Physiology in Health and Disease
Published on behalf of The American Physiological Society by Springer

Jun'Sun
Pradeep K. Dudeja Editors

Mechanisms Underlying
Host-Microbiome
Interactions in
Pathophysiology of
Human Diseases

@ Springer



Physiology in Health and Disease

Published on behalf of The American Physiological
Society by Springer



Physiology in Health and Disease

This book series is published on behalf of the American Physiological Society
(APS) by Springer. Access to APS books published with Springer is free to APS
members.

APS publishes three book series in partnership with Springer: Physiology in Health
and Disease (formerly Clinical Physiology), Methods in Physiology, and Perspec-
tives in Physiology (formerly People and Ideas), as well as general titles.

More information about this series at http://www.springer.com/series/11780


http://www.springer.com/series/11780

Jun Sun ¢ Pradeep K. Dudeja
Editors

Mechanisms Underlying
Host-Microbiome
Interactions 1n
Pathophysiology of Human
Diseases

@ Springer



Editors

Jun Sun Pradeep K. Dudeja

Division of Gastroenterology Division of Gastroenterology

and Hepatology, Department of Medicine and Hepatology, Department of Medicine
University of Illinois at Chicago University of Illinois at Chicago
Chicago, IL, USA Chicago, IL, USA

Jesse Brown VA Medical Center
Medical Research Service (600/151)
Chicago, IL, USA

Physiology in Health and Disease
ISBN 978-1-4939-7533-4 ISBN 978-1-4939-7534-1 (eBook)
https://doi.org/10.1007/978-1-4939-7534-1

Library of Congress Control Number: 2017963345

© The American Physiological Society 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with
regard to jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer Science+Business Media, LLC
The registered company address is: 233 Spring Street, New York, NY 10013, U.S.A.


https://doi.org/10.1007/978-1-4939-7534-1

I dedicate this book to my family: my father
Zong-Xiang Sun, mother Xiao-Yun Fu,
husband Yinglin Xia, and sons Yuxuan and
Jason. I want to thank them for their love,
understanding, and support. —Jun Sun

1 LA TSR 48 26 1 SR PNt B A A
. —IMR

[ dedicate this book to my late parents,

Mr. Lachman Dass Dudeja and Mrs. Ved
Rani Dudeja, for their constant love and
support throughout my life. I also dedicate
this book to my wife Renu and my son Amish
and daughter Akanksha for their constant
love and support. —Pradeep Dudeja



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

vii



viii Preface

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



Xii Introduction

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
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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
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Table 1.1 Generallandmarks peyelopmental landmark Gestational week
?;dréi%giﬁzﬁ(); al. 1999) 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

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

Signal target

Signal Location site Effect
Cholecystokinin (CCK) Proximal small Hypothalamus | Decreases energy intake
intestine Pancreas Secretes pancreatic
enzymes
Secretes bile acids
Enteric Decrease gut motility
neurons
Glucagon-like peptide Distal small intestine/ | Hypothalamus | Satiety
(GLP-1) colon Increases energy
expenditure
Peptide YY Distal small intestine/ | Hypothalamus | Decreases energy intake
colon
Motilin Small intestine Enteric Regulate motility
neurons patterns

1.1.2.5 Immunity

The adaptive immune system is naive 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).
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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 (Gonzalez-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



10 E. Humphrey and E. Claud

IL-8 in response to both pathogenic and commensal bacteria and inflammatory
mediators such as TNFa and IL-1y (Nanthakumar et al. 2011; Claud et al. 2004).
Both in vitro and in vivo studies reveal that immature enterocytes have increased
NF-xB activity associated with decreased baseline expression of IkB (Claud et al.
2004). Inflammatory stimuli induce increased degradation of IkBa and prolonged
NF-xB 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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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

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
(10°-10° to about 10'? 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
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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 | Enteral nutrient deprivation increases Proteobacteria phyla members
intake (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)

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
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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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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/ Increased digestion of HMOs and other indigestible carbohydrates

absorption 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-kB 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

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).
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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 TGFp, 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-xB pathway by encour-
aging the stabilization of the NF-xB inhibitor IkBa (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-xB
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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NEC
and
Sepsis

Fig. 1.2 Causes of dysbiosis in the preterm infant after birth

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 (Demebhri 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
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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.
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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-kB. 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 CD4+ T cells Tyl and Ty17. NEC is also
associated with increases in TLR4, NF-xB, TNF-alpha, and IL-6, IL-8, and IL-1f
(Nanthakumar et al. 2011). This massive release of cytokines disrupts the Ty 1/Ty2/
Tul7/T,., 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 (Eggesbg et al. 2003).

1.4 Optimizing the Microbiome of the Preterm Infant

1.4.1 Research Supporting the Existence of Optimal
Commupnities 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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Fig. 1.3 Potential clinical interventions to promote eubiosis and preterm health and growth

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
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response by inducing tolerogenic lymphocytes and downregulating TLR response
and NF-xB 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 = 0.55, 95% CI,
0.39-0.78; p = 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 naive T cells into Tregs through retinoic acid and TGF-f signaling
(Fig. 2.1) (Benson et al. 2007; Coombes et al. 2007; Sun et al. 2007). Additionally,
retinoic acid and TGF-p upregulate the gut homing receptors CCR-9 and o4 7 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-p (TGF-f) and retinoic acid, thereby inducing the differentiation of naive T cells and
upregulating the gut homing receptors CCR-9 and a4f7 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 (RORyt") Tregs in colonic
lamina propria, which interact with the microbes, whereas an Ag-free diet resulted
in decreased RORyt™ 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 = 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