probiotics,

and antibiotics) have had only limited success, highlighting the need for additional

therapeutic options. As a result, IBS-associated alterations in the intestinal

microbiota are increasingly a focus of interest. Studies have shown that alterations

in the gut microbiota exist in patients with IBS with a dysbiosis characterized by a

reduction in species of Bifidobacterium (Tojo et al. 2014).
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11.6.2 FMT in IBS and Slow-Transit Constipation

While there is much interest in this area, the data on FMT efficacy in IBS is limited.

In a single center study, Pinn et al. report that out of a total of 13 patients with IBS

who received FMT treatment, 70% experienced resolution or improvement of

symptoms, including improvement of abdominal pain, dyspepsia, bloating, and

flatus and nearly half achieved improvement of overall well-being (Pinn et al.

2014). The role of FMT in treating IBS is now increasingly being explored, with

seven clinical trials actively examining the impact of FMT on IBS (ClinicalTrials.

gov).

Focus has also been placed on the role of FMT in slow transit constipation. In a

study by Ge et al., the authors investigated the effect of FMT on constipation

symptoms. They found that 67% of patients showed clinical improvement and

remission of constipation, increased stool frequency, and improved consistency

(Ge et al. 2016). The authors concluded that FMT combined with fiber may

improve constipation symptoms by modulating the intestinal microbiota.

11.7 Other Areas of Research

11.7.1 Colorectal Cancer

Colorectal cancer has become the third most common cancer in the world (Song

and Li 2016). Although genetic predisposition, (Hahn et al. 2016), environmental

factors (Lichtenstein et al. 2000), and diet (Bingham 2000) have been linked to the

development of colorectal cancer, attention has also been given to the role of the

microbiota leading to colorectal cancer (Hope et al. 2005; Tjalsma et al. 2012).

Several studies have linked gut dysbiosis with colorectal carcinoma. For instance, a

study that examined the microbial makeup of colon tumors and normal tissue

reported an increased abundance of Fusobacterium in tumors compared with

normal tissue (Castellarin et al. 2012), with Fusobacterium having been shown to

modulate the tumor immune microenvironment to promote inflammation and

tumorigenesis (Kostic et al. 2013). Other studies that have investigated the

dysbiosis in colorectal cancer have found increases in potential pathogenic bacteria

Fusobacterium and Campylobacter and decreases in beneficial butyrate producers

(Wu et al. 2013). At the level of the metabolome, studies in humans have shown that

metabolites related to cancer, inflammatory response, carbohydrate metabolism,

and GI disease pathways are significantly increased in colorectal adenomas com-

pared with normal tissue, suggesting that alterations in the function of the

microbiota might be linked to the development of colorectal carcinoma (Nugent

et al. 2014).
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11.7.2 FMT in Colorectal Cancer

Given that differences in the microbiota of cancer-free patients and patients with

colorectal cancer have been identified, it is of interest to determine whether

manipulation of the microbiota can induce tumorigenesis. A study in a murine

model showed that changes in the gut microbiota through FMT can lead to the

development of colorectal cancer. In the study, the authors inoculated and colo-

nized germ-free mice with stool from either tumor-bearing mice (tumours that had

been induced by the authors with intraperitoneal injections of a chemical carcino-

gen, azoxymethane) or healthy mice. The study found that FMT from tumor-

bearing mice promoted tumor formation in the recipient mice, which developed

twice as many colon tumors as mice that received FMT with a healthy microbiota

(Zackular et al. 2013).

In addition, these same mice showed significant microbiota enrichment in

Bacteroides and Erysipelotrichaceae and decreases in Prevotella and

Porphyromonadaceae, suggesting that the alterations of the gut microbiome that

were associated with chronic inflammation and tumor formation in the original

mice were effectively transmitted to germ-free mice and promoted colon tumori-

genesis (Zackular et al. 2013).

Similar studies have evidently not been performed in humans and although a link

between dysbiosis and colorectal cancer has been established, whether the dysbiosis

precedes the cancer or is caused by it has not been fully elucidated. It seems that

manipulation of the gut microbiota to restore normal physiological balance may be

beneficial in preventing colorectal carcinoma, but further research is needed to

understand the mechanism of interaction of the gut microbiota and the development

of colorectal carcinoma.

11.8 Future Directions

The potential therapeutic applications of FMT are significant and growing interest

in the field promises newer and broader developments and applications of stool-

based therapies. However, the exact science behind the manipulation of the intes-

tinal microbiota remains a challenge. To date, FMT has been successfully used in

rCDI, but its success in IBD and obesity remain equivocal, likely because of the

more complex dysbiosis in these conditions. Ongoing research and clinical trials are

being undertaken in areas such as IBS, fatty liver disease, sepsis, multi-organ

dysfunction, and stem cell transplantation, attesting to the therapeutic potential

that FMT is believed to have. Whole stool transplantation in its various forms has

shown promise, but its use has also been associated with rigorous government

regulations in the United States and Canada. Currently, the FDA and Health Canada

classify stool samples as a drug and biologic. However, as FMT becomes more

widely accepted and adopted, there will be a need to streamline the procedure. As
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such, specific questions that will need to be addressed in future research include

protocol standardization (including donor selection and screening, stool mixture

preparation, delivery method), safety and regulation, long-term follow-up, and the

role of maintenance therapy.

Fecal microbiota transplantation is a rapidly evolving area of study, and as a

result, standard delivery methods via enema, colonoscopy, or naso-duodenal tube

are being evolved into microbiota-based pills. Attention has also turned to stool-

based therapies that have focused on isolating specific bacterial strains from donor

stool. These can potentially replicate the efficiency of FMT while bypassing the

safety concerns that accompany FMT. In a time of patient-centered, personalized

medicine, rather than relying on a one-microbiome-for-all approach, future

research into the specific disturbances that characterize each gastrointestinal con-

dition could lead to the development of targeted microbiome therapies to treat each

individual dysbiosis. Regardless of the area of research, the future of FMT seems to

hold great promise.
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Chapter 12

Statistical Models and Analysis of Microbiome

Data from Mice and Humans

Yinglin Xia and Jun Sun

Abstract After the initiation of the Human Microbiome Project in 2007, numerous

statistical and bioinformatic tools for data analysis and computational methods

were developed and applied to meet the needs of microbiome studies. One of the

popular platforms is to implement the newly developed statistical and bioinformatic

methods and models using R packages.

In this chapter, we introduce the widely used and newly developed statistical

methods and models in the ecology and microbiome fields. We show readers how to

use the current available statistical tools based on the R programming language to

analyze microbiome data. Our purpose is to provide the analytical steps and tools to

be implemented by microbiome researchers, who may not have advanced knowl-

edge of statistical models and R programming language. Specifically, this chapter

covers frequently used univariate and multivariate statistical models and visualiza-

tion tools, in addition to alpha and beta metrics and R programming skills, using

real data from mouse and human microbiome studies.
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12.1 Introduction

RStudio (RStudio Team 2016) is a free and open-source integrated development

environment (IDE) for R (R Core Team 2016), a widely used open-source pro-

gramming language and environment for statistical computing and graphics. Both

R and RStudio are under active development by a dedicated team of researchers

with a commitment to documentation and software design. The purpose of this

chapter is to provide an understanding of the statistical models and a step-by-step

introduction to microbiome data analysis using RStudio. The analysis steps and

tools described in this chapter could be implemented by microbiome researchers

without advanced knowledge of statistical models and the R programming

language.

12.2 Materials

12.2.1 Software

R can be downloaded from http://www.r-project.org and installed on all three

mainstream operating systems (Windows, Mac, Unix/Linux). RStudio can be

downloaded from https://www.rstudio.com/products/rstudio/download3/ and

installed on four supported platforms (Windows, Mac, Ubuntu, and Fedora). The

general installation manual and introductory tutorials can be obtained from the

same website. Similar to other statistical software packages, R provides a statistical

framework and terminal-based interface for users to input commands for data

manipulation. As an IDE, all statistical analyses and graphics can be implemented

through RStudio. Additional packages (Table 12.1) from R (http://www.r-project.

org) are required before starting the analysis. Details of the package installation can

be found in Sect. 12.3.1. The R terminal output is highlighted in Lucida Con-
sole font throughout the chapter.

12.2.2 Datasets

12.2.2.1 Vdr�/� Mice

The overall purpose of this study is to explore if vitamin D receptor (VDR) status

regulates the composition and functions of the intestinal bacterial community. The

murine microbiome data sets include samples from both the fecal and cecal

locations of five VDR knock-out mice (Vdr�/�) and three wild-type (WT) mice

(Jin et al. 2015; Wang et al. 2016). Bacterial DNA was extracted and sequenced

with 454 pyrosequencing. The post-sequencing data have six taxonomic ranks,
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including phylum, class, family, order, genus, and species. The null hypothesis is

that VDR status and intestinal location are not associated with taxonomic alter-

ations of the bacterial community in the gut. For better differentiation from sample

to sample, we analyzed the intestinal microbiota at the genus level from the cecum

(Table 12.2).

The original data set is a matrix or table with rows for bacteria and columns for

samples.

12.2.2.2 Cigarette Smokers

The cigarette smokers’ data set (Charlson et al. 2010; Chen 2012), used here to

illustrate compositional data analysis, is part of a microbiome data set for studying

the effect of smoking on the upper respiratory tract microbiome. The original data

set contains samples of microbiomes from the throat and nose. It contains 60 sub-

jects consisting of 32 nonsmokers and 28 smokers. As an illustration, only the first

20 subjects’ data from the throat microbiome were used (Table 12.3).

Table 12.2 Example sample

information file in comma-

separated values format

Fecal sample Group Cecal sample Group

1_11_drySt-28F Vdr�/� 19_11_CeSt-28F Vdr�/�

2_12_drySt-28F Vdr�/� 20_12_CeSt-28F Vdr�/�

3_13_drySt-28F Vdr�/� 21_13_CeSt-28F Vdr�/�

4_14_drySt-28F Vdr�/� 22_14_CeSt-28F Vdr�/�

5_15_drySt-28F Vdr�/� 23_15_CeSt-28F Vdr�/�

7_22_drySt-28F WT 25_22_CeSt-28F WT

8_23_drySt-28F WT 26_23_CeSt-28F WT

9_24_drySt-28F WT 27_24_CeSt-28F WT

Table 12.1 List of add-on R packages required for analysis

Package Description

Vegan; Oksanen et al.

(2016)

R package originally developed for the analysis of ecological

communities. It has tools for analyzing ecological diversity, and for

the multivariate analysis of communities. It also has been widely

used for analyzing microbiome data

GUniFrac; Chen (2012) Generalized UniFrac distance for comparing microbial communi-

ties. Permutational multivariate analysis of variance using multiple

distance matrices

dplyr; Wickham and

Francois (2016)

dplyr is a powerful R-package for transforming and summarizing

tabular data with rows and columns

BiodiversityR; Kindt and

Coe (2005)

A graphical user interface package (via the R-commander) and

utility functions (often based on the vegan package) for statistical

analysis of biodiversity and ecological communities
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12.3 Methods

12.3.1 An Introduction to R

The computer language R consists of many user-written packages aimed at solving

different statistical problems. We begin with the base version of R, which can be

downloaded from the official R website. The capabilities of R can be expanded by

installing additional packages, e.g., via using the install.packages() command. To

see what packages are installed, we can use the installed.packages() command.

This returns a matrix with a row for each installed package. Below are the first five

R packages:

> installed.packages()[1:5,]

Package LibPath Version Priority

ade4 "ade4" "C:/Users/Yinglin/R/win-library/3.3" "1.7-4" NA

ALDEx2 "ALDEx2" "C:/Users/Yinglin/R/win-library/3.3" "1.4.0" NA

bayesm "bayesm" "C:/Users/Yinglin/R/win-library/3.3" "3.0-2" NA

BH "BH" "C:/Users/Yinglin/R/win-library/3.3" "1.60.0-2" NA

cluster "cluster" "C:/Users/Yinglin/R/win-library/3.3" "2.0.5" "recommended"

We can also check if we have already installed a specific package (e.g.,

ALDEx2) by typing the command:

> a<-installed.packages()

> packages<-a[,1]

> is.element("ALDEx2", packages)

[1] TRUE

Table 12.3 Partial operational taxonomic units and meta tables of the cigarette smokers dataset

> head(throat.otu.tab)
4695 2983 2554 3315 879 1313 5661 4125 2115 3309 3225 514 3427 484

ESC_1.1_OPL     1    0    0    0   0    0    0    0    0    0    0   0    0   0
ESC_1.3_OPL     0    0    0    0   0    0    0    0    0    0    0   0    0   0

ESC_1.4_OPL     0    0    0    0   0    0    0    0    0    0    0   0    0   0
ESC_1.5_OPL     1    0    0    0   0    0    0    0    0    0    0   0    0   0

ESC_1.6_OPL     0    0    0    0   0    0    0    0    0    0    0   0    0   0
ESC_1.10_OPL    0    0    0    0   0    0    0    0    0    0    0   0    0   0

> head(throat.meta)
BarcodeSequence LinkerPrimerSequence SmokingStatus PatientID

ESC_1.1_OPL         ACGTCATG      CTGCTGCCTYCCGTA     NonSmoker         1

ESC_1.3_OPL         ACTCGTGA      CTGCTGCCTYCCGTA        Smoker         3
ESC_1.4_OPL         ACTGCTGA      CTGCTGCCTYCCGTA        Smoker         4

ESC_1.5_OPL         AGACTGTC      CTGCTGCCTYCCGTA        Smoker         5
ESC_1.6_OPL         AGCTGATC      CTGCTGCCTYCCGTA        Smoker         6

ESC_1.10_OPL        ATGCGCTA      CTGCTGCCTYCCGTA        Smoker        10
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After downloading and installing R and RStudio software, an R or RStudio

terminal can be started to install the required additional packages. Any package that

does not appear in the installed package matrix must be installed and loaded before

its functions can be used. A package can be installed using install.packages

("<package name>"):

> install.packages("vegan")

In R, additional packages can also be installed from the R terminal menu

“Packages” ! “select the CRAN mirror” ! “select repositories.”

In RStudio, you can also click “Packages” ! “Install” ! type package name

(e.g., vegan in the column “Packages”) and choose to install from “Repository

(CRAN, CRANextra)” or “Package Archive File(.zip;,tar.gz)” if you downloaded

the R package to your computer ! click “Install” to install additional packages.

After installing, the packages can be loaded in either R or RStudio with the

following command:

> library(vegan)

Or check this package from the User Library in RStudio.

We can check the version information about R and the attached packages by

using function sessionInfo():

> sessionInfo()

R version 3.2.2 (2015-08-14)

Platform: x86_64-w64-mingw32/x64 (64-bit)

Running under: Windows 7 x64 (build 7601) Service Pack 1

locale:

[1] LC_COLLATE=English_United States.1252

[2] LC_CTYPE=English_United States.1252

[3] LC_MONETARY=English_United States.1252

[4] LC_NUMERIC=C

[5] LC_TIME=English_United States.1252

attached base packages:

[1] stats graphics grDevices utils datasets methods base

loaded via a namespace (and not attached):

[1] tools_3.2.2
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We can also check the current working directory using the getwd() command:

> getwd()

[1] "C:/Users/Yinglin"

This shows the current working directory or folder location. However, if we

want to work in a specific folder for our R program, data, and to save results in

specific folders, we can set the working directory to this folder. Organizing data and

results is very helpful for the flexible use of the scripts. For this project, we created a

directory “SpringerBookChapter” to store the raw and intermediate data files and

the analysis results:

> setwd("E:/Home/SpringerBookChapter/")

In RStudio, we can choose “Session”! “Set Working Directory”! “To Source

File Location” to set the working directory. Use the getwd() function again, and you

will find that your directory has been changed.

> getwd()

[1] "E:/Home/SpringerBookChapter"

By typing the command below, we can set the working directory back to the file

pane folder:

> setwd("~/")

In RStudio, we can also choose “Session”! “Set Working Directory”! “To

Files Pane Location” to do the same thing.

> getwd()

[1] "C:/Users/Yinglin"

The first step is always to import data into R. Community microbiome data are

usually in the form of spreadsheet tables, with rows usually denoting the various

taxa (bacteria) and columns denoting samples. However, some R packages need to

transpose the data into rows of samples and columns of taxa (bacteria). R has

functions such as read.table(), read.delim(), read.csv(), and read.csv2() to import

the data from files into the R working space. In this book chapter, we used function

read.csv() to import microbiome sample data into a data frame object in R and

named the dataset “abund_table”:

> abund_table=read.csv("VdrMice.csv",row.names=1,check.names=FALSE)
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To check the first six rows to see what the data look like, apply the following

command:

> head(abund_table)

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

Tannerella 67 0 6 20 37

Lactococcus 737 422 173 580 4867

Lactobacillus 597 330 639 633 1819

Lactobacillus::Lactococcus 12 7 0 3 25

Parasutterella 0 0 0 0 2

Helicobacter 0 0 0 0 0

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

Tannerella 38 81 235

Lactococcus 707 1404 1913

Lactobacillus 625 1361 365

Lactobacillus::Lactococcus 9 10 13

Parasutterella 0 2 0

Helicobacter 0 0 0

The package “vegan” that we use later requires rows to be samples and columns

to be taxa (bacteria). We use the t() function to transpose the dataset “abund_table”

and name the transposed version “abund_table_t.” Following this, we check the

number of rows and columns:

> abund_table_t<-t(abund_table)

> ncol(abund_table_t) # for the number of genera

[1] 248

>

> nrow(abund_table_t) # for the number of samples

[1] 8

We can use the write.table() function to output a data frame object like this:

> write.table(abund_table_t, "Genus_by_row.csv", quote=F, sep="\t")

“Quote” means there are quotation marks in the table. As we do not want these,

we use the command quote ¼ F to suppress them.

12.3.2 Data Exploration Using R

We can obtain group information from the sample names. For easier understanding

and model fitting, the groups are transformed into factors from characters.
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The function strsplit() is used to split the row names of “abund_table” (strings) into

substrings according to the presence of the substring "_" within them. We name the

object “grouping.”

> grouping<-data.frame(row.names=rownames(abund_table_t),t(as.data.

frame(strsplit(rownames(abund_table_t),"_"))))

> grouping

X1 X2 X3

20_12_CeSt-28F 20 12 CeSt-28F

19_11_CeSt-28F 19 11 CeSt-28F

21_13_CeSt-28F 21 13 CeSt-28F

22_14_CeSt-28F 22 14 CeSt-28F

23_15_CeSt-28F 23 15 CeSt-28F

25_22_CeSt-28F 25 22 CeSt-28F

26_23_CeSt-28F 26 23 CeSt-28F

27_24_CeSt-28F 27 24 CeSt-28F

Then, the function ifelse() is used to set comparison groups:

> grouping$Group <- with(grouping,ifelse(as.factor(X2)%in% c(11,

12,13,14,15),c("Vdr-/-"), c("WT")))

> grouping

X1 X2 X3 Group

20_12_CeSt-28F 20 12 CeSt-28F Vdr-/-

19_11_CeSt-28F 19 11 CeSt-28F Vdr-/-

21_13_CeSt-28F 21 13 CeSt-28F Vdr-/-

22_14_CeSt-28F 22 14 CeSt-28F Vdr-/-

23_15_CeSt-28F 23 15 CeSt-28F Vdr-/-

25_22_CeSt-28F 25 22 CeSt-28F WT

26_23_CeSt-28F 26 23 CeSt-28F WT

27_24_CeSt-28F 27 24 CeSt-28F WT

> names(grouping)

[1] "X1" "X2" "X3" "Group"

Finally, the function c() is used to extract group information:

> grouping_inf<- grouping[,c(4)]

> grouping_inf

[1] "Vdr-/-" "Vdr-/-" "Vdr-/-" "Vdr-/-" "Vdr-/-" "WT" "WT" "WT"

In the data set, the samples are ordered based on the genetic conditions Vdr�/�
and WT, so that we can simply set comparison groups using the rep() function. The

vector of conditions is consistent with the order of the samples in the input counts

table.
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> conds <- c(rep("Vdr-/-", 5), rep("WT", 3))

> conds

[1] "Vdr-/-" "Vdr-/-" "Vdr-/-" "Vdr-/-" "Vdr-/-" "WT" "WT" "WT"

We can examine the basic characteristics of the sequenced mice microbiome by

looking at the distribution of all genera and find the most represented bacterial

genus members of the communities. As many statistical methods in ecology and

microbiome studies are sensitive to the total abundance of taxa in a sample, we

should convert these absolute abundance estimates to a relative abundance esti-

mate. We can do this with the function decostand() from the vegan package.

First, total abundance in each sample is checked:

> apply(abund_table_t, 1, sum)

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

3239 5067 2397 3788 9264

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

2072 6903 6327

Then, we can use the function decostand() to convert the genus abundances of

community data to relative abundances (that is, in all samples, all genera add up to

1). The function decostand() provides some popular and effective standardization

methods for community ecologists and microbiome researchers.

If the vegan package is not loaded yet, we can load it with the following

command:

> library(vegan)

In the arguments, the standardization method ¼ “total” indicates that the abun-

dance accounts will be divided by the margin total:

> abund_table_stand<- decostand(abund_table, method = “total”)

First, we check the total abundance in each sample to see if the sum of all of

them is 1:

> apply(abund_table_stand, 1, sum)

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

1 1 1 1 1

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

1 1 1

Then, we can look at the transformed data to see if we have obtained relative

abundances:
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> abund_table_stand [1:5, 1:5]

Tannerella Lactococcus Lactobacillus Lactobacillus::Lactococcus

20_12_CeSt-28F 0.020685397 0.22753936 0.18431615 0.0037048472

19_11_CeSt-28F 0.000000000 0.08328399 0.06512729 0.0013814881

21_13_CeSt-28F 0.002503129 0.07217355 0.26658323 0.0000000000

22_14_CeSt-28F 0.005279831 0.15311510 0.16710665 0.0007919747

23_15_CeSt-28F 0.003993955 0.52536701 0.19635147 0.0026986183

Parasutterella

20_12_CeSt-28F 0.0000000000

19_11_CeSt-28F 0.0000000000

21_13_CeSt-28F 0.0000000000

22_14_CeSt-28F 0.0000000000

23_15_CeSt-28F 0.0002158895

As we standardized the abundance count into the relative abundances, we can

now find the most abundant genera by calculating per-column mean values:

> Genus_Mean <- colMeans(abund_table_stand)

> head(Genus_Mean)

Tannerella Lactococcus Lactobacillus

1.245981e-02 2.385550e-01 1.794970e-01

Lactobacillus::Lactococcus Parasutterella Helicobacter

2.052986e-03 6.320232e-05 0.000000e+00

We can assess the distribution by plotting a histogram (Fig. 12.1):

> hist(colMeans(abund_table_stand))

Now, we can sort the mean genus of relative abundances from lowest to highest

to identify the most abundant genera:

> sort(colMeans(abund_table_stand))

The order is from lowest to highest now; thus, the most abundant genera are at

the bottom of this list. We can pick the five most abundant genera and bind them to

a new data frame. The matrix object can only be allowed by using the column

number or row number, not by a name. Thus, we need to define

“abund_table_stand” as a data.frame object by using abund_table_stand_f
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<- data.frame (abund_table_stand) to make it easy to extract a certain column by

its name.

> abund_table_stand_f <- data.frame(abund_table_stand)

From the genus list, we can see that the top five most abundant genera are:

Lactococcus, Butyrivibrio, Lactobacillus, Clostridium, and Turicibacter.
The following cbind() function is used to bind them to a new data frame called

“genera_major5”:

> genera_major5 <- cbind(abund_table_stand_f$Lactococcus, abund_

table_stand_f$Butyrivibrio, abund_table_stand_f$Lactobacillus,

abund_table_stand_f$Clostridium, abund_table_stand_f

$Turicibacter)

> genera_major5

[,1] [,2] [,3] [,4] [,5]

[1,] 0.22753936 0.13893177 0.18431615 0.12380364 0.0546464958

[2,] 0.08328399 0.63410302 0.06512729 0.08387606 0.0868363923

[3,] 0.07217355 0.24280350 0.26658323 0.09762203 0.1989987484

[4,] 0.15311510 0.02402323 0.16710665 0.19878564 0.3210137276

[5,] 0.52536701 0.01047064 0.19635147 0.10924007 0.0003238342

[6,] 0.34121622 0.03281853 0.30164093 0.15781853 0.0038610039

[7,] 0.20338983 0.04447342 0.19716065 0.15022454 0.0024626974

[8,] 0.30235499 0.31942469 0.05768927 0.11348190 0.0015805279

Howmany percentages of these five genera make up each sample?We can check

using the rowSums function:

Fig. 12.1 Histogram of the distribution of genus means

12 Statistical Models and Analysis of Microbiome Data from Mice and Humans 313



> rowSums(genera_major5)

[1] 0.7292374 0.9532268 0.8781811 0.8640444 0.8417530 0.8373552

0.5977111 0.7945314

We now can visualize these five most abundant genera by using the barplot()

function. The function barplot() takes transposed matrix to plot bars. The default

color for plotting is gray, but here we set five different colors from the rainbow to

present five major abundant genera by assigning col ¼ rainbow(5) (Fig. 12.2):

> barplot(t(genera_major5), col=rainbow(5))

We can also order the samples based on the value of the first column

(Lactococcus) by using the order() function (Fig. 12.3):

> barplot(t(genera_major5[order(genera_major5[,1]), ]), col=rainbow(5))

12.3.3 Univariate Community Analysis of Alpha Diversity

12.3.3.1 Alpha Diversity and Measures

Alpha diversity is an essential concept in both ecology and microbiome study. Two

fundamental questions encountered by researchers in these fields are how many

Fig. 12.2 Bar plot of the five most abundant genera in each sample
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species are present in the community (richness) and how evenly each species makes

up the community (evenness).

In the next section, we illustrate how to calculate the most widely used alpha

diversities in microbiome study including a qualitative taxa-based measure, the

Chao 1 index (Chao 1984), and quantitative taxa-based measures, the Shannon/

Shannon–Wiener index (Shannon 1948; Shannon andWeaver 1949) and Simpson’s
index (Simpson 1949).

12.3.3.2 Calculating Alpha Diversities

Chao 1 Index

We use the estimateR() function to calculate the Chao 1 index.

> index=estimateR(abund_table_t*1000)

> index

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F

S.obs 52 37 42 46

S.chao1 52 37 42 46

se.chao1 0 0 0 0

S.ACE NaN NaN NaN NaN

se.ACE NaN NaN NaN NaN

23_15_CeSt-28F 25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

S.obs 54 48 70 68

S.chao1 54 48 70 68

se.chao1 0 0 0 0

Fig. 12.3 Bar plot of the ordered five most abundant genera
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S.ACE NaN NaN NaN NaN

se.ACE NaN NaN NaN NaN

> head(index)

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F

S.obs 52 37 42 46

S.chao1 52 37 42 46

se.chao1 0 0 0 0

S.ACE NaN NaN NaN NaN

se.ACE NaN NaN NaN NaN

23_15_CeSt-28F 25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

S.obs 54 48 70 68

S.chao1 54 48 70 68

se.chao1 0 0 0 0

S.ACE NaN NaN NaN NaN

se.ACE NaN NaN NaN NaN

The function estimateR() generates five indices, in which chao1 is listed as the

second row. Thus, we can extract the Chao 1 index using the following codes:

> chao1_genus=estimateR(abund_table_t*1000)[2,]

> chao1_genus

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

52 37 42 46 54

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

48 70 68

Then, we can make a data frame of Chao 1 richness:

> CH=estimateR(abund_table_t*1000)[2,]

> df_CH <-data.frame(sample=names(CH),value=CH,measure=rep

("Chao1",length(CH)))

> df_CH

sample value measure

20_12_CeSt-28F 20_12_CeSt-28F 52 Chao1

19_11_CeSt-28F 19_11_CeSt-28F 37 Chao1

21_13_CeSt-28F 21_13_CeSt-28F 42 Chao1

22_14_CeSt-28F 22_14_CeSt-28F 46 Chao1

23_15_CeSt-28F 23_15_CeSt-28F 54 Chao1

25_22_CeSt-28F 25_22_CeSt-28F 48 Chao1

26_23_CeSt-28F 26_23_CeSt-28F 70 Chao1

27_24_CeSt-28F 27_24_CeSt-28F 68 Chao1
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Richness Based on Rarefaction

We can also calculate richness based on rarefaction. As various species (or taxa) are

sampled in the community, an issue arises: the higher the number of individuals

sampled, the larger amounts of that species are found. Rarefaction was developed to

allow the calculation of species richness for a given number of individual samples

based on rarefaction curves. This curve is a plot of the number of species as a

function of the number of samples. It generally grows rapidly at first, as the most

common species are found, but the curves plateau when only the rarest species

remain to be sampled. Thus, rarefaction techniques are used to quantify species

diversity of newly studied ecosystems, including microbiomes and community

ecology. We use rarefaction to assess genera richness from the results of genera

abundance sampling here:

> R<-rarefy(abund_table,min(rowSums(abund_table_t)))

> R

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

45.78968 25.93238 40.13438 38.37177 36.69034

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

48.00000 45.97843 46.13922

attr(,“Subsample”)

[1] 2072

After rarefying, we store the results as a data frame for later use.

> df_R<-data.frame(sample=names(R),value=R,measure=rep("Richness",

length(R)))

> df_R

sample value measure

20_12_CeSt-28F 20_12_CeSt-28F 45.78968 Richness

19_11_CeSt-28F 19_11_CeSt-28F 25.93238 Richness

21_13_CeSt-28F 21_13_CeSt-28F 40.13438 Richness

22_14_CeSt-28F 22_14_CeSt-28F 38.37177 Richness

23_15_CeSt-28F 23_15_CeSt-28F 36.69034 Richness

25_22_CeSt-28F 25_22_CeSt-28F 48.00000 Richness

26_23_CeSt-28F 26_23_CeSt-28F 45.97843 Richness

27_24_CeSt-28F 27_24_CeSt-28F 46.13922 Richness
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Shannon Index

The Shannon index can be calculated using either plain R functions or the

diversity() function in the vegan R package. First, we illustrate how to use

plain R functions to calculate Shannon diversity. Initially, we need the

function decostand() to convert the data into proportions. We name the

dataset “abund_table_total” to indicate the “total” method used for this

conversion.

> abund_table_total<-decostand(abund_table_t, MARGIN=1, method="total")

With default settings, MARGIN ¼ 1(1 ¼ rows, and 2 ¼ columns).

Then we multiply that matrix by a natural log-transformed matrix-- p*ln(p):

> abund_table_p_lnp<-abund_table_total*log(abund_table_total)

Finally, we sum the values by sample and multiply by �1 to obtain the

Shannon index.

> rowSums(abund_table_p_lnp,na.rm=TRUE)*-1

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

2.339725 1.344813 2.016113 1.955433 1.614456

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

1.958839 2.270818 2.002195

The Shannon index can also be calculated using the diversity() function in the

vegan package.

We can either explicitly specify index ¼ “shannon,” MARGIN ¼ 1, or use the

default argument. Either argument used gives the same estimated results.

> H <- diversity(abund_table_t,index="shannon",MARGIN=1)

> H

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

2.339725 1.344813 2.016113 1.955433 1.614456

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

1.958839 2.270818 2.002195
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> H <- diversity(abund_table_t,MARGIN=1)

> H

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

2.339725 1.344813 2.016113 1.955433 1.614456

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

1.958839 2.270818 2.002195

> H <- diversity(abund_table_t)

> H

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

2.339725 1.344813 2.016113 1.955433 1.614456

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

1.958839 2.270818 2.002195

We can see from above that the two approaches give the same results. We can

make a data frame of Shannon evenness:

> df_H<-data.frame(sample=names(H),value=H,measure=rep("Shannon",

length(H)))

> df_H

sample value measure

20_12_CeSt-28F 20_12_CeSt-28F 2.339725 Shannon

19_11_CeSt-28F 19_11_CeSt-28F 1.344813 Shannon

21_13_CeSt-28F 21_13_CeSt-28F 2.016113 Shannon

22_14_CeSt-28F 22_14_CeSt-28F 1.955433 Shannon

23_15_CeSt-28F 23_15_CeSt-28F 1.614456 Shannon

25_22_CeSt-28F 25_22_CeSt-28F 1.958839 Shannon

26_23_CeSt-28F 26_23_CeSt-28F 2.270818 Shannon

27_24_CeSt-28F 27_24_CeSt-28F 2.002195 Shannon

Simpson Index

Similarly, the Simpson index can be calculated using either plain R functions or the

diversity() function in the vegan R package. We use the plain R function first. The

following R codes convert data into proportions by using the function decostand():

> abund_table_total<-decostand(abund_table_t, MARGIN=1, method="total")

Then, we square the proportions:
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> abund_table_total_p2<-abund_table_total^2

Finally, we obtain the Simpson index by subtracting the row sums from one:

> 1-rowSums(abund_table_total_p2, na.rm=TRUE)

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

0.8648902 0.5717474 0.8138716 0.8020054 0.6687232

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

0.7649460 0.8545929 0.7844728

The follow R codes use the function diversity() to achieve the same result:

> simp <- diversity(abund_table_t, "simpson")

> simp

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F 23_15_CeSt-28F

0.8648902 0.5717474 0.8138716 0.8020054 0.6687232

25_22_CeSt-28F 26_23_CeSt-28F 27_24_CeSt-28F

0.7649460 0.8545929 0.7844728

We can store the Simpson index as a new data frame:

> df_simp<-data.frame(sample=names(simp),value=simp,measure=rep

("Simpson",length(simp)))

> df_simp

sample value measure

20_12_CeSt-28F 20_12_CeSt-28F 0.8648902 Simpson

19_11_CeSt-28F 19_11_CeSt-28F 0.5717474 Simpson

21_13_CeSt-28F 21_13_CeSt-28F 0.8138716 Simpson

22_14_CeSt-28F 22_14_CeSt-28F 0.8020054 Simpson

23_15_CeSt-28F 23_15_CeSt-28F 0.6687232 Simpson

25_22_CeSt-28F 25_22_CeSt-28F 0.7649460 Simpson

26_23_CeSt-28F 26_23_CeSt-28F 0.8545929 Simpson

27_24_CeSt-28F 27_24_CeSt-28F 0.7844728 Simpson

Combine All the Calculated Indices Together to Make a Data Frame

We can use the function rbind() to combine all the indices together to make a data

frame for future use.
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> df<-rbind(df_CH,df_R,df_H,df_simp)

> rownames(df)<-NULL

> df

sample value measure

1 20_12_CeSt-28F 52.0000000 Chao1

2 19_11_CeSt-28F 37.0000000 Chao1

3 21_13_CeSt-28F 42.0000000 Chao1

4 22_14_CeSt-28F 46.0000000 Chao1

5 23_15_CeSt-28F 54.0000000 Chao1

6 25_22_CeSt-28F 48.0000000 Chao1

7 26_23_CeSt-28F 70.0000000 Chao1

8 27_24_CeSt-28F 68.0000000 Chao1

9 20_12_CeSt-28F 45.7896767 Richness

10 19_11_CeSt-28F 25.9323806 Richness

11 21_13_CeSt-28F 40.1343835 Richness

12 22_14_CeSt-28F 38.3717737 Richness

13 23_15_CeSt-28F 36.6903357 Richness

14 25_22_CeSt-28F 48.0000000 Richness

15 26_23_CeSt-28F 45.9784344 Richness

16 27_24_CeSt-28F 46.1392236 Richness

17 20_12_CeSt-28F 2.3397253 Shannon

18 19_11_CeSt-28F 1.3448129 Shannon

19 21_13_CeSt-28F 2.0161125 Shannon

20 22_14_CeSt-28F 1.9554325 Shannon

21 23_15_CeSt-28F 1.6144563 Shannon

22 25_22_CeSt-28F 1.9588390 Shannon

23 26_23_CeSt-28F 2.2708178 Shannon

24 27_24_CeSt-28F 2.0021951 Shannon

25 20_12_CeSt-28F 0.8648902 Simpson

26 19_11_CeSt-28F 0.5717474 Simpson

27 21_13_CeSt-28F 0.8138716 Simpson

28 22_14_CeSt-28F 0.8020054 Simpson

29 23_15_CeSt-28F 0.6687232 Simpson

30 25_22_CeSt-28F 0.7649460 Simpson

31 26_23_CeSt-28F 0.8545929 Simpson

32 27_24_CeSt-28F 0.7844728 Simpson

12.3.3.3 Comparisons of Diversities in Two Groups

We already defined the “grouping_inf” data frame in Sect. 12.3.2 and calculated

Shannon diversity in section “Shannon Index”. Here, we combine these two data

frames to create a new data frame called “df_H_G”.
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> # combine df_H and grouping data frames to a new data frame for

later use

> df_H_Grouping <-cbind(df_H, grouping)

> df_H_Grouping

sample value measure X1 X2 X3 Group

20_12_CeSt-28F 20_12_CeSt-28F 2.339725 Shannon 20 12 CeSt-28F Vdr-/-

19_11_CeSt-28F 19_11_CeSt-28F 1.344813 Shannon 19 11 CeSt-28F Vdr-/-

21_13_CeSt-28F 21_13_CeSt-28F 2.016113 Shannon 21 13 CeSt-28F Vdr-/-

22_14_CeSt-28F 22_14_CeSt-28F 1.955433 Shannon 22 14 CeSt-28F Vdr-/-

23_15_CeSt-28F 23_15_CeSt-28F 1.614456 Shannon 23 15 CeSt-28F Vdr-/-

25_22_CeSt-28F 25_22_CeSt-28F 1.958839 Shannon 25 22 CeSt-28F WT

26_23_CeSt-28F 26_23_CeSt-28F 2.270818 Shannon 26 23 CeSt-28F WT

27_24_CeSt-28F 27_24_CeSt-28F 2.002195 Shannon 27 24 CeSt-28F WT

> rownames(df_H_Grouping)<-NULL

> df_H_G<-df_H_Grouping[,c(1,2,3,7)]

> df_H_G

sample value measure Group

1 20_12_CeSt-28F 2.339725 Shannon Vdr-/-

2 19_11_CeSt-28F 1.344813 Shannon Vdr-/-

3 21_13_CeSt-28F 2.016113 Shannon Vdr-/-

4 22_14_CeSt-28F 1.955433 Shannon Vdr-/-

5 23_15_CeSt-28F 1.614456 Shannon Vdr-/-

6 25_22_CeSt-28F 1.958839 Shannon WT

7 26_23_CeSt-28F 2.270818 Shannon WT

8 27_24_CeSt-28F 2.002195 Shannon WT

Now we can use the boxplot() function to plot Shannon diversities with Vdr�/�

and WT groups (Fig. 12.4).

Fig. 12.4 Box plot of the Shannon index with Vdr�/� and wild-type groups
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> boxplot(value ~ Group,data=df_H_G, col=rainbow(2),main="Shannon

diversity

in Vdr WT/KO mice")

Welch’s Two Sample t-Test

Welch’s t-test or the unequal variances t-test is adapted from the t-test. It is

considered to be more reliable when the two samples have unequal variances and

unequal sample sizes. Thus, here we use Welch’s t-test to test the differences in

Shannon diversity between the Vdr�/� and WT mice data we calculated above. The

test value of the function t-test() should be numeric, and “Group” should be a binary

factor.

> fit_t <- t.test(value ~ Group, data=df_H_G)

> fit_t

Welch Two Sample t-test

data: value by Group

t = -1.1304, df = 5.7931, p-value = 0.3029

alternative hypothesis: true difference in means is not equal to 0

95 percent confidence interval:

-0.7104788 0.2641267

sample estimates:

mean in group Vdr-/- mean in group WT

1.854108 2.077284

Wilcoxon Rank Sum Test

The Wilcoxon rank-sum test is equivalent to the Mann–Whitney U test. It is a

nonparametric alternative to the two-sample t-test. It uses ranks of data from two

independent samples to test the null hypothesis that the two populations are

identical. Unlike the t-test, the Wilcoxon rank-sum test does not require the

assumption of normal distributions. However, it is nearly as efficient as the t-test
and therefore widely used in microbiome study. The Wilcoxon rank-sum test is

fitted by using the function wilcox.test() below:

> fit_w <- wilcox.test(value ~ Group, data=df_H_G)

> fit_w
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Wilcoxon rank sum test

data: value by Group

W = 5, p-value = 0.5714

alternative hypothesis: true location shift is not equal to 0

12.3.3.4 Comparisons Among More Than Two Groups

One-Way ANOVA

Analysis of variance (ANOVA) generalizes the two-sample t-test to more than two

groups. The null hypothesis of ANOVA is that the means of the groups compared

are equal. ANOVA analysis relies on the assumption of normality of the underlying

data. However, most of the micriobiome community composition data are not

normally distributed; thus, in this book chapter, we only illustrate the capabilities

of ANOVA for comparing diversity measures. For multivariate community com-

position data, either a nonparametric version of ANOVA or another suitable

statistical method should be applied.

First, we load the abundance table, which includes both fecal and cecal samples:

> abund_table=read.csv("VdrMiceBacteria.csv",row.names=1,check.

names=FALSE)

Then, we will transpose the data into samples by taxa format:

> abund_table_t<-t(abund_table)

Next, we obtain grouping information:

> grouping<-data.frame(row.names=rownames(abund_table_t),t(as.data.

frame(strsplit(rownames(abund_table_t),"_"))))

We use the with() function to assign the variable “location” to identify fecal and

cecal sites:

> grouping$Location <- with(grouping, ifelse(X3%in%"drySt-28F",

"Fecal", "Cecal"))

We then assign the group variable to the two genetic conditions: Vdr�/� and

WT:
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> grouping$Group <- with(grouping,ifelse(as.factor(X2)%in% c(11,

12,13,14,15),c("Vdr-/-"), c("WT")))

We then use the diversity() function in the vegan package to calculate Shannon

diversity. If the vegan package has not been loaded, it should be loaded at this point.

> library(vegan)

We can now calculate Shannon diversity and make a data frame of it, as

previously in Sect. 12.3.3.2:

> H<-diversity(abund_table_t, "shannon")

> df_H<-data.frame(sample=names(H),value=H,measure=rep("Shannon",

length(H)))

We can then combine Shannon diversity and group data frames together for

analysis later:

> df_H_G <-cbind(df_H, grouping_inf)

We also use the with() and interaction() functions to create four levels of groups

to identify Fecal.Vdr�/�, Fecal.WT, Cecal.Vdr�/�, and Cecal.WT. Note the default

separator of ’.’

> df_H_G$Group4<- with(df_H_G, interaction(Location,Group))

The created data frame looks like this:

> df_H_G

sample value measure Location Group Group4

1 5_15_drySt-28F 2.460729 Shannon Fecal Vdr-/- Fecal.Vdr-/-

2 20_12_CeSt-28F 2.339725 Shannon Cecal Vdr-/- Cecal.Vdr-/-

3 1_11_drySt-28F 2.228023 Shannon Fecal Vdr-/- Fecal.Vdr-/-

4 2_12_drySt-28F 2.734405 Shannon Fecal Vdr-/- Fecal.Vdr-/-

5 3_13_drySt-28F 2.077282 Shannon Fecal Vdr-/- Fecal.Vdr-/-

6 4_14_drySt-28F 2.466830 Shannon Fecal Vdr-/- Fecal.Vdr-/-

7 7_22_drySt-28F 1.777171 Shannon Fecal WT Fecal.WT

8 8_23_drySt-28F 1.999559 Shannon Fecal WT Fecal.WT

9 9_24_drySt-28F 1.971996 Shannon Fecal WT Fecal.WT

10 19_11_CeSt-28F 1.344813 Shannon Cecal Vdr-/- Cecal.Vdr-/-

11 21_13_CeSt-28F 2.016113 Shannon Cecal Vdr-/- Cecal.Vdr-/-

12 22_14_CeSt-28F 1.955433 Shannon Cecal Vdr-/- Cecal.Vdr-/-

13 23_15_CeSt-28F 1.614456 Shannon Cecal Vdr-/- Cecal.Vdr-/-

14 25_22_CeSt-28F 1.958839 Shannon Cecal WT Cecal.WT
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15 26_23_CeSt-28F 2.270818 Shannon Cecal WT Cecal.WT

16 27_24_CeSt-28F 2.002195 Shannon Cecal WT Cecal.WT

To simplify the data, we only select value (Shannon diversity) and groups using

the dplyr package:

> library(dplyr)

> df_H_G4 <- select(df_H_G, Group4,value)

> df_H_G4

Group4 value

1 Fecal.Vdr-/- 2.460729

2 Cecal.Vdr-/- 2.339725

3 Fecal.Vdr-/- 2.228023

4 Fecal.Vdr-/- 2.734405

5 Fecal.Vdr-/- 2.077282

6 Fecal.Vdr-/- 2.466830

7 Fecal.WT 1.777171

8 Fecal.WT 1.999559

9 Fecal.WT 1.971996

10 Cecal.Vdr-/- 1.344813

11 Cecal.Vdr-/- 2.016113

12 Cecal.Vdr-/- 1.955433

13 Cecal.Vdr-/- 1.614456

14 Cecal.WT 1.958839

15 Cecal.WT 2.270818

16 Cecal.WT 2.002195

The boxplot() function is used to explore the four groups (Fig. 12.5).

Fig. 12.5 Box plot of the Shannon index with Vdr�/� and wild-type groups in both fecal and cecal

samples
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> boxplot(value~Group4, data=df_H_G, col=rainbow(4), main="Shannon index")

The ANOVA is fitted by using the lm() and aov() functions respectively. Both

functions give the same results:

> fit = lm(formula = value~Group4,data=df_H_G)

> anova (fit)

Analysis of Variance Table

Response: value

Df Sum Sq Mean Sq F value Pr(>F)

Group4 3 0.82664 0.27555 3.5587 0.04753 *

Residuals 12 0.92915 0.07743

---

Signif. Codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

> summary(aov(value~Group4, data=df_H_G))

Df Sum Sq Mean Sq F value Pr(>F)

Group4 3 0.8266 0.27555 3.559 0.0475 *

Residuals 12 0.9292 0.07743

---

Signif. Codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

> aov_fit <- aov(value~Group4,data=df_H_G) #calculate the anova

> summary(aov_fit, intercept=T)

Df Sum Sq Mean Sq F value Pr(>F)

(Intercept) 1 68.97 68.97 890.698 1.25e-12 ***

Group4 3 0.83 0.28 3.559 0.0475 *

Residuals 12 0.93 0.08

---

Signif. Codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

The following codes are used to do the pair-wise comparisons of mean differ-

ences among the four groups using the function pairwise.t.test():

> pairwise.t.test(df_H_G$value, df_H_G$Group4, p.adjust="none",

pool.sd = T)

Pairwise comparisons using t tests with pooled SD

data: df_H_G$value and df_H_G$Group4

Cecal.Vdr-/- Fecal.Vdr-/- Cecal.WT

Fecal.Vdr-/- 0.0098 - -

Cecal.WT 0.2936 0.1457 -

Fecal.WT 0.7650 0.0368 0.4920

P value adjustment method: none
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The results show that the means of Shannon diversities between Fecal Vdr�/�

and Cecal Vdr�/� groups are statistically significant with a p value of 0.0098. The

Shannon diversities from the Fecal Vdr�/� group are also different than the Fecal

WT group, with a p value of 0.0368. However, the p values were not adjusted by

multiple group comparisons.

Several methods can be used to adjust the p values. Among them, we illustrate

the Bonferroni, Holm, Benjamini and Hochberg (BH), Benjamini and Yekutieli

(BY), and Tukey’s honestly significant difference (Tukey’s HSD) test methods.

(i) Bonferroni method

> pairwise.t.test(df_H_G$value, df_H_G$Group4, p.adjust="bonferroni", pool.

sd = T)

Pairwise comparisons using t tests with pooled SD

data: df_H_G$value and df_H_G$Group4

Cecal.Vdr-/- Fecal.Vdr-/- Cecal.WT

Fecal.Vdr-/- 0.059 - -

Cecal.WT 1.000 0.874 -

Fecal.WT 1.000 0.221 1.000

P value adjustment method: bonferroni

After adjustment with the Bonferroni method, only the Fecal.Vdr�/� versus

Cecal.Vdr�/� comparison remains marginally significantly different, with a

p value of 0.059.

(ii) Holm method

> pairwise.t.test(df_H_G$value, df_H_G$Group4, p.adjust="holm",

pool.sd = T)

Pairwise comparisons using t tests with pooled SD

data: df_H_G$value and df_H_G$Group4

Cecal.Vdr-/- Fecal.Vdr-/- Cecal.WT

Fecal.Vdr-/- 0.059 - -

Cecal.WT 0.881 0.583 -

Fecal.WT 0.984 0.184 0.984

P value adjustment method: holm
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When adjusted using the Holm method, the pair Fecal.Vdr�/� vs Cecal.Vdr�/� is

at the same significant level as that found by using the Bonferroni method; all other

pairs have slightly lower p values than using Bonferroni method. However, none of

them are statistically significant.

(iii) Benjamini and Hochberg (BH) method

> pairwise.t.test(df_H_G$value, df_H_G$Group4, p.adjust="BH",

pool.sd = T)

Pairwise comparisons using t tests with pooled SD

data: df_H_G$value and df_H_G$Group4

Cecal.Vdr-/- Fecal.Vdr-/- Cecal.WT

Fecal.Vdr-/- 0.059 - -

Cecal.WT 0.440 0.291 -

Fecal.WT 0.765 0.110 0.590

P value adjustment method: BH

The BH method gives the same p value for the pair of Fecal.Vdr�/� versus

Cecal.Vdr�/� and slightly lower p values for all other pairs compared with the

Bonferroni and Holm methods.

(iv) BY method

> pairwise.t.test(df_H_G$value, df_H_G$Group4, p.adjust="BY",

pool.sd = T)

Pairwise comparisons using t tests with pooled SD

data: df_H_G$value and df_H_G$Group4

Cecal.Vdr-/- Fecal.Vdr-/- Cecal.WT

Fecal.Vdr-/- 0.14 - -

Cecal.WT 1.00 0.71 -

Fecal.WT 1.00 0.27 1.00

P value adjustment method: BY

After adjustment using the BY method, the only significant pair of Fecal.Vdr�/�

versus Cecal.Vdr�/� using the Bonferroni, Holm, or the BH methods is no longer

significant.
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(v) Tukey’s HSD method

Finally, we use Tukey’s HSD to conduct multiple comparisons of means to

create confidence intervals for all pairwise differences between factor level means,

while controlling the family-wise error rate to a 5% significant level. The 95%

family-wise confidence level is also plotted:

> TukeyHSD(aov_fit, conf.level=.95)

Tukey multiple comparisons of means

95% family-wise confidence level

Fit: aov(formula = value ~ Group4, data = df_H_G)

$Group4

diff lwr upr p adj

Fecal.Vdr-/--Cecal.Vdr-/- 0.53934581 0.01685443 1.0618372 0.0423608

Cecal.WT-Cecal.Vdr-/- 0.22317604 -0.38014504 0.8264971 0.6972467

Fecal.WT-Cecal.Vdr-/- 0.06213415 -0.54118693 0.6654552 0.9895699

Cecal.WT-Fecal.Vdr-/- -0.31616977 -0.91949085 0.2871513 0.4373640

Fecal.WT-Fecal.Vdr-/- -0.47721166 -1.08053274 0.1261094 0.1412485

Fecal.WT-Cecal.WT -0.16104189 -0.83557536 0.5134916 0.8916878

The adjustment for comparison of Fecal.Vdr�/� vs Cecal.Vdr�/� using Tukey’s
HSD is statistically significant ( p value ¼ 0.04).

The Bonferroni method is considered more conservative. However, we actually

found that the BY method is more conservative in this case, given that it results in

the largest p value for pair comparison of Fecal.Vdr�/� versus Cecal.Vdr�/� among

all the adjustment methods (Fig. 12.6):

Fig. 12.6 Differences in means of groups with 95% family-wise confidence interval
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> plot(TukeyHSD(aov(df_H_G$value~df_H_G$Group4), conf.level=.95))

Now, we test the homogeneity of variances, using two widely used functions:

bartlett.test() and fligner.test().

> bartlett.test(df_H_G4, Group4)

Bartlett test of homogeneity of variances

data: df_H_G4

Bartlett’s K-squared = 17.013, df = 1, p-value = 3.713e-05

> fligner.test(df_H_G4, Group4)

Fligner-Killeen test of homogeneity of variances

data: df_H_G4

Fligner-Killeen:med chi-squared = 5.4968, df = 1, p-value =

0.01905

Both test methods show that the four groups do not have the same or similar

variances ( p value < 0.05), which indicates a violation of the assumption of

homogeneity of variance using ANOVA. Thus, it is likely that conducting the

nonparametric equivalent of the analysis (Kruskal–Wallis rank sum test) is more

appropriate.

Kruskal–Wallis Rank Sum Test

The Kruskal–Wallis rank sum test or one-way ANOVA on ranks is a nonparametric

method for testing whether samples originate from the same distribution. It extends

the Mann–WhitneyU test for use with more than two groups. The null hypothesis of

the Kruskal–Wallis test is that the mean ranks of the groups are the same. Unlike the

analogous one-way ANOVA, the nonparametric Kruskal–Wallis test does not

assume a normal distribution of the underlying data. Thus, it has been widely

used in microbiome research literature. The following codes use the function

kruskal.test() to perform the Kruskal–Wallis rank sum test of Shannon indices

among four genetic conditions:

> kruskal.test(value ~ Group4, data = df_H_G)

Kruskal-Wallis rank sum test
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data: value by Group4

Kruskal-Wallis chi-squared = 7.8118, df = 3, p-value = 0.05007

The results show that the mean ranks of the groups are not same with a p value of
0.05007.

12.3.4 Multivariate Community Analysis of Beta Diversity

One important purpose of microbiome study is to determine whether the

microbiome communities can be classified together or need to be separated by

their bacteria to differentiate treatment from control, or healthy from disease, or

genetic deficiency fromWT groups. The questions of community classification lead

us to measure the similarity or dissimilarity between two such community samples

(beta-diversity). In this section, we show how to calculate beta diversities and then

present the most frequently used exploratory techniques including classification and

ordination. Finally, we focus on tests of significance of beta diversity.

12.3.4.1 Beta Diversity and Measures

In general, beta diversity evaluates differences between two or more local assem-

blages or between local and regional assemblages. This allows us to elucidate how

much diversity is unique to a local assemblage and describe how many taxa are

shared between communities.

There are more than two dozen measures of similarity or beta diversity indices

available in the literature. These can be grouped into two broad classes of similarity

measures: binary similarity coefficients, which only measure the presence or

absence data, and quantitative similarity coefficients, which require some measures

of relative abundance to be available for each species. In this chapter, we focus on

the three very popular measures in microbiome studies: Bray–Curtis distance,

binary Jaccard, and Sørensen similarity.

12.3.4.2 Calculate Beta Diversities

We use the vegdist() function from the vegan package to calculate beta diversities.

If vegan has not been loaded, it should be loaded now:

> library(vegan)
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Bray–Curtis Index

The function vegdist () returns a distance object (matrix), which is suitable for

certain ordination methods and distance-based analyses. We name it “bc_dist” for

later use. The method ¼ “bray” is a character input to specify that the Bray–Curtis

method is to be used:

> bc_dist <- vegdist(abund_table_t, method = "bray")

> bc_dist

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F

23_15_CeSt-28F

19_11_CeSt-28F 0.5290152

21_13_CeSt-28F 0.3403123 0.5045552

22_14_CeSt-28F 0.3704283 0.5814794 0.4098626

23_15_CeSt-28F 0.6253699 0.7958272 0.7705171 0.6210542

25_22_CeSt-28F 0.2818678 0.6467292 0.4522264 0.4034130

0.6557869

26_23_CeSt-28F 0.4612502 0.7161236 0.6552688 0.5347489

0.4517226

27_24_CeSt-28F 0.4664437 0.4028436 0.6329665 0.5685615

0.5127958

25_22_CeSt-28F 26_23_CeSt-28F

19_11_CeSt-28F

21_13_CeSt-28F

22_14_CeSt-28F

23_15_CeSt-28F

25_22_CeSt-28F

26_23_CeSt-28F 0.5610028

27_24_CeSt-28F 0.5911418 0.4631897

Jaccard Index

We can calculate the Jaccard index with the following function:

> j_dist <-vegdist(abund_table_t, "jaccard")

> j_dist

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F

23_15_CeSt-28F

19_11_CeSt-28F 0.6919685

21_13_CeSt-28F 0.5078104 0.6707035

22_14_CeSt-28F 0.5406023 0.7353613 0.5814220

23_15_CeSt-28F 0.7695109 0.8863071 0.8703865 0.7662350

25_22_CeSt-28F 0.4397767 0.7854712 0.6228043 0.5749027
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0.7921151

26_23_CeSt-28F 0.6313090 0.8345828 0.7917370 0.6968552

0.6223264

27_24_CeSt-28F 0.6361563 0.5743243 0.7752352 0.7249464

0.6779445

25_22_CeSt-28F 26_23_CeSt-28F

19_11_CeSt-28F

21_13_CeSt-28F

22_14_CeSt-28F

23_15_CeSt-28F

25_22_CeSt-28F

26_23_CeSt-28F 0.7187723

27_24_CeSt-28F 0.7430410 0.6331233

Sørensen Index

The Sørensen index is calculated in the same way:

> S_dist <-vegdist(abund_table,binary=TRUE)

> S_dist

20_12_CeSt-28F 19_11_CeSt-28F 21_13_CeSt-28F 22_14_CeSt-28F

23_15_CeSt-28F

19_11_CeSt-28F 0.3932584

21_13_CeSt-28F 0.4042553 0.3670886

22_14_CeSt-28F 0.3877551 0.4939759 0.3181818

23_15_CeSt-28F 0.4528302 0.4505495 0.3958333 0.4000000

25_22_CeSt-28F 0.3400000 0.4823529 0.4000000 0.4255319

0.3529412

26_23_CeSt-28F 0.4098361 0.4205607 0.4107143 0.4655172

0.4193548

27_24_CeSt-28F 0.4166667 0.4666667 0.4727273 0.4035088

0.4262295

25_22_CeSt-28F 26_23_CeSt-28F

19_11_CeSt-28F

21_13_CeSt-28F

22_14_CeSt-28F

23_15_CeSt-28F

25_22_CeSt-28F

26_23_CeSt-28F 0.3898305

27_24_CeSt-28F 0.3620690 0.3913043
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12.3.4.3 Exploratory Analysis of Microbiome Data

Clustering (or classification) and ordination are the two main classes of multivariate

methods that microbiome researchers and community ecologists employ. To some

degree, these two approaches are complementary. Clustering reduces complexity

(dimensionalities) of data via ordering samples into hierarchical classes. However,

community data are continuous; thus, reducing complexity to two or three dimen-

sions is usually desired. Therefore, many multivariate methods have been devel-

oped in the study of microbiome and ecology based on ordination.

Clustering

Several different clustering methods including average-link, complete-link, and

single-link, are available. In this chapter, we use the Bray–Curtis distance method

to illustrate sample classification. Other distances can also be applied.

As we calculated the Bray–Curtis dissimilarities in section “Bray–Curtis Index”,

we can now apply the function hclust() with the three different clustering algo-

rithms—“average,” “complete,” and “single” linkage methods, respectively—to

perform hierarchical clustering. Then, we plotted a cluster dendrogram using the

calculated values:

> cluster_average <- hclust (bc_dist, method = ’average’)

> cluster_complete <- hclust (bc_dist, method = ’complete’)

> cluster_single <- hclust (bc_dist, method = ’single’)

Finally, we can draw the results together into one diagram using par (mfrow ¼ c

(1,3)) to create one graph with one row of three panels (Fig. 12.7).

> par (mfrow = c(1,3))

> plot (cluster_single)

> plot (cluster_complete)

> plot (cluster_average)

The above two steps can be combined into one step as shown below, which

generates the same plots:

> plot(hclust(bc_dist, "average"))

> plot(hclust(bc_dist, "complete"))

> plot(hclust(bc_dist, "single"))
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Ideally, clustering can provide a distinction between Vdr�/� and WT samples.

However, although the three clustering methods provide different results, not all of

them can make a clear distinction between the Vdr�/� andWT samples. We attempt

ordination in the next section.

Ordination

The primary aim of ordination is to represent sample and species (or operational

taxonomic units [OTUs]/taxa) relationships as faithfully as possible in a

low-dimensional space. This objective is desirable because although community

data consist of multiple dimensions mixed with noise, low dimensions most ideally

represent important and intuitive interpretations of species (or OTUs/taxa)–envi-

ronment relationships. Ordination endeavors to represent multiple objects in a

reduced number of orthogonal (i.e., independent) axes. The first axis of an ordina-

tion explains the most variation in the data set, followed by the second axis, the

third, and so on, where the total number of axes is less than or equal to the number

of objects.

The ordination plots are particularly useful for visualizing similarity among

objects. For example, in the context of beta diversity, samples that are closer in

ordination space have species assemblages that are more alike one another than

samples that are further apart in ordination space.

Depending on whether the ordination axes are to be constrained by environmen-

tal factors (variables), ordination methods can be divided into two types:

unconstrained and constrained ordinations. As the names suggest, in unconstrained

ordination, ordination axes are not constrained by environmental factors; in
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Fig. 12.7 Cluster dendrogram of the Bray–Curtis dissimilarity
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contrast, in constrained ordination, ordination axes are constrained by environmen-

tal factors. Unconstrained ordination is primarily a descriptive method and does not

really involve hypothesis testing in multivariate data. On the other hand,

constrained ordination is a hypothesis-testing method that directly tests hypotheses

on the influence of environmental factors on species (or OTUs/taxa) composition.

In this chapter, we cover the most common unconstrained ordinations in the

microbiome literature: principle component analysis (PCA), principal coordinate

analysis (PcoA), nonmetric multidimensional scaling (NMDS), and constrained

ordinations (CAPs).

Principal Component Analysis

In terms of the vegan package, the variable denoting genetic conditions (Vdr�/� and

WT) in our case is an environmental variable. We want to know if the Vdr

deficiency can interpret beta diversity in genus composition in mice samples. We

can conduct principal component analysis to explore whether the changes in genus

composition of communities (beta diversities) are caused by the genetic conditions.

Principle component analysis plots samples based on abundances of genus A on

axis 1, genus B on axis 2, genus C on axis 3, and so on, until N samples are plotted

in a very high dimensional space. The first straight line going through the space

created by all these samples is called PC1. It is the most important PC and explains

the most variations among all samples. The second line is called PC2, perpendicular

to PC1; this explains the second most variations, and so the third most PC3, and so

on untill the less important PC(N-1).

Several R functions can be used to conduct PCA, including prcomp() in the

preinstalled stats package, rda() in the vegan package, and pca() in the labdsv

package. Two extensional functions are evplot() (Borcard et al. 2011) and

PCAsignificance() in the BiodiversityR package. The evplot() provides visual

methods to decide the importance of ordination axes by using the Keiser–Guttman

criterion and the broken stick model. PCAsignificance() calculates the broken-stick

model for PCA axes.

We use the function rda() from the vegan package to conduct PCA here. The

function performs unconstrained ordination PCA by not specifying the environ-

mental data matrix (in this case, group variable). PCA can be performed via the

following steps:

(i) Standardize abundance counts

In microbiome data analysis, the absolute abundance counts are not appropriate

owing to sampling. The largest values have too great an influence on the analysis.

Thus, we need to standardize the abundance read data before analysis. There are

two ways of obtaining the relative abundance: we can either call the decostand()

function or write a simple R function. Here, we use the decostand() function to

standardize read with total method:
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> stand_abund_table <- decostand(abund_table_t, method = "total")

> PCA <-rda(stand_abund_table)

> PCA

Call: rda(X = stand_abund_table)

Inertia Rank

Total 0.09728

Unconstrained 0.09728 7

Inertia is variance

Eigenvalues for unconstrained axes:

PC1 PC2 PC3 PC4 PC5 PC6 PC7

0.05884 0.02445 0.00799 0.00458 0.00074 0.00044 0.00023

The total variation of the whole dataset is 0.09728 in this case, and the first axis

explains 60.4% of the total variation (0.05884/0.09728 ¼ 0.604). Total variation is

a sum of variations of each genus in the analyzed matrix. First, we check the total

variance:

> sum (apply (stand_abund_table, 2, var))

[1] 0.09727763

(ii) Draw biplot and ordiplot diagrams

Then, we draw the diagrams using the function biplot() (Fig. 12.8):

> biplot(PCA, display = ’species’)

The display option “species” is the vegan package label for OTUs/taxa. The

default is “sites” (label for samples).

The above diagrams plotted by biplot() simply draw arrows for the genus and are

not informative. The more informative plot is to use the function ordiplot() to draw

both genus and sample scores as centroids:

> ordiplot(PCA, display = "sites", type = "text")

In the above augments, type ¼ “text” or “t” added text labels to the figure (the

default setting adds only points) (Fig. 12.9).

(iii) Draw PCA scalings

As an alternative, we can use the function cleanplot.pca() to intend to draw PCA

results to two diagrams with different scalings. The cleanplot.pca() function draws

two biplots (scaling 1 and scaling 2) from an object of class “rda” in the PCA or

redundancy analysis (RDA) result from vegan’s rda() function. It was written by

Francois Gillet and Daniel Borcard and is provided in Borcard et al. (2011):
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> "cleanplot.pca" <- function(res.pca, ax1=1, ax2=2, point=FALSE,

+ ahead=0.07, cex=0.7)

+ {

+ # A function to draw two biplots (scaling 1 and scaling 2) from

an object

+ # of class "rda" (PCA or RDA result from vegan’s rda() function)

Fig. 12.8 Biplot of two principal components
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Fig. 12.9 Ordiplot of two principal components with samples labeled
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+ #

+ # License: GPL-2

+ # Authors: Francois Gillet & Daniel Borcard, 24 August 2012

+

+ require("vegan")

+

+ par(mfrow=c(1,2))

+ p <- length(res.pca$CA$eig)

+

+ # Scaling 1: "species" scores scaled to relative eigenvalues

+ sit.sc1 <- scores(res.pca, display="wa", scaling=1, choices=c

(1:p))

+ spe.sc1 <- scores(res.pca, display="sp", scaling=1, choices=c

(1:p))

+ plot(res.pca, choices=c(ax1, ax2), display=c("wa", "sp"),

type="n",

+ main="PCA - scaling 1", scaling=1)

+ if (point)

+ {

+ points(sit.sc1[,ax1], sit.sc1[,ax2], pch=20)

+ text(res.pca, display="wa", choices=c(ax1, ax2), cex=cex,

pos=3, scaling=1)

+ }

+ else

+ {

+ text(res.pca, display="wa", choices=c(ax1, ax2), cex=cex, scal-

ing=1)

+ }

+ text(res.pca, display="sp", choices=c(ax1, ax2), cex=cex,

pos=4,

+ col="red", scaling=1)

+ arrows(0, 0, spe.sc1[,ax1], spe.sc1[,ax2], length=ahead,

angle=20, col="red")

+ pcacircle(res.pca)

+

+ # Scaling 2: site scores scaled to relative eigenvalues

+ sit.sc2 <- scores(res.pca, display="wa", choices=c(1:p))

+ spe.sc2 <- scores(res.pca, display="sp", choices=c(1:p))

+ plot(res.pca, choices=c(ax1,ax2), display=c("wa","sp"),

type="n",

+ main="PCA - scaling 2")

+ if (point) {

+ points(sit.sc2[,ax1], sit.sc2[,ax2], pch=20)

+ text(res.pca, display="wa", choices=c(ax1 ,ax2), cex=cex,

pos=3)

340 Y. Xia and J. Sun



+ }

+ else

+ {

+ text(res.pca, display="wa", choices=c(ax1, ax2), cex=cex)

+ }

+ text(res.pca, display="sp", choices=c(ax1, ax2), cex=cex,

pos=4, col="red")

+ arrows(0, 0, spe.sc2[,ax1], spe.sc2[,ax2], length=ahead,

angle=20, col="red")

+ }

> "pcacircle" <- function (pca)

+ {

+ # Draws a circle of equilibrium contribution on a PCA plot

+ # generated from a vegan analysis.

+ # vegan uses special constants for its outputs, hence

+ # the ’const’ value below.

+

+ eigenv <- pca$CA$eig

+ p <- length(eigenv)

+ n <- nrow(pca$CA$u)

+ tot <- sum(eigenv)

+ const <- ((n - 1) * tot)^0.25

+ radius <- (2/p)^0.5

+ radius <- radius * const

+ symbols(0, 0, circles=radius, inches=FALSE, add=TRUE, fg=2)

+ }

>

> cleanplot.pca (PCA)

The left panel of Fig. 12.10 for scaling 1 focuses on distances among samples

(distance biplot). The circle is called the circle of equilibrium contribution,

representing the equilibrium contribution of the genera. For the given combination

of axes, the genera with vectors longer than the radius of the circle could be

interpreted with confidence as the most important genera, whereas the genera

with vectors shorter than the radius of the equilibrium contribution circle contribute

little to a given reduced space. The most abundant genera we identified here are the

same as those we found in Sect. 12.3.5. The right panel of Fig. 12.10 for scaling

2 describes the correlation among genera (correlation biplot), which is reflected in

the angle of particular vectors. The cosine of the angle approximates correlation

between genera, and the length of the vector approximates the standard deviations

of the genera.
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Principal Coordinate Analysis

Principal coordinate analysis is also referred to as metric multidimensional scaling.

It is calculated on Euclidean distances among samples. Like PCA, PCoA uses

eigenvalues to measure the importance of a set of returned orthogonal axes. This

means that PCoA yields the same results as PCA calculated on the covariance

matrix of the same dataset (if scaling 1 is used). The major benefit of PCoA is its

flexibility: it allows the user to choose virtually any distance metric (e.g., Jaccard,

Bray–Curtis, Euclidean, etc.). With PCoA, the dimensionality of the matrix is

reduced by determining each eigenvector and eigenvalue. Then, each eigenvector

is scaled to obtain the principal coordinates.

Principal coordinate analysis can be performed using the R functions cmdscale()

in the vegan package and pcoa() in the ape package. With the vegan package, the

input data can be calculated by using the function vegdist() (the default is Bray–

Curtis dissimilarity), and the ordination diagram can be drawn with the function

ordiplot(). The ordination diagram could also be drawn with the function biplot.

pcoa() from the ape package. Here, we illustrate the cmdscale() function to conduct

a PCoA using the same Vdr�/� cecal data from mice.

(i) Call function cmdscale()

The function needs a resemblance matrix as the input data. In the previous

section, the Bray–Curtis dissimilarity has already been calculated using the func-

tion vegdist() and is named “bc_dist.” Here, we directly use this resemblance matrix

as the input data of the cmdscale() function. We are going to explicitly set k¼ 2 (the

default values for the number of dimensions we want to return) and eig ¼ TRUE

(which saves the eigenvalues).

> PCoA <- cmdscale (bc_dist, eig = TRUE, k = 2)

Or

> PCoA <- cmdscale (bc_dist, eig = TRUE)

> PCoA

$points

[,1] [,2]

20_12_CeSt-28F 0.10195331 -0.10211223

19_11_CeSt-28F 0.23837868 0.36188333

21_13_CeSt-28F 0.30283902 -0.08951510

22_14_CeSt-28F 0.09299027 -0.15021372

23_15_CeSt-28F -0.43515987 -0.01709577

25_22_CeSt-28F 0.10127521 -0.23036598

26_23_CeSt-28F -0.27932562 -0.05803318

27_24_CeSt-28F -0.12295101 0.28545266

$eig

[1] 4.603381e-01 3.101754e-01 1.073265e-01 8.969401e-02
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6.668375e-02

[6] 2.152519e-02 4.610549e-03 -2.431400e-17

$x

NULL

$ac

[1] 0

$GOF

[1] 0.7266572 0.7266572

The function cmdscale() produces a list of outputs. The first output points
contain the coordinates for each sample in each reduced dimension. The second

output eig contains the eigenvalues. The last three outputs pertain to other options

of the analysis that we do not cover here.

(ii) Assess the explained variation

The following chunk of R code is used to examine the percentage variation in the

data set that is explained by the first two axes of the PCoA.

> explainedvar1 <- round(PcoA$eig[1] / sum(PcoA$eig), 2) * 100

> explainedvar1

[1] 43

> explainedvar2 <- round(PcoA$eig[2] / sum(PcoA$eig), 2) * 100

> explainedvar2

[1] 29

> sum_eig <- sum(explainedvar1, explainedvar2)

> sum_eig

[1] 72

We can see that the first axis explains 43% variations in the data, and the second

axis explains 29%. Thus, a large amount of variation in the data (72%) can be

explained by these two axes alone.

There are two criteria to assess whether or not the first few PCoA axes capture a

disproportionately large amount of the total explained variation. First, there is the

Kaiser–Guttman criterion, which states that the eigenvalues associated with the first

few axes should be larger than the average of all the eigenvalues; second, we can

compare the eigenvalues associated with the first few axes with the expectations of
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the broken-stick model. The broken stick model assumes that the total sum of

eigenvalues decreases sequentially with the ordered PCoA axes. We evaluate these

two criteria with the following plots:

> # Define Plot Parameters

> par(mar = c(5, 5, 1, 2) + 0.1)

>

> # Plot Eigenvalues

> plot(PCoA$eig, xlab = "PcoA", ylab = "Eigenvalue",

+ las = 1, cex.lab = 1.5, pch = 16)

>

> # Add Expectation based on Kaiser-Guttman criterion and

Broken Stick Model

> abline(h = mean(PcoA$eig), lty = 2, lwd = 2, col = "blue")

> b_stick <- bstick(8, sum(PcoA$eig))

> lines(1:8, b_stick, type = "l", lty = 4, lwd = 2, col =

"red")

> # Add Legend

> legend("topright", legend = c("Avg Eigenvalue", "Broken-

Stick"),

+ lty = c(2, 4), bty = "n", col = c("blue", "red"))

The Fig. 12.11 shows that the eigenvalues associated with the first two axes

are larger than the average of all the eigenvalues and the expectations of the

broken-stick model. Thus, based on the two criteria described above, the

PcoA is efficient at explaining variations in the Vdr data set of mice

(Fig. 12.11).

(iii) Create an ordination plot

After evaluating the PcoA output, we create an ordination plot for the two

PcoA axes (Fig. 12.12):

> # Initiate Plot

> plot(PCoA$points[ ,1], PCoA$points[ ,2], ylim = c(-0.5,

0.5),

+ xlab = paste("PCoA 1 (", explainedvar1, "%)", sep = ""),

+ ylab = paste("PCoA 2 (", explainedvar2, "%)", sep = ""),

+ pch = 5, cex = 1.0, type = "n", cex.lab = 1.0, cex.axis

(continued)
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= 1.2, axes = FALSE)

>

> # Add Axes

> axis(side = 1, labels = T, lwd.ticks = 2, cex.axis = 1.2,

las = 1)

> axis(side = 2, labels = T, lwd.ticks = 2, cex.axis = 1.2,

las = 1)

> abline(h = 0, v = 0, lty = 3)

> box(lwd = 2)

>

> # Add Points & Labels

> points(PCoA$points[ ,1], PCoA$points[ ,2],

+ pch = 19, cex = 3, bg = "blue", col = "blue")

> text(PCoA$points[ ,1], PCoA$points[ ,2],

+ labels = row.names(PCoA$points))

(iv) Identify and visualize influential genera

Basic ordination plots allow us to see how samples separate from one another. In

our example, samples are separated along the PCoA axes owing to the variation in

the abundance of different mice genera. A logical follow-up question is to ask what

genera of the data set are driving the observed divergence among points. Can we

Fig. 12.11 Principal coordinate analysis (PCoA) with the Kaiser–Guttman criterion and the

broken-stick model
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identify and visualize these influential genera in PCoA? We can obtain this infor-

mation using the add.spec.scores() function in the BiodiversityR package.

First, the relative abundance is calculated:

> cecalREL <- abund_table

> for(i in 1:nrow(abund_table)){

+ cecalREL[i, ] = abund_table[i, ] / sum(abund_table[i, ])

+ }

Then, the genera scores are calculated and added to the figure (Fig. 12.13):

> require("BiodiversityR")

> PCoA <- add.spec.scores(PCoA,cecalREL,method = "pcoa.scores")

> text(PCoA$cproj[ ,1], PCoA $cproj[ ,2],

+ labels = row.names(PCoA$cproj), col = "black")

(v) Determine the correlation between the genera and PCoA axes

A more quantitative way of identifying influential genera is to determine the

correlation of each genus along the PCoA axes. To do this, we use the function add.

spec.scores() again:

Fig. 12.12 Ordination plot for the two PCoA axes
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> Genus_corr <- add.spec.scores(PCoA, cecalREL, method = "cor.

scores")$cproj

Then, we can define a correlation-coefficient cutoff (e.g., r ¼ 0.70) to identify

and pull out the important genera:

> corrcut <- 0.7

> genus_corr <- add.spec.scores(PCoA, cecalREL, method = "cor.

scores")$cproj

> import_genus <- genus_corr[abs(genus_corr[, 1]) >= corrcut | abs

(genus_corr[, 2]) >= corrcut, ]

The 11 important genera with correlation greater than or equal to 0.7 along the

PCoA Axes are printed:

> import_genus

Dim1 Dim2

Lactococcus -0.77626735 -0.16132862

Lactobacillus 0.08811740 -0.88909362

Parasutterella -0.82084741 -0.11725257

Butyrivibrio 0.48692185 0.85374107

Coprococcus -0.73449719 0.22969525

Streptomyces 0.52193360 -0.75463293

Candidatus Arthromitus -0.70896069 -0.11611886

Roseburia::Clostridium -0.08179291 0.83835843

Clostridium::Butyrivibrio -0.82084741 -0.11725257

Atopobium -0.87531442 0.02819833

Butyrivibrio::Ruminococcus 0.27176540 0.76961869
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Fig. 12.13 Ordination plot for the two PCoA axes with influential genera
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(vi) Test abundances across PCoA axes on correlations

Finally, we use the envfit() function from the vegan package to conduct a

permutation test for general abundances across axes on these correlations:

> fit <- envfit(PCoA, cecalREL, perm = 999)

> fit

The partial output is given below:

Pr(>r)

Lactococcus 0.081 .

Lactobacillus 0.018 *

Parasutterella 0.073 .

Butyrivibrio 0.001 ***

Coprococcus 0.088 .

Streptomyces 0.008 **

Adlercreutzia 0.068 .

Roseburia::Clostridium 0.049 *

Clostridium::Butyrivibrio 0.073 .

Atopobium 0.038 *

Butyrivibrio::Ruminococcus 0.059 .

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Permutation: free

Number of permutations: 999

Nonmetric Multidimensional Scaling

Nonmetric multidimensional scaling is the nonmetric alternative to PCoA analysis.

The primary advantages of NMDS analysis are that it can use ecologically mean-

ingful ways of measuring community dissimilarities and any distance (dissimilar-

ities) measure among samples as the input. Thus, it is the recommended method for

community ordination. The main focus of NMDS analysis is to project the relative

position of sample points into low-dimensional ordination space (typically, two or

three axes).

The function metaMDS() in the vegan package performs NMDS analysis. To

simplify, the algorithm of NMDS analysis can be summarized by the following

procedures:

First, we use the function vegdist() to obtain adequate dissimilarity measures;

then, we run NMDS several times with random starting configurations, compare the

results via the function procrustes(), and stop after finding a similar minimum stress

solution twice. Finally, we scale and rotate the solution and add species (or OTUs/

taxa) scores to the configuration as weighted averages using the function wascores
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(). After the algorithm is finished, the final solution is rotated using PCA to ease its

interpretation.

In our example, NMDS analysis is illustrated using the same Vdr�/� mice cecal

data.

(i) Call the function metaMDS()

First, we call the metaMDS() function. Here, the Bray–Curtis dissimilarity

measure is used (the default setting of metaMDS()). The function automatically

transforms data and checks the robustness of the solution.

> bc_nmds <- metaMDS(abund_table_t, dist = "bray")

Square root transformation

Wisconsin double standardization

Run 0 stress 0.09904295

Run 1 stress 0.09904295

... New best solution

... Procrustes: rmse 8.550326e-06 max resid 1.599522e-05

... Similar to previous best

Run 2 stress 0.09904299

... Procrustes: rmse 4.754853e-05 max resid 9.35321e-05

... Similar to previous best

Run 3 stress 0.2300661

Run 4 stress 0.1064542

Run 5 stress 0.155098

Run 6 stress 0.09904295

... Procrustes: rmse 6.263572e-05 max resid 0.0001215291

... Similar to previous best

Run 7 stress 0.3083099

Run 8 stress 0.09904295

... Procrustes: rmse 4.229725e-05 max resid 8.391946e-05

... Similar to previous best

Run 9 stress 0.09904294

... New best solution

... Procrustes: rmse 3.22047e-05 max resid 6.339528e-05

... Similar to previous best

Run 10 stress 0.09904303

... Procrustes: rmse 0.0001707007 max resid 0.0003355989

... Similar to previous best

Run 11 stress 0.09904302

... Procrustes: rmse 5.571893e-05 max resid 0.0001150672

... Similar to previous best

Run 12 stress 0.09904299

... Procrustes: rmse 0.0001162634 max resid 0.0002282454

... Similar to previous best

Run 13 stress 0.09904294
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... New best solution

... Procrustes: rmse 1.498919e-06 max resid 2.460273e-06

... Similar to previous best

Run 14 stress 0.1576271

Run 15 stress 0.09904295

... Procrustes: rmse 1.978028e-05 max resid 4.043441e-05

... Similar to previous best

Run 16 stress 0.1064542

Run 17 stress 0.1850305

Run 18 stress 0.1677913

Run 19 stress 0.09904294

... Procrustes: rmse 1.015472e-05 max resid 1.9617e-05

... Similar to previous best

Run 20 stress 0.09904294

... Procrustes: rmse 1.10496e-05 max resid 2.043547e-05

... Similar to previous best

*** Solution reached

In this case, a combination of Wisconsin double standardization and square-root

transformation was used. This stress value is 0.09.

(ii) Draw the results of NMDS

Second, we use the function ordiplot() to draw the results of NMDS. The default

setting adds only points to the figure, in this case, the type¼ ’t’ or type¼ ’text’ adds

text labels (Fig. 12.14).

> ordiplot (bc_nmds, type = ’t’)

To plot site (sample) scores as text (Fig. 12.15):

> ordiplot(bc_nmds, display = "sites", type = "text")

(iii) Draw a Shepard stress plot

Finally, we use the function stressplot() to draw the Shepard stress plot (where

ordination distances are plotted against the chosen community dissimilarities and

the fit is shown as a monotone step line) and to assess the goodness of ordination

using the function goodness() to return the goodness-of-fit values of particular

samples.

We want to divide the plotting window into two panels using this function:

> par (mfrow = c(1,2))
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The following plot() function draws an NMDS ordination diagram with sites

(samples) (Fig. 12.16):

> stressplot (bc_nmds)

> plot (bc_nmds, display = ’sites’, type = ’t’, main = ’Goodness

of fit’)

The following points() function adds the points, with size reflecting the goodness

of fit (bigger ¼ worse fit):

> points (bc_nmds, display = ’sites’, cex = goodness (bc_nmds)

*300))

The stress plot shows the relationship between the real distances between

samples in the resulting m dimensional ordination solution and their particular
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Fig. 12.14 Ordiplot of two nonmetric multidimensional scaling (NMDS) axes with text labels
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compositional dissimilarities expressed by the selected Bray–Curtis dissimilarity

measure. There are two correlation-like statistics of goodness of fit: the correlation

based on stress, R2 ¼ 1�S2 (non-metric fit ¼ 0.99), and the correlation between the

fitted values and the ordination distances or between the step line and the points:

“fit-based R2” (linear fit ¼ 0.927).

Constrained Analysis of Proximities

Constrained ordination is a “hypothesis-driven” ordination; the factors tested are

based on our hypothesis. Thus, constrained ordination is related to multivariate

linear models with “dependent” variables or the community in the left side as

responses, and “independent” variables or constraints in the right side as explained

factors. The vegan package has three versions of constrained ordination:

constrained analysis of proximities (CAP), RDA, and constrained correspondence

analysis (CCA). Here, we illustrate the CAP with the function capscale() using the

same Vdr�/� data set we used in section “Non-metric Multidimensional Scaling”.

(i) Call function capscale()

The function capscale() is used to conduct CAP. In the function capscale(), CAP

is related to metric scaling (cmdscale). It can handle any dissimilarity measures.

Here, we use Bray–Curtis dissimilarity to perform linear mapping to genetic

groups. The Bray–Curtis dissimilarity (bc_dist) was estimated in section “Bray–

Curtis Index”.
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> cap_constrained=capscale(bc_dist ~ grouping_inf)

> summary(cap_constrained)

Call:

capscale(formula = bc_dist ~ grouping_inf)

l

l

l

l

l

l

l

l

l

l

l

l
l

l
l

l

l

l

l

l

l

l
l

l

l

l

l

l

0.50 0.55 0.60 0.65 0.70

0.
2

0.
3

0.
4

0.
5

0.
6

Observed Dissimilarity

O
rd

in
at

io
n 

D
is

ta
nc

e

Non−metric fit, R2 = 0.99

Linear fit, R2 = 0.927

−0.4 −0.3 −0.2 −0.1 0.0 0.1 0.2 0.3

−0
.3

−0
.2

−0
.1

0.
0

0.
1

0.
2

Goodness of fit

NMDS1

N
M

D
S2

20_12_CeSt−28F

19_11_CeSt−28F

21_13_CeSt−28F

22_14_CeSt−28F

23_15_CeSt−28F

25_22_CeSt−28F

26_23_CeSt−28F

27_24_CeSt−28F
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Partitioning of squared Bray distance:

Inertia Proportion

Total 1.0604 1.0000

Constrained 0.1080 0.1018

Unconstrained 0.9524 0.8982

Eigenvalues, and their contribution to the squared Bray distance

Importance of components:

CAP1 MDS1 MDS2 MDS3 MDS4 MDS5 MDS6

Eigenvalue 0.1080 0.4196 0.3102 0.09081 0.07241 0.04395 0.01543

Proportion Explained 0.1018 0.3957 0.2925 0.08564 0.06829 0.04144 0.01455

Cumulative Proportion 0.1018 0.4976 0.7901 0.87572 0.94401 0.98545 1.00000

Centroids for factor constraints

CAP1 MDS1 MDS2 MDS3 MDS4 MDS5

grouping_infVdr-/- -0.4520 0 0 0 0 0

grouping_infWT 0.7534 0 0 0 0 0

The first axis is called “CAP1” and is then followed by the original MDS. Based

on the factor levels, there can be multiple CAPs; however, only the first axis is

extracted to show the most important separation by the factors. The most important

separation is Vdr genetic deficiency, which explains 10.18% of the total variation of

the whole data set.

(ii) Plot the results of CAP

The results of CAP can be plotted by using the following string of R codes:

First, the function plot() generates an empty CAP ordination diagram.

Then, the function points() (low-level plotting function) adds points to the

ordination diagram created by plot().

Third, the function ordispider() creates a spider plot by connecting individual

members of the group with the group centroid.

Last, the function ordiellipse() encircles the clouds of points within the group by

ellipse-like envelopes (Fig. 12.17).

> plot(cap_constrained, type="n")

> points(cap_constrained, col=as.numeric(as.factor(grouping_inf)),

+ pch=as.numeric(as.factor(grouping_inf)))

> ordispider(cap_constrained, grouping_inf, lty=2, col="grey", label=T)

> ordiellipse(cap_constrained, grouping_inf, lty=2, col="grey", label=F)
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12.3.4.4 Statistical Testing for Differences Between Groups

Permutational MANOVA

Permutational multivariate analysis of variance (PERMANOVA) is a multivariate

analog to univariate ANOVA and has less restriction than the parametric

MANOVA. PERMANOVA partitions distance matrices among sources of varia-

tion and fits linear models to distance matrices, testing differences according to a

specified model by randomly permuting the data.

We can implement PERMANOVA using the function adonis() (adonis ¼ “anal-

ysis of dissimilarity”) in the vegan package; adonis allows the use of any

semimetric (e.g., Bray–Curtis, and Sørensen) or metric (e.g., Euclidean) distance

matrix. Typically, the function adonis() is used to analyze ecological and

microbiome community data (samples by species/OTUs/taxa matrices) or genetic

data (samples by gene expression).

To run adonis, we first need a factor vector or matrix that specifies the treatments

and replicates. The following is one syntax: adonis (formula, data, permuta-

tions ¼ 999, method ¼ “bray”)

where, formula is a typical model formula such as Y ~ A + B � C: Y is either a

dissimilarity object (inheriting from class “dist”), data frame, or matrix; A, B, and C

may be factors or continuous variables. If a dissimilarity object is supplied, no

species coefficients can be calculated.
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The argument data are the data frame including variables A, B, and C. The

number of replicate permutations is needed to be specified for the hypothesis tests

(F tests).

If the left-hand side of the formula is a data frame or a matrix, then the vegdist()

function is required to calculate pairwise distances by specifying a method before

running adonis().

As we already calculated the Bray–Curtis dissimilarity and named it “bc_dist” in

section “Bray–Curtis Index”, the adonis() function can now be called to implement

PERMANOVA.

> adonis(bc_dist ~ grouping_inf)

Call:

adonis(formula = bc_dist ~ grouping_inf)

Permutation: free

Number of permutations: 999

Terms added sequentially (first to last)

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)

grouping_inf 1 0.10797 0.10797 0.68019 0.10182 0.638

Residuals 6 0.95239 0.15873 0.89818

Total 7 1.06035 1.00000

If Bray–Curtis dissimilarity is not given, we can use the abundance table to

specify the formula. However, we also need to calculate the dissimilarity object by

specifying a method such as “bray.”

> adonis(abund_table_t ~ grouping_inf,permutations = 999, method = "bray")

Call:

adonis(formula = abund_table_t ~ grouping_inf, permutations = 999, method

= "bray")

Permutation: free

Number of permutations: 999

Terms added sequentially (first to last)

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)

grouping_inf 1 0.10797 0.10797 0.68019 0.10182 0.665

Residuals 6 0.95239 0.15873 0.89818

Total 7 1.06035 1.00000
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Similarly, we specify method ¼ “jaccard” to conduct PERMANOVA using the

Jaccard method.

> adonis(abund_table_t ~ grouping_inf,permutations = 999, method

= "jaccard")

Call:

adonis(formula = abund_table_t ~ grouping_inf, permutations =

999, method = "jaccard")

Permutation: free

Number of permutations: 999

Terms added sequentially (first to last)

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)

grouping_inf 1 0.1968 0.19680 0.78415 0.11559 0.715

Residuals 6 1.5059 0.25098 0.88441

Total 7 1.7027 1.00000

The following R codes call the adonis() function to conduct PERMANOVA

using the Sørensen method:

> adonis(S_dist ~ grouping_inf,permutations = 999)

Call:

adonis(formula = S_dist ~ grouping_inf, permutations = 999)

Permutation: free

Number of permutations: 999

Terms added sequentially (first to last)

Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)

grouping_inf 1 0.11856 0.118560 1.4819 0.19807 0.077 .

Residuals 6 0.48003 0.080005 0.80193

Total 7 0.59859 1.00000

---

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Analysis of Similarity

Analysis of similarity (ANOSIM) is a nonparametric procedure based on a permu-

tation test of among-and-within group similarities for two or more groups of

sampling units. The algorithm behind the hypothesis testing is as follows: if two

groups of sampling units are very different in their species (or other taxon)

composition, then the compositional dissimilarities between the groups should be

greater than those within the groups.

The statistic R ranges from 0 to 1; an R value close to 1 means that there is

dissimilarity between the groups, whereas an R value close to 0 indicates no

significant dissimilarity between the groups. Theoretically, it is also possible that

R < 0, but in practice, such case is unlikely in ecological and microbiome studies.

The extreme case, R ¼ �1, indicates that the most similar samples are not all in the

groups.

The function anosim() in the vegan package performs ANOSIM. The input data

are a dissimilarity matrix, which can be produced using the functions dist() or

vegdist(), and the p value is obtained by permutation. The function has summary()

and plot() methods to perform post-modeling analysis.

One of the syntax examples is given below:

anosim data; grouping; permutations ¼ 999; distance ¼ “bray”
� �

where,

data data matrix or data frame in which rows are samples and columns

are response variable(s), a dissimilarity object, or a symmetric

square matrix of dissimilarities.

grouping grouping variable (a factor).

permutations number of permutations to assess the significance of the ANOSIM

statistic.

distance distance or dissimilarity measure.

If the input data comprise a dissimilarity structure or a symmetric square matrix,

then the distance also needs to be specified.

The following codes run ANOSIM using the Bray–Curtis dissimilarity matrix as

input data:

> anosim(bc_dist, grouping_inf,permutations = 999)
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Call:

anosim(dat = bc_dist, grouping = grouping_inf, permutations = 999)

Dissimilarity: bray

ANOSIM statistic R: -0.07692

Significance: 0.561

Permutation: free

Number of permutations: 999

The following codes run ANOSIM using the abundance data frame as input data:

> anosim(abund_table_t, grouping_inf, permutations = 999, distance

= "bray")

Call:

anosim(dat = abund_table_t, grouping = grouping_inf, permutations

= 999, distance = "bray")

Dissimilarity: bray

ANOSIM statistic R: -0.07692

Significance: 0.563

Permutation: free

Number of permutations: 999

We can use the function summary() to summarize the results:

> fit <- anosim(bc_dist, grouping_inf,permutations = 999)

> summary(fit)

Call:

anosim(dat = bc_dist, grouping = grouping_inf, permutations = 999)

Dissimilarity: bray

ANOSIM statistic R: -0.07692

Significance: 0.547

Permutation: free

Number of permutations: 999

Upper quantiles of permutations (null model):

90% 95% 97.5% 99%

0.313 0.325 0.559 0.682
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Dissimilarity ranks between and within classes:

0% 25% 50% 75% 100% N

Between 1 7.5 13 22.50 26 15

Vdr-/- 2 7.5 16 20.75 28 10

WT 10 13.0 16 17.50 19 3

The ANOSIM statistic R is �0.07692 and it is not statistically significant with

the permutation test.

Similarly, we fit anosim() using the Jaccard method:

> anosim(abund_table_t, grouping_inf, permutations = 999, distance

= "jaccard")

Call:

anosim(dat = abund_table_t, grouping = grouping_inf, permutations

= 999, distance = "jaccard")

Dissimilarity: jaccard

ANOSIM statistic R: -0.07692

Significance: 0.573

Permutation: free

Number of permutations: 999

We can also fit anosim() using the Sørensen method:

> fit_S <- anosim(s_dist, grouping_inf, permutations = 999)

> summary(fit_S)

Call:

anosim(dat = s_dist, grouping = grouping_inf, permutations = 999)

Dissimilarity: binary bray

ANOSIM statistic R: 0.4103

Significance: 0.016

Permutation: free

Number of permutations: 999

Upper quantiles of permutations (null model):

90% 95% 97.5% 99%

0.287 0.364 0.374 0.410

Dissimilarity ranks between and within classes:

0% 25% 50% 75% 100% N
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Between 2 14.00 18.00 22.5 27 15

Vdr-/- 1 6.75 10.75 20.0 28 10

WT 4 5.50 7.00 7.5 8 3

Finally, we can plot the results (Fig. 12.18):

> plot(fit_S)

We conclude that the Vdr�/� condition significantly differs from the WT

condition in terms of the Sørensen dissimilarity measure.

12.3.5 Identifying Major Contributors to Community
Differences Using SIMPER

The similarity percentage (SIMPER) is a statistical test method developed by

Clarke (1993) for assessing which species (variables) are primarily responsible

for an observed dissimilarity between groups of ecological objects (sampling units).

Applied to microbiome study, variables can be any taxa, and sampling units can be

either human subjects or experimental samples. For example, in our Vdr�/� mice

case, the Bray–Curtis dissimilarity for a pair of samples is basically the differences

between the samples for each genus, summed over all the genera. SIMPER com-

putes the percentage contribution of each genus to the dissimilarities between all

pairs of samples in Vdr�/� and wild-type mice, in addition to the percentage

contribution of each genus to the similarities between all pairs of samples within

each group. It then calculates the average of these percentage contributions and the

Fig. 12.18 Plots of between and within means of Sørensen dissimilarity
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standard deviation. Genera with a large ratio of average vs standard deviation

percentages contribution to dissimilarity between samples in the various groups

are those genera that best discriminate between the groups.

The similarity percentage assumes that the samples are independent. It was

originally implemented in the commercial software, PRIMER-E. It is now available

in the vegan package as a paired-test. The author is Eduard Sz€ocs. There are no

formal hypothesis tests with SIMPER; the output only lists the taxa in order of their

percentage contributions to dissimilarities between groups or similarities within

groups.

The input data are two or more groups of multivariate abundance samples (taxa

in columns). If there are more than two groups, two options are available: either

pairwise comparisons of two groups of samples can be performed or all samples can

be pooled to perform one overall multi-group SIMPER.

One syntax is as follows:

simper comm; group; permutations ¼ 0; trace ¼ FALSEð Þ
where comm is a community data matrix, group is a factor describing the group

structure, which requires at least two levels, permutations are the number of

permutations required, and trace specifies whether the trace permutations are true

or false.

The results can be summarized using the function summary():

summary object; ordered ¼ TRUE; digits ¼ max 3; getOption }digits}
� �� 3

� �� �

where object is an object returned by SIMPER; ordered is a logical option to specify

whether the genera can be ordered by their average contributions; and digits is the

number of digits in the output.

We use the function simper() to find the most influential genera in our Vdr�/�

cecal dataset:

> library(vegan)

> simper(abund_table_t,grouping_inf,permutations = 0, trace =

FALSE)

cumulative contributions of most influential species:

$‘Vdr-/-_WT‘

Lactococcus Butyrivibrio Turicibacter Lactobacillus Allobaculum

0.2422170 0.4591818 0.5670344 0.6525181 0.7335440

The five most influential genera are identified.

With the argument ordered ¼ TRUE, the data frames also include the cumula-

tive contributions and are ordered by genera contribution.
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> sim <- simper(abund_table_t, grouping_inf)

> summary(sim, ordered = TRUE, digits = max(3,getOption("digits")

- 3))

Contrast: Vdr-/-_WT

average sd ratio ava avb cumsum

Lactococcus 1.266e-01 9.108e-02 1.3904 1355.8 1341.3333 0.2422

Butyrivibrio 1.134e-01 1.186e-01 0.9568 886.6 798.6667 0.4592

Turicibacter 5.639e-02 5.721e-02 0.9857 462.6 11.6667 0.5670

Lactobacillus 4.470e-02 3.627e-02 1.2322 803.6 783.6667 0.6525

Allobaculum 4.236e-02 4.721e-02 0.8974 62.6 462.3333 0.7335

Clostridium 3.644e-02 2.639e-02 1.3804 565.0 694.0000 0.8032

Eubacterium 1.808e-02 1.211e-02 1.4925 185.6 190.6667 0.8378

Blautia 1.729e-02 2.330e-02 0.7421 14.4 194.0000 0.8709

Akkermansia 1.147e-02 1.034e-02 1.1094 146.0 52.0000 0.8928

Tannerella 9.609e-03 8.117e-03 1.1837 26.0 118.0000 0.9112

Blautia::Clostridium 6.552e-03 9.068e-03 0.7225 1.0 72.6667 0.9237

Bacteroides 4.792e-03 4.130e-03 1.1602 18.0 62.3333 0.9329

Only the first 12 genera are reproduced.

In the output, the average is the average contribution to overall dissimilarity, sd

is the standard deviation of contribution, ratio is the average-to-standard deviation

ratio, ava and avb are the average abundances per group, and cumsum is the ordered

cumulative contribution.

The permutation p value (the probability of obtaining a larger or equal average

contribution in random permutation of the group factor) can be obtained using the

permutation test as follows:

> mod <- simper(abund_table_t,grouping_inf,permu=999)

> summary(mod)

Contrast: Vdr-/-_WT

average sd ratio ava avb cumsum p

Tannerella 9.609e-03 8.117e-03 1.1837 26.0 118.0000 0.9112 0.056 .

Ruminococcus 2.788e-03 2.054e-03 1.3577 27.0 53.0000 0.9382 0.026 *

Dorea 2.336e-03 2.679e-03 0.8719 3.4 18.0000 0.9478 0.021 *

Butyrivibrio::Clostridium 1.186e-03 1.434e-03 0.8273 2.8 9.0000 0.9598 0.071 .

Desulfotomaculum 6.522e-04 4.784e-04 1.3633 1.6 8.0000 0.9714 0.094 .

Denitrobacterium 5.943e-04 3.930e-04 1.5123 1.8 7.0000 0.9737 0.054 .

Alistipes 4.395e-04 3.180e-04 1.3821 0.8 5.3333 0.9806 0.008 **

Erysipelothrix 3.656e-04 3.679e-04 0.9938 0.8 3.0000 0.9836 0.069 .

Butyricimonas 2.720e-04 2.347e-04 1.1589 0.0 3.0000 0.9872 0.094 .

Anaerostipes 2.476e-04 3.161e-04 0.7833 0.0 1.6667 0.9887 0.021 *
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Clostridium::Ruminococcus: 2.163e-04 3.350e-04 0.6456 0.0 1.3333 0.9891 0.051 .

Lachnospira::Clostridium 1.420e-04 1.270e-04 1.1180 0.2 1.3333 0.9917 0.021 *

Clostridium::Dorea 1.395e-04 1.517e-04 0.9194 0.0 1.0000 0.9922 0.021 *

Clostridium::Blautia 1.167e-04 9.270e-05 1.2591 0.0 1.0000 0.9929 0.021 *

Odoribacter 1.151e-04 4.625e-05 2.4881 0.0 1.0000 0.9934 0.008 **

Clostridium::Ruminococcus 1.013e-04 8.364e-05 1.2106 0.2 1.0000 0.9946 0.092 .

Dysgonomonas 9.233e-05 8.264e-05 1.1173 0.0 1.0000 0.9953 0.094 .

Ruminococcus::Clostridium 9.233e-05 8.264e-05 1.1173 0.0 1.0000 0.9955 0.094 .

Ruminococcus::Escherichia 5.407e-05 8.375e-05 0.6456 0.0 0.3333 0.9982 0.051 .

Signif. Codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Permutation: free

Number of permutations: 999

The average dissimilarity between the two compared genetic communities, Vdr
�/� and WT, can be found by using the lapply() function:

> lapply(sim, function(x){x$overall})

$‘Vdr-/-_WT‘

[1] 0.5228499

These results show that the genetic conditions Vdr�/� and WT are 52.28%

different from each other.

12.3.6 Compositional Data Analysis

It is widely recognized in the field of microbiome study that it is inappropriate to

draw inferences regarding the total abundance in the ecosystem from the abundance

of OTUs in the sample. Instead, researchers prefer to use the relative abundance or

the logarithm of the ratio of counts to analyze microbiome composition. The reason

behind using the log-ratios approach is that there is a compositional constraint: all

relative microbial abundances within a specimen add up to one, which results in the

compositional data residing in a simplex (Aitchison 1982), rather than the Euclid-

ean space. Thus, the compositional constraint results in violating assumptions of

most statistical models for use in the analysis of micriobiome data.

The existing tools for compositional data analysis in geology, ecology, and other

fields have been shown to be readily adapted and valid in analyzing microbiome

high-throughput sequencing data (Gloor et al. 2016; Gloor and Reid 2016). In the

microbiome literature, analysis of composition of microbiomes (ANCOM) (Mandal

et al. 2015) and ANOVA-like differential express (ALDEx and ALDEx2) (Gloor

et al. 2016; Fernandes et al. 2013) have been recently developed. In this section, we

illustrate the capabilities of ALDEx2 by analyzing data on cigarette smokers.
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To use the cigarette smoker data, we first need to install and load the GUniFrac

package:

>install.packages(GuniFrac)

>library(GuniFrac)

Then, the data can be loaded using the data() function:

> data(throat.otu.tab)

> head(throat.otu.tab)

4695 2983 2554 3315 879 1313 5661 4125 2115 3309 3225 514 3427 484

ESC_1.1_OPL 1 0 0 0 0 0 0 0 0 0 0 0 0 0

ESC_1.3_OPL 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ESC_1.4_OPL 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ESC_1.5_OPL 1 0 0 0 0 0 0 0 0 0 0 0 0 0

ESC_1.6_OPL 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ESC_1.10_OPL 0 0 0 0 0 0 0 0 0 0 0 0 0 0

The original format of the OTU table consisted of samples by taxa, but we need

to transpose it to the format with taxa by samples for ALDEx2() use:

> otu_table <-t(throat.otu.tab)

> head(otu_table)

ESC_1.1_OPL ESC_1.3_OPL ESC_1.4_OPL ESC_1.5_OPL ESC_1.6_OPL ESC_1.10_OPL

4695 1 0 0 1 0 0

2983 0 0 0 0 0 0

2554 0 0 0 0 0 0

3315 0 0 0 0 0 0

879 0 0 0 0 0 0

1313 0 0 0 0 0 0

In the analysis, we subset the first 20 samples for use and name the subset

“throat”.

> throat<- data.frame(otu_table[,1:20])

Similarly, we load and subset the first 20 metadata.

> data(throat.meta)

> head(throat.meta)
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BarcodeSequence LinkerPrimerSequence SmokingStatus PatientID

ESC_1.1_OPL ACGTCATG CTGCTGCCTYCCGTA NonSmoker 1

ESC_1.3_OPL ACTCGTGA CTGCTGCCTYCCGTA Smoker 3

ESC_1.4_OPL ACTGCTGA CTGCTGCCTYCCGTA Smoker 4

ESC_1.5_OPL AGACTGTC CTGCTGCCTYCCGTA Smoker 5

ESC_1.6_OPL AGCTGATC CTGCTGCCTYCCGTA Smoker 6

ESC_1.10_OPL ATGCGCTA CTGCTGCCTYCCGTA Smoker 10

SampleIndex AirwaySite SideOfBody SampleType

ESC_1.1_OPL 1 Throat Left patientsample

ESC_1.3_OPL 1 Throat Left patientsample

ESC_1.4_OPL 1 Throat Left patientsample

ESC_1.5_OPL 1 Throat Left patientsample

ESC_1.6_OPL 1 Throat Left patientsample

ESC_1.10_OPL 1 Throat Left patientsample

> throat_meta <- data.frame(throat.meta[1:20,])

The following R codes extract group information from the meta-table and assign

a group variable:

> groups <- throat_meta$SmokingStatus

> groups

[1] NonSmoker Smoker Smoker Smoker Smoker Smoker NonSmoker

[8] NonSmoker NonSmoker NonSmoker Smoker NonSmoker NonSmoker Smoker

[15] NonSmoker Smoker Smoker NonSmoker NonSmoker NonSmoker

Levels: NonSmoker Smoker

ALDEx2 has two approaches, aldex wrapper and modular, ALDEx2 can be run

using either approach. To illustrate the capabilities of ALDEx2, we run both of

them. To use the aldex() function, we need to install the “ALDEx2” package and

call the ALDEx2 library.

First, we run the aldex wrapper. Currently, the aldex wrapper is limited to two

sample tests and a one-way ANOVA design. When you run the aldex wrapper, it

links the modular elements together to emulate ALDEx2 before the modular

approach.

> throat <- aldex(throat, groups, mc.samples=128, test="t",

effect=TRUE,include.sample.summary=FALSE,

+ verbose=FALSE)

[1] "aldex.clr: generating Monte-Carlo instances and clr values"

[1] "operating in serial mode"

[1] "aldex.ttest: doing t-test"

As there are two test groups, smokers versus nonsmokers, this is two-sample t-
test. We specify test ¼ “t,” and then the effect should be set to TRUE. The “t”

option evaluates the data as a two-factor experiment using both the Welch’s t-test

12 Statistical Models and Analysis of Microbiome Data from Mice and Humans 367



and theWilcoxon rank test. If the test is “glm,” then the effect should be specified as

FALSE. The “glm” option evaluates the data as a one-way ANOVA using the glm

and Kruskal–Wallis tests. All tests include a BH correction of the raw p values.

Now, we run the aldex modular step-by-step. The aldex modular offers the user

the ability to build a data analysis pipeline for their experimental designs and tests.

To simplify, the procedure of this approach is just to call aldex.clr, aldex.ttest, and

aldex.effect in turn and then merge the data into one object. Readers can check the

manual of aldex software for more details.

Step 1: Generate instances of the centered log-ratio transformed values using

the function aldex.clr().

The function has three inputs: counts table, number of Monte-Carlo instances, and

level of verbosity (TRUE or FALSE). The authors of this software recommend

128 or more mc.samples for the t-test, 1,000 for a rigorous effect size calculation,

and at least 16 for ANOVA.

> throat <- aldex.clr(throat, mc.samples=128, verbose=TRUE)

[1] "operating in serial mode"

[1] "removed rows with sums equal to zero"

[1] "data format is OK"

[1] "dirichlet samples complete"

[1] "clr transformation complete"

Step 2: Perform Welch’s t-test and Wilcoxon rank test using aldex.ttest().

As in other statistical testing using only two conditions, Welch’s t-test and the

Wilcoxon rank test can both be used. The function aldex.ttest() has three inputs: the

aldex object from aldex.clr(), the vector of conditions, and whether or not a paired

test should be conducted (TRUE or FALSE). The aldex.ttest() function returns the

values of we.ep (Expected p value of Welch’s t test), we.eBH (expected Benjamini–

Hochberg corrected p value of Welch’s t-test), wi.ep (expected p value of the

Wilcoxon rank test), and wi.eBH (expected Benjamini–Hochberg corrected

p value of the Wilcoxon test).

> throat_tt <- aldex.ttest(throat, groups, paired.test=FALSE)

As an alternative to step 2, we can perform the glm and Kruskal–Wallis tests for

one-way ANOVA using the function aldex.glm() here; however, this is slow. The

aldex.glm() function returns the values of kw.ep (expected p value of Kruskal–

Wallis test), kw.eBH (expected Benjamini–Hochberg corrected p value of Kruskal–
Wallis test), glm.ep (expected p value of glm test), and glm.eBH (expected

Benjamini–Hochberg corrected p value of the glm test).

> throat_glm <- aldex.glm(throat, groups)
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Step 3: Estimate the effect size using the function aldex.effect().

The aldex.effect() estimates effect size and the within and between condition values

in the case of two conditions. It has four inputs: the aldex object from aldex.clr(),

the vector of conditions, a flag to indicate whether or not to include values for all

samples, and the level of verbosity. The aldex.effect function returns all the values,

including:

rab.all (median clr value for all samples in the feature)

rab.win.NS (median clr value for the NS group of samples)

rab.win.S (median clr value for the S group of samples)

dif.btw (median difference in clr values between the S and NS groups)

dif.win (median of the largest difference in clr values within the S and NS groups)

effect (median effect size: diff.btw/max(diff.win) for all instances

and overlap (proportion of effect size that overlaps 0 (i.e. no effect).

> throat_tt <- aldex.ttest(throat, groups, paired.test=FALSE)

> throat_effect <- aldex.effect(throat, groups, include.sample.

summary=FALSE, verbose=TRUE)

[1] "operating in serial mode"

[1] "sanity check complete"

[1] "rab.all complete"

[1] "rab.win complete"

[1] "rab of samples complete"

[1] "within sample difference calculated"

[1] "between group difference calculated"

[1] "group summaries calculated"

[1] "effect size calculated"

[1] "summarizing output"

Step 4: Merge all data into one object and make a data frame for result

viewing.

> throat_all <- data.frame(throat_tt, throat_glm, throat_effect)

> head(x.all)

we.ep we.eBH wi.ep wi.eBH kw.ep kw.eBH glm.ep glm.eBH

4695 0.5243678 0.9261159 0.5433570 0.9351110 0.5161343 0.8841405 0.5022318 0.8653634

2983 0.4901260 0.9234518 0.5364041 0.9299947 0.5091792 0.8816335 0.4665601 0.8553843

2554 0.5097563 0.9213185 0.5135721 0.9290968 0.4871505 0.8766474 0.4890758 0.8534886

3309 0.4786177 0.9191998 0.5167427 0.9401704 0.4900083 0.8857985 0.4509357 0.8477759

484 0.4609612 0.9165449 0.4492607 0.9195321 0.4246162 0.8652998 0.4355394 0.8314702

4194 0.4100868 0.9043515 0.4091460 0.9015420 0.3867599 0.8482407 0.3931106 0.8101037

rab.all rab.win.NonSmoker rab.win.Smoker diff.btw diff.win effect overlap

4695 0.178503316 0.15839031 0.23155921 -0.01133157 4.002614 -0.00233237 0.4965278

2983 0.093689745 -0.03740126 0.18874937 0.27905207 3.870483 0.05842798 0.4618056
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2554 0.004862142 -0.10256651 0.12723399 0.29658974 3.894425 0.05191272 0.4644714

3309 0.280715492 0.44082557 0.01110872 -0.56235299 4.025415 -0.09632831 0.4496528

484 0.019478837 0.16268272 -0.18217474 -0.18299580 4.189606 -0.04429169 0.4826389

4194 0.578551098 1.18629088 0.05764254 -1.34695288 4.236469 -0.25317094 0.3726170

12.4 Summary

In this chapter, we demonstrated a general workflow of the statistical analysis of

microbiome data from mice and human samples using R. We described frequently

used univariate and multivariate statistical models and visualization tools, in

addition to alpha and beta metrics (Xia and Sun 2017). R and its modules comprise

a widely used open-source software project for analyzing and comprehending the

high-throughput data sets from different platforms. The main advantage of R is

access to a wide range of powerful statistical and graphical methods for the analysis

of ecology and microbiome data, coupled with the rapid development of extensible

software based on the most advanced and updated analysis algorithms.

We focused our analysis on commonly used statistical techniques for studying

microbiome data, including data management, calculating metrics, hypothesis

testing of univariate and multivariate data, and exploratory data analysis with

clustering and ordination. However, alternative statistical methods and approaches

can also be used for modeling and analyzing microbiome data. For each individual

project, not all of the skills may be required. The reader may choose the appropriate

ones to apply to his or her own study. Also, although the R packages and statistical

techniques used in this chapter are frequently used in ecology and microbiome

fields, it does not mean that other packages or statistical tools are inferior. Addi-

tional models and analyses (such as zero-inflated and over-dispersion models) can

allow for a more in-depth understanding of the microbiome data.
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