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Foreword

Pediatric inflammatory bowel diseases (IBD) are the most common and most significant
chronic disorders in pediatric gastroenterology. The onset of Crohn disease and ulcerative
colitis in the first two decades of life presents a number of diagnostic and therapeutic chal-
lenges that are unique to pediatric patients. Although the studies available for pediatric diagno-
sis have improved dramatically in the past three decades, the improvement in technology alone
cannot account for the increased frequency of IBD recognized in early childhood. While ther-
apy for older patients has improved dramatically with the development of exciting biologic and
small molecule strategies, rarely if ever have comprehensive studies of the pharmacokinetics,
safety, and efficacy of any of the IBD medications been performed in pediatric patients. A
number of excellent medications are not available in liquid preparations that can be swallowed
by children, and others, such as timed-release formulations, are developed for delivery to an
adult gastrointestinal tract. It is unfortunate that the care we provide to children is often an
extrapolation of what is known about and available for adults with IBD.

Pediatric patients with IBD face a number of unique challenges. The onset of disease before
puberty can be devastating. Growth failure is a particularly difficult problem with potentially
permanent consequences. Much of the pediatric-specific research has focused on the role of
nutritional therapy to treat growth failure and induce remission. Strategies such as nocturnal
nasogastric administration of supplements are widespread in most pediatric centers and are
surprisingly well tolerated even by the youngest patients, particularly when the value of nutri-
tional therapy is presented in advance to both the family and the child. Nutrition must be
strongly advocated for pediatric patients, as it has great therapeutic value and it is the only
therapy for which there are no serious potential complications.

The long-term consequences of medical and surgical therapy are particularly troubling for
pediatric patients. While most of the cosmetic side effects are reversible, the psychological
trauma to an adolescent can be overwhelming. We are only beginning to understand and
address the long-term consequences of therapy given at an early age. Bone mass accumulation
and linear growth are critical processes that are age dependent, with peaks in early adoles-
cence. Failure of therapy at this stage will have permanent and possibly debilitating conse-
quences. However, the advances in biologic and small molecule therapies have resulted in a
dramatic shift in the therapeutic armamentarium. In adults, the “therapeutic pyramid” has been
turned on all of its sides, leading to improvement in quality of life and a decrease in overall
corticosteroid exposure, but with a potential new set of adverse events from therapy. While
pediatric patients undoubtedly benefit from the adult data supporting the “top-down” strate-
gies, the data in adults does not necessarily predict the optimal strategies for children. The
effects of more “aggressive” therapy are being recognized for their positives and negatives, and
the risks and benefits are undoubtedly different in children and adolescents. Whether it is the
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state of the immature immune system, the effect of rapid growth, or the background suscepti-
bility to different malignancies at different ages, the incidence of profound problems such as
hepatosplenic T-cell lymphomas reminds all practitioners that we do not understand the unique
aspects of the younger patient that may confer increased susceptibility.

The incredible scientific advances have generated exciting insight into IBD with subsequent
newer therapies and fully warrant a fourth edition of this book. In the decades since the first
IBD gene association was discovered, another 200 loci have been identified, and the individual
characteristics and functions of these sites are increasingly understood. This is only the begin-
ning of the synergy that can be achieved from the combination of the human genome project
results and the availability of genome-wide arrays. The increased focus on the unique aspects
and causes of very early onset IBD (VEO-IBD) has led to an exciting and new group of dis-
eases that are more likely to be monogenic. Sequencing technology, including targeted panels,
whole exome and whole genome sequencing have moved the field forward with the identifica-
tion of causative monogenic defects and new therapeutic targets. This has translated into a
precision medicine approach for children with VEO-IBD, resulting in remission and in some
cases even cure of the disease. Identification of monogenic defects has also led to the preven-
tion of catastrophic sequelae of the disease, such as malignancy, as in the case of allogenic
stem cell transplant in ILIOR deficiency. To complement these advances, there is incredible
progress in the technology available to study the microbiome, its role in immunomodulation,
and the effects of prebiotic, probiotic, antibiotic, and nutritional therapy for gastrointestinal
diseases. This work has given insight into the complex relationship between the human immune
system and the enteric inhabitants that reside within us. This work will likely identify one
important group of environmental triggers that comprise part of the cause of IBD, and through
that understanding, we may have one more route for the prevention of IBD in genetically sus-
ceptible individuals. A better understanding of the resident microbiota will undoubtedly inform
better enteric therapy for IBD.

There is no better care than that given by a well-educated and experienced practitioner who
considers all aspects of a patient’s problems. This book is designed for those practitioners who
care for children. IBD therapy must be customized for each individual patient. There is no
more ultimate “individual” patient than a child or adolescent with IBD. The many challenges
of growth, nutrition, psychology, and adaptation weigh heavily upon the profound challenges
of pediatric Crohn disease and ulcerative colitis. In addition to the need for induction and
maintenance of remission, the pediatric gastroenterologist must be obsessed not only with the
benefits of early achievement of mucosal healing but also with the long-term consequences of
therapy, not just a decade away, but hopefully a half century or more hence. Although these
patients will move on to adult gastroenterologists, the problems may only accumulate and
multiply. “Above all else, do no harm” is a wise admonition for pediatric IBD, where therapies
are rapidly improving, and there is a great potential for a cure of these devastating illnesses.
These therapies and ultimate cures for Crohn disease and ulcerative colitis will come from the
extraordinary advances in immunology and immunogenetics that are well detailed in this book.
Until that time, we must rely on the conventional approaches developed in adults, but with the
conviction to verify their efficacy for children with IBD.

This book is a landmark step toward better understanding of pediatric IBD and the chal-
lenges of IBD therapy in children. The editors are highly respected clinical scientists who have
each contributed substantially to the knowledge about pediatric IBD. In addition, the knowl-
edge gained from their extensive clinical experience is reflected in this book. They have assem-
bled a truly extraordinary group of authoritative leaders whose contributions to this volume
will guarantee that this will be a reference for all who care for pediatric IBD. The book is a
tribute to those authors but is dedicated to the children and adolescents with Crohn disease and
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ulcerative colitis. It is remarkable how far we have come since the first edition yet sobering
how far the journey is yet to go. It is a sign of the times that increased focus at every level is
directed toward children, and this book is one significant step along that road toward improv-
ing care for the hundreds of thousands of children and adolescents with inflammatory bowel
diseases. It should be a required reading for all those who care for these children.

David A. Piccoli

Division of Gastroenterology

Hepatology and Nutrition, The Children’s Hospital of Philadelphia
Raymond and Ruth Perelman School

of Medicine at the University of Pennsylvania

Philadelphia, PA, USA



Preface

We are pleased to present the fourth edition of Pediatric Inflammatory Bowel Disease. Since
the publication of the last edition, there has continued to be an explosion of discoveries and
advances in the areas of genetics, immunology, pharmacogenomics, microbiome, optimization
of therapeutic delivery, and epidemiologic knowledge, particularly regarding our youngest
pediatric patients afflicted with inflammatory bowel disease. These advances have resulted in
improved understanding of the etiology and pathogenesis of inflammatory bowel disease and
have provided mechanisms to optimize therapeutic management of our patients.

The focus of the textbook remains unchanged. We hope to provide a reference that assists
clinicians from multiple disciplines, including primary care, pediatric, internal medicine, and
gastroenterology—all healthcare providers who care for children with inflammatory bowel
disease. This textbook will augment other utilized references, focusing on pediatrics while also
incorporating the adult evidence and experience that has informed and influenced the care of
children.

The format of the textbook is similar to the last edition, with sections dedicated to etiology
and pathogenesis, epidemiology and clinical features, diagnosis, medical and nutritional ther-
apy, surgical therapy, research, and special considerations—a section that includes topics
which have become increasingly important and challenging for the experienced clinician,
including addressing the psychological aspects of pediatric inflammatory bowel disease, legis-
lative advocacy, transition from pediatric to adult care, and quality improvement. We are
pleased to offer topical new chapters regarding immune dysregulation in very early onset pedi-
atric inflammatory bowel disease, fecal markers of disease activity, therapeutic drug monitor-
ing, dietary therapies, complementary and alternative therapies, management of intra-abdominal
complications, postoperative surveillance, and fostering self-management and patient activa-
tion, coauthored by two parents of patients with pediatric inflammatory bowel disease.

As with the previous three editions, we are indebted to the internationally recognized
experts who contributed to this book, inculcating the latest research- and evidence-based clini-
cal opinion to the updated chapters. This edition would not have been possible if not for their
generous contributions and dedication.

Philadelphia, PA, USA Petar Mamula
Philadelphia, PA, USA Judith R. Kelsen
Philadelphia, PA, USA Andrew B. Grossman
Philadelphia, PA, USA Robert N. Baldassano

Greenville, SC, USA Jonathan E. Markowitz
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Genetics of Inflammatory Bowel

Diseases

Christopher J. Cardinale and Hakon Hakonarson

Introduction

The inflammatory bowel diseases (IBD), Crohn disease and
ulcerative colitis, are immune-mediated disorders resulting
in chronic, relapsing inflammation of the gastrointestinal
tract. The etiology of IBD is multifactorial, influenced by
both genes and environment. It has been hypothesized that
environmental factors and maladaptive immune responses to
gastrointestinal flora generate a dysregulated inflammatory
cascade, creating mucosal injury in genetically susceptible
individuals. The identification of genetic linkage between
Crohn disease and the pericentromeric region of chromo-
some 16 by Hugot et al. in 1996 spawned a series of genome
scans and linkage analyses in search of susceptibility and
phenotypic modifier genes [1]. In 2001, the discovery that
specific polymorphisms in the NOD2 were the underlying
variants on chromosome 16 introduced a new era of
genotype-phenotype investigations [2, 3]. The advent of
genome-wide association studies has resulted in the success-
ful identification of new, well-replicated disease associa-
tions, now encompassing 240 independent regions of the
genome (loci) [4].

The field of IBD genetics is of special interest to pediatric
gastroenterologists for both practical and investigational rea-
sons. From a clinical practice standpoint, pediatric gastroen-
terologists are often faced with questions from concerned
parents regarding the risk of IBD among current or future
siblings, as well as the eventual offspring of the affected
child. Understanding genetic associations of IBD can pro-
vide patients and their families with useful information that
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may help them cope with the disease. Furthermore, as our
knowledge of genotype-phenotype associations grows, it is
anticipated that genotyping at the onset of disease may
enable physicians to predict disease course and tailor medi-
cal therapies specific for each patient. Studies of pediatric
IBD lead to a better understanding of the disease because
children have been exposed to fewer environmental con-
founders, which can provide insights into intrinsic genetic
mechanisms that may not be detected in adult studies. This
may be especially important in children with very early onset
IBD (<5 years), whose disease course and phenotypes are
the most discordant with those of adult-onset IBD.

Genetic Epidemiology
Ethnic and Racial Variations of Disease

The genetic underpinnings of IBD are supported by ethnic
and racial variations in disease prevalence. The highest rates
of IBD are found in Caucasian individuals, especially those
of Jewish heritage. Among Jewish subgroups, Ashkenazi
Jews have a two- to ninefold greater prevalence of IBD over
non-Jewish counterparts [5, 6]. While the vast majority of
genetic investigations in IBD have been conducted in
Caucasians, it is apparent that it can occur in all racial and
ethnic groups. African Americans and Asians have a lower
risk of IBD, although there appears to be a trend toward
growing prevalence in these populations [7].

Evidence is mixed on the question of phenotypic differ-
ences in IBD presentation between races. Basu et al. reported
that African Americans and whites were more likely to have
Crohn disease, whereas ulcerative colitis predominated
among Mexican Americans [8]. While intestinal manifesta-
tions did not appear to vary based upon race or ethnicity,
there were differences in extraintestinal manifestations
between groups. Among Crohn’s patients, African Americans
were more likely to develop arthritis and uveitis than whites,
whereas joint symptoms and osteoporosis were more com-
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mon among whites with UC than Mexican Americans. On
the other hand, other researchers have reported no major dif-
ferences in disease location, behavior, upper gastrointestinal
tract involvement, perianal involvement, and extraintestinal
manifestations among races and ethnic groups [7, 9, 10].

Family Studies

Family studies have demonstrated that 5-30% of probands
with Crohn disease and ulcerative colitis identify the pres-
ence of IBD in a family member [5]. This association appears
to be stronger for Crohn disease than ulcerative colitis.
Phenotypically, relatives of probands with IBD are more
likely to develop the same form of disease as the affected
family member, with a concordance between family mem-
bers in the localization of disease but not disease severity.
With regard to age of disease onset, patients with a family
history of IBD are more likely to develop disease at an earlier
age than affected individuals lacking a family history [11].
Among family members, the risk of developing IBD is the
greatest among first-degree relatives, especially siblings. The
relative risk (RR) for a sibling of a Crohn’s patient develop-
ing disease is 13-26; for ulcerative colitis patients, the RR
for a sibling is 7-17 [12]. Orholm et al. reported that 6.2% of
children born to a parent with ulcerative colitis developed
IBD and 9.2% of children born to a parent with Crohn dis-
ease developed IBD [13]. In the rare instance that both par-
ents have IBD, studies estimate that their children have a
33% chance of developing IBD by age 28 [12]. While sec-
ond- and third-degree relatives of IBD probands have a lower
likelihood of disease, their risk is still elevated compared to
the background population.

In all but rare individual patients and in VEO-IBD, the
incidence of IBD is multifactorial and highly polygenic. This
complex genetic architecture was illustrated by a study of
two large Ashkenazi Jewish families, one with over 800
members and one with over 200 members containing 54
cases of Crohn disease and 26 cases of ulcerative colitis [14].
No monogenic, Mendelian locus was identified, but there
was an enrichment in these families of risk alleles that are
common in the human population.

Twin Studies

Twin studies are based upon the premise that, in the set-
ting of a similar environmental milieu, rates of disease
concordance between twins correlate with the influence of
genetic factors. To date, three large studies of twin pairs
with IBD from Scandinavia and the United Kingdom have

consistently identified higher concordance rates among
monozygotic twins with Crohn disease and ulcerative
colitis than dizygotic twins [15-17]. The influence of
genetics appears to be greater in Crohn disease than ulcer-
ative colitis with reported cumulative monozygotic con-
cordance rates of 30% and 15%, respectively [18].
Concordance rates for dizygotic twins are approximately
4% in both Crohn disease and ulcerative colitis. Co-twins
with IBD are more likely to develop the same disease
type, although mixed pairs of dizygotic twins with ulcer-
ative colitis and Crohn disease have been reported. With
regard to disease-specific characteristics, Scandinavian
twin registries demonstrated concordance of 40-77% for
disease location; however, there appeared to be no asso-
ciation of disease behavior or extent among co-twins [15,
17]. A trend toward concordance for age at diagnosis was
identified with 40-67% receiving a diagnosis of IBD
within 2 years of one another. The fact that monozygotic
concordance is not 100%, and the low concordance
between dizygotes demonstrates that genotype alone is
not sufficient for disease evolution.

NOD2 Gene and Crohn Disease

The NOD2 gene (formerly CARD15) located on the /IBD]
locus of chromosome 16 is associated with an increased
susceptibility to Crohn disease, but minimally with ulcer-
ative colitis. It is the highest risk gene for Crohn disease,
and its share of the heritability is several times greater than
other loci. Among the more than 30 known amino acid
polymorphisms identified in the NOD2 gene [19], the most
common variants are two missense mutations, p.Arg702Trp
and p.Gly908Arg, and one frameshift mutation p.
Leul007fsinsC. NOD proteins are mammalian pattern rec-
ognition receptors which serve the innate immune system
as bacterial sensing molecules. NOD?2 is a cytosolic pro-
tein found in a variety of cells including monocytes, mac-
rophages, B and T lymphocytes, dendritic cells, and
intestinal epithelial cells. Stimulation of NOD2 by its
ligand, the bacterial cell wall component muramyl dipep-
tide (MDP), propagates signal transduction pathways lead-
ing to nuclear factor kB (NF-xB) and mitogen-activated
protein kinase (MAPK) activation [20]. These three poly-
morphisms impair activation of NF-kB [21]. Studies of
NOD2’s role in mucosal immune homeostasis remain con-
troversial in explaining how a loss-of-function mutation
can paradoxically lead to increased inflammation. Some
evidence suggests that deficient bacterial sensing by NOD2
leads to excessive activation of parallel pathogen-sensing
pathways such as IL-1/NRLP3 [22, 23].
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Epidemiology of NOD2 Mutations

A NOD? risk allele confers a two-to-three-fold relative risk
of developing Crohn disease; this risk is increased to 17-fold
if two alleles are present [24]. Ten to thirty percent of patients
with Crohn disease are heterozygous for one of the three
mutations, while 3—15% are homozygous or compound het-
erozygotes [25]. Although these variants are associated with
an increased risk of Crohn disease, 8—15% of the healthy
population possesses at least one of these mutations and 1%
of healthy individuals are homozygous or compound hetero-
zygotes. The widespread prevalence of risk alleles in the
healthy population is explainable by polygenic factors, vari-
able penetrance, and other environmental mediators.

Studies worldwide have revealed that the association of
NOD?2 polymorphisms with Crohn disease varies between
different ethnic populations. North American adult Caucasian
cohorts report carriage rates of 10-30% for the three com-
mon NOD?2 variants, while minority groups were found to
have lower allele frequencies. A North American, multi-
center study of pediatric patients with Crohn disease identi-
fied NOD2 polymorphisms among 25% White, 1.6% African
American, and 1.6% Hispanic participants [26]. Significant
diversity in allele carriage has been described among Crohn’s
patients in European countries and background control pop-
ulations [27]. NOD2 variants are virtually absent in Japanese,
Korean, Chinese, and sub-Saharan African individuals. High
rates of NOD2 mutations have been seen in the Jewish
Ashkenazim with one Israeli group reporting the presence of
variants in 51% of pediatric and 37.5% of adult Crohn’s
patients studied [28].

Human Leukocyte Antigens in Ulcerative
Colitis

The major histocompatibility complex (MHC) locus on
chromosome 6p encodes genes in the human leukocyte anti-
gen (HLA) family, which present peptide antigens to T-cells.
Associated polymorphisms between HLA types and IBD
have included the Class I type HLA-B and the Class II types
HLA-DRB1, HLA-DQBI, and HLA-DP [29]. The
polymorphism-rich nature of the HLA region as well as its
complex linkage disequilibrium has resulted in heteroge-
neous findings among investigators across over a hundred
studies. It is consistently shown, however, that the amount of
trait heritability for Crohn disease conferred by the HLA
locus is modest, but for ulcerative colitis it is the greatest
genetic risk factor [30].

Class 1II alleles DRB1#0103, DRB*1502, and DRB*401
have been consistently associated with ulcerative colitis [31].

Phenotypic analyses have identified DRB1*#0103 to be pre-
dictive of a more aggressive form of ulcerative colitis with
shorter time to colectomy than those without the allele. In
Crohn’s patients, a particular link between DRB1#0103 and
isolated colonic disease has been reported [32]. The correla-
tion of DRB1*0103 with both colonic Crohn disease and
ulcerative colitis has been postulated to provide a unifying
molecular mechanism for colonic involvement in IBD. HLA
associations with extraintestinal manifestations of IBD have
also been evaluated. HLA-B*27, HLA-B*35, and HLA-
DRB*103 have been associated with type I peripheral
arthropathy, whereas HLA-B*44 is associated with type II
peripheral arthropathy [33, 34]. Symptoms of uveitis have
been linked with HLA-B27 and DRB*0103.

High-density genotyping using microarrays in the MHC
region has reinforced the importance of HLA-DRB1#0103 in
both Crohn disease and ulcerative colitis in a study by
Goyette, et al. Their study genotyped 7,406 single nucleotide
polymorphisms in 32,000 IBD cases and an equal number of
controls [35], finding that DRB1*0103 gave by far the stron-
gest association. The fine resolution of mapping allowed
localization to specific amino acid substitutions in the MHC
molecule which revealed that the causal variants are located
within the peptide-binding groove and thereby influence
antigen presentation directly [35].

Genome-Wide Association Studies in IBD

The use of linkage studies was prevalent during the 1990s
and early 2000s because of the cost and labor associated
with producing genotypes. The family-based design allows
the genome to be scanned for associations using a few hun-
dred markers, since closely related individuals will share
large segments of chromosome. A major development in
the field of human complex-trait genetics occurred in the
mid-2000s with the introduction of genotyping millions of
single nucleotide polymorphisms (SNPs) using microar-
rays. This technology has made possible the performance
of genome-wide association studies (GWAS). These stud-
ies survey a large fraction of the common human genetic
variation, testing each of millions of SNPs for direct asso-
ciation with the trait of interest by comparing the popula-
tion allele frequency between IBD cases and healthy
controls [36]. This direct association testing approach has
the advantage of greater power to detect small effects.
Risch and Merikangas estimated that 17,997 affected sib-
ling pairs would be necessary to detect a risk allele with
50% frequency and odds ratio of 1.5 by linkage analysis
[37]. By contrast, direct association analysis would require
only 484 cases and controls.
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IL23R Polymorphisms in Crohn Disease
and Ulcerative Colitis

One of the first GWAS, in a North American Crohn disease
cohort, identified new gene associations including multiple
polymorphisms within the /L23R gene on chromosome 1p31
[38]. In particular, an amino acid polymorphism, p.
Arg381Gln, located in the cytoplasmic domain of the IL23R
protein, demonstrated highly significant evidence for asso-
ciation. The low-frequency allele conferred significant pro-
tection against developing IBD in non-Jewish and Jewish
Crohn disease cohorts, as well as in non-Jewish ulcerative
colitis cohorts. Additional independent association signals
were observed indicating the presence of multiple associa-
tions within the /L23R gene [38]. As the second-strongest
signal, after NOD2, this association has been extensively
replicated by subsequent GWAS.

The functional IL-23 heterodimeric receptor is comprised
of the IL23R and IL12RB2 [39] subunits, with the latter sub-
unit being shared with the functional IL-12 receptor.
Similarly, the IL-23 cytokine is comprised of a unique sub-
unit, p19, as well as a p40 subunit which is common to the
IL-12 functional cytokine. Additional support for the role of
the IL-12/IL-23 pathway in mediating end-organ inflamma-
tion has been generated in mouse models demonstrating
requirement for IL-23 in murine colitis [40-43] and experi-
mental autoimmune encephalitis [44]. The monoclonal anti-
body therapy ustekinumab inhibits the p40 common subunit
of IL-12 and IL-23 and was approved for the treatment of
Crohn disease in 2016 [45] and is promising in the treatment
of ulcerative colitis [46].

Association of the ATG716L1 Autophagy Gene
with Crohn Disease

A GWAS focusing on amino acid-altering polymorphisms
identified the p.Thr300Ala substitution in ATGI6LI in
Crohn disease. The ATGI6LI gene is part of the autopha-
gosome pathway and is involved in the processing of intra-
cellular bacteria [47]. ATGI6LI is expressed in intestinal
epithelial cells, as well as in CD4*, CD8*, and CD19* pri-
mary human lymphocytes [48]. Of interest is that no asso-
ciation was observed to ulcerative colitis suggesting that
ATGI6LI, like the NOD2 polymorphisms, represent
Crohn’s-specific risk alleles. The ATGI6LI association
demonstrated that autophagy and host cell responses to
intracellular microbes are involved in the pathogenesis of
CD. Before the discovery of this genetic association, the
role of autophagy in IBD was not as well appreciated, and
this example demonstrates how genetic investigation can
advance new treatment approaches and understanding of
disease pathophysiology.

Non-Coding Variation

The IBD risk variants described to this point have been cod-
ing mutations which alter the amino acid sequence of a pro-
tein such as NOD2, HLA-DRBI, IL23R, or ATGI6LI1.
These signals were the first to appear in the early days of
GWAS is an indication of how impactful coding variants can
be consistent with their overwhelming role in Mendelian
genetics. However, at least 95% of the known loci associated
with IBD are SNPs located in introns or intergenic regions. It
is widely presumed that these non-coding variants alter tran-
scription factor-binding sites, chromatin structure, or other
regulatory processes to influence the expression of protein-
and RNA-coding genes. A major focus of the post-GWAS
era has been to identify the target genes and the mechanism
of the non-coding variants [49].

SNPs located in close proximity on the same strand of
DNA tend to be inherited together because they are unlikely
to be separated by meiotic recombination. This DNA linkage
results in the phenomenon of linkage disequilibrium (LD),
where the population’s history of meiotic recombination’s
demarcates stretches of chromosome—blocks—with an
unbroken haplotype of variants shared among the individuals
in the population. LD allows the geneticist to genotype a
sampling of SNPs representing each of the haplotypes in
each of the blocks, thereby capturing a sizeable fraction of
all the common genetic variations in the population [50].
Consequently, it is usually not possible to identify the causal
SNP distinctly from other SNPs that are in LD. The LD
blocks tend to be small enough, around 30,000 base pairs,
that the locus will contain a small number of potentially
causal protein-coding genes near the associated LD block
(Fig. 1.1). The examples discussed below highlight some
instances where strong associations were found in proximity
to genes with a functional role consistent with IBD risk.

Meta-Analysis

The associated common variants identified by single GWAS
usually have modest individual effects, often with odds
ratios of smaller than 1.2 for binary traits, or with explained
variance of less than 1% for quantitative traits [51]. To dis-
cover common variants with even smaller effects, a sample
size larger than that of single studies is required. Meta-
analysis combines large datasets and is an economical way
to improve sample size. An early meta-analysis of three
genome-wide scans in Crohn disease identified 21 new
Crohn susceptibility loci. It increased the number of inde-
pendent loci conclusively associated with Crohn to 32,
explaining approximately 20% of Crohn disease heritabil-
ity [52]. Including three additional GWAS scans, a subse-
quent meta-analysis added 39 new confirmed Crohn disease
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Fig. 1.1 The NOD2 gene is
an example of “synthetic
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susceptibility loci [53]. These 39 new loci increase the pro-
portion of explained heritability to only 23.2% indicating
their rather modest effects. While some of these newly
identified loci contain a single gene, others contain multi-
ple genes or none at all. Some functionally interesting can-
didate genes in the implicated regions include STATS3,
JAK2, ICOSLG, ITLN1, and SMAD3.

Signal transducer and activator of transcription 3 (STAT3)
and Janus kinase 2 (JAK2) are members of the JAK-STAT
signaling pathway. This major signaling pathway transmits
information from cell surface receptors stimulated by
cytokines and growth factors to the nucleus to regulate tran-
scription of genes involved in immune cell division, survival,
activation, and recruitment [54].

Inducible T-cell co-stimulator ligand (ICOSLG) is a co-
stimulatory molecule homologous to B-7 which is expressed
on intestinal epithelial cells. Signaling through its receptor,
ICOS, may have a key role in controlling the effector func-
tions of regulatory T-cells [55]. Maturing plasmacytoid den-
dritic cells express ICOSLG to modulate the activity of
IL-10-producing regulatory (Treg) T-cells [56].

Intelectin-1 (ITLN1) is a secreted protein expressed in
human small bowel and colon, hence its name as an intesti-

50.7 50.8 50.9
Position on chr16 (Mb)

nal lectin, a carbohydrate-binding protein. ITLN1 binds to
the surface carbohydrate chains of numerous bacterial spe-
cies, implicating it in immune defense [57]. More recently, it
has been identified as a circulating anti-inflammatory adipo-
kine expressed in visceral fat and is associated with obesity,
diabetes, and cardiovascular disease [58].

Mothers against decapentaplegic homolog 3 (SMAD3) is a
transcription factor which binds to specific DNA sequences in
the promoter region of many genes that are regulated by trans-
forming growth factor beta (TGF-), and on formation of the
SMAD3/SMAD4 complex, activates transcription. SMAD3
deficiency will enhance Th17 differentiation during the TGF-
p-mediated induction of Foxp3+ regulatory T-cells [59].

GWAS Meta-Analysis in Ulcerative Colitis

A meta-analysis combining data from six GWAS identified
47 risk loci in ulcerative colitis [60]. Some noteworthy can-
didate genes identified by this effort include PRDM]I,
TNFRSF14, TNFRSF9, ILIR2, ILSRA, and ILSRB.

PR domain containing 1 (PRDM1) is the master tran-
scriptional regulator of plasma cells and drives the matu-
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ration of B-lymphocytes into immunoglobulin-secreting
cells [61].

Tumor necrosis factor receptor superfamily 14
(TNFRSF14), also known as herpes virus entry mediator
(HVEM), transduces signals from the cytokine LIGHT and
has an important role in preventing intestinal inflammation
in a murine colitis model [62].

Tumor necrosis factor receptor superfamily 9, (TNFRSF9)
encoding receptor 4-1BB, is a co-stimulator in the regulation
of peripheral T-cell activation. This receptor is expressed by
T-cells, dendritic cells, granulocytes, and endothelial cells at
inflammation sites and enhances their proliferation and acti-
vation [63].

Interleukin 1 receptor 2 (IL1R2) is a non-signaling decoy
receptor that reduces IL-1f activity by competing with the
high-affinity receptor IL1R1. IL-1p is a pro-inflammatory
cytokine produced by lamina propria macrophages and is
increased in patients with ulcerative colitis [64].

Receptors for IL-8 (ILSRA and IL8RB) mediate the che-
mokines’ role as a neutrophil chemotactic and activation sig-
nal. IL8RA may play a role beyond neutrophil recruitment in
mediating the immune response in UC [65].

Association of TNFRSF6B and IL27
with Pediatric Age of Onset IBD

Pediatric age of onset IBD is an attractive target for GWAS
for several reasons. Early-onset IBD is characterized by
unique phenotypes and increased severity, suggesting the
possibility of loci specific to early-onset disease. Early-onset
IBD also has a stronger association with family history of
IBD, and the childhood population may also be less affected
by exogenous factors implicated in adult-onset IBD, such as
diet, smoking, and medication [66]. Therefore, GWAS in
children provides additional power to reveal genetic risk
variants with only modest effects in pediatric- and adult-
onset IBD.

GWAS have been performed focusing on pediatric cases.
One of these involved 3426 affected individuals and 11,963
genetically matched controls [67]. The study nominally rep-
licated 29 of 32 loci previously associated with adult-onset
Crohn disease, as well as 13 of 17 adult-onset ulcerative coli-
tis loci. Further, it identified seven new regions associated
with childhood IBD susceptibility.

Kugathasan et al. found an association located on chro-
mosome 20q13 containing tumor necrosis factor superfamily
receptor 6B (TNFRSF6B) [68]. The protein product of
TNFRSF6B, decoy receptor 3 (DcR3), binds to and neutral-
izes signaling by pro-inflammatory cytokines LIGHT, TL1A,
and Fas ligand [69-72]. Serum DcR3 levels were elevated in
pediatric cases of IBD relative to controls, particularly in
patients harboring the 20q13 minor allelic variants [68].

Follow-up studies by our group led to the launch of a clinical
trial with an anti-LIGHT monoclonal antibody to treat
Crohn’s patients who have failed other therapies beginning
in 2020.

The second locus of interest is the in 16p11 region, in a
LD block containing several genes including IL27. The
IL-27 cytokine regulates T-cell differentiation in adaptive
immune responses, influencing the balance between patho-
genic Th17 cells and inflammation-suppressing T-cell sub-
sets [73]. Identification of IL27 as a candidate gene is
consistent with the involvement of the Th17 pathway in the
pathogenesis of Crohn disease, corroborating findings from
other genome-wide scans (IL23R, STAT3, JAK2, and
IL12B).

Genome-wide significant association results throughout
the IL12/IL.23 and IL27/Th17 pathway genes support the rel-
evance of these T-cell subsets in the pathogenesis of IBD
(Fig. 1.2).

Impact of the Immunochip

Common immune disorders such as ankylosing spondylitis,
celiac disease, multiple sclerosis, psoriasis, rheumatoid
arthritis, systemic lupus erythematosus, and type 1 diabetes
often share overlapping susceptibility loci in GWAS studies
[74]. Motivated by this observation, the Immunochip
Consortium was formed to produce an inexpensive genotyp-
ing array that could be used to analyze hundreds of thou-
sands of samples in autoimmune disease. The chip
interrogates approximately 200,000 SNPs at 186 loci to
enable dense genotyping so that SNPs located close together
in the loci of interest including those at low allele frequen-
cies can be included in analyses [75]. The results gained
from this effort played a large role in the meta-analysis of
Jostins et al. which raised the tally of IBD-associated loci to
163 [76]. The Jostins study revealed that 113 of the 163 loci
are shared with other complex diseases including 66 loci
shared with other autoimmune diseases [74]. The economic
cost of the Immunochip allowed many samples to be geno-
typed so that loci could be identified at a genome-wide sig-
nificance level, where in the previous meta-analyses they
showed only marginal significance.

A further goal of the Immunochip effort is to fine-map
variants so that, by using Bayesian statistical analyses, the
individual causal variant can be identified rather than a large
ensemble of variants that are in linkage disequilibrium with
each other [77]. For instance, this fine mapping was used to
show that there are additional amino acid substitutions in
NOD?2 and IL23R which are the causal SNPs that drive the
genetic association signal.

Huang et al. applied Bayesian conditional analysis to the
Immunochip data to identify credible sets, that is, a defined
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Fig. 1.2 Genes involved in cytokine signaling and T-cell differentia-
tion are highly enriched in IBD GWAS. The competing pathways of
Thl-type versus Th17-type helper T-cell differentiation are influenced

number of SNPs accounting for at least 95% of the posterior
probability of causality at the locus of interest [78]. Eighteen
loci were identified in which the 95% credible set consisted
of a single variant, i.e., the causal variant was identified spe-
cifically. A revealing outcome of this analysis is that the
causal SNPs frequently do not have functional annotations
that would ordinarily implicate them in disease, such as an
expression quantitative trait locus (eQTL) association, tran-
scription factor-binding motif, or epigenetic modification.

Trans-ancestry Association Studies

A majority of genetic studies in IBD have been conducted in
European ancestry populations. However, the expansion of
these studies into Asian populations has yielded some
insights. In the Japanese population, the well-known NOD2
polymorphisms are virtually absent [79]. GWAS in Japan
has shown that the single largest association signal is located
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by cytokines and their signaling cascades. The p-values for the genes
shown are from a recent GWAS meta-analysis [93]

in the TNFSF15 gene encoding the pro-inflammatory cyto-
kine TL1A [80].

Liu et al. conducted a trans-ethnic meta-analysis includ-
ing 86,640 individuals of European ancestry and 9,846 indi-
viduals from East Asia, India, or Iran [4]. This study
implicated 38 new loci, raising the tally to 200 total loci, and
determined that there were significant differences in the fre-
quency of risk alleles in the different populations.
Nevertheless, the direction and magnitude of the effect at the
shared loci were very similar between ancestries, suggesting
that the casual variants are likely to be common (minor allele
frequency greater than 5%). In addition to the large impact of
TL1A in the Asian population, the HLA locus was also found
to have a greater influence in ulcerative colitis [4].

A GWAS focusing on the African-American population
not only replicated many of the known loci from the European
population, but also yielded additional African-specific SNPs
in ZNF649, LSAMP, and USP25 [81]. These results demon-
strate that different ancestries can have population-specific
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variants and that predictive medicine based on genotypes
will need to incorporate data from diverse backgrounds.

Next-Generation Sequencing

The traditional method of DNA sequencing was developed
by Sanger et al. using dideoxy-nucleotides as chain termina-
tors [82]. This technology has become quite efficient and can
be run on an automated instrument to generate 700-bp
sequence reads with fluorescently labeled terminators, but
with very low throughput. In the last decade, a new genera-
tion of DNA sequencing technology has emerged which uses
sequencing-by-synthesis on a massively parallel scale. The
current generation of these instruments can generate up to 6
trillion raw bases in the form of 20 billion reads of sequence
every two days, sufficient for 48 whole-human genomes
(Illumina Inc., San Diego, CA). This technology has revolu-
tionized the field of Mendelian genetics, that is, rare mono-
genic diseases, by enabling the identification of rare variants
in a family setting. Interestingly, inflammatory bowel dis-
eases can have Mendelian mimics that can be detected by
next-generation sequencing, particularly in the very early
onset (VEO) patients [83]. More attention will be given to
the diagnosis of these genetic phenocopies and well as the
management of the very young patients in the chapter of this
textbook on very early onset IBD.

Sequencing in High-Risk Individuals
and Families

Currently, the most cost-effective approach to massively par-
allel sequencing in IBD patients is to target the exome, that
is, the 1% of the genome that encodes the amino acids of
proteins. Congenital deficiency of the receptor for the immu-
nomodulatory cytokine IL-10 was the first monogenic defect
identified as causative of VEO-IBD in 2009. While refrac-
tory to medical therapy, these patients responded to bone
marrow transplant [84]. Exome sequencing has revealed
additional patients with IL-10 receptor deficiency [85], Since
that time, multiple monogenic defects have been identified
through exome sequencing. An early example of the success
of this approach was seen in a 15-month-old child who pre-
sented with perianal fistulae and failure to thrive unrespon-
sive to standard treatments which progressed to pancolitis.
The patient underwent many surgical procedures and genetic
tests that did not resolve his disease. Exome sequencing
revealed that this patient carried an exceedingly rare muta-
tion on the X chromosome in the X/AP gene, a potent regula-
tor of the inflammatory response [86]. Since this protein acts
in cells of the hematopoietic lineage, he was treated by a
bone marrow transplant resulting in resolution of his disease.

Other monogenic cases of VEO IBD have been identified
and have resulted in life-saving therapy [87].

Features that suggest a patient may be a candidate for
exome sequencing include early onset of disease, unusual
severity, familial pattern of transmission, and refractory
response to standard therapies. It is recommended to obtain
DNA samples from the parents in addition to the proband
because some probands may be compound heterozygotes,
that is, inheriting a different defective allele of the gene from
each parent. The trio of exomes is useful in identifying de
novo mutations in either the parental germ line or in the child
which may be pathogenic.

Next-Generation Sequencing in Research

It is hypothesized that some fraction of the heritability of
complex genetic disorders, such as IBD and particularly
VEO-IBD, is due to rare or low-frequency variants [88]. Due
to their rarity, these variants are not in strong linkage dis-
equilibrium with proxy SNPs, which is required to make the
GWAS approach feasible. Therefore, discovery of additional
genes and low-frequency variants will require direct sequenc-
ing of hundreds of thousands of genomes [89].

Initially, the approach to finding rare or coding variation
has been to sequence-specific genes in a large cohort based
on the gene’s status as a GWAS candidates. Rivas et al. iden-
tified additional coding mutations in NOD2 and IL23R as
well as novel coding variants in CARD9, ILISRAP, CUL2,
Clorfl06, PTPN22, and MUC19 [90]. Beaudoin et al. per-
formed amplicon sequencing on 55 genes in 200 cases and
150 controls for ulcerative colitis. They confirmed the previ-
ous associations with CARD9, IL23R, as well as a novel
association in RNF186 [91].

Efforts are currently underway to extend sequencing to
thousands of exomes to search for pathogenic coding variants.
A difficulty to this approach is that any individual variant is so
rare that there is insufficient statistical power to identify the
variant at genome-wide significance. As a result, many statisti-
cal methods have been developed which aggregate all the dis-
covered variants in a gene into a single supervariant to test the
burden of rare mutations or to test the variance in allele fre-
quencies between cases and controls [92].

As sequencing technology improves, it has become fea-
sible to obtain a whole-genome sequence (WGS), including
the 99% of the genome that is non-coding, for less than
$1000. WGS has been used to expand the catalog of varia-
tion that can be assessed and thereby has led to GWAS stud-
ies on an increasing scale. The largest GWAS meta-analysis
to date contained 59,957 IBD cases and yielded 240 genome-
wide significant loci [93]. A companion study sequenced
whole genomes at low depth in 4280 cases and found an
additional rare variants in ADCY7, but essentially replicated
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the known loci, suggesting that rare or low-frequency vari-
ants explain little heritability in IBD [94].

Risk Prediction

Encouraged by the notable success of GWAS in Crohn dis-
ease and ulcerative colitis, it is logical to ask if these advances
can deliver sufficiently accurate predictions to make targeted
intervention realistic. Several efforts have been made, but
most results are modest [95]. As in meta-analysis, it is pos-
sible to compile a large sample size by combining as many
cohorts as possible, yielding a boost in prediction
performance. Using the large sample size and wide variant
spectrum of the Immunochip dataset in combination with
advanced machine learning methods, Wei et al. were able to
achieve an area under the receiver—operator curve (AUC) of
0.86 for Crohn disease and 0.83 for ulcerative colitis [96].
Genotypes from the Immunochip were useful in predicting
durable responders versus primary non-responders to anti-
TNF therapy in ulcerative colitis [97]. The efficacy of these
models depends on the status of the limited number of high-
risk variants, with little contribution from the low frequency
or rare variants present on the Immunochip [98]. Machine
learning methods such as the study by Wei et al. run the risk
of being “over-fit” to the training dataset, and encounter dif-
ficulty generalizing to other cohorts. A comprehensive cata-
log of variation from WGS combined with a massive number
of subjects may be the way to overcome these challenges.

Genotype-Phenotype Correlations
in Pediatric IBD

Cleynen et al. analyzed subphenotypes of IBD in 34,819
patients who were genotyped on the Immunochip [99]. For
Crohn disease, the phenotypes examined were age at diagno-
sis, disease location, disease behavior (penetrating, strictur-
ing, inflammatory), and requirement for surgery. For
ulcerative colitis, the phenotypes examined were age of
onset, disease extent, and colectomy. Across all 186 loci on
the Immunochip, only SNPs in NOD2, the HLA locus, and
3p21 (MSTI) were found to have genome-wide significance,
influencing all subphenotypes [99]. The disease location was
essentially fixed over time and was the main independent
determinant of the patient’s disease process, while disease
behavior and requirement for surgery were largely markers
of disease progression. A composite polygenic genetic risk
score based on the 163 known loci was associated with all
disease subphenotypes but only the three loci named above
were individually significant. The authors concluded that the
binary classification of IBD into Crohn disease and ulcer-
ative colitis is not supported by genetic data and that a ter-

nary classification should be used: ulcerative colitis, colonic
Crohn disease, and ileal Crohn disease [99].

Genetic Sharing Between Pediatric Age
of Onset IBD and Other Autoimmune Diseases

As the Immunochip genotyping effort amply demonstrated,
there is a shared genetic architecture for a wide variety of
autoimmune diseases. Li et al. performed GWAS in 6,035
cases of 10 different pediatric autoimmune diseases and
10,718 shared controls. This effort identified 27 genome-
wide significant loci which had shared risk among multiple
pediatric autoimmune diseases, for instance, a novel role for
CD40LG in Crohn disease, ulcerative colitis, and celiac dis-
ease [100]. The main pathways identified as responsible for
this shared risk were cytokine signaling (JAK/STAT and
helper T-cell), antigen presentation, and T-cell activation
[100]. A study of SNP-/2, also called narrow-sense heritabil-
ity, across these 10 pediatric autoimmune diseases showed
that the heritability explained by common SNPs was 45.4%
for Crohn disease and 38.6% for ulcerative colitis [101]. In
pairwise analysis, Crohn disease and ulcerative colitis
showed the strongest similarity to each other of all pairwise
combinations of the 10 autoimmune diseases [101].

Summary

Family-based, twin, and ethnicity-based studies lend strong
support for a genetic basis of IBD as a model complex mode-
of-inheritance trait. The recent advent of GWAS has mark-
edly advanced the identification of well-replicated IBD
associations, leading to an abundance of genomic regions
with individually modest amounts of heritability. As whole-
genome sequencing, polygenic scores, and machine learning
progresses, it will be possible to identify rarer variants, gene
interactions, and networks that contribute to the pathogene-
sis of IBD allowing for stratification of IBD patients into dif-
ferent therapeutic pathways and interventions.
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Immunologic Regulation of Health
and Inflammation in the Intestine

Anees Ahmed and Gregory F. Sonnenberg

Introduction

The major functions of the gastrointestinal (GI) tract is diges-
tion and nutrient absorption. To conduct these functions, this
organ system has an enormous surface area to facilitate
absorption and is also colonized with trillions of normally
beneficial microbes, termed the microbiota, which are impor-
tant in aiding in digestion and other important functions [1,
2]. This poses unique challenges of how to protect this large
barrier from infectious microbes, while simultaneously estab-
lishing tolerance to the microbiota and preventing detrimental
responses to these non-harmful stimuli. The immune system
plays a central role in coordinating these diverse responses
and maintaining a state of health in the GI tract.

For that reason, the GI tract contains a substantial portion
of the entire human immune system [3]. Complex and
dynamic interactions occur in this organ system between
immune cells that are of hematopoietic origin (such as mac-
rophages, dendritic cells, B-cells, or T-cells), as well as
numerous other non-immune and tissue-resident cell types
(such as epithelial cells, stromal cells, or neuronal cells) that
are integral to the immune response and will be discussed in
this chapter. It is also a niche for trillions of microbes (~10'?
viable bacteria per gram of colonic content), consisting of
roughly 500-1000 microbial species that are collectively
known as the gut microbiota [4]. The microbiota comprises
bacteria, as well as bacteriophages, viruses, fungi, and occa-
sionally protists, which form a complex ecosystem thought
to have co-evolved with mammalian hosts over time [5]. The
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co-existence of microbiota and host immune system is mutu-
ally beneficial, but a careful balance must be maintained to
establish a state of health or homeostasis. Intestinal homeo-
stasis is mediated in part by physical separation of microbi-
ota from the immune system through various biochemical
and biophysical barriers, such as the epithelial layer, mucus,
and the production of antimicrobial factors by different cell
types [6-8]. A breakdown in these protective barriers results
in chronic activation of the immune system by intestinal
microbiota and is a hallmark of IBD as well as various bacte-
rial infections and cancer [9-11].

Despite this physical separation in the healthy intestine,
there is a complex, dynamic, and bidirectional crosstalk
between the microbiota and immune system, which is essen-
tial for normal development of the immune response, intesti-
nal physiology, and regulation of intestinal health [12-15].
The impact of the microbiota in shaping the proper develop-
ment of the immune system can be studied in the context of
germ-free mice. Germ-free animals are born and raised in a
completely sterile environment that is free from live micro-
bial stimuli. Mice in these settings exhibit impaired develop-
ment of the mucosal immune system and gut-associated
lymphoid tissues [16]. In addition to altered cytokine secre-
tion and numerous defects in antibody production, germ-free
mice have relatively fewer and smaller lymphoid tissues,
including Peyer’s patches (PPs) and mesenteric lymph nodes
(MLNSs) as compared to specific pathogen-free (SPF) mice
that are typically utilized in the laboratory. Germ-free mice
also have reduced total numbers of peripheral CD4* T-cells,
including both T helper (Th)17 [17] cells and regulatory T
(Treg) cells [18, 19], two cellular subsets discussed below
that critically impact intestinal health and inflammation.
These developmental defects can be partially reversed fol-
lowing the introduction of live gut bacteria, demonstrating
the existence of a dynamic relationship between mucosal
immunity and the microbiota. Conversely, the intestinal
immune system also actively shapes the composition and
anatomically restricts microbiota through various mecha-
nisms [20]. For example, the mammalian immune system
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recognizes and responds to the members of the intestinal
microbiota by promoting protective immune responses that
reinforce barrier integrity, prime protective immunity to
invading pathogens, and prevent over-reaction to beneficial
microbes or food antigens, thus establishing a state of toler-
ance [21, 22]. Defects in these responses or microbial com-
position (termed dysbiosis) can rewire immune cell
populations and their functionality, resulting in chronic
inflammation or increased risk of infection.

IBD is a multifactorial disease caused by dysregulated
immune responses to microbiota resulting in chronic intesti-
nal inflammation [9, 11, 12, 23, 24]. This disease also
impacts a growing number of children worldwide, and in
addition, can manifest in a unique form of the disease in chil-
dren younger than 5 years of age. The latter is termed very
early onset IBD (VEO-IBD), which is phenotypically and
genetically distinct from traditional-onset IBD [25]. The risk
for developing VEO-IBD is strongly correlated with host
genetics, displays aggressive progression with increased dis-
ease severity, and unfortunately these patients are often asso-
ciated with poor responsiveness to conventional therapies
[26, 27]. Studies with these patients, as well as numerous
mouse models, have defined specific components of the
immune system that are essential to establish and maintain a
state of health in the GI tract. Here, we focus on these spe-
cific immune pathways that are essential to regulate intesti-
nal health and homeostasis, as well as examine how these
findings have shaped our understanding of host—microbiota
interactions and created a foundation to develop future thera-
peutic strategies for treating chronic inflammatory diseases.
Further, we discuss several unique features of the mucosal
immune response in children that will be important in our
understanding of IBD.

The Anatomy of the Intestinal Immune
System

The intestine should not be perceived as a single homoge-
neous organ but rather as a combination of several anatomi-
cally distinct and functionally specialized compartments
with different environmental pressures [28, 29]. Each com-
partment is divided into four major layers: the innermost
mucosa, the submucosa, the muscularis, and the serosa. The
mucosa is the most proximal part to the lumen of the intes-
tine or outside environment and is composed of a single layer
of columnar epithelial cells along with an underlying lamina
propria (LP) region which contains the vast majority of intes-
tinal immune cells. Immune cells within the intestine are pri-
marily located within the organized lymphoid structures
known as gut-associated lymphoid tissues (GALTs). GALTs
collectively include the MLNs, PPs in the small intestine,
colonic patches, caecal patches, and comparatively smaller

structures which include cryptopatches (CPs) and isolated
lymphoid follicles (ILFs). To maintain local tissue homeo-
stasis, different intestinal segments (such as the small intes-
tine that includes the duodenum, jejunum and ileum; and the
large intestine that includes the cecum and colon) have
developed physical barriers and unique defense strategies of
appropriately responding to the complex variety of foreign
substances in the GI tract, including the commensal micro-
biota, potential pathogens, and dietary antigens, while simul-
taneously facilitating the major functions of the GI tract that
are necessary at each segment.

The Intestinal Epithelium: Structure
and Functional Subsets

The intestinal epithelium is a large single layer of columnar
cells that differs enormously in architectural structure and
cellular composition between the small and large intestine
(Fig. 2.1). In the small intestine, the epithelium protrudes
into the lumen with brush border-like structures called villi,
which increases the mucosal surface area for nutrient absorp-
tion. Villi are absent in the colon, limiting the potential dam-
age that can be caused by transition of semi-solid stool
through the large intestine. This may have important conse-
quences in the context of IBD, where different forms of the
disease impact distinct anatomical locations, such as Crohn
disease (CD) that impacts the entire GI tract, while ulcerative
colitis (UC) primarily impacts the large intestine. The epithe-
lium layer itself has many invaginations termed “crypts of
Lieberkiihn” that contain specialized types of intestinal epi-
thelial cells (IECs) [30]. The intestinal stem cells at the base
of the crypts give rise to transient proliferative epithelial
cells [31]. Under homeostatic conditions, these intestinal
crypts undergo constant cycles of IEC replenishment and
renewal every 4-5 days [32]. Various differentiated cell types
are present in the epithelium, and each is attributed to spe-
cialized and unique functions. The number and distribution
of these cell types differ markedly between the small and
large intestine. These cell types are as follows: (a)
Enterocytes, the most prominent cells specialized for water
and nutrient absorption [33]. (b) Goblet cells, the most domi-
nant secretory cells responsible for mucin secretion [34]. (¢)
Enteroendocrine cells, responsible for secreting different
hormones [35]. (d) Paneth cells that release antimicrobial
peptides to protect nearby cells [36, 37]. (e) M cells, that are
integral to the luminal antigen uptake and presentation to the
immune system [38, 39]. Finally, the different intestinal
enteroendocrine cells are responsible for the production of
hormones in the gut such as 5-HT/serotonin by enterochro-
maffin cells, somatostatin by D cells, and gastrin by G cells
[35]. Enterocytes, the absorptive epithelial cells, have micro-
villi at their apical surface to enhance digestion and nutrient
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Fig. 2.1 Anatomy of the small and large intestinal mucosa. The small
intestine (a) and large intestine (b) exhibit distinct anatomical features
that have important consequences on host-microbiota interactions.
These include structural differences, changes in abundance of epithelial

absorption. Mono-, di-, and tri-saccharides, amino acids-,
fat- and water-soluble vitamins (A, D, E, K, B, and C) are
primarily absorbed in the duodenum and jejunum, whereas
vitamin B12 and bile salts are absorbed in the ileum of the
small intestine. Mucus-producing goblet cells make up
around 10% and 25% of epithelial cells in the small and large
intestines, respectively [40]. As a result of that, the mucous
layer (glycocalyx) is diffused and permeable to bacteria in
the small intestine, whereas it forms a thick bilayered struc-
ture in the colon, creating a more robust barrier to the micro-
biota [41].

Epithelial Cell Function: Interlinked
Connection with Microbiome
and Dysfunction in IBD

Located in between the luminal microbiota and the underly-
ing immune cells, the intestinal epithelium plays a pivotal
role in detecting and differentiating beneficial microbiota
from external pathologic microbial insult during infection.
IECs express innate receptors, including the Toll-like recep-
tors (TLRs) and Nod-like receptors (NLRs), including TLR2,
TLR3, TLR4, TLRS, and TLRY with different anatomical
distributions and developmental expression patterns [42, 43].
A majority of these receptors are present at the basolateral

cell types, and distinct mucus layers that control the physical separation
of microbiota. The small intestine contains fewer microbes but is more
permeable, while the large intestine is microbial-dense and has more
physical separation between the microbiota and intestinal tissues

membrane, while TLR2 and TLR9Y are also expressed at the
apical surface [44-46]. TLR activation by cognate ligands
initiate a signaling cascade that drives nuclear translocation
of nuclear factor kappa B (NF-kB) and expression and secre-
tion of various cytokines and chemokines, including tumor
necrosis factor (TNF), interleukin- (IL-)6, IL-8, IL-18, the
chemokine CCL20, antimicrobial peptides including
RegllIIP, Regllly, and a-defensins which signal and prime
nearby immune cells [47—-49].

Studies in germ-free mice has made it clear that microbes
play an essential role in shaping normal intestinal architec-
ture and function. The intestinal mucosa of germ-free mice is
thin with reduced IEC proliferation and has compromised
production of protective IEC-derived mediators including
mucins and antimicrobial peptides [50, 51]. In 2004, ground-
breaking studies showed that in the absence of innate recog-
nition receptors that sense the microbiota (including TLR2,
TLR4, or the signaling adaptor MyD88), mice become
highly susceptible to the direct toxic effects of the colito-
genic chemical agent dextran sodium sulfate (DSS), which
could be attributed in part to reduced IEC proliferation and
repair [52]. Additionally, IECs express all of the molecular
machinery required to process and present luminal antigens
to intraepithelial lymphocytes via either major histocompat-
ibility complex (MHC) class I or class II. It is widely
accepted that the host intestinal commensal microbiota
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works in concert with IECs to maintain tissue homeostasis.
For example, butyrate, produced by Clostridia species of the
microbiota, is transported through the apical membrane of
IECs by short-chain fatty acid transporters (SMCT1 and
MCT1), and is subsequently metabolized through beta-
oxidation and the tricarboxylic acid pathway [53]. This
results in a positive feedback loop by which IECs limit the
oxygen availability and thus favor butyrate-producing obli-
gate anaerobes over facultative anaerobes such as Escherichia
coli, a hallmark microbe of intestinal dysbiosis and tissue
inflammation [54]. Mechanistically, the activation of the
nuclear sensor, peroxisome proliferator-activated receptor
(PPAR-y), during p-oxidation mediates nuclear export of the
NF-kB subunit RelA thereby limiting pro-inflammatory
responses to non-commensal bacterial infection [55].
Butyrate is also known to increase the peripheral differentia-
tion of Treg cells [19, 56]. Naive CD4* T-cells treated with
butyrate had increased histone H3 acetylation of the critical
transcription factor FoxP3 at its promoter and intrinsic
enhancers CNS1 and CNS3 DNA sequence [57]. Overall,
microbiota-derived butyrate critically regulates pro- and
anti-inflammatory responses in the intestine. During antibi-
otic treatment or IBD, this communication between host and
microbiota is perturbed, which substantially impacts gut
homeostasis [58, 59]. Together, these observations paint a
picture of a dynamic and functional epithelium that is essen-
tial for maintaining barrier integrity, promoting tolerance,
and providing active defense against pathogenic organisms.
Several lines of evidence suggest that the normal func-
tions of the intestinal epithelium are disrupted during
chronic intestinal inflammation such as IBD. Firstly, some
of the IBD-susceptibility genetic loci have been linked to
various aspects of epithelial function including hepatocyte
nuclear factor 4o (HNF4a) and E-cadherin [60], which reg-
ulates epithelial tight junction formation; meprin 1A
(MEPIA) [61], a brush border enzyme; and NOD2
(CARDI15) which recognizes bacterial muramyl dipeptide
[62, 63]. There are additional lines of evidence suggesting
that patients with IBD have compromised epithelial barrier
integrity, including reduced goblet cell numbers and mucus
secretion as compared to healthy individuals. Abnormal
intestinal permeability has been established among patients
with CD, which can promote excessive antigen uptake, con-
tinuous immune stimulation, and eventually chronic muco-
sal inflammation [64]. Finally, epithelial cell death,
particularly loss of Paneth cells, contributes to intestinal
inflammation in mice and is associated with CD in humans
[65—-67]. Interestingly, increased cell shedding with gap for-
mation and local barrier dysfunction is observed in intesti-
nal biopsies of patients with IBD, and this dysfunction is
predictive of disease relapse. In addition to the genetic fac-
tors discussed above, environmental insults may predispose
to impaired intestinal barrier function in IBD. The view that

IECs are a dynamic cell types that are central to the mainte-
nance of intestinal homeostasis is consistent with IEC dys-
function contributing to IBD pathogenesis.

Gut-Associated Lymphoid Tissues

Immune cells within the GI tract are primarily located within
organized lymphoid structures known as GALTs that can be
found diffusely localized within the LP, the sub-mucosa, or
throughout the epithelium. GALTs, together with intestinal
draining MLNSs, serve as the primary sites for the priming
and initiation of adaptive immune responses, and collec-
tively include the PPs in the small intestine, colonic patches,
caecal patches, and comparatively smaller structures which
include CPs and ILFs. Each of these sites plays an important
role in recognizing luminal antigens and facilitating innate
and adaptive immune responses. Conversely, effector
immune cells are also diffusely present throughout the lam-
ina propria and upper epithelium.

The GALT constitutes subepithelial lymphoid structures
in the mucosa and submucosa with signature overlying
follicle-associated epithelial cells. These are primarily
microfold cells (M cells), specialized for the luminal anti-
gens uptake and subsequent delivery to underlying dendritic
cells (DCs) for presentation to adaptive immune cells [68,
69]. M cells also serve as a major entry site for multiple
intestinal pathogens [70]. Macroscopically visible PPs
located in the small intestine are the most well-characterized
GALT tissue. The size and density of PPs vary along the
intestine, increasing from the jejunum to the ileum. They are
highly concentrated in the distal ileum and are fewer in the
duodenum. PPs contain numerous B-cell lymphoid follicles
(~10 in mice and ~100 hundred in humans), surrounded by
smaller T-cell-rich areas [71]. In contrast to MLNs, PPs have
constitutively active germinal centers indicative of continu-
ous immune surveillance and stimulation by luminal antigen.
Comparable to PPs in small intestine, the large intestine has
cecal patches at the appendix and colonic patches throughout
the colon serving as important sites for T-cell priming and
immunoglobulin A (IgA) production [72, 73]. The develop-
ment of PPs and colonic patches is initiated during the early
embryonic life and is completed shortly after the birth. The
GALT also includes microscopically visible small lymphoid
structures including small cryptopatches that mature to ILFs
and are collectively known as solitary isolated lymphoid tis-
sues (SILTs). In contrast to PPs, ILFs primarily contain
B-cells with no distinct T-cell zone. ILFs serves as important
sites for T-cell-independent IgA class-switched antibody
response due to the activity of the cytokines BAFF (B-cell-
activating factor) and APRIL (a proliferation-inducing
ligand) [74]. Mice and humans are estimated to have 1000-
1500 and 30,000 SILTs, respectively [75, 76]. In mice, most
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of the cryptopatches are developed within the first 2 weeks of
postnatal life [77, 78]. DCs within the small intestinal SILTs
express CXC-chemokine ligand 13 (CXCL13) which acts on
B-cells through CXC-chemokine receptor 5 (CXCRS5) to
maintain cellular localization in SILTs [79, 80]. Also, mice
deficient in RANK ligand (RANKL; also known as
TNFSF11) have fewer small intestinal SILTs with very few
B-cells [81]. Finally, the microbiota plays a major and
dynamic role in the presence and maturation of SILTS, as
studied in germ-free mice and discussed above.

Compartmentalized Gut Lymph Node
Drainage

MLNS are the largest lymph nodes in the body and develop
independently from the other GALT structures. The lym-
phatic drainage in the intestine is essential for appropriate
immune cell trafficking and the development of adaptive
immunity to luminal perturbation. Lymphocytes circulate to
the MLNs as a result of expression of both L-selectin and
oyP; integrin. L-selectin mediates lymphocyte migration
into peripheral tissues, whereas o,f; mediates migration of
lymphocytes into the intestinal mucosa. Separate segments
of MLNs are attributed to drain the different sections of
intestines [82, 83]. Seminal studies experimentally demon-
strated that duodenum primarily drains to a small lymph
node embedded in the pancreatic tissue; jejunum drains to
the middle section of the MLNs, whereas the distal ileum,
ascending colon and caecum drain to the distal segments of
the MLNs [82]. Similar regional differences in lymph drain-
age are also observed in humans, and these differences in
compartments have substantial consequences for how the
immune response may react. For example, it has been shown
that an identical luminal antigen in mice will give rise to
distinct tolerogenic or inflammatory immune responses
depending on delivery to distinct compartments of the
MLN. Those delivered to the proximal small intestine-
draining LNs give rise to tolerogenic responses, whereas
delivery to distal LNs are more likely to elicit pro-inflam-
matory T-cell responses [84].

Innate Immune Cell-Dependent Regulation
of Intestinal Health

The innate immune response comprises our first line of
defense against the invading pathogens. Relative to the adap-
tive immune response discussed below, innate immune
responses are generally rapid, non-specific, and lack long-
lasting immunological memory. Innate immune cells, such
as macrophages and DCs, have a unique ability to sense and
respond to the intestinal microbiota and external pathogenic

insults through the recognition of conserved structural motifs
known as pathogen-associated molecular patterns (PAMPs)
by pattern-recognition receptors (PRRs). These receptors
include the membrane-bound TLRs and intracellular NLRs.
This recognition allows the generation of effective inflam-
matory responses against microbial invasion. Furthermore,
antigen presentation by professional antigen-presenting cells
(APCs) such as DCs and other mono-nuclear phagocytes
mediates T-cell activation and induction of adaptive immune
responses. Neutrophils (or polymorphonuclear leukocytes)
are the most common granulocytes in our circulation. They
are highly capable of phagocytosing and killing invading
microbes and play a major role in protecting the intestine,
while also having the ability to be a major driver of intestinal
inflammation.

Dendritic Cells

DCs are the most efficient APC of the immune system. DCs
express a wide array of surface TLRs and intracellular NLRs
that can detect environmental stimuli and modulate antigen-
specific adaptive immune responses [85]. DCs in the gut
samples luminal antigen through extended dendrites [69],
encounter antigen via M cells [86], or through goblet cell-
associated antigen passages [87]. Upon antigenic stimula-
tion, activated DCs migrate toward the T-cell areas in
lymphoid structures and present MHC-peptide complexes
and co-stimulatory signals to naive T-cells. DCs also dictate
the effector T-cell function and polarization through secret-
ing immunomodulatory cytokines or chemokines. In homeo-
static conditions, intestinal DCs express low levels of
co-stimulatory molecules and promote the induction of
Tregs. In contrast, during pathogen encounter, DCs secrete
inflammatory cytokines and promote effector T-cell polar-
ization (Thl, Th2, and Th17 cells, discussed below) [88].
CD103* Sirpa* DCs in humans and CD103* CD11b* DCs in
mice play a prominent role in inducing Treg differentiation
[89, 90]. Human studies have also indicated that CD103* DC
subsets play a significant role in Th17 cell differentiation,
while CD103~ Sirpa* DCs promote Th1 cell responses [91].
Gut-tropic migratory DC precursors through retinoic acid-
dependent upregulation of a4p7 integrins and CCR9 induce
their homing back into the intestine after priming in the
MLN [92].

Abnormal DC functions have been attributed to the patho-
genesis of several diseases including IBD [93]. Based on a
series of studies in different clinical settings and experimen-
tal models, a novel paradigm has been proposed for DC
functions. Depending upon the stage of inflammation DCs
can promote regulatory or inflammatory responses. During
the early inflammatory state, intestinal DCs play a protective
role as their depletion in the intestinal mucosa leads to exac-
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erbation of DSS-induced colitis, partly caused by the
increased neutrophil influx [94]. In chronic immune dysreg-
ulation due to the absence of TGF-f signaling, DCs fail to
gain a regulatory phenotype and promote inflammatory
T-cell responses [95]. During IBD in humans, intestinal DCs
can drive pathogenic phenotypes. DCs have higher expres-
sion of TLR2, TLR4 and the activation marker CD40 in
patients with CD or UC relative to healthy individuals [96].
Furthermore, colonic DCs from IBD patients have higher
expression of inflammatory cytokines such as IL-12 and
IL-6 at steady state, suggesting DCs from patients with IBD
exhibit a hyperactive phenotype [96]. Together, these obser-
vations highlight the importance of DCs in maintaining
intestinal health and its contribution in IBD pathogenesis.

Macrophages

Macrophages are described as “the phagocytic cell of the
immune system.” Macrophages are fundamentally important
for the phagocytosis of microbial pathogens, the degradation
of apoptotic cells, and the production of inflammatory che-
mokines and cytokines [97]. However, macrophages also
constantly surveil the residing tissue and actively participate
in maintaining homeostasis [98, 99]. Due to these key func-
tions, abnormal macrophage responses have been implicated
in the pathophysiology of numerous human clinical condi-
tions, including IBD [100]. It is estimated that an average
human body contains approximately 200 billion macro-
phages throughout the body and they can be found in every
tissue compartment. Macrophages can originate from their
embryonic precursors or can be replenished from the bone
marrow-derived monocytes at the site of infection during tis-
sue inflammation [101]. Under the steady state, macrophages
are primarily tissue resident and specialized to function spe-
cific tasks. Tissue-resident macrophages in the GI tract and
GALT promote tolerance to commensal microbiota and food
antigens. This unique ability is partly due to their relative
hypo-responsiveness to TLR stimulation and reduced ability
to prime adaptive immune responses (relative to DCs) [102].
It has been observed that during IBD, the number of macro-
phages is dramatically and significantly increased in the
intestinal mucosa. These macrophages also exhibit enhanced
expression for a large number of T-cell co-stimulatory mol-
ecules such as CD80 and CD86 [103]. It has been also
observed that macrophages recruited during intestinal
inflammation have upregulated expression for triggering
receptor expressed on myeloid cells-1 (TREM-1) and further
blocking TREM-1 leads to dampening in pro-inflammatory
mediators such as TNF, IL-6, IL-8, IL-1 beta, and MCP-1
[104]. These results indicate that macrophages play a critical
role both in intestinal health and in mediating the pathogen-
esis of IBD.

Granulocytes: Neutrophils, Eosinophils,
Basophils, and Mast Cells

Granulocytes are a group of leukocytes that differentiate
from myeloblasts in the bone marrow and are characterized
by the presence of lobulated nucleus and granular cytoplasm.
It includes mast cells, neutrophils, eosinophils, and baso-
phils. Neutrophils (or polymorphonuclear leukocytes) are
the most abundant form of all granulocytes and circulatory
immune cells in humans [105]. PMNs are primarily phago-
cytes which actively engulf and degrade invading microbes,
or dead cells in the body [106]. As a result, PMNs play an
important role in early antimicrobial immunity. Unlike
PMNSs, eosinophils, basophils, and mast cells can mediate
allergic inflammation. Both eosinophils and basophils are
predominantly circulatory cells, whereas mast cells are pri-
marily tissue-resident. Eosinophils and basophils along with
mast cells are recruited at the site of inflammation and exert
their effector functions through release of cytoplasmic gran-
ules containing enzymes, cytokines, chemokines, and growth
factors [106]. There is a substantial body of evidence indicat-
ing that PMNs play an important role during the effector
stages of IBD pathogenesis. In line with the importance of
neutrophils in clearing invading microbes, mice lacking neu-
trophils have higher intestinal microbial burden during coli-
tis [107]. Higher neutrophil infiltration is observed in
inflamed colonic tissue in UC patients along with elevated
fecal calprotectin (a neutrophilic inflammation marker)
[108]. In an adoptive CD4* T-cell transfer mouse model of
colitis, neutrophils are reported to have enhanced expression
of major histocompatibility complex-II and CD86, which is
indicative of immune activation [109]. Such neutrophils can
induce CD4* T-cell activation in MHCII- and antigen-
dependent manner. It has also been observed that inhibiting
PMN recruitment at the sites of tissue inflammation, using
CXCR?2 antagonists or anti-CXCR2 monoclonal antibodies,
is associated with reduced intestinal inflammation in animal
models [110]. In contrast, additional evidence supports a role
for neutrophil dysfunction in IBD pathogenesis. For exam-
ple, evidence suggests that there is impaired neutrophilic
infiltration and IL-8 production in CD patients [111].
Furthermore, treatment of CD patients with growth factor
GM-CSF that mediates neutrophil development and function
has been explored as a therapeutic approach and currently is
under further investigation [112, 113].

Adaptive Immunity and Their Contribution
to Intestinal Health and Inflammation

The lamina propria contains different populations of adap-
tive immune cells (particularly T-cells and B-cells) that inter-
act and are regulated by numerous innate immune cell
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populations including macrophages, DCs, granulocytes, and
innate lymphoid cells (ILCs). Collectively, the intestinal epi-
thelium and lamina propria account for the largest popula-
tion of antibody-secreting plasma cells and T-cells in the
body. However, the presence and distribution of different
immune cell populations vary along the length of the intes-
tine and this facilitates distinct functions.

T-cells

In the lamina propria, CD4* T-cells and CD8* T-cells are
derived from conventional T-cells that undergo priming in
secondary lymphoid organs and display an effector-memory
phenotype. CD4* T-cells are highly diversified and instructed
by the innate immune system to differentiate into distinct
effector states including T-bet* Th1 cells that produce IFN-y,
RORyt * Th17 cells that produce IL-17 and IL-22, GATA3*
Th2 cells that produce IL-4, IL-5, and IL-13, as well as
FoxP3-expressing Treg cells that produce IL-10 and TGF-3
(Fig. 2.2).

T-cells mediate a wide range of functions including cell-
mediated killing of virus-infected cells, providing help in
antibody class switching, differentiating into effector cell
types to provide immunity against pathogens, and restrain-
ing inflammatory responses. Dysregulated adaptive immune
response leading to breakdown of tolerance toward the com-
mensal microbiota has been proposed as a major driver of
IBD pathogenesis [114, 115]. For example, effector CD4*
T-cells such as Thl, Th2, and Th17 cells provide defense

Fig. 2.2 Activation
pathways, transcription
factors, and effector cytokine

against pathogens, but if left unchecked, can mediate dis-
tinct forms of intestinal inflammation [116]. On the other
hand, regulatory states such as Tregs and T regulatory type
1 (Trl) cells are critical for limiting the differentiation of
effector CD4* T-cells and controlling inflammation.
Therefore, a tight balance between effector and regulatory
T-cells holds an important key for maintaining intestinal
homeostasis. Homing of T lymphocytes from the lymph
nodes is also dependent on o,f; integrin and their expression
is regulated by all-trans retinoic acid synthesized by gut-
associated DCs [117].

IBD can be a result of hyperactivation of effector T-cells
and/or defects in the immunosuppressive function of Treg
cells. IBD has been associated with altered T-cell responses
including Thl (IFN-y), Tregs (IL-10), and more recently
Th17 (IL-17A, IL-17F, IL-22 and GM-CSF) cells [114, 118].
In human IBD, Th17 and Thl cells have been associated
with CD pathogenesis, while UC can include an atypical Th2
cell response, as well as other mixed effector T-cell responses
[119]. Microbiota drives the differentiation of RORyt
expressing Th17 cells and in part through induction of the
upstream cytokine IL-23 that supports Th17 cell responses
and a population of IL-17A*IFNy* T-cells in the inflamed
mucosa [120]. Th17 cells also combat bacterial infection by
promoting the neutrophilic inflammatory response [114].
Therefore, Th17 cell effector responses can be both protec-
tive and pathogenic in the intestine [121, 122]. In this similar
line, treatment with anti-IL-17A blocking antibody
(secukinumab) worsened the symptoms of active CD in
some patients, while it has provided therapeutic benefits in
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other pathophysiological-related diseases [123]. Therefore,
Th17 cells provide many beneficial and inflammatory func-
tions in the intestine that must be tightly regulated.

Treg cells play an essential role in restraining effector
T-cell responses and innate inflammatory mechanisms [9].
This restraining function is regulated in part by IL-10 and
TGF-p produced by these cells, as well as through direct cel-
lular contact that include pathways like CTLA-4 [124, 125].
Treg cells can adopt specialized fates and employ transcrip-
tional or homing receptors that are utilized by effector
T-cells, such as RORyt, to mediate their suppressive func-
tions. In this context, Treg and Th17 cell differentiation are
reciprocally regulated in the intestine. In an inflammatory
milieu (such as by enhanced IL-6 and IL-23), Th17 cells
expand at the expense of Treg cells and promote effector
T-cell function [126]. There is also substantial evidence that
Treg cells become fundamentally altered in the context of
IBD. For example, T-cells from IBD patients have shown to
be refractory to TGF-f [127]. Loss-of-function mutations in
FOXP3 (a key Treg cell transcription factor) is strongly cor-
related with intestinal inflammation [128]. Furthermore,
Treg cells expand in the intestine of IBD patients, but exhibit
a pro-inflammatory phenotype including expression of the
inflammatory cytokine IL-17A [129, 130]. The pathways
accounting for these phenotypic and functional changes in
Tregs remain poorly understood and additional research in
this area will be important for defining novel mechanisms
coordinating intestinal tolerance.

B-cells

B-cells are an important constituent of mucosal immune
responses in both healthy and diseased states. B-cells are pri-
marily developed in the bone marrow but it can also originate
via extramedullary hematopoiesis. During early embryonic
development, pluripotent hematopoietic stem cells migrate
to the fetal liver where mature B-cells develop and migrate to
the intestine. Studies in experimental models of IBD have
suggested that B-cells suppress mucosal inflammation either
by secreting cytokines, antibodies or by directly dampening
effector T-cell functions [131, 132]. During inflammation, an
inducible regulatory B-cell subset (Breg cells) develops in
GALT which restrains T-cell expansion through the produc-
tion of IL-10 [133]. Antibody-mediated immunity is the
most important arm of the mucosal immune system in medi-
ating microbial exclusion and tolerance. However, the rela-
tionship between secretory antibodies and microbiota is not
unidirectional. Studies from germ-free mice have shown that
IgA production is acutely dependent on the presence of
intestinal microbes [134]. This humoral defense mechanism
also relies on cooperative interaction between secretory epi-
thelial cells and local plasma B-cells. Plasma cells in the

intestine primarily secrete dimers and larger polymers of IgA
(pIgA) [135]. This induction of mucosal IgA responses can
occur either in a T-cell-dependent or T-cell-independent
manner (via the cytokines BAFF and APRIL) and these anti-
bodies can bind through their J chains to the epithelial secre-
tory component (plg receptor) to get transported into the
intestinal lumen [136]. This transmembrane glycoprotein
receptor (pIgR) also mediates the translocation of pentam-
eric IgM antibodies. Secretory antibodies mediate immune
exclusion during microbial colonization and restrict mucosal
recognition of soluble antigens. During IBD, local produc-
tion of pIgA is significantly downregulated and has strik-
ingly decreased J chain expression [137]. Individuals with
IgA deficiency may have an increased risk of developing
IBD [138]. However, the total deficit in pIgA level can be
compensated by increased populations of plasma B-cells
secreting other types of antibodies in IBD lesions (such as
IgG and IgA1) [139].

During IBD, activation of mucosal APCs and a dramatic
increase of IgG-producing B-cells may result in altered
immunological homeostasis and can jeopardize the mucosal
integrity. Luminal cytotoxic complement (C3b) deposition
and complement activation are observed in relation to
epithelium-bound IgG1 in UC [140]. This C3b deposition
can be a sign of persistent immune activation. The early
events that trigger B-cell driven immunopathology in IBD
remains unknown. However, abrogation of oral tolerance to
commensal microbial antigens has been presumed as an
early mechanism, and GALT neogenesis and hyperplasia in
the inflamed lesions enhance aberrant microbial stimulation
of the local B-cell population. Under homeostasis, the pro-
duction of IgA is primarily restricted to the mucosal surfaces
and does not occur at systemic secondary lymphoid struc-
tures. However, breakdown of this normal compartmental-
ization can result inappropriate B-cell responses contributing
to intestinal inflammation [141]. Indeed, systemic humoral
responses to bacterial membrane and flagellar proteins have
been detected in children with IBD [142].

Essential Immunologic Pathways that
Regulate Intestinal Health

A balanced communication between populations of immune
cells is necessary to maintain intestinal health, and impair-
ment of the immune response or altered T-cell populations
can directly promote intestinal inflammation. In 1993, semi-
nal studies unequivocally established three pathways that are
essential to regulate this balance and mediate intestinal
health. These include the cytokines IL-2 and IL-10, as well
as MHC class II and subunits of the T-cell receptor (TCR),
which coordinate how T-cells receive signals from other
immune and non-immune cell types [143—145]. Loss of any
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Fig. 2.3 Essential immunologic pathways that regulate intestinal
health. Preclinical models and translational studies have revealed a
number of immune pathways that are necessary to maintain a state of
healthy in the mammalian intestine. (a) FoxP3* T-cells (Treg cell) are
the major cellular source of IL-10 in the mammalian intestine. Treg
cell-derived IL-10 is essential to promote intestinal health by imprint
tolerogenic phenotype in macrophages other T-cells. (b) Under homeo-
stasis, IL-2 produced by activated CD4* T-cells, DCs, and other
unknown cells and it is essential for IL-2 to bind to the IL-2R on Treg
cells, which subsequently limit T effector cell responses to coordinate
intestinal health. (¢) MHC class II on conventional DCs activate naive
CD4* T-cells by presenting commensal bacterial antigens in MLNs.
This supports the generation of Tregs cells. Further, MHCII* ILC3s
limit microbiota-specific T effector cells via apoptosis, a process termed
intestinal selection

one of these pathways in mice is sufficient to results in spon-
taneous and chronic intestinal inflammation, and substantial
investigation since this discovery has delineated the cellular
and molecular mechanisms by which these pathways coordi-
nate intestinal health (Fig. 2.3).

Previously, IL-10 was perceived as a critical immunoin-
hibitory cytokine that restricts effector function of Th1 cells,
Th17 cells, NK cells, and macrophages [146]. In humans,
polymorphisms in IL-10 and IL-10R are strongly correlated
with IBD disease pathogenesis. Kiihn et al. developed a
genetically engineered model by targeted mutation in the
IL-10 gene disrupting its function, which continues to be
widely used to dissect IBD etiology in preclinical models
[143]. IL-10 knockout mice develop spontaneous colitis
after weaning and have impaired gut mucosal barrier func-
tion characterized by discontinuous and transmural inflam-
matory lesions and display extensive mucosal hyperplasia

accompanied by increased immune cell infiltration [143].
Colitis in IL-10- and IL-10 receptor (IL-10R)-deficient mice
is primarily driven by increased CD4* T-cell Thl responses
and IFN-y production. IL-10 is also known to directly inhibit
IL-12 production from the myeloid cells and therefore
restricts Thl cell differentiation [147, 148]. In addition to
IL-12, IL-10 suppresses IL-23 production from mononuclear
phagocytes through transcriptional inhibition of the shared
IL-12 p40 subunit, which is critical for driving pathologic
Th17 cell responses during mucosal inflammation [148].
Critically, intestinal inflammation in IL-10-deficient mice
can be completely prevented by treatment with antibiotics or
deriving the mice in germ-free conditions, highlighting that
a major function of this pathway is to promote immunologic
tolerance to the microbiota.

Despite these advances, the exact cellular source and
molecular pathways by which IL-10 maintains intestinal
health remained unclear from these initial studies. Several
hematopoietic cells such as T-cells, B-cells, macrophages,
and DCs, as well as several non-hematopoietic cells are all
capable of producing IL-10 in the mammalian intestine. The
use of selective genetic models to specifically delete the
IL-10 gene revealed that CD4* T-cells are a crucial non-
redundant source of IL-10, and many of the phenotypes in
IL-10-deficient mice could be recapitulated in mice having a
selective lineage-specific deletion of IL-10 only in Foxp3*
Treg cells [149]. In addition, expression of IL-10R and sig-
nal transducers and activators of transcription 3 (STAT3) are
critical in Foxp3* Treg cells to limit Th17 cell response [150,
151]. Ablation of the IL-10R or STAT3 in Treg cells resulted
in selective dysregulation of Th17 cell responses and colitis.
Treg cell-derived IL-10 also drives macrophages toward a
tolerogenic phenotype through metabolic reprogramming to
maintain mucosal homeostasis [152]. This is critically
important to maintain intestinal health, as selective deletion
of IL-10R on myeloid cells revealed this population as a
critical target of IL-10. During inflammation, IL-10 sup-
presses mammalian target of rapamycin (mTOR) activity in
myeloid cells through the induction of its inhibitor, DDIT4
(DNA damage—inducible transcript 4 protein) and prevent-
ing glucose uptake while promoting oxidative phosphoryla-
tion of essential signaling molecules [152]. In IL-10-deficient
mice, dysfunctional mitochondria get accumulated in the
macrophages, resulting in production of IL-1p through over-
activation of the NLRP3 inflammasome [152]. Consistent
with this, inhibiting caspase-1 activity or deficiency could
partially protect IL-10-deficient mice from developing spon-
taneous intestinal inflammation.

IL-2 was discovered more than 30 years ago and studies
with IL-2 or IL-2 receptor (IL-2Ra) deficient mice have high-
lighted the crucial role of IL-2 in maintaining Treg cell
homeostasis and peripheral immune tolerance. Under steady-
state conditions, IL-2 is mainly produced by activated CD4*
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T-cells in secondary lymphoid organs and gets consumed by
cells expressing the high-affinity IL-2R subunit CD25 (also
known as IL-2Ra), which is robustly expressed by Treg cells.
IL-2-deficient mice develop spontaneous colitis with striking
clinical and histological similarity to IBD in humans [145].
Colitis in IL-2-deficient mice is also associated with higher
infiltration of activated T- and B-cells, elevated immunoglob-
ulin secretion, and aberrant expression of MHC class II mol-
ecules [153]. Similar findings were also observed with mice
lacking IL-2Ra and IL-2Rp. IL-2-deficient mice crossed with
Rag2-deficient mice or raised in germ-free conditions were
disease free, demonstrating an essential requirement of adap-
tive immune cells and the microbiota in disease progression
[153, 154]. The importance of IL-2 in regulating CD4* T-cells
was later refined with the identification of additional heteroge-
neity in this T-cell subset. It is now well appreciated that IL-2
promotes Thl, Th2, and Treg cells, while inhibiting Th17
cells function [155]. IL-2 plays a crucial role in the mainte-
nance of Foxp3* Treg cells [126, 156]. Treg cells subsequently
suppress CD8* T-cell and other CD4+ effector T-cell responses
via IL-2 sequestration. IL-2-, IL-2Ra-, and IL-2Rf-deficient
mice have a significantly low proportion of Tregs with
impaired suppressive function [156]. Consistent with this,
lineage-specific deletion of the IL-2R on only Foxp3* Treg
cells was sufficient to result in spontaneous intestinal inflam-
mation with enhanced activation and proliferation of CD8*
T-cells [157]. The relevant cellular sources of IL.-2 are yet to
be fully defined, but expression has been observed in various
immune cells such as T-cells, DCs, NK cells, and ILCs.
Recently, ILC3s are shown to be the dominant source of IL-2
uniquely in the small intestine and ILC3-intrinsic IL-2 expres-
sion is essential to promote intestinal Tregs differentiation and
function selectively in this anatomical compartment [158].

Beyond IL-10 and IL-2, chronic intestinal inflammation
was also observed in mice lacking different components of
the TCR, such as TCRa-deficient, TCRp-deficient, TCRf-
and TCRO&-double deficient, as well as MHC class II-deficient
mice [144]. The intestinal disease in these mice exhibits
similarities to ulcerative colitis in humans. However, athy-
mic or mice lacking T-cell and B-cells (Rag!~~) mice did not
exhibit disease onset, suggesting that dysfunction of af
T-cells, especially MHC class II-restricted CD4* T-cells con-
tributes to the pathogenesis of intestinal inflammation in
these models [144]. A recent study found that lineage-
specific deletion of MHC class II on DCs and not on epithe-
lial cells is sufficient for development of robust intestinal
inflammation, but mice used in this study also target ILC3s.
[159, 160]. Collectively, these seminal findings highlight the
importance of different immunoregulatory molecules, cyto-
kines, T-cell subsets, and innate immune populations in
maintaining intestinal immunity and health.

A common theme among these findings is that a fine tun-
ing of communication between the innate immune system,

adaptive immune system, and intestinal microbiota is essen-
tial to coordinate intestinal health. Disruption of these path-
ways can manifest in overactivation of the immune response
and spontaneous intestinal inflammation. These studies have
critically informed our understanding of IBD, as it is now
known that there are patients with loss-of-function mutations
in many similar pathways (including IL-10, IL-10R, IL-2,
and IL-2R) that also manifest in VEO-IBD [161, 162].
Furthermore, the appreciation that this can be an entirely
hematopoietic phenotype (such as in the case of IL-10 or
IL-10R) has allowed the development of hematopoietic stem
cell transplantation as one viable therapeutic approach to
stop intestinal inflammation in VEO-IBD patients with spe-
cific mutations [163]. A more advanced understanding and
refinement of these pathways, as well as other novel path-
ways by which the immune system orchestrates intestinal
health, will likely yield novel preventative, therapeutic, and
curative treatment strategies to IBD.

Innate Lymphoid Cell-Dependent Regulation
of Intestinal Health

ILCs are recently appreciated cell types of the innate immune
system in mice and humans. They were first identified at bar-
rier surfaces by their ability to secrete IL-22 and drive anti-
microbial responses in the gut, but it is now well accepted
that ILCs populate almost every tissue and are critical regu-
lators of immunity, inflammation, and homeostasis [164—
166]. ILCs are predominantly tissue-resident and highly
enriched in mucosal barrier tissues. Therefore, they are well
poised to be the first immune cells to react to colonizing
microbiota or invading pathogens by the induction of inflam-
matory responses to infection, orchestrating the ensuing
adaptive immune response and the resolution of inflamma-
tion after infection [165]. Critically, ILCs also play a major
role in lymphoid organogenesis and maintenance of barrier
integrity [20, 167].

Despite the resemblance to T-cells, ILCs lack somatically
recombined antigen-specific receptors and are innate coun-
terparts to different T-cell subsets [168]. They are also pre-
dominantly tissue resident and colonize tissues, such as the
Gl tract, early during developmental life [169]. ILCs are sub-
divided into three subgroups on the basis of their transcrip-
tion factor expression and cytokine secretion profile: group |
ILCs (ILCls) express T-bet, are responsive to IL-12, and
produce IFN-y in response to intracellular pathogens; group
2 ILCs (ILC2s) express GATA-3, are responsive to I1L-33,
IL-25, and TSLP and secrete IL-5, IL-13, and amphiregulin
in response to helminth infection; while ILC3s express
RORyt, are responsive to IL-23, TL1A, IL-1a, and IL-1 and
produce IL-17 and IL-22 in response to extracellular bacteria
or fungi [168]. ILC3s are the most heterogeneous ILC popu-
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lation in mice and humans, and encompass a subset of CCR6*
lymphoid tissue-inducer (LTi)-like cells and a subset of
T-bet* ILC3s that express the natural cytotoxicity receptors
NKp46 or NKp44. Further, ILC3s have been the most closely
studied in context to human IBD since they play a major role
in intestinal homeostasis, repair, and immunity in various
animal models of acute injury, and also their numbers are
reduced in intestinal biopsies of IBD patients relative to
healthy controls [170, 171]. The latter may be the result of
substantial plasticity among these ILC subsets in which
under inflammatory conditions, ILC3s can transition to an
ILC1 or ex-ILC3 phenotype [171].

ILC3s regulate intestinal homeostasis, innate immunity
and tissue inflammation through several distinct pathways,
that occur at distinct developmental timepoints. During
embryogenesis, a subset of CCR6* ILC3s known as LTi cells
are considered as the initiators of lymphoid organ formation.
RORYyt-deficient mutant mice lacking LTi cells fail to develop
lymph nodes, PPs or CPs [167]. RORyt* LTi cells secrete
lymphotoxin (LT)-a,, which engages LTPR on mesenchy-
mal cells and bring about release of the chemokines CXCL13,
CCL19, and CCL21. These chemokines recruit adaptive
immune cells and enhance expression of the adhesion mole-
cules VCAM-1, MadCAM-1, and ICAM-1, resulting in
proper development of lymphoid tissues [167]. Indeed,
ILC3s can represent up to 30% of the total hematopoietic
cells within the developing human intestine [169]. This sets
the stage for these cells to coordinate multiple developmen-
tal pathways and control the early immune response to colo-
nizing microbiota. However, there is evidence that ILC3s are
then replaced by other adaptive immune cells and greatly
reduced in numbers over time, with even greater depletions
occurring during intestinal infection or inflammation as
noted above.

After birth, ILC3s maintain a bidirectional communica-
tion with the microbiota. For example, the proper develop-
ment, activation, and effector functions of ILC3s are
dependent on the signals derived from microbiota. ILC3s
then produce IL-17, IL-22, IFN-y, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) in
response to IL-23 and IL-1f secreted by myeloid cells after
recognition of microbial PAMPs or microbial metabolites
(such as aryl hydrocarbon receptor ligands) [172, 173].
Among these, IL-22 has been most well studied and is domi-
nantly produced by ILC3s. IL-22 mediates resistance to
intestinal infection by directly acting on non-hematopoietic
cells in the intestine. IL-22 binding on epithelial cells through
the IL-22Ra1-IL-10Rp receptors induce fucosylation of epi-
thelial cells and secretion of antimicrobial peptides such as
ReglIIf and Regllly [174]. Fucosylation of the epithelial
cells has been shown to be important for resistance against
Salmonella typhimurium infection [174]. IL-22 is also shown
to be critically important for protection against intestinal

inflammation elicited by Citrobacter rodentium infection or
DSS administration, in part by promoting mucus production,
protecting intestinal epithelial stem cells, and promoting the
above antimicrobial responses [175, 176].

ILC3s also regulate intestinal immunity through direct
and indirect interactions with adaptive immune -cells.
Activation of stromal cells by LTi cells derived
lymphotoxin-a3 mediates the recruitment of B-cells and
stimulates the production of T-cell-dependent or -indepen-
dent IgA which in turn shapes the composition of the intesti-
nal microflora [74, 177]. Engagement of IL-1R on ILC3s
brings about release of GM-CSF. ILC3-derived GM-CSF
triggers retinoic acid and IL-10 production from the myeloid
cell, which promotes the induction and expansion of Treg
cells [173]. These GM-CSF-primed APCs promote Treg cell
responses to food antigens and help maintain oral tolerance.
ILC3s also contribute to Treg maintenance since IL-2 pro-
duction by ILC3s is critical to support Treg homeostasis
selectively in the small intestine [158], while MHC class II
expression by a subset of ILC3s is an essential tolerogenic
signal that limits exacerbated microbiota-specific T-cell
responses in the large intestine of mice and promote micro-
biota-specific RORyt* Tregs [166, 178, 179]. Critically, both
of these pathways were found to be reduced in the inflamed
intestine of children with IBD and associated with changes
in the adaptive immune response, indicating that disruption
of this pathway contributes to disease pathogenesis. Although
we are still in the early stages of investigating ILCs, their
importance to intestinal health is apparent and may hold
important keys for better understanding mucosal immunity.

Causes and Immunologic Drivers
of Intestinal Inflammation in Humans

The cause of IBD in most individuals remains incompletely
understood, but it is considered to be the result of dysregu-
lated immune responses to environmental factors including
luminal and microbial antigens. Human IBD is an outcome
of a complex interplay between host genetic risk factors and
extrinsic environmental stimuli. Over the past decade,
genome-wide association studies (GWAS) have identified
about 215 susceptibility genes loci associated with the patho-
genesis of IBD, which are important for regulating intestinal
barrier integrity, pro-inflammatory signaling pathways, mod-
ulation of immune cell responses and host—microbiota inter-
actions [27]. These analyses have revolutionized our current
understanding of IBD. For example, polymorphisms in IL-10
and IL-10R were reported early on as a human IBD risk
allele through GWAS [180]. Further these studies also iden-
tified variations in IL-2, IL-2R signaling and HLA, a mole-
cule critical for antigen presentation, that increases
susceptibility to IBD [27, 181]. Homozygous, loss-of-
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function mutations in IL10, ILIORA, and IL10RB are associ-
ated with a unique and rare form of IBD that develops at
younger than 5 years of age, termed VEO-IBD [161, 182].
GWAS in adult IBD and studies of VEO-IBD have eluci-
dated many novel pathways that are reviewed more in depth
by others [183—-185].

Various therapeutic interventions using broadly immuno-
suppressive glucocorticoids, antibiotics, and biologics have
been applied to clinically manage and treat IBD patients.
Beyond the frontline use of glucocorticoids, TNF blockade
remains the most important therapeutic approach and is
shown to exert its effect through increased IL-10 production
from the macrophages [186]. However, a subset of patients
become refractory to this blockade over time and these immu-
nosuppressive therapies are often associated with an increased
risk of opportunistic infections, malignancies, or autoimmu-
nity. Thus, there is an urgent need to develop safer and more
efficient approaches. Antibodies targeting IL-23-Th17 cell
pathways or delivery of exogenous regulatory cytokines (IL-
2) show promising initial clinical results, but several failed to
achieve desired therapeutic benefits [123, 187]. Recently,
Ustekinumab, an antagonist of the p40 subunit of both IL-12
and IL-23, was approved by the FDA for the treatment of
Crohn disease and ulcerative colitis [188]. Recent clinical tri-
als have also demonstrated success of selective blockade of
IL-23 [188, 189]. Other promising therapies that can have
potential therapeutic benefits, include using the small mole-
cule inhibitors targeting transcription factors or kinases
employed by various cytokine receptors and cells, are cur-
rently in the pipeline for clinical testing. Finally, clinical trials
with idea to specifically increase and activate Treg cells using
low-dose IL-2 therapy have provided a promising strategy
and is under investigation [190]. Other groups are also har-
nessing the beneficial effect of the microbiota or microbial
metabolites, and efficacy of probiotic or healthy human fecal
microbiota in transplantation strategies is under clinical
stages of investigation for treating IBD.

Understanding Intestinal Inmunity and IBD
in Children

IBD is most often diagnosed in adolescence and young adult-
hood, but there are rising number of incidences in pediatric
populations. Pediatric IBD affects approximately 10 per
100,000 children in the US. Among children with IBD, 4%
are below the age 5 years and 18% are under 10 years of age
with the peak onset in adolescence [25]. Normally, children
diagnosed with IBD have classic symptoms such as weight
loss, abdominal pain, and bloody diarrhea but many children
can present with overall poor growth, compromised bone
health, and anemia [25]. In GWAS studies, no difference
exists in the commonly known risk genetic loci between

pediatric and adult IBD. However, early onset of IBD in chil-
dren may be associated with a higher burden of common risk
alleles and the presence of rarer variants with high pene-
trance [26]. Host genetics plays an important role in onset of
VEO-IBD. Using advanced sequencing technology, mono-
genic defects have been identified in a variety of primary
immunodeficiency genes such as CARDS, IL-10, IL10R,
XIAP, and FoxP3 in some children with VEO-IBD [180,
191], and active investigations could further identify primary
immunodeficiencies associated with VEO-IBD [192].

There are several unique considerations for host-micro-
biota interactions that exist in early life. The composition of
microbiota that are the first to colonize the mammalian intes-
tine promotes proper development of GALT and function of
immune cells. Similarly, intestinal microbiota composition is
also shaped by early dietary and introduction of solid-food
antigens during weaning. Immune responses during this crit-
ical time point are vigorous and termed a “weaning reac-
tion.” Further, microbial metabolites, such as short-chain
fatty acids and retinoic acid, critically promote the differen-
tiation of RORyt" Treg cells during the early stages of life
and imprint long-term tolerance to dietary antigens and
microbiota [56, 193]. Alterations in this critical developmen-
tal window, “weaning reaction” and immunological imprint-
ing can lead to enhanced susceptibility to immune pathologies
later on in life, including IBD [194]. This can occur through
a number of different ways, and as an example, limited evi-
dence indicates that early-life exposure to antibiotics may
increase the likelihood of developing pediatric IBD [195].

Finally, the clinical care of pediatric IBD is being
advanced by development of new drug and collaborative
research networks. Vedolizumab, a monoclonal antibody
against a4p7 integrin, inhibiting lymphocyte trafficking back
to the intestine can provide therapeutic benefits [196]. Using
advanced scRNA-seq technology and whole-genome
sequencing technologies, investigators are obtaining a more
robust understanding of the cellular and genetic diversity to
cell types involved in the healthy and inflamed pediatric
intestine [26].

Summary

Deciphering the complexities of the mucosal immune sys-
tem has revealed how defects in specific pathways can
directly cause intestinal inflammation, as well as the critical
mediators that drive this outcome. This has informed our
understanding of IBD and provoked the development of
novel therapeutic strategies. However, we remain at the early
stages of understanding the full spectrum of cross-talk
between the mucosal immune system, other resident non-
immune cells, and the intestinal microbiota. It will also be
important to continue to define the unique immunologic,
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microbial, and developmental differences in the pediatric GI
tract relative to the adult GI tract. Research of these path-
ways in pre-clinical mouse models and translational patient-
based studies will not only advance our understanding of
intestinal health and inflammation, but also provoke the
development of novel preventative, diagnostic, therapeutic,
and potentially curative treatment strategies in IBD.
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Cytokines and Inflammatory Bowel

Disease

Edwin F. de Zoeten and lvan J. Fuss

Introduction

The etiology of inflammatory bowel diseases (IBD) is
generally described as multifactorial including genetic
predisposition, dysbiosis, and a dysregulated immune
response. The immune response is the only one of these
which is currently amenable to therapy. Understanding
the factors that go into the activation of inflammation, and
those that perpetuate this effect is improving greatly. With
this mastery, we are able to define the cytokines that are
important in the etiology of IBD. Over the past 20 years,
many of the newest and arguably the most successful ther-
apies for Crohn disease (CD) and ulcerative colitis (UC)
have been due to an increased understanding of the
immune response and specifically the cytokines essential
to this response.

As stated above, IBD is in part due to a dysregulated or
an inappropriate immune reaction, which has been thought
in part to be against the microflora of the gut. Upon acti-
vation of the immune system, cytokines and chemokines,
which are proteins produced by the cells involved in the
immune response, are produced and trigger a cascade of
downstream reactions. These cytokines are increasingly
being defined as important molecules in the pathogenesis
of IBD as well as putative and known targets for the ther-
apy of IBD.

With the advent of murine models of mucosal inflam-
mation, a great deal of knowledge has been acquired which
has advanced our understanding of inflammation in IBD. In
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these models, it has been initially noted that the inflamma-
tion is due either to an excessive Th1 T-cell response or an
excessive Th2 T-cell response, with the former character-
ized by increased IL-1, IL-2, IL-6, IL-12, IL-18, IFN-y,
and TNF-a production and the latter by increased IL-4,
IL-5, IL-10, and/or IL-13 production. An example of a
murine Th1 colitis is that induced by the haptenating agent
TNBS [1], colitis in which the predominant immune
response is dominated by IL-12, IFN-y, and TNF-a. This
correlates with human studies, which have shown increased
levels of TNF-a, IFN-y, IL-1, and IL-6 in the intestinal tis-
sues and the peripheral blood of CD [2]. Similar to what
has been observed in UC patients [3, 4] the oxazolone
model of colitis in mice, which has similar histologic fea-
tures as those seen in UC, is associated with a Th2 response
that is dominated by IL-13. Thus, murine models have
given important insights into the IBD entities; however,
questions of whether CD and UC are “true,” Th1- or Th2-
mediated disease processes remain. These will be dis-
cussed later in this chapter.

In the immune cascade, cytokines help to determine the
nature of the immune response; they can act in a dual
nature as either pro- (IL-1, IL-6, TNF-x) or anti-inflamma-
tory (IL-4, IL-5, IL-10, TGF-p) molecules. They can affect
the synthesis or secretion of reactive oxygen species, nitric
oxide, leukotrienes, platelet-activating factor, and prosta-
glandins. In addition, they can have differing qualities
depending on when they are present in the inflammatory
cascade. Finally, it is important to understand that pro- and
anti-inflammatory responses are required to maintain the
integrity of the intestinal mucosa due to the environment in
which it exists. The intestinal mucosa is constantly bom-
barded with antigens from food, commensal bacteria and
pathogenic bacteria and therefore it is important to be able
to mount an inflammatory response to rid itself of harmful
bacteria yet, at the same time, the mucosal immune system
must be able to regulate itself either by the action of spe-
cific regulatory cells or by the action of cytokines such as
IL-4, IL-5, IL-10, TGF-p, IL-1ra, and TNF-a.
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Pro-Inflammatory Cytokines
Tumor Necrosis Factor-Alpha

For most gastroenterologists, TNF-« is the most recognized
cytokine due to the increasing use of the monoclonal anti-
TNF-a antibodies, infliximab, adalimumab, certolizumab,
and golimumab, for the treatment of CD and UC. TNF-« is
secreted by macrophages, monocytes, neutrophils, T-cells,
and NK cells following their stimulation by bacterial lipo-
polysaccharides. CD4* T-lymphocytes secrete TNF-o, while
CDS8* T-cells do not. The synthesis of TNF-a is induced by
many different stimuli including interferons, IL-2, and
GM-CSF. The production of TNF-« is inhibited by IL-6 and
TGF-§.

TNF-a can signal through two different cellular receptors
(TNFRI1 and TNFR2), both of which are an agonist of the
NFKB, p38, and c-jun N terminal kinase (NK) cascades,
important signaling pathways involved in the generation of
the inflammatory responses [5]. An additional effect of
TNF-a signaling is the induction of intermediate molecular
complexes, via signaling through the TNFR1, that lead to the
downstream activation of necroptosis and apoptosis path-
ways; mechanisms which are dependent on MLKL and cas-
pase 8 [6, 7]. Of note, these processes both lead to effects on
epithelial cell survival, therefore, epithelial barrier function.

It is a potent pro-inflammatory cytokine that exerts its
stimulatory effect on cells that produce IFN-y. Indeed,
TNF-« in synergy with factors from non-lymphocyte lamina
propria mononuclear cells can act with prostaglandin E2 to
stimulate IL-12-mediated T-cell production of IFN-y. In rest-
ing macrophages, TNF-a induces the synthesis of IL-1 and
prostaglandin E, which can act in concert to potentiate the
inflammatory cascade. TNF-a can also enhance the prolifer-
ation of T-cells induced by various stimuli in the absence of
IL-2; in fact some subpopulations of T-cells only respond to
IL-2 in the presence of TNF-a. Beyond its effect on the
immune response, TNF-a activates osteoclasts and thus
induces bone resorption and this effect may be associated
with decreased bone mineral density in patients with CD.

Although TNF-a is required for normal host immune
responses, the over expression can have severe pathologic
consequences as exemplified by mice in which the over
expression of TNF by a transgene is associated with a severe
colitis [8].

In animal models, TNF-a knockout mice do not develop
significant colitis [9], and as proof of principle that TNF-a
is important for the pathogenesis of IBD, TNF-a neutraliz-
ing antibodies have been shown to be effective in amelio-
rating intestinal inflammation. Associated human studies
have reported elevated levels of TNF-a in serum, stool, and
mucosal tissue [10, 11] correlating with clinical and labora-
tory indices of intestinal activity. Furthermore, dramatic

effects have been noted in clinical studies in patients with
Crohn disease treated with infliximab [12, 13]. These
effects have been observed in both disease amelioration
and induction of clinical remission. Important for the
understanding of some of the critical side effects of inflix-
imab, TNF-a mediates a part of the cell-mediated immu-
nity against obligate and facultative bacteria and parasites
by stimulating phagocytosis and the synthesis of superox-
ide dismutase in macrophages. It confers protection against
Listeria monocytogenes infections and tuberculosis. Anti-
TNF-a antibodies have been shown to weaken the ability of
mice to cope with these infections. Infection with these
organisms is a possible risk of using anti-TNF-a monoclo-
nal antibody therapy in the treatment of IBD and a reason
that patients are screened for tuberculosis prior to initiation
of therapy with infliximab.

Interferon-gamma

IFN-y is produced mainly by CD4*, CD8* T-lymphocytes
and natural killer cells activated by antigens and mitogens.
IFN-y synergizes with TNF-a in inhibiting the proliferation
of various cell types; however, the main biological activity of
IFN-y appears to be immunomodulatory in contrast to the
other interferons (IFN-a or ), which are mainly antiviral.
IL-2 and IFN-y appear to be intricately interwoven in their
functions. In T-helper cells, IL-2 induces the synthesis of
IFN-y and other cytokines. IFN-y acts synergistically with
IL-1 and IL-2 and appears to be required for the expression
of IL-2 receptors (CD25) on the cell surface of T-lymphocytes.
Blocking of the IL-2 receptor by specific antibodies inhibits
the synthesis of IFN-y. IFN-y is a modulator of T-cell growth
and functional differentiation, a growth-promoting factor for
T-lymphocytes, and it potentiates the response of these cells
to growth factors. Most importantly, IFN-y can increase the
expression of MHC class molecules allowing greater anti-
genic recognition. Furthermore, it can increase permeability
at epithelial tight junction barriers, thereby allowing further
antigenic exposure [14]. Finally, in concert with TNF-a,
IFN-y can cause direct tissue destruction as it increases local
inflammation [14, 15].

IFN-y secretion is one of the few cytokines that correlates
with severity of disease in patients with CD. As a known pro-
inflammatory cytokine, it would appear to be an obvious
choice to target for treatment of IBD. IFN-y has been tar-
geted in CD using fontolizumab, a humanized monoclonal
antibody against IFN-y [16, 17]. In studies using these anti-
bodies, positive results were found in patients with moderate
to severe CD when compared to placebo. Although the stud-
ies did not reach statistical significance, the results did indi-
cate a trend toward effect. This suggests a potential benefit of
blocking IFN-y in patients with CD.
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Interleukin-1

This cytokine consists of IL-1a and IL-1f subunits, both are
produced predominately by antigen-presenting cells such as
monocytes and macrophages. In addition to these pro-
inflammatory cytokines, there is an IL-1 receptor antagonist
(IL-1ra) produced by intestinal epithelial cells, which is
capable of inhibiting the pro-inflammatory actions of IL-1
by binding the IL-1 receptor and competitively blocking the
interaction with IL-1. IL-1ra is considered to be one intesti-
nal mechanism for downregulation of the immune response
and has been shown to be elevated in the serum of patients
with CD. Stimulation of IL-Ira secretion is activated by
IL-1, forming a negative feedback loop.

Furthermore, in combination with TNF-a, IL-1 appears to
be involved in the generation of lytic bone lesions. IL-1 acti-
vates osteoclasts thereby suppressing the formation of new
bone, suggesting another etiology for decreased bone density
in CD. Low concentrations of IL-1, however, can promote
new bone growth.

IL-1 was one of the first cytokines targeted for therapy in
animal colitis models. In these studies, administration of
IL-RA led to amelioration of colitis, in a rabbit model. Thus,
it was also one of the first demonstrations that blockade of a
single cytokine could be effective in therapy of colitis [18].
In patients with IBD, increased serum levels of IL-1 are sel-
dom detected. However, in intestinal lesions in patients with
both CD and UC, IL-1 levels are elevated [19]. IL-1Ra is a
possible intestinal mechanism for downregulation of the
immune response and is elevated in the serum of patients
with CD. IL-1Ra determines the biological effects of IL-1,
as increased concentrations of this mediator will decrease
IL-1 activity. In the inflammatory lesions of IBD patients,
levels of this mediator are increased, although not as much as
IL-1, leading to a disproportionate increase in IL-1 activity
[20] overcoming competitive inhibition.

IL1-or and -f are essentially biologically equivalent pleio-
tropic factors that act locally and systemically. IL-1 has a
multitude of effector functions, some of which are mediated
indirectly by the induction of the synthesis of other media-
tors including ACTH, PGE,, IL-6, and IL-8 (a chemotactic
cytokine in the chemokine family). The main biological
activity of IL-1 is the stimulation of T-helper cells, which are
induced to secrete IL-2 and to express IL-2 receptors. IL-1
can also act on B-cells, promoting their proliferation and the
synthesis of immunoglobulins. IL-1 stimulates the prolifera-
tion and activation of other immune cells such as NK-cells
and fibroblasts, thymocytes. The IL-1-mediated proliferative
effects can be inhibited by the suppressive cytokine, TGF-f.

The synthesis of IL-1 can be induced by other cytokines
including TNF-a IFN-a, 3 or v, and also by bacterial endo-
toxins and viruses. Furthermore, IL-1 activity is not only
limited to stimulation of T-cells but it also promotes the

adhesion of neutrophils, monocytes, T-cells, and B-cells by
enhancing the expression of adhesion molecules such as
ICAM-1 (intercellular adhesion molecule) and ELAM
(endothelial leukocyte adhesion). All of which can contrib-
ute to the pathogenesis of CD. IL-1 is also a strong chemoat-
tractant for leukocytes, as demonstrated by the local
accumulation of neutrophils at the site of injection of tissue
with IL-1. Beyond activation of other inflammatory factors,
IL-1p can have direct inflammatory effects. It can be secreted
in response to select microbial components (i.e., LPS or ATP
derived from bacterial breakdown) via stimulation and acti-
vation of the NLR inflammasomes [21]. The importance of
the inflammasome pathway previously has been overlooked
as prototypic Crohn disease patients have not responded to
blockade with anti-IL-1f therapy. In examination of IL-1f
role in intestinal inflammation, murine models of colitis have
demonstrated that inhibition of inflammasome function
through use of knockout animals carrying deletions of
NLRP3 has had mixed effects on colitis with both ameliora-
tion and increased colitis reported. However, overactivation
of the NLRP3 inflammasome function has led to enhanced
colitis induction [22]. Finally, several monogenic mutations
leading to increased NLRP3 inflammasome activation are
accompanied by severe Crohn disease that appears amenable
to treatment with IL-1f inhibition therapy [23]. Therefore,
IL-1p may play a central role in a subset of Crohn disease
patients if the predominate dysregulated cytokine, the latter
due to genetic influence of inflammasome activation.

Interleukin-2

IL-2 is a major T-cell growth factor, secreted by activated
T-cells and acts via the high-affinity IL-2 receptor (CD25) on
T-cells. This binding to CD25 promotes cell proliferation.
Under physiological conditions, IL-2 is produced mainly by
CD4+ T-lymphocytes following cell activation. Resting cells
do not produce IL-2. In T-helper cells, IL-2 induces the syn-
thesis of IFN-y and other cytokines. IFN-y acts synergisti-
cally with IL-1 and IL-2 and appears to be required for the
expression of IL-2 receptors on the cell surface of
T-lymphocytes. Blocking of the IL-2 receptor by specific
antibodies also inhibits the synthesis of IFN-y. IFN-y in
return is a modulator of T-cell growth and functional differ-
entiation. It is a growth-promoting factor for T-lymphocytes
and potentiates the response of these cells to growth factors.

IL-2 is a growth factor for all subpopulations of
T-lymphocytes including importantly suppressive T regula-
tory cells. It is an antigen-unspecific proliferation factor for
T-cells that induces cell cycle progression in resting cells and
thus allows clonal expansion of activated T-lymphocytes.

In patients with CD, it has been demonstrated in many
studies that IL-2 secretion from lamina propria cells is
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decreased as compared to normal patient samples.
Daclizumab, a humanized monoclonal antibody to CD25,
produced in an effort to block the binding of IL-2 to the
IL-2R was tested in patients with UC and initially appeared
promising in a small open label study [24] but upon testing
in a placebo controlled study the therapy did not show effi-
cacy [25]. This effect could be related to the fact that IL-2R
(CD25) is also present on T regulatory cells. The inhibition
of binding of IL-2 to its receptor present on Treg cells thereby
inhibits the proliferation of these cells, which are important
in down regulation of the immune response. This highlights
a common problem in the targeting of the cytokine pathway
for treatment of inflammatory diseases, in that, cytokines fre-
quently have multiple effects and can function in both a pro-
inflammatory as well as an anti-inflammatory capacity.

Interleukin-6

IL-6 is a pleiotropic cytokine considered to be a major player
in inflammation, regulation of T-cell responses and apopto-
sis. Many different cell types produce IL-6. The main sources
in vivo are stimulated monocytes, fibroblasts, endothelial
cells, macrophages, T-cells, and B-lymphocytes. IL-6 is a
B-cell differentiation factor in vivo and in vitro and an acti-
vation factor for T-cells. In the presence of IL-2, IL-6 induces
the differentiation of mature and immature T-cells into cyto-
toxic T-cells. IL-6 also induces the proliferation of thymo-
cytes and likely plays a role in the development of thymic
T-cells. Most significantly, IL-6 and TGF-p together can
induce the development of the inflammatory Th17 cell lin-
eage. Finally, in opposition, if IL-6 is present, there is
decreased propensity to development of FOXP3-positive
Treg cells.

IL-6 activity as a pro-inflammatory cytokine lies in its
ability to affect NF-xB signaling [26]. Furthermore, IL-6 can
signal via its receptor directly or by binding to soluble IL-6R
to form a IL-6/sIL-6R complex that binds membrane-bound
signal transducer (gpl130), by-passing membrane-bound
receptor (trans-signaling). IL-6 trans-signaling of hemato-
poietic cells is the predominate manner IL-6 relates its pro-
inflammatory effects [27].

Interestingly, IL-6 levels are increased in the serum of
patients with active CD and UC compared to normal con-
trols. A study looking at a known functional polymorphism
of the IL-6 gene and the site of disease in CD patients did not
demonstrate an association of IL-6 functional polymor-
phisms with CD or protection from CD. It did demonstrate
that patients with the high producer genotype were more
likely to have ileocolonic disease, while those with the low
producer genotype had primarily colonic type disease,
whereas those with intermediate producer genotype were
more likely to have isolated ileal disease. These studies indi-

cated an association of IL-6 production and site of disease
[28]. The activity of IL-6 has made it an obvious target for
clinical trials not only due to its pro-inflammatory effects but
also due to its involvement in T-cell apoptosis [29]. A pilot
study was performed [30] to investigate safety and efficacy
of a humanized anti-IL-6R monoclonal antibody in patients
with CD. This target appeared to be promising in these stud-
ies with 80% of the patients treated for 12 weeks demonstrat-
ing clinical improvement as compared to 31% treated with
placebo.

Interleukin-12

IL-12 is a heterodimeric molecule composed of 1L-12 p40
and IL-12 p35 subunits. IL-12 is secreted by antigen-
presenting cells such as monocytes, macrophages, and den-
dritic cells, and to a lesser extent by NK cells. The most
powerful inducers of IL-12 are bacteria, bacterial products,
and parasites.

IL-12 is a pro-inflammatory cytokine that is important in
the differentiation of naive T-cells into IFN-y producing
pathogenic CD4* Thl cells [15, 31]. In peripheral lympho-
cytes of the Th1 T-helper cell type, IL-12 induces the synthe-
sis of IFN-y, IL-2, and TNF-a. TNF-a also appears to be
involved in mediating the effects of IL-12 on natural killer
cells since an antibody directed against TNF-a inhibits the
effects of IL-12. IL-12 and TNF-a are co-stimulators for
IFN-y production with IL-12 maximizing the IFN-y response;
the production of IL-12, TNF-a, and IFN-y is inhibited by
IL-10. In Th2 T-helper cells IL-12 reduces the synthesis of
IL-4, IL-5, and IL-10.

This cytokine is considered a driving force behind chronic
intestinal inflammation. Evidence for this comes forth from
murine models of colitis by demonstrating that disease
development could be inhibited by treatment with anti-IL-
12p40 monoclonal antibodies [31]. In human studies, this
master T-cell differentiating cytokine has been shown to be
produced in large amounts in the intestines of patients with
CD [32]. In addition, this cytokine has been targeted in
human CD using various anti-IL-12p40 monoclonal antibod-
ies and found to be effective in Phase 2 and Phase 3 multi-
center trials [33, 34]. In the latter, significant clinical response
and remission could be achieved in patients with moderate-
to-severe active Crohn disease. Furthermore, the phase III
UNITT trial also included a cohort of patients which failed
TNF-a mAb, with significant response and remission rates
demonstrated in this patient population. The long-lasting
clinical effect observed may be due in part to the induction of
apoptosis of the inflammatory effector cells. These studies
suggest that in addition to IL-2, IL-12 is a necessary growth
and survival factor for T-cells [35]. It also brings forth the
point that the mechanism of action of the various anti-
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biologic therapies lies not only in their capability to neutral-
ize their respective cytokines but due to their ability to induce
cell death of the inciting inflammatory effector cells.
Interestingly, the p40 subunit is also found to be a portion of
another significant pro-inflammatory master cytokine, IL-23.
The positive effects observed in the anti-IL-12 p40 antibody
may indeed be due to both the effects on IL-12 and IL-23
[32]. Further studies in models of colitis indicate that 1L-23
is important in the inflammatory response in IBD in that it
plays a significant role in the maintenance of Th-17 effective
inflammatory cells [36].

Interleukin-17

The discovery of the Th17 cell lineage revolutionized our
understanding of IBD pathogenesis. The Th17 type secretes
IL-17 and IL-22. IL-17 has been associated with multiple
immune regulatory functions. Most notably, IL-17 is
involved in inducing and mediating pro-inflammatory
responses. IL-17 induces the production of many other cyto-
kines, such as IL-6, G-CSF, GM-CSF, IL-1f, TGF-p, TNF-a,
chemokines including IL-8, GRO-a and MCP-1 and prosta-
glandins (e.g., PGE,) from many cell types (fibroblasts,
endothelial cells, epithelial cells, and macrophages). IL-17
expression is stimulated and/or maintained by IL-23 expres-
sion. These IL-17 expressing cells appear to be derived by a
subset of CD4+ T-cells called T-helper-17 (Th17) cells,
which are distinct from Th1 and Th2 cell lineage and need to
be derived in the presence of 1L.-23; in addition, IL-17 may
be derived to a lesser degree from monocytes and neutrophils
[37]. Increased expression of IL-17 has been reported in the
intestinal mucosa of IBD patients [38]. Some reports suggest
that IL-17 alone is capable of inducing autoimmune tissue
reactivity, whereas other groups suggest that IL-17 and
IFN-y synergize to stimulate this autoimmune reactivity [39,
40]. In these studies, it was indicated that T-cells and mono-
cytes in the intestinal mucosa produce IL-17. IL-17 binds to
the IL-17 receptor on endothelial cells and epithelial cells to
promote secretion of pro-inflammatory substances that
recruit inflammatory cells to the site [41]. In studies where
the genes for either IL-17A or IL-17F were deleted, mice
continued to develop severe colitis but when RORyt (the
transcription factor important for expression of all 1L-17)
genes was deleted minimal inflammation occurred in colitis
models which suggests that the different forms of IL-17 are
redundant but IL-17 together are important for the develop-
ment of colitis. In addition, if both IL-17A and IL-17F were
deleted, the colitis was ameliorated. Interestingly, as noted
with other cytokines, it appears that IL-17 is not just simply
an inflammatory cytokine. Recent murine studies in both
chemically induced colitis as well as adoptive transfer colitis
indicate that IL-17 plays a complex role in the inflammatory

response. These studies showed that transfer of IL-17 defi-
cient T-cells into an immunodeficient mouse led to more
rapid onset of colitis that transfer of cells from WT mice.
One explanation of this could be that Thl cells bear IL-17
receptors and signaling through these receptors inhibits Th1
differentiation by suppressing the transcription factor T-bet.
Thus, IL-17 may have pro- and anti-inflammatory properties.
As aresult of these roles, the IL-17 family has been linked to
many immune/autoimmune-related diseases including rheu-
matoid arthritis, asthma, and lupus. IL-17 expression is
increased in patients with a variety of allergic and autoim-
mune diseases, such as RA, MS, inflammatory bowel disease
(IBD), and asthma, suggesting the contribution of IL-17 to
the induction and/or development of such diseases. It must
be stated that IL-17 may not appear to be the main cytokine
important for inflammation in IBD, in those studies evaluat-
ing the effect of anti-IL-17A antibody, secukinumab for the
treatment of Crohn disease have been disappointing and do
not appear to have a therapeutic effect and may have wors-
ened outcomes in CD, similarly in the use of the IL-17 recep-
tor inhibitor, brodalumab, worsening of CD was noted
compared to placebo. In a realm that is of interest in the
development and progression of IBD, IL-17 has been identi-
fied as a key mediator of fibrosis in multiple organs including
the intestine. As fibrosis is an important issue in IBD this
makes understanding of IL-17 even more critical. Recently,
Biancheri et al. demonstrated that IL.-17 is upregulated in
strictured tissue and that myofibroblasts express receptors
for IL-17A [42]. An understudied area is the role of another
IL-17 family member, IL-17C, which unlike its more studied
relative IL-17A and F, does not appear to be produced by
leukocytes but by epithelial cells. This cytokine shows
increased concentrations in the tissues and serum of patients
with UC and CD [43] and appears to activate the expression
of multiple antimicrobial peptides [44]. While not a potent
activator of the expression of pro-inflammatory cytokines, it
has been shown to induce expression of IL-1p, TNFa, and
IL-6 and likely enhance inflammation. It remains the current
hypothesis that while IL-17 plays a role in inflammation in
Crohn disease, the role is complex, and it appears that Thl
cytokines such as IFNy may play a greater role.

Interleukin-23

IL-23 and IL-17 changed our view of the cytokines impor-
tant in the development of IBD. Multiple murine colitis stud-
ies demonstrated that development of colitis appeared to be
more dependent on IL-23 than on IL-12. IL-23 is a pro-
inflammatory cytokine secreted by activated dendritic cells
and macrophages that share structural homology with IL-12;
specifically, it is composed of the p40 subunit and a unique
p19 chain. Initial studies indicating an ameliorating effect of
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an anti-p40 antibody in murine models of inflammation was
felt to be due to its effect on IL-12. However, this effect was
reevaluated and studies suggest that this ameliorating effect
may be due to a decrease in IL-23 mediating effect. In these
studies, mice deficient in the p19 subunit of IL-23 displayed
attenuated inflammation in colitis models, whereas mice
deficient in the p35 chain of IL-12 (therefore deficient in
IL-12 but not IL-23) had no effect on colitis. These studies
together suggest that the initial effects observed with anti-
p40 in a variety of animal models may have been due to a
decrease in IL-23. IL-23 promotes and stabilizes a novel sub-
set of CD4* T-cells (TH17 cells) that is characterized by the
production of IL-17, IL-6, and TNF-a and has been associated
with autoimmune tissue inflammation [39]. Without IL-23, it
has been noted that Th17 cells produce the cytokine IL-10.
The exact mechanism by which IL-23 promotes The TH17
response has not been defined but it appears that TGF-f and
IL-6 are important for the commitment into a TH17 cell and
IL-23 is important for the proliferation of this cell type [45,
46]. Furthermore, recent studies may indicate a separate role
for IL-23 in the occurrence of IL-17 expressing cells [47]
whereby IL-23 may have a direct effect on regulatory T-cell
development. Thus, in these animal studies mice that lack
IL-23 fail to develop colitis, however this may not be second-
ary to the inability to produce IL-17 but rather because of the
development of a dominant regulatory T-cell response.
Moreover, Sunjino et al. demonstrated a dominant role for T
regulatory cells in the suppression of colitis by blocking dif-
ferentiation of TH17 into alternative TH1 type cells, there-
fore, establishing a significant role for this suppressive
pathway [48].

IL-23 effect is not limited to TH17 cells but appears to
have an effect of the innate immune system inducing mono-
cytes and macrophages to produce pro-inflammatory cyto-
kines such as IL-1, IL-6, and TNF-a as well. In murine colitis
studies where either IL-23 or the IL-23 receptor were deleted,
it was shown that IL-23 plays a major role in the develop-
ment of colitis. These studies also have shown an increase in
the number of anti-inflammatory Treg cells suggesting that
IL-23 may play a role in suppressing this cell type.

In addition, in a genome-wide association study in adults
[49] as well as in a pediatric population [50], the IL-23
receptor (IL-23R) gene on Chromosome 1p31 has been
shown to have a highly significant association with CD, spe-
cifically, an uncommon coding variant of the IL-23R gene
was shown to confer protection. These data indicate that the
IL-23 pathway may have a causal link to CD.

Interleukin-18

This cytokine initially identified as Interferon-gamma-
inducing factor (IGIF), is like the IL-1 family in structure,

processing, receptor and pro-inflammatory properties. It is
produced by intestinal epithelial cells and induces other pro-
inflammatory cytokines and Thl polarization. IL-12 and
IL-18 have a synergistic relationship. Their production by
activated macrophages appears to drive the development of
Thl CD4+ T-cell predominance in the intestinal mucosa.
Recombinant IL-18 alone is able to induce a proliferative
response in vitro in freshly isolated mucosal lymphocytes
from patients with CD. The synergistic effect is likely due to
the up regulation of the IL-18 receptor by IL-12.

Intestinal mucosa from patients with CD have been evalu-
ated and found to have increased expression of IL-18 [51]
and this was also noted in experimental murine colitis [52].
Tissues from CD patients have been shown in vitro to
decrease suppressive cytokine IL-10 expression after treat-
ment with IL-18 indicating one possible effector mechanism.
IL-12 and IL-18 together appear to synergize to drive the
lamina propria lymphocytes into a Thl type response. IL-12
appears to induce increased IL-18 expression thus the syner-
gistic effect [53, 54]. Using models of colitis multiple labo-
ratories have tried to block IL-18 and the results indicate that
IL-18 may have a role in the initiation of intestinal inflamma-
tion, while others have shown that IL-18 acts to reduce
inflammation.

An additional source for IL-18 production is the inflam-
masome pathway. The role, however, of the inflammasome
to induce secretion of cytokines such as IL-1p and IL-18 is
complex. While IL-1f appears to function as a pro-
inflammatory cytokine in murine models of colitis [55-58],
the function of IL-18 remains a duality. Thus, whereas stud-
ies have demonstrated that IL-18 is necessary for the induc-
tion of DSS colitis [55, 59, 60], further studies have shown
that a deficiency in IL-18 secretion affords mice more sus-
ceptibility rather than more resistance to DSS colitis [61—
63]. This correlated to studies which show that a deficiency
in NLRP3 inflammasome pathway leads to increased sus-
ceptibility to DSS colitis, which appears to be secondary to
decreased IL-18 expression [61, 62]. Alternatively, the
NLRC4 inflammasome assembles in response to detection of
bacterial invasion, and NLRC4 activation leads to the pro-
duction of IL-18 and IL-1p which have been implicated in
inflammation [64]. In fact, hyper inflammation found in
patients with NLRC4 mutations can be treated with inhibi-
tion of IL-18 [65, 66], suggesting a pro-inflammatory func-
tion of IL-18. identifying a dichotomous effect of IL-18
including pro-inflammatory properties as well as an impor-
tant role in epithelial cell restitution and repair after injury
[63, 67].

In a separate but similar role IL-6, a cytokine that can also
affect epithelial cells acts as a tumor promoter by affecting
the carcinogenicity of these intestinal epithelial cells [68].
IL-18 can have effects on these cell types since IL18~~ and
I118r1~~ mice display increased susceptibility to DSS colitis-



3 Cytokines and Inflammatory Bowel Disease

39

associated cancer [63]. This effect of IL-18 may be through
the cytokine IL-22 and its IL-binding-protein (22 bp), the lat-
ter a decoy protein that neutralizes IL-22. The interplay
between these various cytokine pathways is shown by the
fact that IL-22 and IL-22 bp can regulate epithelial cell
growth/repair and control tumorigenesis while these afore-
mentioned factors can be regulated by IL-18 and the NLRP3,
NLRC4 or NLRP6 inflammasomes [67].

Interleukin-13

IL-13 can have a dual functional role in that it can down-
modulate macrophage activity, reducing the production of
pro-inflammatory cytokines (IL-1, IL-6, IL-8, IL-10, IL-12)
and chemokines (MIP-1, MCP) in response to IFN-y or bac-
terial lipopolysaccharides. IL-13 can also enhance the pro-
duction of the IL-1 receptor antagonist and decrease the
production of nitric oxide by activated macrophages, leading
to a decrease in parasiticidal activity. Yet, it appears that
IL-13 is important in the development of Th2 type colitis
such as the murine model of colitis oxazolone and its human
component, UC [69]. In these studies, it was found that IL-13
produced by Natural Killer (NK) T-cells, when neutralized,
led to decreased inflammation in the oxazolone model of
colitis. Furthermore and most importantly, in human studies,
these IL-13 secreting type II NK T-cells, (NK T-cells with
non-invariant TCRs) recognize lyso-sulfatide glycolipid
antigen; these cells bore IL-13Ra2 receptors and exhibited
an increased cytolytic function against epithelial cell lines.
Moreover, IL-13 itself has been shown to be directly toxic to
epithelial cells as well as to cause increased permeability
barrier functional defects [70]. Most recently, a correlative
study of UC patients demonstrated that there were two diver-
gent groups: a predominate group with high tissue IL-13
mRNA levels and a smaller group containing normal tissue
IL-13 mRNA levels [71]. Of significance, the cohort group
with high IL-13 expression exhibited more severe intestinal
inflammation and extension of disease than their lower IL-13
counterparts.

Thus, in the oxazolone model of colitis and its human
counterpart ulcerative colitis, it is believed that IL-13
secreting NK T cells play a role in the etiology of this dis-
ease entity. This is in contrast to the Th1/Th17 disease pro-
cess discussed in the pathogenesis of CD. Although IL-13
can function as a pro-inflammatory molecule in UC it may
also play a role in innate tumor surveillance pathways. In
studies by Schiechl et al., tumor formation was accompa-
nied by the co-appearance of F4/80 + CD11bhigh Grllow
macrophages, cells that undergo differentiation and activa-
tion by IL-13 and subsequently produce a source of tumor-
promoting factor such as IL-6 after such activation [72]. In
a similar vein, F4/80 + CD11bhigh Grlintermediate macro-

phages after activation through IL-13 produced increased
amounts of TGF-beta, a cytokine that inhibits tumor
immunosurveillance.

Finally, clinical trials aimed at the IL-13 pathway have
been performed. Although these trials did not meet their
primary endpoints, they did reveal interesting findings
concerning the IL-13 signaling pathway. In an initial
trial, Anrukinzumab, an agent that binds to the IL-4/
IL-13Ral complex and blocks signaling of IL-13 via the
IL-13Ral pathway, was utilized [73]. As noted by the
authors, these complexes consist of study drug and IL-13,
which may be subsequently cleared through another
IL-13 receptor pathway, IL-13Ra2. More recent findings
demonstrate that the latter IL-13 receptor pathway,
IL-13Ra2 and not the IL-13Ral pathway appear to be
involved in the activation and secretion of IL.-13 in ulcer-
ative colitis [74]. Thus, the decreased efficacy of this trap
molecule antibody directed against the IL-13Ral path-
way may be expected based upon the former findings.
The dose-response curves demonstrate some efficacy at
low doses but not at higher levels. This might be explained
by clearance of IL-13 initially but subsequently binding
and activation of the aforementioned IL-13Ra2 pathway
leading to decreased responses at higher doses. Finally,
another monoclonal antibody, Tralokinumab directed at
IL-13 itself had a significant remission rate as compared
to placebo but did not achieve significance for response
rate [75]. These results may demonstrate that a subgroup
of patients may achieve a remission response; however,
additional screening markers are necessary to evaluate
these responder patients.

Interleukin-33

IL-33 is part of the IL-1 family and is expressed in various
non-hematopoietic cells as well as in inflammatory cells
(e.g., macrophages and dendritic cells) [76]. Similar to other
IL-1 family members such as IL-1 and IL-18, IL-33 was
originally thought to be synthesized as a 30-kDa-precursor
molecule and then subsequently cleaved by caspase-1 upon
inflammasome activation to its mature/bioactive 18-kDa
form [77]. However, more recent studies have suggested that
the full-length 30 kDa IL-33 (f-IL-33) is the bioactive form
with decreased active forms (20-22 kDa) resulting from cas-
pase cleavage [78, 79]. In addition, further reports indicate
that the bioactive form may not depend upon any caspase
cleavage [80]. Thus, IL-33 bioactive form can be regulated
by cleavage through proteases, in particular, neutrophil ser-
ine proteases cathepsin G or elastase C, both released from
neutrophils. Therefore, the inflammatory milieu may play a
role in the generation of highly active mature forms of IL-33.
This cytokine has both intracellular effects, as a transcrip-
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tional repressor [81], and more classical cytokine-like extra-
cellular effects.

The IL-1 receptor-related protein, ST2, is the IL-33 recep-
tor and exists in two different splice variants. ST2L is a trans-
membrane receptor that confers IL-33’s biologic effects, and
sST2 is a soluble molecule that serves as a decoy receptor
[77]. Signaling through ST?2 receptor can drive cytokine pro-
duction in a host of cell populations, which include type 2
innate lymphoid cells (ILCs) (natural helper cells, nuocytes),
T-helper lymphocytes, mast cells, basophils, eosinophils,
natural killer (NK), and invariant natural killer T (iNK T)
cells [82, 83]. Thus, the IL-33/ST2 axis appears to play an
important role in several chronic inflammatory disorders
through the regulation of Th2 and/or Thl7 cytokines
responses such as IL-5, IL-9, IL-13, and IL-17 [76, 77, 84,
85]. Interestingly, studies on the effects of IL-33 have identi-
fied a regulatory effect on NFxB-induced pro-inflammatory
signals, identifying an anti-inflammatory effect of overex-
pression of IL-33. Yet even more recent studies have demon-
strated that IL-33 from intestinal epithelial cells in the setting
of inflammation plays an active role in downregulating the
Th17 cells and their secretion of IL-17 [86] and upregulation
of Tregs and expression of IL-10 [87, 88].

Increased IL-33 production has been noted in murine
models of colitis (i.e., oxazolone colitis, SAMP1-yit) as well
as in ulcerative colitis [89, 90] when compared to healthy
controls. Further studies of active UC patients reveal I1L-33
production was localized to intestinal epithelial cells (IEC)
and cells in colonic inflammatory infiltrates [84, 85, 89, 90].
This increase appears to be regulated in part by TNF-« as the
latter can upregulate both IL-33 and sST2 and treatment of
patients with anti-TNF-a monoclonal antibody decreases
circulating levels of these molecules [84]. Of note, when
assessing severity of ulcerative colitis, it has been shown that
there is decreased expression of IL-33 noted in more severe
ulcerative colitis [91] compared to less effected individuals
suggesting an anti-inflammatory effect in UC. Further under-
standing of the dichotomous effects of IL-33 is critical to our
understanding of how to target this cytokine in therapeutic
studies.

Interleukin-37

IL-37 is an IL-1 family-related cytokine; however, in con-
trast to IL-1 related pro-inflammatory action of this gene
family, it is anti-inflammatory in function. IL-37 is predomi-
nantly expressed by antigen-presenting cells such as macro-
phages or dendritic cells and can suppress a variety of
inflammatory cytokine pathway signaling; IL-1p, IL-18,
TNF, and IL-6 [92]. The IL-37 is a heterodimeric receptor
which consists of the IL-1R8 (SIGIRR) and IL-18R1, both
highly expressed within the gastrointestinal tract [93]. In

prior studies, it has been demonstrated that although mice do
not normally express IL-37, mice which carry a transgene to
overexpress human IL-37 are protected from experimental
dextran sodium sulfate (DSS) intestinal colitis [92, 94].
Furthermore, knockout mice that carry mutations in the
IL-1R and IL-18R1/IL-18BP are more susceptible to the
development of increased intestinal inflammation [95].

In related studies, silencing interleukin-37 (IL-37) in
human CD4*CD25" Tregs reduced the suppressive function
of CD4*CD25" Tregs. In addition, supplementation of rhIL-
37 enhanced the suppressive function of CD4*CD25* Tregs
in naive mice T-cells. Treatment with rhIL-37 was associated
with increased expression of cytotoxic T-lymphocyte-
associated antigen (CTLA)-4 and forkhead winged helix
transcription factor p3 (FOXP3) on CD4*CD25* Tregs.
Finally, rhIL-37 increased the secretion of transforming
growth factor-f1 (TGF-PB1) but no other suppressive cyto-
kines such as IL-10 in the CD4*CD25" Tregs [96].

In human-related studies, patients with heterozygous
IL-37 variants may have increased joint inflammation [97].
In addition, expression levels of IL-37 may be associated
with a more modified IBD disease course [98]. In a more
recent report, an initial case of a homozygous loss of func-
tion human IL-37 mutation was observed in a two-year-old
child from a consanguineous family [99]. He presented at
four-month old with recurrent bloody diarrhea with mucous
eight to nine times per day and significant cachexia. As an
infant, he was maintained on a hypoallergenic diet but con-
tinued to demonstrate inflammatory changes which encom-
passed on colonoscopy findings of diffuse ulcers with
wide-based crater formation throughout the colon and rec-
tum, but a normal appearance to the ileum, supported a diag-
nosis of infantile onset inflammatory bowel disease. In
addition, significant lymphocytic infiltration with cryptitis
and apoptotic crypt abscesses were also observed throughout
the colon and rectum.

No abnormalities were found on immunophenotyping
profile studies. Given the familial consanguinity and infan-
tile onset IBD findings, a whole-exome sequencing analysis
was performed which a /L37 chr2: g.113676259 T > C
(p.Ile177Thr) missense variant, thought to be pathogenic by
Combined Annotation Dependent Depletion (CADD) scor-
ing. This mutation destabilizes the protein structure to pro-
mote accessibility of the mutated amino acid change. 1L-37
protein expression and stability studies demonstrated higher
levels of IL-37 protein within cells albeit less stable in struc-
ture and therefore targeted for degradation. In functional
analysis studies, as mutant IL-37 cannot be stably expressed,
it was found that it did not properly inhibit pro-inflammatory
cytokines generation.

These studies gives additional insight into monogenic
VEO-IBD and in the long-term further studies may shed
light on the significance of IL-37 effects on T regulatory sup-
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pressive function and role of the IL-1, IL-18 and IL-37 axis
in colonic homeostasis.

Interleukin-9

IL-9 is another Th2-related cytokine that appears to be
involved in IBD pathogenesis. Production of IL-9, by Th9
cells, is induced in naive T-cells by TGF-f and IL-4 in con-
cert with additional cytokines (i.e., IL-1p and IL-25). This
cytokine was initially identified as a Th2-type cytokine by its
ability to induce Th2 inflammation in disease states such as
parasitic infection, allergy, or autoimmune states [100-102].
Recent studies have elucidated the role of IL-9 in IBD, which
demonstrated increased levels of this cytokine in UC and in
CD [103, 104] both in the serum of affected patients as well
as in intestinal biopsies. Studies of the murine colitis model,
oxazolone colitis, revealed that mice lacking IL-9 develop no
or reduced disease. However, mice deficient in IL-9 also
manifest amelioration of several Th1/Thl7murine colitis
models, including cell-transfer colitis; thus, IL-9 contributes
to inflammation in a variety of Th1/Th2/Thl7 intestinal
inflammatory conditions [105]. The mechanism by which
IL-9 may have broad effects on intestinal inflammation is the
ability to alter epithelial barrier function via effects on tight
junction proteins. The junction complex protein Claudin 8
(CLDNS) was identified as a critical downstream component
of the IL-9 inflammatory cascade [104].

Tumor Necrosis Factor-Like Ligand (Tl1a)

TLI1A is a cytokine that appears to contribute to intestinal
inflammation; however, it does not appear to be uniquely
associated with TH1/TH2 or TH17 cells and appears to be
within the category of cytokines that can bridge the T-cell
spectrum. This cytokine is secreted by T-cells, antigen-
presenting cells, and endothelial cells [106]. Studies involved
in elucidating the exact function of TL1A indicate that TL1A
enhances baseline T- and B-cell activation by T-cell receptor
activation.

The significance of TL1A to intestinal inflammation is
demonstrated in the studies where exogenous administration
of TL1A to mice with Dextran sodium sulfate (DSS)-colitis
increased both TH1 and TH17 responses. Furthermore, the
administration of antibodies to TL1A led to the amelioration
of colitis in the DSS and TNBS model of intestinal inflam-
mation [107, 108]. While effects on TH1 and TH17 produc-
tion have been associated with TL1A, in recent studies of
mice carrying a transgene for TL1A, intestinal inflammation
of the small intestine was developed, which appeared depen-
dent on IL-13 [108]. In separate studies, TL1A was found to
inhibit the induction of new FOXP3* regulatory cells and or

the expansion of existing subsets [109]. Thus, these studies
suggest that TL1A is a cytokine that optimizes both TH1/
TH2 and TH17 responses either through direct effects on
these cell lineages or through effects on suppressor T regula-
tory cell pathway.

The costimulatory activities of TL1A induces cytokines
associated with inflammation, such as IL-2, IFNy, IL-13, and
IL-5 from T-cells, while the latter (IL-5/IL-13) can also be
generated from innate lymphoid cells (ILC type 2) [110-
114]. TL1A can also costimulate additional intestinal innate
lymphoid cell groups (ILC3), with divergent effects. In com-
bination with the ILC stimulatory cytokine IL-23, TL1A can
enhance the secretion of the regulatory cytokine IL-22 [114,
115]. IL-22, as noted above, can induce antimicrobial pep-
tides, which can affect intestinal barrier homeostasis [113—
115]. Therefore, TLIA can play a role in both
pro-inflammatory and regulatory function through costimu-
lation of ILC populations.

Turning to human studies, elevated TL1A has been noted
in both CD and UC indicating again that TL1A is not associ-
ated with a unique T-cell differentiation cell lineage [106].
Furthermore, lamina propria CD14+ macrophages in CD
patients produced increased amounts of TL1A and the latter
increased T-cell production of IFN-gamma and IL-17 from
allo-antigen-stimulated T-cells (but had no significant effect
as a lone stimulus reiterating the mouse model data demon-
strating a co-stimulatory effect of TL1A) [116]. Finally,
polymorphisms in the TL1A gene have been observed in CD
patients indicating a possible significant clinical function to
this cytokine [117].

Anti-Inflammatory Cytokines

As the host requires a pro-inflammatory response in the pres-
ence of a stimulating antigen, so too, the host requires a bal-
ancing anti-inflammatory response once the antigen has been
dealt with or the offending infection has been cleared.
Without the ability to turn off or downregulate the immune
response the inflammation becomes overwhelming and can
be detrimental to the host. This issue is exemplified in
patients with the disease known as IPEX (immune dysregu-
lation, polyendocrinopathy, and enteropathy, X-linked). This
syndrome is characterized by the development of over-
whelming systemic autoimmunity in the first year of life. It
is associated with mutations identified in the FOXP3 gene.
FOXP3 is a member of the forkhead/winged-helix family of
transcriptional regulators known to be specific to regulatory
T-cells and important for their function. Without functional
Treg cells, the activated immune system has little or no halt
to the inflammatory process. Tolerance, in normal hosts, is
mediated by these regulatory T-cells, as well as B lympho-
cytes, natural killer T-cells and dendritic cells that secrete



42

E.F.de Zoeten and I. J. Fuss

transforming growth factor (TGF-f), interleukin (IL)-10,
interferon (IFN)-a/p, and prostaglandin J2. Another mecha-
nism for regulation is the secretion of anti-inflammatory
cytokines. As these cytokines are defined, they are being
evaluated for methods to increase their secretion or for sys-
temic therapy with the cytokine itself to treat IBD.

Transforming Growth Factor-Beta

TGF-p belongs to a family of multifunctional polypeptides
produced by a wide variety of lymphoid and non-lymphoid
cells. They exist in five different isoforms, three of which are
expressed in mammals and designated as TGF-B1, TGF-p2,
and TGF-B3 [1].

TGF-f can act in both autocrine and paracrine modes to
control the differentiation, proliferation, and state of activa-
tion of immune cells. TGF-p can inhibit the production of
and response to cytokines associated with CD4+ Th1 T-cells
and CD4+ Th2 T-cells [118]. TGF-f inhibits the prolifera-
tion of T-lymphocytes by downregulating predominantly
IL-2 mediated proliferative signals. It also inhibits the growth
of natural killer cells in vivo and deactivates macrophages.
Of significance, TGF-p has been shown to be important in
stimulating the development of FOXP3* T regulatory cells
from naive CD4+ T-cells.

These activities have been verified by animal models of
IBD [119]. These studies indicate that TGF-f production is
relevant in the pathogenesis of experimental colitis. In two
different models of Th1-mediated murine experimental coli-
tis, it has been shown that protection from colitis develop-
ment is strictly associated with the presence of increased
numbers and/or upregulation of TGF-f1-producing cells. In
these studies, T-regulatory cells were first characterized by
the surface marker CD25 and that transfer of CD4* T-cells
depleted of CD4*CD25* cells into recipient mice recovered
their ability to induce intestinal inflammation in a murine
cell transfer colitis model [120]. Recently, further studies
revealed that these CD25+ T-cells are indeed the same T
regulatory cells which bear the more familiar marker FOXP3.
In addition, it has also been shown that TGF-f can be
expressed on the surface of CD4*CD25* T regulatory cells in
association with latency-associated peptide (LAP), and it is
LAP molecule, which mediates CD4*CD25* T cell suppres-
sion in in vitro suppression assays, and furthermore, that
CD4*LAP*, but not CD4*LAP-, T-cells can convey protec-
tion against the development of colitis in murine intestinal
inflammatory models [121]. Recently, a novel therapy target-
ing TGFp expressing cells has been evaluated [122]. The tar-
get of this therapy is the expression of Smad7; Smad7 has
been shown to inhibit the signaling of TGFp in the setting of
inflammation [123, 124]. The pharmaceutical Mongersen

(GEDO0301) has been developed as an anti-sense RNA to
inhibit the expression of Smad7. By inhibiting the expres-
sion of Smad7, there is an increase in TGFf expression and
concurrent decrease in inflammation. Unfortunately, treat-
ment with Mongersen did not meet the Phase III study
endpoints.

The Th17 T-cell pathway or specifically a major compo-
nent of this pathway, IL-23, has been demonstrated to nega-
tively influence regulatory T-cell development and/or
responses. It has been demonstrated that IL-23p19-deficient
mice exhibit an increased number of T regulatory cells in the
colon [125]. Furthermore, the numbers of FOXP3* T regula-
tory cells in the colon of Rag~~-recipient mice (mice lacking
T- and B-cells) reconstituted with IL-23 receptor-deficient
T-cells are increased [47]. Thus, these findings show that
IL-23 skews the development of inflammation by mediating
Th17 effector cell responses and by inhibiting FOXP3* regu-
latory T cell differentiation. Recent studies, however, have
demonstrated that a cytokine constitutively expressed by epi-
thelial cells, in the response to tissue damage, namely IL.-33,
enhances regulatory T cell stability and function in murine
transfer cell colitis [80]; moreover, T regulatory cells, which
lacked the IL-33 receptor (ST2) were shown to be unable to
protect mice from development of colitis in the aforemen-
tioned transfer colitis model [126]. Of note, an important
role for the transcription factor GATA-3 was found in regula-
tory T-cell function [127, 128] as ST2 expression in T regula-
tory cells was significantly dependent on GATA-3 [126].
Importantly, as noted above, IL-33 is found in inflamed tis-
sues of IBD patients and may function to bring inflammation
under control via T regulatory cell differentiation.

In humans, the data pertaining to regulatory cells remain
sparse. Maul et al. [129] have shown that there exists a
decrease in FOXP3-expressing cells in the periphery of IBD
patients. However, examination of mucosal tissue reveals
that as compared to controls, IBD patients had a relative
increase in these cells albeit this increase was less than that
seen in other inflammatory disorders such as diverticulitis.
The authors postulated that there is a relative lack of counter-
regulation in IBD patients at the mucosal level and therefore
an inability to increase the number of local resident regula-
tory cells in the face of inflammation. Similarly, in studies
conducted in children naive to treatment, it was demonstrated
that the percentage of CD4+ T regulatory of the inflamed CD
or UC intestine is increased as compared to that from control
individuals [130]. Furthermore, in CD, an increase in Treg
numbers could be secondary to affects from local dendritic
cell subpopulation, which expresses increased amounts of
the integrin V38, an integrin that activates TGF-p [131].

More recently, transcriptional gene network analysis
revealed a close association of FOXP3 with EZH2 [132].
EZH?2 is a gene that participates in DNA methylation and
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therefore transcriptional repression. Mutation or over-
expression of EZH?2 has been associated with many forms of
cancer as EZH?2 inhibits genes responsible for suppressing
tumor development. In studies pertaining to regulatory cell
generation and function, potential coordinated functions
between FOXP3 and EZH?2 were identified. Genetic ablation
of EZH2 resulted in T regulatory instability and conversion
to Th1/Th17 effector cells in a murine model. Furthermore,
these T regulatory cells failed to ameliorate DSS or T-cell-
mediated colitis. Thus, it was suggested given the above
information that the defect in IBD may not be due to a failure
in regulatory cells enumeration but suppressive function. In
follow-up studies, however, FOXP3+ Tregs from IBD
patients have been demonstrated to have normal capacity to
suppress effector cells [133].

This, however, led to further studies to elucidate whether
a deficiency in other suppressor TGF-f associated cells
might cause disease. This appears not to be the case, as
Butera et al. demonstrated that FOXP3-negative suppressor
cells occur that bear surface TGF-f in association with
latency-associated peptide (LAP) and that these cells regu-
late the extension of disease in UC [134].

Interleukin-4

IL-4 is produced mainly by a subpopulation of activated
T-cells (Th2), which are the biologically most active helper
cells for B-cells and which also secrete IL-5 and IL-6.
Another subpopulation, Thl also produces IL-4 albeit to a
lesser extent. IL-4 is a stimulatory molecule for both B and T
cells that has known immunosuppressive effects in the intes-
tine and it promotes the proliferation and differentiation of
activated B-cells and the expression of MHC class 2
antigens.

IL-4 enhances the expression of MHC class 2 antigens on
B-cells. It can promote their capacity to respond to other
B-cell stimuli and to present antigens for T-cells. While IL-4
is frequently described as an anti-inflammatory cytokine,
recent studies have shown its capacity to perpetuate inflam-
matory diseases. Specifically, in a murine model of ileitis, a
monoclonal antibody against IL-4 was shown to suppress
disease severity [135]. Interestingly, IL-4-mediated disease
in certain animal models appears to be most important in
inflammation limited to the ileum and small intestine [136].
In the aforementioned oxazolone model of colitis, IL-4 is the
predominant initial cytokine to appear in the mucosal lesions;
however, this is subsequently superseded by an IL-13
response. This coincided with what one sees in the IBD dis-
ease entities as no significant measurable secreted levels of
IL-4 have been found in either UC or CD patients to suggest
a pathogenic role. Thus, IL-4, as with IL-13, displays both

anti-inflammatory and inflammatory cytokine properties. Its
targeting it for therapy in animal studies has had some ben-
eficial effects. Its targeting in human disease is not as clear.

Interleukin-10

IL-10 is a critical regulator of intestinal homeostasis and has
been shown to inhibit pro-inflammatory cytokines and acti-
vate regulatory T-cell function and gene expression. IL-10 is
produced by activated CD8" peripheral blood T-cells, by
T-helper CD4* T-cell clones after both antigen-specific and
polyclonal activation. IL-10 is also produced by macro-
phages, dendritic cells, and B-cells. IL-10 affects both innate
and adaptive immune cells modulating multiple functions of
pro-inflammatory cells. IL-10 inhibits the synthesis of a
number of cytokines such as IFN-vy, IL-2, and TNF-a in Th1
T-helper subpopulations of T-cells but not of Th2 T-helper
cells. This activity is antagonized by IL-4. The inhibitory
effect on IFN-y production is indirect and appears to be the
result of a suppression of IL-12 synthesis by accessory cells.
In the human system, IL-10 is produced by, and downregu-
lates the function of, Thl and Th2 cells. In macrophages
stimulated by bacterial lipopolysaccharides, it inhibits the
synthesis of IL-1, IL-6, and TNF-a by promoting, among
other things, the degradation of cytokine mRNA. It also
leads to an inhibition of antigen presentation. The activation
of macrophages can be prevented by IL-10. In human mono-
cytes, IFN-y and IL-10 antagonize each other’s production
and function. IL-10 has been shown also to be a physiologic
antagonist of IL-12. In macrophages stimulated with bacte-
rial lipopolysaccharides, IFN-gamma increases the synthesis
of IL-6 by inhibiting the production of IL-10.

In B-cells activated via their antigen receptors or via
CDA40, IL-10 induces the secretion of IgG, IgA, and IgM. This
effect is synergized by IL-4, while the synthesis of immuno-
globulins induced by IL-10 is antagonized by TGF-p. It has
been shown that human IL-10 is a potent and specific che-
moattractant for human T-lymphocytes. Finally, IL-10 also
inhibits the chemotactic response of CD4(+) cells, but not of
CD8(+) cells, toward IL-8. In support of its role in IBD, mice
deficient in IL-10 (IL-10—/—) gene spontaneously develop
chronic colitis. In humans, patients with mutations in IL-10
or the IL-10 receptor (IL-10R) develop a severe form of IBD
presenting in the first year of life demonstrating a critical
anti-inflammatory pathway in IBD [137, 138]. Identifying
one of the first known etiologies for Very Early Onset
Inflammatory Bowel Disease (VEOIBD). Understanding of
the etiology of this monogenic IBD identified a therapy for
patients with defects in IL-10 or IL-10R using allogeneic
hematopoietic stem cell transplant [139]. With this informa-
tion, recombinant IL-10 has been used as therapy in patients
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with CD. While initial studies appeared positive, upon fur-
ther evaluation in larger clinical trials, results were not noted
to be significant. Due to the concern that IL-10 was not deliv-
ered in significant quantities to the local mucosal level,
another approach was attempted using “Turbo Probiotics.”
This was done by engineering Lactobacillus lactis to secrete
IL-10 specifically at the intestinal level. A similar construct
has been tried in patients with IBD, but results are lacking.

Interleukin-22

Interleukin-22 (IL-22) is a member of the IL-10 cytokine
family [140]. IL-22 has been shown to induce proliferative,
anti-apoptotic pathways as well as assist in tissue repair [141]
and production of antimicrobial peptides [142]. IL-22 is
secreted by both innate immune cells (NK cells and dendritic
cell) as well as adaptive immune cells such as CD4* and CD8*
cells. However, because its receptor is predominantly found
on innate cell populations, it appears to regulate these cells
and not adaptive immune cells [143]. IL-22 has been identi-
fied as an antimicrobial and pro-regenerative cytokine in
IBD. This cytokine activates its function via the JAK/STAT
pathways, specifically the STAT3 activation [144] appears to
be quite strong similar to other IL-10 family members.

IL-22 is produced by a wide variety of cells, in innate
lymphoid cells [145] in an IL-23-dependent manner, while it
is produced by CD4* T-cells in an IL-6-dependent manner.
Specifically, Th1 and Th17 cells [146] have been shown to
secrete 1L-22 after exposure to IL-6 and this secretion is
somewhat inhibited by TGF-f. In addition, there is another
Th cell type identified in human peripheral blood, which is
defined by IL-22 secretion without IL-17 or IFNy secretion
now termed the Th22 cell [147], although their role is not
well understood in the intestinal immune response.

Recent studies have identified a protective effect of
IL-22 in IBD. In multiple models of colitis including epithe-
lial cell disruption models as well as T-cell-mediated models
of colitis, lack of IL-22 expression worsened the colitis or
delayed recovery [148] and injection of IL-22 could amelio-
rate severe colitis. IL-22 also affects the production of antimi-
crobial proteins, which can protect against pathogenic
bacteria and other infectious agents [ 149]. Although increased
levels of IL-22 have been observed in patients with IBD, its
effect may be altered in that it is accompanied by increased
production of antagonistic IL-22 Binding Protein (BP) [150].
In humans, IL-22 has been associated by GWAS with multi-
ple susceptibility genes including IL-23, IL-23R [151], as
well as the IL-22 gene location within the ulcerative colitis
risk locus at 12q15 [152]. No human studies to affect IL-22
expression or function are ongoing at this time in IBD, but
studies in other diseases such as psoriasis are ongoing [153].

Summary

As evidenced above, there are a multitude of cytokines that
are involved in the inflammatory response of the mucosa in
inflammatory bowel disease. These cytokines can have pleio-
tropic effects including pro- and/or anti-inflammatory effects
and are important in the pathogenesis of IBD as well as other
autoimmune diseases. The above described cytokines are
those that were deemed most significant to inflammatory
bowel disease, but there are multiple other cytokines that are
currently being evaluated or are as yet unknown that may in
the future be targets for therapy of IBD.
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Introduction

Inflammatory bowel disease (IBD), comprised of Crohn dis-
ease, ulcerative colitis, and indeterminate colitis, is a chronic
inflammatory disease of the gastrointestinal tract. It is due to
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an aberrant immune response to environmental factors in a
genetically susceptible host. The gut microbiota and its
metabolites are thought to be critical environmental factors
in the development of IBD. As a result of these different dis-
ease drivers, within the IBD subtypes, the phenotype and
disease course are quite heterogeneous [1].

There is significant evidence to support the role of gut
microbes in the development of IBD. Animal studies of IBD
have demonstrated that germ-free animals show little sign of
inflammation [2]; however, inflammation develops with
exposure to microbes [3]. Adaptive immune responses to
bacterial antigens have been shown to lead to the spontane-
ous development of colitis through immune activation and/or
the loss of immune tolerance in various models [4]. From a
clinical standpoint, inflammation in CD and UC occurs pre-
dominantly in the terminal ileum (in CD) and colon (both
UC and CD) where the greatest concentrations of bacteria
are found. Antibiotics can have efficacy in the treatment of
IBD [5-7], and recently, therapy using a combination of anti-
biotics has been shown to be effective in patients with severe
colonic disease [8, 9]. Furthermore, the fecal flow exacer-
bates IBD, and surgical diversion of the flow ameliorates the
disease [10, 11]. From a more descriptive standpoint, studies
have found that there are increased amounts of bacteria in the
mucus layer in biopsy specimens of patients with IBD as
compared to controls [12]. However, genetic studies have
provided some of the strongest support for the role of micro-
biota in the development of IBD. Genome-wide association
studies (GWAS) have identified >200 genetic risk loci, with
28 shared between CD and UC [13, 14]. Many of the genes
and genetic loci identified involve pathways which are criti-
cal for the protection of the host against the gut microbiota,
such as regulation of the epithelial barrier, microbial defense,
and autophagy, as well as pathways involving regulation of
the innate and adaptive immune systems [13]. Together,
these aberrations support the notion that IBD is due to the
inability of the host to protect against microbial invasion
combined with an unrestrained immune activation.

49

P. Mamula et al. (eds.), Pediatric Inflammatory Bowel Disease, https://doi.org/10.1007/978-3-031-14744-9_4

4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-14744-9_4&domain=pdf
mailto:conradm@chop.edu
mailto:KELSEN@chop.edu
https://doi.org/10.1007/978-3-031-14744-9_4

50

M. A. Conrad et al.

Characteristics of the Gut Microbiome

The human gut microbiome is one of the most densely popu-
lated bacterial communities on Earth with up to 10! organ-
isms per gram of fecal weight composed of over 1000
species, most of which are obligate anaerobes [15, 16]. The
bacterial concentration, as well as complexity, increases
proximally from the stomach and duodenum, where there are
approximately 10°~103 aerobic organisms/gram luminal con-
tents, to 10''-10'? distally where anaerobic organisms pre-
dominate in the cecum and colon [4]. Throughout, the
collective genome of the bacteria is 100-fold greater than
that of its human host [17]. Indeed, humans should be viewed
as a biologic “supraorganism” that is dynamic and carries
out functions in parallel or cooperatively. Roles of the micro-
biota include immune education and metabolism. Although
there are over 50 bacterial phyla on Earth, a majority of the
bacteria in the human adult gut largely belong to one of four
phyla, Actinobacteria, Firmicutes, Proteobacteria, and
Bacteroidetes [18, 19].

Most gut microbes are obligate anaerobes, many of which
are fastidious and difficult to grow in vitro making traditional
culture techniques of limited value in characterizing the
composition of the gut microbiota. The development of
culture-independent methods, mainly through the use of
high-throughput DNA sequencing, has provided new means
to evaluate the gut microbiome and its relationship to
IBD. There are two primary methods that utilize deep-
sequencing technologies to characterize the microbiome.
The first approach uses small-subunit ribosomal RNA (16S
rRNA gene sequences (for Archaea and Bacteria) or 18S
rRNA gene sequences (for eukaryotes)) as stable phyloge-
netic markers to define the lineages present in a sample [20].
Another approach uses shotgun metagenomic sequencing.
This sequences the total community DNA, thereby allowing
for the microbial community structure and genomic repre-
sentation of the community to be evaluated. The genomic
community evaluation provides an understanding of the
functions encoded by the genomes of the gut microbiota
[17]. Metatranscriptomics and metaproteomics provide a
deeper understanding of microbial function through direct
evaluation of gene expression [21].

These advances in sequencing technologies have allowed
investigators to characterize the bacterial composition of the
gut throughout different stages of life, a critical step in the
study of health and disease. Colonization of the gut begins
at birth, and individual characteristics of the gut microbi-
ome begin to arise during infancy and throughout the first
year of life. This process is dependent on several factors
including the mode of delivery and form of infant feeding.
During the first year of life, the human gut microbiome

becomes more stable and adult-like [22] concurrent with the
introduction of solid foods into the diet [23]. Interindividual
differences in the characteristics of the bacterial microbiota
observed early in life, within months, persist at 1 year of life
[22]. Indeed, interindividual differences in the gut microbi-
ome are the largest source of variance among healthy indi-
viduals that appear to be relatively stable over time, at least
in the short term [18].

Characteristics of the Gut Metabolome

With ongoing characterization of the composition of the gut
microbiota community structure, further studies have inter-
rogated how it actively impacts host function through their
produced metabolites. These are central to the mutualistic
relationship that can ultimately result in a state of health or
disease.

The metabolic products of the microbes are likely even
more diverse than the microbiome, and they function as reg-
ulators of the immune system, neuronal signaling molecules,
and even maintain homeostasis in the microbial community
structure of the gut through their antimicrobial properties.
These functions are carried out in part through fermentation
of indigestible carbohydrates to produce short-chain fatty
acids (SCFA) that are utilized by the host, biotransformation
of conjugated bile acids, synthesis of certain vitamins, degra-
dation of dietary oxalates, and education of the mucosal
immune system [24]. Butyrate, along with other SCFA, is a
primary energy source of enterocytes that can be transported
intracellularly and activate anti-inflammatory signaling to
maintain homeostasis. Bile acids, on the other hand, require
bacteria for deconjugation. Bile acids have direct antibiotic
effects on microbes in the intestine and indirect effects
through FXR-induced antimicrobial peptides. Generated
insight into the dynamic microbial environment in the gut
has shown that the mutualistic relationship is mediated
through the host microbe cross-talk at the mucosal
interface.

Targeted and untargeted metabolic profiles can be
obtained with various chromatographic techniques, includ-
ing mass spectrometry systems and high-performance liquid
chromatography. Targeted metabolomics allows for absolute
quantification of a specific set of metabolites, such as bile
acids, short chain fatty acids, or amino acids. Untargeted
evaluation of the low-molecular weight molecules uses bio-
chemical features such as retention time and mass to charge
ratio for annotation and to determine the relative abundances.
Howeyver, there remains a lack of standard reference material
for many metabolites and identification cannot be inferred
from fragments of the metabolites [25].
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Diet and the Gut Microbiome

Together with increase in incidence of certain diseases, many
environmental changes have occurred over the last several
decades. These changes in modern lifestyle have been impli-
cated in the alteration of the gut microbiome, including
improved sanitation, increase in antibiotic use, less crowded
living conditions, decline in H. pylori, smaller family size,
vaccinations, refrigeration, decline in parasite infections,
sedentary lifestyle, cesarean section, food processing, and
diet changes [26].

The development of agriculture and domestication of ani-
mals have been major factors in recent human evolution [27]
with the resultant changes in diet perhaps altering the host—
gut microbiome relationship [28]. Over time in industrial-
ized nations, there has been a reduction in fiber consumption
with an increase in simple sugars, fats, and proteins. It has
been hypothesized that this change in diet may have altered
the interaction of the host and the microbiota in a manner
that has played a role in the increasing incidence of meta-
bolic disorders [28]. Furthermore, fluctuations in diet may
have consequences for the bacteria and the host, allowing for
predisposition to invasion or inflammation [29].

There has been recent evidence demonstrating the rela-
tionship between the gut microbiota and diet. An analysis of
fecal 16S rRNA sequences from 60 mammalian species indi-
cated clustering according to host phylogeny as well as clus-
tering according to diet (herbivore, carnivore, and omnivore)
[30]. Cross-sectional studies using shotgun metagenomic
sequencing have suggested that there has been a functional
evolution of the gut microbiome in relation to diet [31].
Microbial genes encoding for enzymes involved in carbohy-
drate and amino acid metabolism are dissimilar between her-
bivores and carnivores [31].

A study by Wu et al. focusing on the effect of diet on the
gut microbiome revealed differences in the impact of habit-
ual long-term versus short-term diet [32]. Long-term diet,
similar to a “Westernized” diet (high in meats and fats, low
in carbohydrates), was associated with high levels of
Bacteroides and low levels of Prevotella genera. Diets high
in carbohydrates but low in animal protein and fat had higher
levels of the Prevotella and lower levels of Bacteroides.
These results provide an explanation for previously described
clustering of individuals into “enterotypes” dominated by
Bacteroides and Prevotella based on the composition of the
gut microbiota and not correlated to host properties such as
age, gender, ethnicity, or body mass index [33]. These obser-
vations are also consistent with a study comparing the gut
microbiome of children from a village in the West African
country of Burkina Faso to those in Europe [34] where the
inverse relationship between Bacteroides and Prevotella
genera was also noted. These three studies suggest that long-

term diet helps to distinguish a gut microbiota community or
enterotype that is associated with a “Westernized” diet rich
in Bacteroides from an enterotype associated with an agrar-
ian diet where the bacteria of the Prevotella genus predomi-
nate. In addition, studies of monozygotic twins to assess host
genotype influences on enterotypes showed most twin pairs
had similar enterotypes longitudinally, although many of
these subjects likely share similar diets and environments
[35]. Enterotypes may function as a marker of disease; how-
ever, further studies are needed.

Gut Microbiota-Host Interactions
at the Mucosal Interface

The alteration of the gut microbiota has a direct effect on the
host’s immune system. Mammalian hosts have coevolved to
exist with our gut microbiota through a mutualistic relation-
ship, where the host provides a uniquely suited environment
in return for physiological benefits provided to the host by
its gut microbiota [24]. Indeed, when viewed as a whole, the
“supraorganism” of the gut can carry out enzymatic reac-
tions distinct from those of the human genome and harvest
energy that would otherwise be lost to the host. The conse-
quences of these enzymatic reactions suggest that over the
millennia, mammalian metabolism, physiology, and disease
have shaped and have been shaped by the gut microbiota.
Commensal bacteria may also directly inhibit the growth of
specific pathogens, such as Clostridium difficile, by com-
petitive inhibition thus preventing an adequate niche for
expansion.

Relevant to pediatric IBD, the gut microbiota develops
between birth and the first few years of life and each expo-
sure during this time impacts the microbial structure. This
may be particularly germane to very early onset IBD, as this
dynamic period is the time that the disease develops. Further
evidence supporting the role of the microbiome in VEO-IBD
is the drastic increase in incidence of this population, which
cannot be explained alone by the strong genetic drivers iden-
tified in this population. The relationship between host
genetics and developing microbiome has been shown through
germ-free (GF) murine models. GF mice have underdevel-
oped gut-associated lymphoid tissue. In an environment with
specific defined flora, the gut microbiota elicits host-specific
T-cell response and differentiation [36]. Concurrently, the
aberrant T-cell development of GF mice shapes the gut
microbiome, as seen by the different phylogenetic composi-
tions of the microbiota in Rag1-deficient mice [37]. Zebrafish
models show similar findings, in which Ragl-deficient
zebrafish had overgrowth of Vibrio species [38].

In general, the interaction between the gut microbiota and
the mammalian host is complex but can be roughly divided into
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three major categories: the innate immune system, the adaptive
immune system, and the intestinal epithelial interface.

The Innate Inmune System

The innate immune system rapidly responds as the first line
of defense against invading microbes. It encompasses recep-
tors that recognize the microbial patterns, pattern recognition
receptors (PRRs), serve as sensors of pathogen-associated
molecular patterns (PAMPS) and reside in the lumen of the
intestine [39]. The most studied PRRs are the Toll-like recep-
tors (TLRs). PRRs are expressed on many cell types and acti-
vate an inflammatory response via NF-kf} activation, cytokine
production, and recruitment of acute inflammatory cells
[40]. TLR signaling in the intestine is important in homeo-
stasis of the intestine through a variety of functions including
epithelial cell proliferation [41], IgA production [42], anti-
microbial cytokine production and peptide expression, and
maintenance of tight junctions [43]. Nucleotide-binding
domain and leucine-rich repeat-containing receptors (NLRs),
another class of innate immune receptors, have the ability to
respond to different stimuli with an inflammatory response.
Examples of NLRs include nucleotide-binding oligomeriza-
tion domain protein 1 (NOD1) and NOD2. NOD?2 is highly
expressed in monocytes and Paneth cells, and its ligand is
common to both Gram-positive and Gram-negative bacteria.
Rehman demonstrated via murine models that NOD2 is inte-
gral in the interaction between the host and the microbiota
and for the development of the intestinal flora [44].
Disruptions in TLR and NLR expression have also been
associated with intestinal dysbiosis [45, 46]. Notably, NOD2
was the first gene associated with the susceptibility for Crohn
disease.

The Adaptive Immune System

Innate immune signaling through the activation of PRRs or
NLRs cannot distinguish between commensal and pathogenic
bacteria. The adaptive immune system, involved in both
humoral and cell-mediated immunity, has evolved to regulate
immune responsiveness by selectively responding to or ignor-
ing individual antigens based on previous encounters [47]. A
lack of this immune tolerance results in unrestrained immune
activation and subsequent inflammation in the absence of a
microbial pathogen, the hallmark of immune-mediated dis-
eases such as IBD. Studies in germ-free mice demonstrate
that the gut microbiota plays a critical role in helping to shape
adaptive immune function through the production of IgA
[48], development of Th17-producing lymphocytes [49], as
well as T regulatory cells [50], which play a critical role in the
maintenance of immune tolerance [51].

In addition, innate lymphoid cells (ILCs) are innate immune
cells without antigen-specific responses. There are three types,
and they are functionally associated with T-cells with lym-
phoid lineage that also regulate effector T-cell response against
commensal organisms. Group 3 ILCs are RORyt+ and pro-
duce IL-22 and/or IL-17 with stimulation by IL-23 and IL-18.
ILCs are regulated by commensal organisms as the production
of IL-22 is reduced in the absence of the microbiota [52].
Similar to the innate immune system, multiple gene variants
associated with IBD involve components of the adaptive
immune response including T- and B-cell regulation and the
IL-23/Th17/T regulatory cell axis [13].

The Intestinal Epithelium

The intestinal epithelium functions as a physical and chemical
barrier to separate the luminal gut microbiota from the host, by
example through mucus secretion, and functions as an immune
response. It produces antimicrobial peptides (AMPs) such as
defensins, lysozyme, C-type lectins, and cathelicidin, some of
which are produced by Paneth cells located at the base of
small intestinal crypts [53]. Human genetic variants associated
with IBD have been identified in a number of these pathways
demonstrating that alterations in host innate immune protec-
tion from the gut microbiota play a role in the development of
IBD. Among these include genes involved in epithelial barrier
function, restitution, and solute transport as well as genes
known to have an effect on the biology of Paneth cells [13,
54]. With respect to the latter, genetic polymorphisms in
ATG16L1, associated with Crohn disease, lead to alterations
in Paneth cells in both mice and humans that have functional
consequences predisposing mice to the development of intes-
tinal inflammation in response to bacteria and viruses [54, 55].
Paneth cell products, such as defensins, not only protect the
host mucosal surface but can also help to shape the composi-
tion of the gut microbiome [56].

IBD and the Human Gut Microbiome

Epidemiological evidence provides strong evidence for the
role of the environment in the pathogenesis of IBD. Over the
last several decades, there has been an increase in the inci-
dence of inflammatory bowel disease that is too rapid to be
attributed solely to genetic factors. The association with resi-
dence in or immigration to industrialized nations [57], the
consumption of a “Westernized” diet rich in fat and red meat
[58], and the use of antibiotics at a young age [59] all
implicate an alteration in the gut microbiota as a possible
etiologic factor that may be playing a role in the increased
incidence of IBD. Further support of this notion is the
“hygiene hypothesis” suggesting that humans living in more
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industrialized societies are exposed to fewer microbes or less
complex microbial communities at an early age leading to
the development of an immune system less able to “tolerate”
exposure to the microbial-laden environment in later life
resulting in inappropriate immune activation [60].

Several theories have been suggested to explain the role
of the gut microbiota in the pathogenesis of IBD: (1) spe-
cific microbial pathogens that induce intestinal inflamma-
tion, (2) host genetic defects in containing commensal
microbiota in combination with defects in host mucosal
immunoregulation, and (3) dysbiosis of commensal micro-
biota (4). Multiple studies have been performed evaluating
the role of specific bacteria in the development of IBD,
such as E. coli and Mycobacterium avium subspecies para-
tuberculosis (MAP). In CD, there have been consistent
findings of increased mucosa-associated E. coli in both the
ileum and colon. The E. coli isolated in CD is often an
adherent invasive E. coli (AIEC) phenotype, which is char-
acterized by the invasion of epithelial cells and replication
within macrophages [61] without causing cell death and
induces the secretion of the tumor necrosis factor (TNF)-o
[61, 62]. CD-associated AIEC strains are also capable of
adhering to ileal enterocytes in patients with CD, however,
not from control enterocytes [63].

MAP has also been implicated as a causal organism in the
development of IBD. It is the known cause of Johne’s disease
in cattle which, similar to the histologic appearance of human
CD, leads to chronic granulomatous enteritis. Multiple stud-
ies have explored the role of MAP in CD; however, contro-
versy remains whether this organism indeed has a causal
role. Some studies have shown remission in patients who
have been treated with anti-MAP therapy; however, many
argue that this has not proven causality. A large randomized
controlled trial using combination antibiotics which have
proven efficacy against MAP was performed by the
Australian Antibiotic in Crohn Disease Study Group, but
there was no significant effect on long-term maintenance of
remission [64]. The recent Phase 3 clinical trial of RHB-104
for the treatment of Crohn disease in the United States also
showed an increase in clinical remission as compared to
those on placebo and mildly increased durable clinical remis-
sion through 52 weeks (RHB104 18.7% vs. placebo 8.5%
p = 0.0077). Criticism of these studies remain that patients
were not assessed for the presence of MAP prior to initiation
of therapy. Thus far, the use of cutting edge sequencing tech-
nology has not yet identified improved our ability to detect
MAP in patients with Crohn disease. As further studies are
performed in MAP and IBD, perhaps a better understanding
of this relationship will come to light [61].

The intestinal microbiome in patients with IBD is char-
acterized by decreased microbial diversity and increased
abundance of pro-inflammatory organisms. Multiple studies
in patients with CD have demonstrated a reduction in the

abundance of the phylum Firmicutes [62, 65-69].
Specifically, Faecalibacterium prausnitzii, a Firmicutes, has
been found to be decreased in IBD, including pediatric
Crohn disease [70-72]. Furthermore, a decrease in F. praus-
nitzii was predictive of recurrence of disease in patients with
CD undergoing ileal resection. There have also been studies
that have shown a decrease In the presence of
Faecalibacterium prausnitzii in fecal samples and biopsy
specimens [70, 73]. In animal studies, F. prausnitzii can
induce an anti-inflammatory response by increasing IL-10
as well as produce short-chain fatty acids, both of which
may protect against the development of intestinal inflamma-
tion [62]. Concurrent with a reduction in Firmicutes, multi-
ple studies have reported a concomitant increase in the
abundance of Proteobacteria (including E. coli) [69, 74, 75]
and Enterobacteriaceae [76, T77].

To control for the influence of genetics on the microbi-
ome, there have been several studies performed comparing
the microbiota of twin pairs. Dicksved and colleagues com-
pared the intestinal microbiome of identical twins concor-
dant or discordant for CD. Total bacterial diversity was
decreased among patients with CD. Within twin sets, both
healthy twins and twins concordant for CD had closely
matched bacterial community profiles. In comparing the
twin pairs discordant for CD, however, there was a differ-
ence between the fecal microbiome of those with CD and the
healthy twin. This suggests that the structure of the bacterial
communities is more closely associated with the disease
activity rather than the genetics of the host [78]. In another
study focusing on twins, Willing and colleagues character-
ized gut microbial communities in 40 twin pairs who were
concordant or discordant for CD or UC. There were differ-
ences in the bacterial communities of patients with CD, and
there were phenotypic differences as well among ileal and
colonic disease as compared to the healthy subjects. There
was a decrease in two genera of core commensals in patients
with ileal CD, Ruminococcaceae family (including
Faecalibacterium) and Roseburia (a member of the
Firmicutes phylum) [79]. Consistent with prior studies, there
was an increase in Enterobacteriaceae, including E. coli in
some of the patients with ileal CD [80].

The alterations in the gut microbiome that are associated
with IBD are often described as being “dysbiotic,” implying
that there is a functional imbalance between enteric bacteria
with potentially pathogenic influences and bacteria who
have a benign or beneficial effect on the host [81]. There is
currently no clear evidence to confirm this notion in humans.
An alternative explanation is that the observed alteration in
the gut microbiome of patients with IBD is simply a
consequence of the intestinal inflammatory response with-
out consequence to the host. Additionally, in a human study
of pediatric ulcerative colitis, evaluation of normal terminal
ileum biopsies revealed a loss of goblet cells, depletion of
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the mucous layer, and loss of bacterial diversity despite a
lack of inflammation in the sampled location, which may be
due to a systemic effect to the gut epithelial lining indepen-
dent of local inflammation [82].

There is, however, evidence for a functional effect of a
“dysbiotic” intestinal microbiota in animal models.
Investigators studying mice deficient in the immune regula-
tory transcription factor T-bet observed alterations in the
intestinal microbiome that occurred simultaneously with the
development of spontaneous colitis. Transfer of this bacterial
community induced colitis in wild-type mice [83]. In a fol-
low-up study, the investigators identified the presence of
Klebsiella pneumoniae and Proteus mirabilis correlated with
colitis in these mice [84]. Mice deficient in another immune
regulator, the NLRP inflammasome, also develop spontane-
ous colitis, the susceptibility to which can also be transferred
to wild-type mice [45]. Together, these studies suggest a
causal role for the microbiota in IBD.

Beyond understanding the microbial contribution to the
onset of IBD, longitudinal observational studies have
begun to elucidate how the gut microbiome of children
with inflammatory bowel disease changes over time. These
changes may be able to be used as biomarkers in conjunc-
tion with clinical, genomic, and immunologic profiles for
monitoring disease progression and stratifying risk of dis-
ease complications. Multiple studies have identified dys-
biosis patterns in fecal microbial communities in a subset
of treatment naive pediatric IBD subjects [85-87].
Predictors of response to treatment, disease severity, and
remission or progression of disease would greatly improve
clinicians’ ability to personalize therapy for this complex
disease. The RISK study, a large multicenter inception
cohort of pediatric Crohn disease, followed newly diag-
nosed patients for 3 years in order to create a risk stratifi-
cation model using clinical, genomic, and serologic
markers for complicated Crohn disease phenotype. In
addition, they identified ileal microbiota signatures associ-
ated with these complicated disease phenotypes, but inte-
gration of microbiota data into the risk stratification model
requires future studies [88, 89]. The PROTECT study of
treatment naive children with ulcerative colitis collected
stool samples for 52 weeks after diagnosis and identified
microbial changes at baseline and shifts during follow-up
that were associated with achieving remission as well as
progression to colectomy within the first year [90]. There
was expansion of Veillonella dispar and other organisms
typically detected in the oral microbiome along with the
previously described pro-inflammatory microbes, includ-
ing Enterobacteriaceae, with more severe disease, more
extensive disease, and higher risk of colectomy within the
first year after diagnosis.

Diet, IBD, and the Gut Microbiome

Several investigators have examined the association of
dietary patterns and the incidence of IBD [58, 91]. A system-
atic review of this subject found consistent results showing
that high dietary intake of total fats, polyunsaturated fatty
acids, Omega-6 fatty acids, and meat was associated with an
increased risk of CD and UC; high fiber and fruit intakes
were associated with a decreased CD risk; and high vegeta-
ble intake was associated with a decreased UC risk [91].
These studies support a potential role for dietary patterns in
the pathogenesis of IBD. Together with the recent data char-
acterizing the impact of diet on the gut microbiome and its
association with enterotypes [32], it is tempting to speculate
that the alteration of gut microbiota community structure
through the consumption of agrarian versus a “Westernized”
diet may play a role in either reducing or increasing, respec-
tively, the risk for the development of IBD. This notion
would be consistent with the increased incidence of IBD
localized globally in more industrialized societies.

The Gut Microbiota as a Therapeutic
Strategy

Probiotics and Prebiotics

Possible beneficial strategies for the treatment of IBD include
probiotics, prebiotics, or a combination of both, synbiotics.
Probiotics are defined as living microorganisms that, when
administered in adequate concentration, confer a health ben-
efit on the host [92]. Probiotics have been shown to be effec-
tive in the treatment of pouchitis and possibly in other forms
of UC, but the benefits are often not sustained for the long
term [93-96]. Although evidence for the efficacy of probiot-
ics, mainly Lactobacillus and Bifidobacterium, in the treat-
ment of IBD is currently equivocal, their beneficial effect in
animal models is more consistent [97]. Possible mechanisms
of action include the production of bacteriocins [98], the
alteration of luminal pH of the intestine thereby altering the
growth characteristics of some bacteria [99], the enhance-
ment of epithelial barrier function through the production of
SCFA, a primary source of energy for colonocytes [100], and
mucosal and systemic immunomodulation by inducing anti-
inflammatory cytokines, T and B regulatory cells, and reduc-
ing inflammatory cytokines [51, 101]. Numerous other
proposed mechanisms of action have recently been reviewed
[93, 100]. Prebiotics have also been investigated in the use of
treatment of inflammatory bowel disease. Prebiotics are
nondigestible food substances that stimulate the growth and/
or activity of bacteria as well as the production of SCFA
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[100]. Prebiotics have been used with probiotics; this combi-
nation is called synbiotics. Several prebiotics that have been
studied extensively and accepted in the European Union
include fructooligosaccharides, galactooligosaccharides, and
lactulose. The difficulty with these substances is ensuring the
bacteria selectivity, i.e., only bacteria beneficial to the host
will ferment the oligosaccharide and that the products of fer-
mentation will promote the growth and activity of nonpatho-
genic organisms [102]. There have been several clinical trials
using prebiotics, including inulin and curcumin, as therapy
[103-106], and some have shown promising results.

Enteral Nutrition Therapy

Enteral nutrition (EN) therapy, which has shown efficacy in
the induction and maintenance of remission in patients with
CD [107, 108], may ultimately provide additional support
for the role of diet and the gut microbiota in the pathogenesis
of IBD. As discussed in a separate chapter, EN is an attrac-
tive therapeutic option compared to pharmacological agents,
as there are no serious associated side effects. While proven
to be effective as therapy in CD, the mechanism of action of
nutritional therapy has not been fully characterized. A recent
study of pediatric CD patients on exclusive EN (at least 90%
of total caloric intake by dietary formula) compared to par-
tial EN (53% by formula) was superior at improving symp-
toms and quality of life as well as inducing mucosal healing,
suggesting that the elimination of solid table foods may be
the key to why EN is therapeutic [109]. In addition, the alter-
ation of the gut microbiota may be another possible mecha-
nism of action. In the same study of pediatric CD patients,
effective EN therapy changed the microbiota within 1 week
and reduced the dysbiosis seen initially [86]. Further investi-
gation into the metabolic profiles of these patients’ stool
implicated the role of nitrogen metabolism in the disease-
associated dysbiosis and its correlation with the presence of
Proteobacteria species [110]. Leach and colleagues evalu-
ated the fecal microbiome of patients with CD who were
treated with EN and compared them to healthy control sub-
jects on a regular diet [89]. Prior to initiation of EN, the two
cohorts had similar diversity of bacteria present. At the
8-week follow-up, there was a significant reduction in diver-
sity in the stool of the patients treated with EN that was sus-
tained for several months following completion of therapy.
Small studies have demonstrated shifts in the microbiota
coincident with trends toward remission but larger controlled
studies of dietary therapeutic interventions, such as the
Crohn disease exclusion diet, specific carbohydrate diet, or
anti-inflammatory diet are still needed [111, 112]. The suc-
cess of nutritional therapy highlights the importance of char-
acterizing the interactions among diet, the gut microbiota,
and the mucosal immune system.

Bacterial Engineering

Another treatment in IBD utilizing the microbiome is bacte-
rial engineering. In 2000, Lactococcus lactis was genetically
engineered to secrete hIL-10 into the intestinal tissue in
murine models. Colitis was prevented in IL-10 knockout
mice, and there was a 50% reduction in inflammation in DSS-
induced chronic colitis [113]. Additionally, L. lactis express-
ing IL-27 has been more effective than the IL-10 producing
bacteria or systemic administration of IL-27 in mouse models
of colitis by increasing production of IL-10 in the intestinal
epithelium [114]. Similarly, Bacteroides ovatus has been
engineered to deliver TGF-B with good results in murine
models [115]. Other bacteria have been modified to counter-
act TNF-alpha and reactive oxygen species [116, 117]. There
are ongoing trials of several live biotherapeutics in humans
for the treatment of IBD.

Fecal Transplantation

Fecal microbiota transplantation (FMT) is another
microbiota-based therapy that involves collecting stool from
a healthy donor, preparing it in one of several ways, and
transferring it to a patient with a disease or dysbiotic condi-
tion. The goal of FMT is to restore bacterial diversity through
the microbiota of a healthy person. This healthy flora out-
competes C. difficile and produces secondary bile acids and
antimicrobials that inhibit its growth. There remains no clear
consensus regarding the mode of administration of fecal
material. Possible delivery methods include upper endos-
copy, nasogastric tube, nasointestinal tube, pill ingestion,
colonoscopy to deliver to proximal colon, sigmoidoscopy,
rectal tube, retention enema, or a combined approach. Patient
comfort, safety, and cost-effectiveness should be considered
when choosing how to deliver the material.

FMT was first safely described in humans in 1958 in the
treatment of fulminant pseudomembranous enterocolitis
[118]. Since then, there have been many published cases of
C. difficile infection (CDI) and FMT, specifically for the
treatment of recurrent or refractory CDI, which have been
successful [119—-121]. Multiple systemic reviews of fecal
transplantation for CDI have demonstrated it to be well toler-
ated, and effective with a mean cure rate of 87-90% and as
high as 100% worldwide [122—124]. Moreover, the new
healthy microbiota environment appears to be durable [121,
125]. While there have been few serious adverse events asso-
ciated with FMT especially in children, there are risks related
to infections and the still unknown risks associated with
changing the recipients’ microbiota in the long term. In June
2019, the FDA issued a safety alert regarding the transmis-
sion of extended-spectrum-beta-lactamase-producing E. coli
to two adult patients, one whom died, which prompted more
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stringent screening requirements from the FDA. In addition,
further screening has been recommended for SARS-CoV-2
due to concern for transmission as well. These developments
have highlighted the importance of careful consideration of
the indication for FMT and screening before proceeding. In
pediatric cases of recurrent CDI, there is limited data regard-
ing safety and efficacy, but an 86-92% cure rate has been
reported without serious adverse events [126—128].

The effect seen in CDI may be possible in other dysbiotic

conditions, particularly IBD. In 1989, Bennet and Brinkman
published the first report of successfully treating UC with
FMT, when Bennet successfully treated his own colitis [129].
In 2003, Borody and colleagues treated six patients with
moderate to severe UC with FMT. All patients responded
and remained in remission from 6 months to 13 years and
had mucosal healing on endoscopy [130]. A review of sev-
eral small studies of FMT as therapy for IBD showed mixed
results, although the majority achieved clinical remission at
least in the short term, none had serious adverse events, but
there were several accounts of fever, chills, and gastrointesti-
nal symptoms after, and one study reported worsening UC
after FMT [131]. The largest studies of FMT for UC were
randomized, placebo-controlled trials using FMT to induce
remission in patients with mild to moderate UC which had
mixed results regarding efficacy [132, 133].
A recent study showed that adult patients with IBD and par-
ents of children with IBD were willing to consider fecal
transplantation as therapy and felt that this was a safer option
than many of the standard therapies [133]. In pediatric IBD,
the use of FMT has shown clinical benefit for a small cohort
of 7/9 subjects with CD via nasogastric administration but
not for UC subjects [134]. As with most pediatric therapies,
the long-term consequences of FMT are unknown and should
be better understood before implementing in conventional
practice. There are currently no standard protocols, and fur-
ther larger controlled studies are necessary; however, this
therapy, perhaps with a more targeted microbiota, may hold
promise for IBD as we learn more about the role of the gut
microbiota and IBD pathogenesis.

Conclusions

Inflammatory bowel disease has been associated with both
genetic and environmental factors. It has shown a dramatic
increase in incidence over the past several decades. Effects
of environmental changes in modern lifestyle, such as diet,
sanitation, vaccinations, and antibiotics, have contributed to
an alteration in the gut microbiome. While gut microbes very
likely play a large role in the pathogenesis and propagation
of the disease, their exact role requires further elucidation.

The challenge remains to identify genetic, immunologic,
environmental, and microbial triggers of disease develop-
ment. As technologies such as DNA sequencing, metage-
nomics, transcriptomics, proteomics, and metabolomics
continue to advance, along with the development of more
sophisticated biocomputational tools, mechanisms by which
the gut microbiota plays a role in the pathogenesis IBD will
be better elucidated. In turn, this may provide novel insights
into microbial-based methodologies that can be used to
effectively prevent or treat IBD.
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with Very Early-Onset Inflammatory

Bowel Disease
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Introduction

The immunologic component to IBD has been recognized
for many years. The strong association with specific MHC
haplotypes underlies the presumption that T cells are
involved in the pathogenesis [1, 2]. Additionally, the sero-
logic biomarkers also acknowledge that B cell responses
are aberrent [3—5]. Nevertheless, the exact pathogenesis of
IBD remains elusive and even more so for VEO-IBD. Two
lines of recent evidence support the hypothesis that immu-
nologic dysfunction is fundamental to both the develop-
ment and perpetuation of IBD. Genome-wide association
studies have identified over 160 variants in teenage and
adult cohorts and the majority of those variants map to
immunologically relevant genes [6-8]. These common
variants are thought to synergistically interact with the
microbiome to induce a state of susceptibility to IBD [9].
Some of these variants have independently been demon-
strated to be associated with either impaired epithelial
function or activation of immunologically competent cells
[10, 11]. The effect size of each variant is rather small,
however, and it has been difficult to define the precise
pathophysiologic contribution related to each independent
variant. On the other side of the spectrum, monogenic dis-
orders occur in which the penetrance of IBD is high.
Understanding the mechanisms driving these rarer mono-
genic disorders has dramatically enhanced our understand-
ing of IBD. A critical aspect of VEO-IBD is the hypothesis
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Fig. 5.1 Inheritance and penetrance of variants related to IBD. VEO-
IBD is thought to be enriched for monogenic disorders, whereas adult-
onset IBD has a polygenic inheritance with contributions from multiple
variants, each of which may confer only a small increase in risk

that genetic variants with a high penetrance for IBD domi-
nate the susceptibility in young children, while adult-onset
IBD is dominated by common variants with much lower
relative risks for disease (Fig. 5.1).
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Genomics and VEO-IBD

Inflammatory bowel disease (IBD), comprised of Crohn dis-
ease, ulcerative colitis, and indeterminate colitis, is a multi-
genetic and environmentally triggered disease resulting in a
dysregulated immune response to commensal or pathogenic
microbes that reside in the gastrointestinal tract [6, 12—-17].
Patients with IBD exhibit local and systemic immune reac-
tivity to various microbes, and as a result or inherently, have
significant alterations in the composition of intestinal com-
mensal bacteria, and can become colonized with pathogenic
or opportunistic bacteria [18-25]. The multifactorial nature
and environmental contribution to IBD are largely respon-
sible for the increased incidence over the last several decades
[26]. It is not surprising, therefore, that the genetic contribu-
tion to the disease largely involves host defense with recog-
nition and response to microbes. Genome-wide association
studies (GWAS) have supported this host—microbe relation-
ship, and most of the identified >230 IBD-associated risk
loci [8] are involved in host defense. Several genes located
within the IBD-associated loci are critical in regulation of
host defense, involving both the innate and adaptive immune
response toward microbes [8]. However, GWAS studies
were primarily performed in adult-onset IBD and children
10 years of age and greater, whose disease, as noted above,
is most frequently a polygenic complex disease. Furthermore,
GWAS often do not capture rare variants, specifically those
with minor allele frequency (MAF) less than 5%. Therefore,
these studies do not account for the subset of children with
VEO-IBD who underlying rare or novel monogenic defects
[6,27-29].

While VEO-IBD is a heterogeneous population, includ-
ing children with mild disease, some patients with VEO-IBD
can present with distinctive disease phenotypes, including
extensive and more severe disease than older children and
adults [30, 31], as well as systemic disease manifestations. In
addition, due to poor response to conventional therapies,
severity of inflammation, and greater duration of disease,
there are higher rates of morbidity in this population [29, 30,
32]. The aggressive disease phenotype, early age of onset
and strong family history of disease, led to the identification
of causal monogenic defects, often involving genes
associated with primary immunodeficiencies and epithelial
barrier in a proportion of children with VEO-IBD [33, 34].
Monogenic VEO-IBD was first recognized in 2009 with the

discovery that mutations in IL-10R, and subsequently sev-
eral IL-10 [35], IL-10RA, and IL-10RB [29] variants, led to
the specific phenotype of neonatal onset IBD with severe
perianal disease, extraintestinal disease, and colitis. Since
that time, numerous additional underlying immunodeficien-
cies or genetic disorders have been identified in children with
VEO-IBD [30, 34]. Some examples include variants in genes
that cause common variable immunodeficiency (CVID),
Wiskott—Aldrich syndrome (WAS), Immune dysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX), X-linked
inhibitor of apoptosis (XIAP), and chronic granulomatous
disease (CGD) [30, 32, 36].

Studying consanguinity and targeted genetic sequencing
has been an extremely valuable approach to allow the identifi-
cation and characterization of genetic variants associated with
VEO-IBD. However, these approaches alone may not identify
novel and rare gene variants. Increasingly, whole-exome
sequencing (WES) has led to the discovery of additional genes
and pathways associated with the disease [36—40], and
expanded our understanding of the pathogenesis of VEO-
IBD. In recent years, whole-genome sequencing (WGS) has
been incorporated into the pipeline for genetic discovery in
VEO-IBD to further investigate variants in non-coding, regu-
latory regions of the genome that may be pathogenic as well.

While WES and WGS have revolutionized our ability to
study rare variants and determine the genetic basis of dis-
ease, understanding the relevance of identified variants has
remained challenging. The individual patient’s phenotype
may be shaped by mode of inheritance, epigenetics and
gene—gene interaction. Environmental modifiers, such as
the intestinal microbiota, antibiotic exposure, infection or
diet, also significantly impact disease phenotype [27, 37].
Due to the clinical presentation, often of severe disease,
together with the challenge of identifying the unique patho-
genesis of the disease, the appropriate evaluation is critical
patients with VEO-IBD. Indeed, in the setting of increasing
recognition of the challenges of evaluation and treatment for
this unique group of patients, a recent position paper from
North American Society for Pediatric Gastroenterology
Hepatology and Nutrition reviews factors that should trigger
concern for underlying immunodeficiency in VEO-IBD,
suggests immunological assays and genetic studies that can
facilitate identification of underlying diagnosis and empha-
sizes the importance of targeted treatment approaches in the
right context. [41].
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Clinical Presentation of Very Early-Onset
(VEO) IBD

Pediatric IBD has increased in incidence and prevalence and
this phenomenon has included very young children [26, 42,
43]. VEO-IBD remains relatively uncommon, approximately
6—15% of the pediatric IBD population is less than 6 years
old, and disease in the first year of life is rare [26, 43]. A
subset of patients with VEO-IBD present with a phenotype
that is distinct from older children and adults, including
extensive colonic disease (pancolitis) that it is frequently dif-
ficult to differentiate ulcerative colitis (UC) from Crohn dis-
ease (CD). Due to the frequent extension of disease, to
involve small bowel and perianal disease, (Table 5.1) [30,
43], indeterminate colitis is diagnosed more often in patients
with VEO (11-31%) [44] as compared to older onset IBD
(4-10%) [45—48]. In comparison, in older onset IBD (older
children >6 and adults), CD is more prevalent (55-60%),
while approximately 30-35% of VEO-IBD patients are diag-
nosed with CD [44].

The work-up in this population, similar to older patients,
includes laboratory, radiologic, and endoscopic evaluation
(Table 5.2). The laboratory studies should include not only
routine screening utilized for IBD diagnosis, but also an
immunological evaluation as well. This includes vaccine
titers, immunoglobulin profiles, analyses of B and T cell
function, and a dihydrorhodamine (DHR) flow cytometry
assay for chronic granulomatous disease. Potential further
targeted phenotyping and functional profiling of the systemic
and mucosal immune system will be guided by the individual
patient presentation. Diagnosis at a very young age should
trigger concern for a monogenic-driven disease, particularly
in IBD diagnosed less than 2 years of age. Marked growth

Table 5.1 Differences between VEO-IBD and older-onset IBD

VEO-IBD Older-onset IBD
Disease presentation Disease presentation
Predominately colonic Ileocolonic
Ileal involvement <20% Less extensive at
Extensive at presentation presentation
Disease classification Disease classification
CD: 30-35% CD: 55-60%
UC: 35-39% UC: 40-45%
IC: 11-22% IC: 4-10%
Histology Histology
Villous blunting Villous blunting/apoptosis
Apoptosis rarely seen
Positive family history Positive family history
40-50% 10-20%
Therapeutic response to
conventional therapy
Decreased
Surgical intervention Surgical intervention
70% 55%

failure and poor response to conventional therapies are more
commonly seen in children with VEO-IBD than in older
children with IBD as well [44, 49]. Furthermore, extensive
family history, including history of disease in male family
members (such as in X-linked disease), history of infection,
skin disease, or autoimmunity can help guide appropriate
laboratory screening. As shown below and in Table 5.2, ini-
tial screening laboratory studies such as inflammatory mark-
ers and complete blood count may point to the underlying
defect, such as elevated inflammatory markers or neutrope-
nia, which may represent a monogenic disorder causing
functional defects in neutrophils, such as glycogen storage
disease type 1b, leukocyte adhesion deficiency, or congenital
neutropenia.
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Genetic Variants Associated with VEO-IBD
and Their Immunologic Consequences

Monogenic diseases that can present with the phenotype of
intestinal inflammation include those that cause defects of
intestinal epithelial barrier function, phagocyte bacterial kill-
ing, development and function of the adaptive immune sys-
tem, and hyper or autoimmune inflammatory disorders [28].
These genetic alterations may differentially influence the
development and progression of intestinal inflammation, and
therefore these patients will likely exhibit significant hetero-
geneity in their responsiveness to therapeutic interventions.
Below we discuss what we have learned from mouse models
and translational patient-based studies, which should be con-
sidered when developing therapeutic strategies for these
unique patient populations. Increasingly, there is a recogni-
tion that treatment strategies for children with VEO-IBD,
particularly in those with immunologic alteration, should be
personalized based on the individual patient’s clinical and
immunophenotype, as well as genetic data when available,
and management may include therapies not standardly used
for the treatment of IBD.

Genetic Variants Influencing Intestinal
Epithelial Barrier Function

Mutations in genes associated with maintaining integrity of
the intestinal epithelial barrier can present with intestinal
inflammation in patients with VEO-IBD. These include loss-
of-function mutations in ADAM17 resulting in ADAM17
deficiency [50, 51], IKBKG (encoding NEMO) resulting in
X-linked ectodermal dysplasia and immunodeficiency [52],
COL7A]1 resulting in dystrophic epidermolysis bullosa [53],
FERMTI resulting in Kindler syndrome [54-56], TTC7A
resulting in multiple intestinal atresia [39], and EGFR lead-
ing to neonatal skin and inflammatory bowel disease [57].
Gain-of-function mutations may also lead to similar epithe-
lial barrier defects, as seen in the case of GUCY?2 resulting in
familial diarrhea [27, 58] and TGFBR1I and TGFBR?2 leading
to Loeys—Dietz syndrome, type 1 and 2, respectively [59,
60]. Mutations in these genes may all lead to an impairment
of the intestinal epithelial barrier through distinct pathways,
such as limiting epithelial regeneration (ADAM17) [61], loss
of signaling pathways involved in gene expression (/IKBKG,
EGFR, and TGFBR1/2) [57, 60, 62, 63] altered cell adhe-
sion, barrier formation and apoptosis (COL7AI, FERMTI,
and TTC7A) [39, 53-56], or impaired bacterial sensing and
ion homeostasis (GUCY?2) [27, 58]. The intestinal histology
of patients with epithelial defects can be helpful in distin-
guishing the disease from other etiologies of intestinal
inflammation. Patients with /IKBKG (NEMO) defects may
have villous atrophy or epithelial cell shedding on pathology

[64]. Histology in patients with ADAMI7 mutations may
demonstrate hypoplastic crypts in small bowel secondary to
a low rate of epithelial production as ADAM 7 is necessary
for TGF-a to be cleaved from the cell membrane [65, 66].

The intestinal barrier is necessary to maintain a physical
separation between commensal bacteria and the mammalian
immune system, and a breakdown in this barrier through
multiple distinct pathways can directly promote chronic
intestinal inflammation [12, 14]. In addition to genes listed
above, intestinal barrier function is maintained through a
number of physical and biochemical structures, including
mucus production, intestinal epithelial cell tight junction
proteins, Immunoglobulin A (IgA), and antimicrobial pep-
tides. In mice, chemical disruption of the intestinal barrier,
through administration of dextran sodium sulfate (DSS) in
the drinking water, results in dissemination of commensal
bacteria and activation of the innate immune system [67].
Chronic exposure to DSS can lead to activation of the adap-
tive immune response and the development pro-inflammatory,
commensal bacteria-specific, B and T cell responses [18,
68], which are similar to those observed in IBD patients [18,
69]. Intestinal epithelial cells play a significant role in
directly regulating immunologic homeostasis in the intes-
tine, as mice with intestinal epithelial cell lineage-specific
deletion of factors regulating the NFxB pathway, including
NEMO and IKK, result in susceptibility to chronic intesti-
nal inflammation [62, 63]. Although we know that loss of
intestinal barrier function can directly cause intestinal
inflammation, additional mouse models and translational
patient-based approaches are required to further define how
mutations in the above genes specifically lead to a break
down in the barrier, and whether we can develop more tar-
geted therapies to restore barrier integrity and limit chronic
inflammation.

Genetic Variants Impairing Development
of the Adaptive Inmune System

Several genetic variants can alter the development or func-
tion of adaptive immune cells in a cell-intrinsic or -extrinsic
manner. Defects that affect development or function of B
cells and T cells occur with loss-of-function mutations in
recombination activating genes (RAGI or RAG2) or the
IL-7R (IL7R) causing Omenn syndrome, or the PTEN gene
causing PTEN syndrome. Defects in RAGI, RAG2, or IL-7R
can cause cell-intrinsic defects in the development of both T
cells and B cells, by blocking either early lymphocyte sur-
vival or recombination of the B cell receptor (BCR) or T cell
receptor (TCR) [70-72]. Defects in B cell development lead
to an absence of circulating mature B cells and antibody pro-
duction, which have been linked to an IBD phenotype [73].
This includes agammaglobulinemia, which can also occur in
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X-linked agammaglobulinemia (XLA) [74] and common
variable immune deficiency (CVID), a complex and hetero-
geneous disease, with the responsible mutations known for
only a minority of cases [75]. Loss-of-function mutation in
LRBA may lead to multiple defects in immune cell popula-
tions (including lymphoproliferation, autoimmune cytope-
nias, and immune deficiency), along with enteropathy and
endocrine dysfunction [76]. Related to CVID, antibody defi-
ciency associated with IBD manifestations include IgA defi-
ciency and severe combined immunodeficiency (SCID),
which can be secondary to multiple variants that influence
the development or function of the adaptive immune system
(including RAG I, RAG2, JAK3, CD45, CD3G, ZAP70, ADA,
DCLREIC, DOCKS8) [28, 73, 77]. Omenn syndrome, a
recessive form of SCID, involves abnormal development of
B cells and T cells, and can also be associated with intestinal
disease as well as severe eczematous rash [77, 78]. In these
patients, laboratory studies are significant for increased oli-
goclonal T cells and reduced B cells, and histology can show
an intestinal graft versus host appearance [79, 80]. Aberrant
function of immunoglobulins, such as in hyper IgM and
Hyper IgE syndromes, can also result in intestinal inflamma-
tion and an IBD phenotype [81]. It is currently unclear
exactly how these selective impairments of the adaptive
immune system can manifest in intestinal inflammation.
There is a potential involvement of altered regulatory path-
ways, or chronic infections with pathogenic and opportunis-
tic microbes. Therefore, additional lines of study are required
to further interrogate the link of these mutations to intestinal
inflammation.

Wiskott—Aldrich syndrome (WAS) results from a loss of
function mutation in Wiskott—Aldrich syndrome protein
(WASP), and patients can exhibit thrombocytopenia, eczema,
immune deficiencies, and intestinal inflammation [82]. The
clinical manifestation of patients with VEO-IBD with this
genetic defect can be pancolitis in addition to other autoim-
mune processes. WASP is a critical cytoskeleton protein
expressed in hematopoietic cells that are required for the
normal development and function of multiple cell types [83,
84]. WASP is also requited for peripheral B cell development
and function, with subsequent ability to respond to antigens
[85, 86]. Laboratory studies of these patients may show
thrombocytopenia, low IgM levels, low marginal B cells, and
lymphopenia [87]. Snapper and colleagues identified that
intestinal inflammation in WASP-deficient mice was criti-
cally dependent on inflammatory T cells [88], and may result
from an impaired development of regulatory T cells (Tregs)
in the thymus and periphery [89]. Surprisingly, these defects
are likely occurring in a cell extrinsic manner, as the absence
of WASP in cells of the innate immune system directly con-
tributed to the development of inflammatory T cell responses
in mice [90]. The causes of intestinal inflammation in other
similar patient populations are less well understood, but

defects in regulatory T cells, IgA, and abnormal selection of
T cell and B cell specificities likely contribute. The clinical
manifestations of Wiskott—Aldrich syndrome, including
bowel inflammation, have successfully been managed with
HCT and, more recently, with gene therapy [91, 92].
Similarly, HCT is an effective management strategy for the
systemic manifestations of SCID, hyper-IgM syndrome, and
other defects of adaptive immunity [93, 94]. Additional
immunological analyses and mouse models, such as those
described above, are required to further define the causes of
disease and potential therapeutic options in these patient
populations.

Genetic Variants Impairing Regulatory T cells

Defects in regulatory T cells can clinically present as colonic
disease and well as an enteropathy. The prominence of vil-
lous atrophy is a clue to these disorders. Immune dysregula-
tion, polyendocrinopathy, enteropathy, X-linked syndrome
(IPEX) is most often secondary to mutations of Forkhead
box protein 3 (FOXP3) gene, a transcription factor that is
essential for the development and immunosuppressive activ-
ity of CD4 FOXP3* Tregs [78, 95-97]. There are over 20
mutations in FOXP3 that have been identified in patients
with IPEX [96], and patients frequently present with neona-
tal severe secretory diarrhea, failure to thrive, infection (due
to defects in immunoregulation), skin rash, insulin-dependent
diabetes, thyroiditis, cytopenias, and other autoimmune dis-
orders [78]. Tregs are absent or dysfunctional in these
patients, and in the intestine, histologic analyses may reveal
infiltration of inflammatory cells in the lamina propria and
submucosa of the small bowel and colon as well as changes
in the mucosa of the small bowel [98]. Other genetic defects
have been found to cause IPEX-like disease, including loss
of function mutations impacting IL-2-IL-2R interactions,
STAT5b, and ITCH, or gain-of-function mutations in STAT1,
all of which critically influence the development and func-
tion of Tregs [78]. Further, Blumberg and colleagues have
identified in a novel loss of function mutation in CTLA4, a
surface molecule of regulatory T cells that directly sup-
presses effector T cell populations, in VEO-IBD [99].

The mechanisms by which regulatory T cells limit intesti-
nal inflammation are well characterized in mice. Regulatory
T cells can develop in the thymus as “natural Tregs” and
directly contribute to limiting pro-inflammatory T cells in
the intestine [100]. The composition of commensal bacteria
influences the repertoire of Tregs [100] and commensal
bacteria-specific “induced Tregs” can also be generated in
the periphery following sampling of commensal bacteria by
dendritic cells in the intestine and migration to the mesen-
teric lymph node [12, 16, 97, 101]. Once generated, Tregs
can then promote intestinal homeostasis through direct regu-
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lation of innate and adaptive immune cell responses to com-
mensal bacteria, a process which involves cytokine
production, direct cell—cell contact (in part through CTLA4)
and sequestering of growth factors [12, 16, 97]. Consistent
with a major role for regulatory T cells in limiting pro-
inflammatory immune cell responses to commensal bacteria,
mice deficient in IL-2 or FoxP3 develop significantly less
intestinal inflammation when maintained in germ-free versus
conventional housing conditions, but exhibit comparable
levels of systemic autoimmunity [102, 103]. Evidence also
suggests that the balance of tissue-specific IL-23 and IL-33
expression in mice is critical in regulating the function of
regulatory T cells in the intestine and ability to limit chronic
inflammation [104], although the role of these pathways in
human VEO-IBD has not been extensively examined.

Genetic Variants in the IL-10-IL-10R Pathway
and Related Cytokine Family Members

Homozygous loss of function mutations in /L-/0 ligand and
receptors IL-10RA and IL-10RB are associated with signifi-
cant intestinal inflammation, particularly in neonatal or
infantile VEO-IBD, with a phenotype of severe enterocolitis
and perianal disease [29, 35]. In addition, compound hetero-
zygote loss of function mutations of /L-/0RA have been
reported with neonatal Crohn disease and enterocolitis [105].
IL-10 is an anti-inflammatory cytokine secreted by a variety
of cells, including dendritic cells, natural killer (NK) cells,
eosinophils, mast cells, macrophages, B cells, and CD4* T
cell subsets (including Th2 cells, Th1 cells, Th17 cells, and
Treg) [106, 107]. IL-10 maintains homeostasis through sup-
pression of an excessive pro-inflammatory response and
exerts its effect through binding to the IL-10 receptor,
IL-10R, which is a tetrameric complex [108]. It is composed
of 2 distinct chains, 2 molecules of IL-10R1 (a chain) and 2
molecules of IL-10R2 (B chain) [109]. IL-10 binding to
IL-10R activates the JAK1/STAT3 cascade, which subse-
quently limits pro-inflammatory gene expression [109]. In
addition to intestinal inflammation, IL-10 defects are associ-
ated with arthritis, folliculitis, and predisposition to large B
cell lymphoma [105, 110]. Given that the defects in IL-10-
IL-10R interactions predominantly influence the immune
system, a potential treatment for these patients is successful
hematopoietic stem cell transplantation [111]. Although this
can be challenging and typically requires an HLA-identical
donor, there has been recent success reported with haploi-
dentical stem cell transplantation; however, non-engraftment
complications can occur [112].

An essential role for IL-10 in limiting intestinal inflam-
mation was demonstrated by the spontaneous development
of severe colitis in IL-10-deficient mice [113], and studies by
Sartor and colleagues identified that the intestinal inflamma-

tion in IL-10-deficient mice was entirely dependent on the
presence of commensal bacteria [114]. Therefore, IL-10
plays a critical role in limiting dysregulated immune cell
responses to intestinal commensal bacteria. The exact cellu-
lar sources and targets of IL-10 that contribute to the mainte-
nance of intestinal homeostasis have been less well defined
until the recent development of mice that permit conditional
deletion of IL-10 and IL-10R. These critical studies have
revealed an essential role of regulatory T cell-intrinsic IL-10
expression in preventing intestinal inflammation in mice
[115, 116]. Furthermore, IL-10R expression on myeloid
cells in mice is critical to elicit anti-inflammatory responses
and limit T cell-dependent intestinal inflammation [117,
118]. Critically, patients with loss-of-function mutations in
IL-10RA or IL-10RB also exhibited an impaired ability to dif-
ferentiate anti-inflammatory myeloid cells in vitro, and
rather exhibited increased pro-inflammatory properties, such
as elevated expression of IL-6, IL-12, TNFa, MHCII, and
co-stimulatory molecules [117]. Although mouse models
have provided invaluable insight into human health and dis-
ease, it should be noted that mice deficient in /L-70 do not
completely replicate the phenotypes of humans with loss-of-
function mutations in /L-70, likely due to many confounding
factors.

IL-22 is a cytokine that is related to IL-10, shares the
IL-10R2 chain with a unique IL-22R1, signals through pre-
dominantly STAT3, and also plays a critical role in mediat-
ing intestinal homeostasis [119]. However, unlike IL-10, the
complete IL-22R is restricted to non-hematopoietic cells,
and in the intestine, IL-22 acts almost exclusively on intesti-
nal epithelial cells to mediate innate immunity and intestinal
barrier function [119]. IL-22 can be produced by Th17 cells,
and more recently has been identified to be predominantly
expressed by a previously unrecognized cell type of the
innate immune system, termed group 3 innate lymphoid cells
(ILC3) [119, 120]. This breakthrough in immunology has led
to the identification of other members of the innate lymphoid
cell (ILC) family, including group 1 ILCs (ILC1) that express
T-bet and pro-inflammatory cytokines TNFa and IFNy, and
group 2 ILCs that express GATA3 and type 2 cytokines IL-4,
IL-5, IL-9, and IL-13 [120, 121]. The ILC family exhibits a
heterogeneity comparable to that of differentiated CD4 T
cell subsets, and plays a profound role in regulating intestinal
health and disease in mouse models [119-121]. Critically,
recent reports suggest that ILC3 is a dominant source of
IL-22 in the intestine of healthy humans, and that dysregu-
lated ILC responses are observed in adult patients with IBD
[122-128]. ILC3 expresses MHCII, and that selective dele-
tion of MHCII on ILC3 results in dysregulated CD4 T cell
responses and spontaneous intestinal inflammation, suggest-
ing that these cells are essential for regulation of T cell-
mediated inflammation in the gut [123]. MHCII* ILC3
selectively induces cell death of pro-inflammatory, commen-
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sal bacteria-specific, CD4 T cells in the intestine. MHCII
was reduced on ILC3 from intestinal biopsies of pediatric
IBD patients versus non-IBD controls and inversely corre-
lated with levels of pro-inflammatory Th17 cells [129]. In
recent years, there is increasing understanding about the role
of IL-22 in inflammatory bowel disease [130, 131]. However,
much remains to be learned about ILC and IL-22 responses
in VEO-IBD, and given the importance of these pathways in
mediating intestinal health and disease, it is likely the genetic
variations associated with VEO-IBD may differentially
influence ILC responses.

Genetic Variants Influencing Bacterial
Recognition and Clearance

Chronic granulomatous disease (CGD) is a result of defec-
tive intestinal phagocytes, specifically the granulocytes
responsible for bacterial killing and clearance [132]. The
NADPH oxidase complex is responsible for killing of
ingested microbes through its production of the respiratory
burst. Mutations in any part of the complex molecules
(CYBB, CYBA, NCF1, NCF2, NCF4) can result in intesti-
nal inflammation as well as autoimmune disease [133, 134].
Intestinal inflammation can be observed in as high as 40%
of patients with CGD [135-138]. Several variants have been
associated with VEO-IBD, in particular, defective NCF2
results in altered binding to RAC2 [139]. These patients can
present in the neonatal or first year of life with colitis, severe
fistulizing perianal disease, and tructuring [139]. Histology
frequently demonstrates multiple granulomas that may not
have associated inflammatory change [37]. Critically, a
recent study by Muise and colleagues identified that hetero-
zygous loss of function mutations in components of the
NADPH oxidase complex can determine susceptibility to
VEO-IBD, without directly causing overt immunodefi-
ciency [140]. Other neutrophil defects that are associated
with VEO-IBD include Leukocyte Adhesion Deficiency

Fig. 5.2 Primary immune

Type I and II caused by mutations in /7GB2 and SLC35C1,
respectively [141, 142]. These patients can present with an
IBD phenotype, history of bacterial infection, and labora-
tory studies remarkable for increased peripheral granulo-
cytes [143]. Glycogen storage disease Type 1b, with
hallmark features of neutropenia and neutrophil granulocyte
dysfunction, can present with intestinal inflammation [144].
The reasons for why CGD and other bacterial processing
defects may manifest in intestinal inflammation are poorly
understood and warrant additional research. It is possible
that the causes include bacterial overgrowth or dysbiosis in
the intestine, dysregulated activation of the innate and adap-
tive immune system, or both. Further, the therapies used to
treat such patients need to be carefully considered. For
example, anti-TNFoa therapy is contraindicated in
CGD. Though effective for intestinal disease can increase
the risk of severe infections in these patients [145]. Other
therapies include leukine, antibiotics, and allogenic hemato-
poietic stem cell transplantation, which have demonstrated
some success [146]. In addition, IL-1R antagonists may be
particularly attractive approach to limit disease in mouse
models and patients with CGD by restoring autophagy and
directly limiting inflammation [147].

Autoimmune and Autoinflammatory Disorders

Several autoimmune/autoinflammatory diseases have been
linked with intestinal inflammation in children with VEO-
IBD. (Fig. 5.2) These include mevalonate-kinase deficiency
[148], familial Mediterranean fever (FMF) [149, 150],
Hermansky—Pudlak syndrome [151] X-linked lymphoprolif-
erative syndrome (type 1 and 2) [36, 152, 153], and muta-
tions in NLRC4. [154, 155] These diseases occur due to loss
of function mutations in an enzyme critical for metabolism
(mevalonate-kinase deficiency), cytoskeletal proteins (FMF),
proteins involved in organelle fusion or biogenesis
(Hermansky—Pudlak syndrome), or proteins involved in
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cell signaling or apoptosis (X-linked lymphoproliferative
syndrome) or from gain-of-function mutation in NLRC4
leading to constitutive interleukin-1 family cytokine produc-
tion and macrophage cell death. While there are many addi-
tional clinical manifestations in these patients, twenty
percent of patients with X-linked lymphoproliferative syn-
drome with loss of function defect in the gene X-linked
inhibitor of apoptosis protein (X/AP), present with VEO-
IBD [156]. XIAP is involved in NOD2-mediated NFKB sig-
naling, and therefore these children may have an impaired
ability to sense bacteria. In addition, as an inhibitor of apop-
tosis, it prevents apoptosis of activated T cells, thus allowing
for expansion and survival of T cells in response to patho-
gens [157, 158]. Therefore, in XIAP deficiency, due to the
inability to clear pathogens, there is a hyperinflammatory
state, with increased production of cytokines resulting in an
IBD phenotype [156, 158]. Children with these mutations
can present with severe colonic and perianal fistulizing dis-
ease [36, 159], and of great concern, EBV infection can
result in fatal hemophagocytic lymphohistiocytosis [159].

While this is not an exhaustive description of the rare
genomic drivers of VEO-IBD, it highlights the different
components of the immune system, including innate and
adaptive response, involved in this disease. Treatments
guided toward the specific defect, such as IL-1 antagonists,
colchicine, HSCT, or leukine can be used if the defect is
determined. Additionally, monitoring for potential complica-
tions associated with a genetic defect is essential, such as in
XIAP, IL-10 gene variants, and CGD. In addition to these
monogenic diseases, VEO-IBD has been shown to have a
high degree of genetic heterogeneity. It is therefore likely
that there are more pathways involved in VEO-IBD, and the
outcome of therapeutic intervention can be improved through
further study and identification of the associated variants.
Utilizing next-generation sequencing (NGS) such as WES
can improve detection of variants and diagnosis of disease.
Further, there is an urgent need to also directly translate
genes-to-function and functionally profile the immunologi-
cal significance of known genetic variations in intestinal
inflammation.

Immunologic Considerations

Autoimmune disease in general is strongly associated with
variants related to immune deficiency. In a meta-analysis of
rheumatoid arthritis, 377 candidate genes were identified as
risk loci for rheumatoid arthritis. Among 98 genes with a
relative risk greater than 2, 15 of those genes were related to
primary immune deficiencies [160]. Therefore, it should
come as no surprise that VEO-IBD is similarly enriched with
gene defects related to primary immune deficiencies. The

study of primary immune deficiencies and their association
with VEO-IBD has illuminated the critical and delicate inter-
action of the immune system with the luminal contents of the
gastrointestinal tract. Primary immune deficiencies undoubt-
edly increase the susceptibility to IBD through multiple
mechanisms. Even a mild immune deficiency such as IgA
deficiency has a significantly higher rate of IBD than the
general population [161]. This may reflect changes to the
microbiome due to the lack of selective pressure [162]
increased microbial translocation, compromised signaling
within the gastrointestinal tract, or stimulation of an aberrant
response due to active infection. There are two compelling
reasons to further understand defects in genes related to
immunologic function in cohorts of patients with IBD. From
a purely clinical perspective, identification of patients with
monogenic disorders is critical to deliver optimal care.
Whether it be through the use of targeted biologic therapy or
hematopoietic stem cell transplantation, these patients
clearly require a precise, targeted approach to their specific
disease state. The second reason for the focus on monogenic
disorders is the critical perspective that they provide for the
population overall. As was shown above, many of the com-
mon variants as well as the monogenic disorders can be cat-
egorized according to pathologic pathways that drive the
development of VEO-IBD. Even in those patients for which
a monogenic cause is not found, these pathways contribute to
greater insights and allow better selection of therapeutic
approaches.

While defects in epithelial barrier function, lymphocyte
signaling defects, regulatory T cell defects, innate responses
to infection, and autoinflammatory disorders may seem to
represent highly diverse types of defects leading to VEO-
IBD, they come together at the epithelial surface where
immune responses must be perfectly tuned to prevent inap-
propriate responses. Increased translocation of bacteria or
translocation of inappropriate bacteria, as is the case in dys-
biosis, drives an inflammatory loop. An important compo-
nent of the integrity of the epithelial surface is the contribution
of innate lymphoid cells. There are no known monogenic
disorders that affect innate lymphoid cells; however, in
murine models, their role is now firmly established. These
cells contribute to the maintenance of the epithelial layer as
well as secretion of antimicrobial peptides and mucins.
When this carefully constructed epithelial barrier is pene-
trated, cells of the innate immune system are activated and
recruit additional cells to the inflammatory process. It may
be that some of the signaling defects that have been described
for conventional T cells also impact the function of innate
lymphoid cells and contribute to the susceptibility of IBD
through their roles in innate lymphoid cells more substan-
tially than is currently appreciated. Within the lamina pro-
pria, T cells and innate lymphoid cells perform an intricate
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choreography mediated by the secretion of cytokines. Many
of the recognized cytokines are already being targeted
through biologic therapies. From this framework, the high
impact of the monogenic disorders may be appreciated.

One of the initial strategies to identify patients with pri-
mary immune deficiencies is to simply survey their immuno-
logic function, as described above. While many of the defects
may not have demonstrable effects on cells within the periph-
eral blood, many of the monogenic disorders will have an
impact that can be appreciated through simple screening
studies. Obtaining lymphocyte subsets, testing neutrophil
oxidative burst, and evaluating immunoglobulin levels and
function represent a reasonable first step. In patients with
phenotypic features of specific monogenic conditions, addi-
tional functional studies may also be indicated. When suspi-
cion for monogenic disease is high, targeted sequencing
panels or whole-exome sequencing (and in some cases
whole-genome sequencing) may be pursued. This strategy is
now sufficiently available and the consequences of identifi-
cation of a primary immune deficiency are sufficiently large,
that it is appropriate to expend the energy and effort to obtain
this type of sequencing.

Perspective and Future Directions in Genetic
and Immunologic Analyses of VEO-IBD

In order to advance our understanding of VEO-IBD,
sequencing technology must be utilized to completely
understand the genetic landscape of this disease, and immu-
nologic studies spanning basic mouse models and transla-
tional patient-based approaches are required to determine
the contribution of those genetic variations to human dis-
ease. Given that dysregulated interactions between the
immune system and commensal bacteria underlie the
pathogenesis of intestinal inflammation, it is also important
to include analyses of composition and function of the
microbiome. As these patient populations are studied
worldwide, and sometimes in small numbers, international
collaborations are needed to integrate genetic, immuno-
logic, and environmental results pertaining to VEO-IBD
patients to better understand the effects of different variants
within known genes, and identify new gene defects causing
IBD through the study of mutations that arise in the same
genes of multiple unrelated individuals. With increased
understanding of the disease processes operating in VEO-
IBD, we can begin to individualize therapies to the specific
patient as well as employ unconventional therapies that are
not routinely part of the IBD therapeutic arsenal. These
approaches could provide a roadmap to establishing a stan-
dard of care for this disease and improving patient quality
of life.
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Introduction

The global epidemiology of pediatric-onset inflammatory
bowel disease (IBD) is rapidly evolving. Based on studies of
adult-onset IBD, a four-stage model has been proposed to
describe this evolution: (1) emergence of IBD; (2) accelera-
tion in incidence; (3) compounding prevalence; and (4) prev-
alence equilibrium (Fig. 6.1) [1]. Compounding prevalence
occurs when the incidence of IBD is relatively stable over
time, while prevalence continues to grow because the inci-
dence of IBD exceeds mortality rates among IBD patients
[2]. If the incidence of IBD were to sufficiently decline in a
region such that it approaches the mortality rate, prevalence
equilibrium would be reached. Much of the developing
world has evolving incidence rates of adult-onset IBD con-
sistent with either the first or second stage of this epidemio-

M. E. Kuenzig

SickKids Inflammatory Bowel Disease Centre, Division of
Gastroenterology, Hepatology and Nutrition, The Hospital for Sick
Children, Toronto, ON, Canada

SickKids Research Institute, Toronto, ON, Canada
e-mail: ellen.kuenzig @sickkids.ca

E. 1. Benchimol (D<)

SickKids Inflammatory Bowel Disease Centre, Division of
Gastroenterology, Hepatology and Nutrition, The Hospital for Sick
Children, Toronto, ON, Canada

SickKids Research Institute, Toronto, ON, Canada

Department of Paediatrics and Institute of Health Policy,
Management and Evaluation, University of Toronto,
Toronto, ON, Canada

e-mail: eric.benchimol @sickkids.ca

© Springer Nature Switzerland AG 2023

logic model; the developed world is in the third stage [1].
Thus far, no world region has reached prevalence
equilibrium.

The evolution of IBD in children has lagged the evolution
in adults. Specifically, many developed, high-income regions
in the Western world remain in a stage of accelerating inci-
dence, with many countries describing a rapidly rising inci-
dence of childhood-onset IBD. Further, a lack of data on the
epidemiology of childhood IBD in other regions of the world
suggests that the emergence of IBD in children may be antici-
pated in low- and middle-income countries. This chapter will
describe our current knowledge of the epidemiology of IBD,
including changing age demographics of IBD within children
and ethnocultural (including racial) differences and summa-
rize the importance of studying children to understand how
environmental exposures influence the pathogenesis of IBD.
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Fig. 6.1 The proposed four-stage model describing the evolution in the epidemiology of inflammatory bowel disease (IBD). Reprinted from

Kaplan and Windsor [1] with permission

Incidence and Prevalence

There are two metrics that describe the epidemiology of a
disease: incidence and prevalence. Incidence is defined as
the number of newly diagnosed people in a given time period,
most frequently reported as annual incidence per population.
Prevalence is defined as the number of people living with a
disease at one point in time. A frequently used analogy to
describe incidence and prevalence is water filling and drain-
ing from a sink. Incidence is analogous to the water flowing
from the tap into the sink—higher incidence is analogous to
faster flow of water from the faucet resulting in the sink fill-
ing more quickly with cases. Prevalence is analogous to the
total volume of water in the sink. For a lifelong chronic dis-
ease, like IBD, the only mechanism for cases to “drain away”
is death or migration out of the population under study. In
pediatric studies where prevalence is often defined as num-
ber of children living with IBD in the population, aging out
of the population (i.e., becoming an adult) will also remove
cases from the sink. Because mortality from IBD is low and
is far exceeded by the number of new cases, the number of
cases accumulating in the sink continues to grow—resulting
in a growing total burden of disease.

Regional incidence and prevalence estimates of pediatric-
onset IBD are summarized in Table 6.1 and Fig. 6.2. There is
wide geographic variation in the incidence and prevalence
rates of pediatric IBD internationally. Systematic reviews
indicate that the highest incidence rates of pediatric IBD

occur in Canada, Northern Europe, the Northern United
States, and Israel, but there remains a paucity of data on the
epidemiology of pediatric IBD in the developing world [3,
4]. In general, Crohn disease (CD) is more common among
children than ulcerative colitis (UC). More recent studies
confirm this geographic distribution of IBD with North
America, Northern Europe, and Israel continuing to have the
highest rates of IBD and the number of countries reporting
rates continues to grow. A longitudinal gradient can be
observed, with prevalence being much higher in northern
regions of Europe than southern regions. Australia and New
Zealand have intermediate rates of IBD. Where data are
available, countries in Asia and the Middle East indicate
lower rates of IBD in children. Pediatric IBD is rapidly
emerging in these regions where it was previously unre-
ported or underreported. Despite our growing knowledge of
the epidemiology of pediatric IBD, gaps in knowledge
remain for many parts of the world.

Changes in Incidence and Prevalence
Over Time

Incidence rates of childhood IBD are increasing globally.
These increases have been long established in North America
and Europe [3, 4]. As more data on the global incidence of
IBD come to light, these rates are continuing to increase in
North America [5, 6] and Europe [7-11] and being mirrored
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Table 6.1 Summary of the most recently reported incidence and prevalence of pediatric inflammatory bowel disease summarized by world region

Countries reporting incidence and/or

Region prevalence Incidence per 100,000 person-years Prevalence per 100,000 people
Africa
Northern Africa | Libya [16] 'IBD: 0.9 'IBD: 3.6
Americas
Caribbean French West Indies (Guadeloupe, IBD: IBD: 24 (Puerto Rico)
Martinique) [91], Puerto Rico [92] * <10 years at diagnosis: 0.3 (French CD: 7 (Puerto Rico)
West Indies) UC: 11 (Puerto Rico)
* 10-19 years at diagnosis: 3.1 (French

West Indies)
Central Costa Rica [93] IBD: 2.96
America
North America | Canada [5, 20], United States of IBD: 2.4 (Texas) to 10 (Canada) IBD: 38 (Canada) to 62 (Canada)

America [94] (California [95],
Minnesota [96], Texas [27], Wisconsin
[19D)

CD: 1.3 (Texas) to 6.5 (Canada,
Minnesota)
UC: 0.5 (Texas) to 4 (Minnesota)

CD: 25 (Canada) to 43 (United
States)
UC: 11 (Canada) to 28 (United
States)

South America | Colombia [97] CD: 04
UC: 0.9
Asia
Eastern Asia China [12], Japan [23], South Korea IBD: 0.6 (China) to 3.3 (South Korea) CD: 7.2 (Japan)

[98], Taiwan [99]

CD: 0.25 (Taiwan) to 2.8 (South Korea)
UC: 0.6 (South Korea)

UC: 1.5 (Japan)

South-Eastern Singapore [17] IBD: 4.3
Asia CD: 2.1
UC: 1.0
Southern Asia Sri Lanka [100, 101] CD:
* <10 years: 0to 0.2
* 10-19 years: 0.44 to 3.9
ucC:
e <10 years: 0 to 0.93
* 10-19 years: 1.8 to 2.73
Western Asia Bahrain [13, 14], Israel [15, 22], IBD: 0.49 (Saudi Arabia) to 21.6 IBD: 373 (Israel)
Kuwait [102], Saudi Arabia [18] (Kuwait) CD: 9.32 (Bahrain) to 245 (Israel)
CD: 0.34 (Saudi Arabia) to 15.3 (Kuwait) | UC: 128 (Israel)
UC: 0.15 (Saudi Arabia) to 6.0 (Kuwait)
Europe

Eastern Europe

Czech Republic [103, 104], Hungary
[105], Poland [106]

IBD: 2.7 (Poland) to 12.5 (Czech
Republic)

CD: 0.6 (Poland) to 6.8 (Hungary)
UC: 1.3 (Poland) to 4.0 (Hungary)

Northern Denmark [107, 108], Faroe Islands IBD: 5.0 (Iceland) to 41.5 (Faroe Islands) | IBD: 46.3 (Scotland) to 75.0
Europe [109], Finland [110, 111], Iceland CD: 2.2 (Faroe Islands) to 10.0 (Sweden) | (Sweden)
[11], Ireland [112], Norway [113], UC: 2.4 (Iceland) to 12.5 (Finland) CD: 29.0 (Sweden) to 39.5
Sweden [114-117], United Kingdom (Scotland)
(England [9], Scotland [118, 119]) UC: 12.5 (Scotland) to 30.0
(Sweden)
Southern Croatia [120], Italy [121], Malta IBD: 1.4 (Italy) to 9.4 (Slovenia) IBD: 31.0 (San Marino)
Europe [122], San Marino [123], Slovenia CD: 0.62 (Malta) to 8.69 (Croatia) CD: 15.5 (San Marino)

[124], Spain [10]

UC: 0.9 (Croatia, Spain) to 9.1 (San
Marino)

UC: 15.5 (San Marino)

Western Europe

Austria [125], France [7], Germany
[126], Netherlands [127]

IBD: 5.2 (Netherlands) to 17.4
(Germany)

CD: 2.1 (Netherlands) to 10.6 (Germany)
UC: 1.6 (Netherlands) to 6.2 (Germany)

IBD: 66.3 (Germany)
CD: 37.7 (Germany)
UC: 23.7 (Germany)

Oceania

Australia [29, 128-130], New Zealand
(NZ) [131, 132]

IBD: 5.2 (NZ) to 6.8 (Australia)
CD: 3.5 (NZ) to 5.9 (Australia)
UC: 1.0 (NZ) to 1.6 (Australia)

IBD: 21.7 (NZ) to 46.0 (Australia)
CD: 16.5 (NZ)
UC: 3.3 (NZ)
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Fig. 6.2 Maps describing
global patterns in the
incidence of pediatric-onset
(a) inflammatory bowel
disease (IBD); (b) Crohn
disease (CD); and (c)
ulcerative colitis (UC)
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in other parts of the world, including in China [12], Bahrain
[13, 14], Israel [15], Libya [16], Singapore [17], and Saudi
Arabia [18]. Incidence rates in Wisconsin, USA remained
stable between 2000 and 2007 [19].

Changes in incidence vary by age. For example, incidence
of IBD is increasing among Canadian children of all ages

[6]; however, this is largely driven by increases in Very
Early-Onset IBD (VEO-IBD), defined by IBD diagnosed in
children <6 years of age [5]. In Saudi Arabia, incidence of
VEO-IBD and VEO-CD have declined over time, but inci-
dence of IBD, CD, and UC have increased among all those
diagnosed before their 15th birthday; the incidence of
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VEO-UC was stable over this period [18]. France has
reported stable rates of VEO-IBD but increasing rates of IBD
diagnosed between the ages of 6 and 16, before age 10, and
among children of any age [7, 8].

Canada [5, 6, 20, 21], Israel [15, 22], Libya [16], and
Japan [23] have reported significant increases in the overall
prevalence of childhood IBD over time. Japan reported an
increase of 71.4% in the prevalence of CD (4.2 to 7.2 per
100,000) and 36.4% increase in the prevalence of UC (from
11 to 15 per 100,000) between 2004 and 2013 [23]. The
prevalence of IBD in Libya increased from 1.2 per 100,000
to 3.6 per 100,000 between 2002 and 2006 [16]. Israel simi-
larly reported increases in the prevalence of CD and UC,
with prevalence increasing faster among Arabs than Jews
[15]. In Canada, increases in prevalence differ by age group.
The most notable increases in prevalence were reported for
those <5 years of age and was specific to overall IBD (aver-
age annual percentage change [AAPC] +10.7%, 95% CI
+3.32 to +18.09) and CD (AAPC +13.14, 95% CI +7.24 to
+19.04) [5]. Changes in the prevalence of VEO-UC were not
statistically significant (AAPC +5.48, 95% CI —5.01 to
+15.98). Increases in the prevalence of CD and UC were
similar among Canadian children 5 to 9 years of age (CD:
AAPC +9.11, 95% CI +4.38 to +13.84; UC: AAPC +9.98,
95% CI +5.91 to +14.05). The prevalence of overall IBD and
CD significantly increased among those 10 to 13 years of
age, though the annual increases in this age group were much
smaller in magnitude relative to the other age groups (IBD:
+3.14%, 95% CI +1.61 to +4.67; CD: +2.99, 95% CI +0.79
to +5.20). There were no significant changes in the preva-
lence of IBD, CD, or UC among those 14 to 15 years of age.

Projecting the Future Epidemiology
of Pediatric Inflammatory Bowel Disease

The availability of large population-based cohorts of IBD
patients derived from routinely collected health data has
enabled investigators to predict the future burden of IBD. In
Canada, the overall prevalence of IBD in children (<18 years)
will rise from 62 per 100,000 in 2008 to 159 per 100,000
(prediction interval [PI] 133 to 185) in 2030 [20]. This same
degree of projected increase in the prevalence of pediatric
IBD (<17 years) was not replicated in Scotland, where the
2018 prevalence was reported to be 106 per 100,000 and the
2028 prevalence is predicted to be 124 (95% CI 80 to 169)
per 100,000 [24]. The prevalence of IBD in Portugal is
expected to be 4—6-times higher in 2030 than in 2003; how-
ever, this study did not forecast pediatric-specific prevalence
estimates [25]. These studies predicting future trends in epi-
demiology are important to understand the future global bur-
den of IBD, as well as to plan for health system changes
required to meet the needs of children with IBD. The rising

prevalence in some regions will be accompanied by increas-
ing health services utilization and use of biologic medica-
tions, resulting in alarming increases in direct health care
costs and other resource needs.

Changing Age at Inflammatory Bowel
Disease Diagnosis

The differing trends in incidence rates across age groups
begs the question: Is the age at which children are being
diagnosed with IBD changing? The data needed to answer
this question are not clear. An Israeli study reported that the
mean age at IBD diagnosis among Jewish children signifi-
cantly decreased from 15.0 + 2.8 years for those diagnosed
between 2002 and 2008 to 14.3 + 3.1 years for those diag-
nosed between 2009 and 2016 [22]. A second study from
Israel conducted between 2005 and 2017, including both
Jews and Arabs, reported significant increases in the inci-
dence of both CD and UC in children diagnosed between 10
and <18 years but no change in the incidence of CD and UC
diagnosed <10 years [15]. In France, an increasing propor-
tion of children were diagnosed with an inflammatory phe-
notype (64% in 1988-1990 to 87% in 2009-2011) with
notable declines in fibrostenotic disease behavior at diagno-
sis (33% in 1988-1990 to 11% in 2009-2011) [7]. These
changes in phenotype over time implies earlier identification
of disease, prior to progression from inflammatory to fibro-
stenotic disease. However, this was not reflected in the analy-
sis assessing age demographics: the proportion of children
diagnosed before 10 years of age did not significantly change
between 1988-1990 (17.0%) and 2009-2011 (18.7%) [7].
Changes in the age at IBD diagnosis likely resulted from a
combination of factors including early disease onset and ear-
lier diagnosis resulting from increasing awareness of IBD in
young children and improved access to specialist pediatric
gastroenterologist care, endoscopy, and imaging [26].

Ethnocultural Differences in the
Epidemiology of Inflammatory Bowel
Disease

There are notable differences in the epidemiology of IBD
among children of different ethnocultural backgrounds liv-
ing in the same geographic regions. A study from Texas
reported incidence of 4.15 (95% CI 3.48 to 4.82), 1.83 (95%
CI1.14 t0 2.51), and 0.61 (95% CI 0.33 to 0.89) per 100,000
person years in White, African American, and Hispanic chil-
dren, respectively [27]. These rates increased in all groups
over the course of the study but the relative increase in inci-
dence was the greatest for Hispanic children. This same
study reported a higher incidence of CD relative to UC in all
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groups; however, this difference was most pronounced in
African-American children. A Wisconsin study reported a
similar ethnic distribution among children with IBD to the
general population of the state [19].

In Israel, both the incidence and prevalence of pediatric
IBD are substantially higher in Jews than in Arabs. However,
one study found that the gap has decreased between 2005
and 2018. The prevalence of both CD and UC increased
much faster among Arab children (CD: AAPC +6.0%, 95%
CI +3.8 to +8.3; UC: AAPC +7.0%, 95% CI +5.0 to +9.2)
than among Jewish children (CD: AAPC +1.4%, 95% CI
+0.9 to +1.9; UC: +2.9%, 95% CI +2.5 to +3.4) [15].

A study from British Columbia, Canada, described signifi-
cantly higher incidence of IBD in South Asian children rela-
tive to non-South Asian children [28]. In South Asian children,
the incidence of IBD increased from 5.95 per 100,000 per-
son-years in 1996 to 18.01 per 100,000 person-years. In non-
South Asian children, the incidence increased from 4.44 to
7.73 per 100,000 person-years over the same period. Although
the incidence of all IBD types was higher among South Asian
children, this difference was highest for UC (South Asians:
CD 6.41 per 100,000 person-years, UC 6.70 per 100,000 per-
son-years; non-South Asians: CD 3.69 per 100,000 person-
years, UC 0.96 per 100,000 person-years). The majority of
IBD cases presenting in South Asian children occurred in
second-generation residents (the children of immigrants).

There is a paucity of data on the incidence and prevalence
of IBD in indigenous populations, such as Native Americans,
Canadian First Nations, and Australian Aboriginal people,
although it has been suggested that the risk remains lower in
these populations. In Australia, 0.56% of children with IBD
have at least one parent of Aboriginal or Torres Strait Islander
origin; 4.13% of Australian children are of Aboriginal or
Torres Strait Islander origin [29]. Regions of Manitoba,
Canada with the lowest per capita rates of First Nations peo-
ples have the highest rates of IBD [30, 31]. The penetrance of
IBD susceptibility genes differs in Canadian First Nations
peoples and individuals of European ancestry. For example,
mutations in ATGI/6L1 and NOD2—two genes important for
bacterial recognition and autophagy—are less common in
healthy Manitoba First Nations peoples than Caucasians [32].

Studies of migrants from low to high prevalence countries
can also provide valuable information about the risk of IBD
in individuals of differing ethnocultural backgrounds.
Individuals migrating from low prevalence regions to
Western countries remain at lower risk of IBD compared
with other residents of those Western countries [33-35].
However, age at immigration may mediate this effect, with
those immigrating during childhood or adolescence having
an increased risk of IBD relative to those immigrating at
older ages [33]. This implies that earlier life exposure to
environmental factors in high-prevalence countries increases
the risk of IBD. However, even Canadian-born children of

immigrant mothers were less likely to develop IBD than chil-
dren born to non-immigrant mothers [33]. Being an immi-
grant or child of an immigrant was associated with
significantly lower risk of CD, but was less protective for
UC. This implies that even in-utero and early-life exposure
to the Canadian environment are insufficient to convey risk,
despite the high prevalence of IBD in Canada. However, this
risk modulation is associated with ethnic background, and
therefore genetic risk or protective factors. In the Canadian
study, the decreased risk of IBD was most pronounced for
those born to parents migrating from East Asia. Children
born to parents from the Middle East, South Asia, Sub-
Saharan Africa, and Western countries had the same risk of
developing IBD as children born to non-immigrant parents
[33]. Second-generation immigrants to Sweden were at simi-
lar risk to non-immigrants notwithstanding their region of
origin [35]. However, there were regional differences in the
risk of IBD subtypes, such as in second-generation immi-
grants from Eastern Europe (increased risk of CD, but
decreased risk of UC), Southern Europe (increased risk of
UC), and Latin America (decreased risk of CD). No signifi-
cant associations were identified among second-generation
immigrants from other regions, including Asia (although
migrants from South and East Asia were not distinguished)
[35]. The findings of differential risk of IBD in migrants
from different regions indicate important differences in host
susceptibility to Western environmental factors and may aid
in our understanding of the complex pathogenesis of IBD.

Environmental Risk Factors

IBD results from a complex interaction between an individ-
ual’s genetic background, environmental exposures, micro-
biome, the epithelial lining of their intestine, and their
immune response to commensal bacteria [36]. This is further
complicated by the number of lifestyle and other environ-
mental exposures associated with IBD. A recent umbrella
review of meta-analyses identified 43 lifestyle and environ-
mental exposures that were either associated with an
increased or decreased risk of IBD [37]. Therefore, the con-
tributing factors in one individual may not have the same
impact to another individual’s risk of IBD. As a result, iden-
tifying environmental risk factors that predispose to the
development of IBD remains a challenge. The evolving epi-
demiology of pediatric IBD will provide extraordinary
opportunities to study how shifts in environmental exposures
in developing and newly developed regions contribute to
IBD pathogenesis.

The Asia-Pacific Crohn’s and Colitis Epidemiology Study
(ACCESS) was designed to describe the emergence of IBD
across Asia and identify environmental risk factors associ-
ated with IBD in regions where the prevalence of IBD was
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previously low [38—40]. Australia was included in ACCESS
to allow for comparisons between risk factors in Asians and
those in a Westernized country primarily composed of peo-
ple of European origin. Although the data generated from
this cohort are not specific to IBD in children, they enhance
our understanding of how the same environmental risk fac-
tors may play differing roles in individuals across ethnocul-
tural backgrounds.

Many environmental exposures that have been hypothe-
sized to be associated with the development of IBD likely
modify the intestinal microbiome and these factors may act
in concert to influence the microbiome. For example, the
development of the intestinal microbiome is jointly influ-
enced by mode of delivery (vaginal or cesarean section),
breastfeeding, early-life antibiotic exposure, and other envi-
ronmental exposures [41]. Because the microbiome is estab-
lished early in life [42], and children have been exposed to
fewer environmental risk factors than adults, we may be able
to more clearly identify environmental risk factors contribut-
ing to IBD pathogenesis in those diagnosed with IBD in
childhood.

The Hygiene Hypothesis

The “Hygiene Hypothesis™ has long been postulated to be an
explanation for the emergence of IBD and other immune-
mediated inflammatory diseases (IMIDs) in developed coun-
tries in the twentieth century, and the ongoing emergence of
IBD in low- and middle-income countries more recently.
This hypothesis posits that early exposure to unhygienic cir-
cumstances early in life is important for proper immune sys-
tem development, with a focus on the role of various
environmental microscopic organisms in priming the
immune system. Without these exposures, aberrant immune
responses develop. In IBD, this is exemplified by excessive
immune responses to the commensal intestinal bacteria
resulting in intestinal inflammation.

The impact of environmental hygiene on the risk of IBD
is often studied by evaluating exposures such as availability
of indoor plumbing (e.g., tap water, flush toilets), household
crowding (e.g., family size, bed sharing, number of siblings),
and household pets. However, studies describing associa-
tions between these environmental factors have reached
inconsistent conclusions and have not always been congru-
ent with the Hygiene Hypothesis.

The availability of tap water has been associated with a
reduced risk of developing IBD in some studies but not oth-
ers [43, 44]. Among Asian participants of the ACCESS
cohort, having a hot water tap and a flush toilet were associ-
ated with an increased risk of developing CD in unadjusted
analyses (hot water tap: OR 1.48, 95% CI 1.03 to 2.13; flush
toilet: OR 1.72, 95% CI 1.15 to 2.57) but neither association

persisted when adjusting for sex, age, and country-level
gross national income [39]. In contrast, having an in-home
water tap, hot water tap, and flush toilet were associated with
a decreased risk of UC (in-home water tap: OR 0.60, 95% CI
0.44 to 0.81; hot water tap: OR 0.58, 95% CI 0.43 to 0.78;
flush toilet: 0.62, 95% CI 0.46 to 0.83); these associations
persisted when adjusting for age, sex, and country-level
income [39].

Exposure to animals at a young age may protect against
later development of IBD. Growing up on a farm in Manitoba,
Canada, was associated with a decreased risk of developing
CD but not UC, with no differences noted by type of farm
(cattle, pig, or poultry) [45]. This is consistent with another
Canadian study demonstrating a strongly protective effect of
early-life rural household (compared to growing up in a city)
[46]. Having a household pet or exposures to other animals
has generally been associated with a decreased risk of IBD
[39, 45, 47-49]. Some differences have been noted across
studies, with some describing an association that was spe-
cific to having a pet before age 5 [45] and the type of pet
(e.g., pet dogs decreased the risk of CD but not UC, aquar-
ium fish decreased the risk of UC but not CD) [39]. The asso-
ciation between household pets and risk of IBD appears to be
consistent across geographic regions and ethnocultural
groups.

Studies describing the associations between household
crowding, family size, and birth order have been less conclu-
sive. Inconsistent with the Hygiene Hypothesis, some studies
have described an increased risk of IBD with bed sharing,
while others have the described protective effects for bed
sharing and other measures of household crowding congru-
ent with the Hygiene Hypothesis [43, 47, 50, 51]. Large
households, having older siblings, and having younger sib-
lings have been shown to protect against the development of
IBD, but this association has not been consistently reported
in all studies [44, 45, 47, 49, 50, 52, 53].

Breastfeeding

Systematic reviews have consistently demonstrated a protec-
tive association between breastfeeding and pediatric-onset
IBD [54, 55]. This decreased risk of IBD among those who
are breastfed appears consistent across ethnicities and may
exhibit a dose-response effect whereby longer durations of
breastfeeding are associated with decreased risk [39]. The
impact of breastfeeding is thought to influence IBD risk
through modification of the intestinal microbiome. There are
marked differences in the microbiome between children who
are exclusively breastfed and those who are exclusively
formula-fed; smaller differences have also been noted among
infants who are exclusively and partially breastfed [56].
Perhaps the most remarkable difference between breastfed
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and formula-fed infants is the time to maturity of the intesti-
nal microbiome: the microbiome appears to reach maturity
at three months of age among infants who are not breastfed,
while maturity is not reached until 12 months of age in those
who are continuously breastfed [56].

Cesarean Section

Babies delivered vaginally are exposed to their mother’s
microbiome at birth. Without this earliest exposure, babies
born via cesarean section have an altered trajectory for the
development of their microbiome from the time they are
born. Consequently, it has been hypothesized that babies
born via cesarean section may be at higher risk of developing
IMIDs such as IBD. Studies on the association between
mode of delivery and the risk of IBD have been inconclusive.
Meta-analyses have failed to detect a significant association
between cesarean delivery and the risk of IBD [57, 58].
However, the included studies were heterogenous in both
study design and conclusions: Cesarean section delivery was
associated with an increased risk of IBD in case—control
studies relying on self-reported mode of delivery but not in
population-based cohort studies relying on routinely col-
lected health data [57]. A second meta-analysis described an
increased risk of CD, but not UC, among individuals born
via cesarean section delivery [58].

Infectious Diseases and Antibiotic Use

Antibiotic exposure alters the intestinal microbiome. While
the microbiome of adults tends to revert to its pre-antibiotic
state, the impact of early-life antibiotic exposure may have a
long-lasting impact on the microbiome [59]. Accordingly,
antibiotic exposure during childhood has been associated
with an increased risk of IBD, with antibiotics during the
first of life conferring the greatest risk on later development
of IBD [39, 60-64]. In British Columbia, Canada, antibiotic
usage and the incidence of childhood asthma have declined
in parallel and the association between antibiotic use and
asthma is mediated by the impact of antibiotics on the intes-
tinal microbiome [65]. This same decline in IBD incidence
in the era of declining antibiotic use has not been observed.
The impact of infections themselves on the subsequent
risk of IBD is less clear. Infectious gastroenteritis and other
infections (e.g., otitis media) have been associated with an
increased risk of developing IBD in most studies evaluating
the association [50, 51]. Other studies have reported that
early-life infection protects against the development of IBD
[47, 48, 66]. However, the relative contributions of the sequa-

lae following infection and any antibiotics used to treat the
infection in influencing this increased risk are not clear. In
addition, the association between infections and IBD may be
confounded by the presence of genetic polymorphisms con-
ferring the risk of relative immunodeficiency, which may be
more frequent in children with IBD [67].

Exposure to Cigarette Smoke

Cigarette smoking is the most consistently replicated envi-
ronmental risk factor in IBD. Cigarette smoking is associ-
ated with an increased risk of developing CD; current
smoking is associated with a decreased risk of developing
UC, while former smoking is associated with an increased
risk of developing UC [68]. Smoking is believed to impact
the risk of IBD through several mechanisms, including alter-
ations to the following: (1) mucus production, altering the
physical barrier between the body and intestinal lumen; (2)
innate immune response though altered macrophage func-
tioning; (3) adaptive immune response through increased
production of pro-inflammatory cytokines; (4) alterations to
the gut microbiome; and (5) microvasculature of the intes-
tines [69, 70]. The impact of cigarette smoking likely only
occurs in someone who is genetically susceptible to develop-
ing IBD. Evidence from areas where IBD is emerging (e.g.,
Asia) suggests that the impact of smoking on the risk of
developing IBD varies across ethnicities. For example, the
ACCESS cohort demonstrated an increased risk of CD
among smokers in Australia but not in Asia; former smoking
still increased the risk of UC in this cohort [39]. It has been
suggested that there is an interaction between NOD2 and
cigarette smoking, such that smokers who also carry a muta-
tion in this gene are unexpectedly less likely to develop CD
[71]. However, this interaction was likely driven by the dif-
fering penetrance of NOD?2 and cigarette smoking across the
age spectrum [72]. Specifically, NOD2 mutations are com-
mon in those diagnosed with CD as children but rare in those
diagnosed as adults, while a history of cigarette smoking is
very rare in children but common in adults. The impact of
cigarette smoke on the risk of CD may be more pronounced
in individuals with genetic variants involved in how the body
metabolizes tobacco smoke [73], suggesting important dif-
ferences in the causes of IBD across individuals.

The impact of smoking on the risk of childhood-onset
IBD would most likely result from passive exposure to ciga-
rette smoke—either through maternal smoking during preg-
nancy or exposure to second-hand smoke during childhood.
However, a meta-analysis of 13 studies failed to identify an
association between IBD and exposure to cigarette smoke,
either in-utero or during early childhood [74].
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Urban Environments, Air Pollution,
and Residential Greenspace

A systematic review and meta-analysis described an
increased risk of developing IBD among individuals living in
urban areas but with a high degree of variability across stud-
ies [75]. Further study suggests the association between liv-
ing in a urban area and the risk of IBD is highest for those
diagnosed during childhood [46] and has been replicated in
Asian countries with data from the ACCESS cohort [40].
One hypothesized mechanism for this association is through
environmental exposures that are more common in urban
environments: increased air pollution and reduced residen-
tial greenspace.

The association between air pollution and IBD has been
inconsistently reported in the literature. In a study using a
UK primary care database, high levels of exposure to NO, (a
traffic-related pollutant) increased the risk of developing CD
in those diagnosed <23 years of age (OR 2.31, 95% CI 1.25
to 4.28); there was a dose—response whereby the risk
increased with increasing levels of NO, [76]. This same
study found that SO, (a pollutant often found in industrial
areas) exposure increased the risk of UC among those diag-
nosed <20 years (OR 2.62, 95% CI 1.15 to 6.00). These
associations were specific to those who were young at diag-
nosis and there was either no significant association or a pro-
tective association between air pollution and IBD in those
diagnosed later in life. A second study evaluating the asso-
ciation between NO, and childhood IBD reported no associ-
ation [77]. Instead, this study reported a significant increased
risk of pediatric IBD associated with the redox-weighted
oxidant capacity of air pollutants (calculated using a combi-
nation of NO, and O3 levels): HR 1.08 (95% CI 1.01 to 1.16).
In a third study, high levels of traffic intensity on major roads
(within a 100-m buffer) were associated with an increased
risk of adult-onset IBD (adjusting for smoking, education,
and NO, concentration OR 1.60, 95% CI 1.04-2.46) [78].
Higher exposure to particulate matter (PM, s and PM,,) was
associated with a decreased risk of adult-onset IBD in one
study but not in the other two [76-78].

In Canada, children living in areas with more greenspace
were less likely to develop IBD (HR 0.77, 95% CI 0.74 to
0.81) [79]. The association was consistent in both CD and
UC and persisted after adjusting for air pollution (NO,,
PM,;, and Os). The magnitude of the associations between
childhood exposure to residential greenness was more pro-
nounced when restricting to IBD diagnosed at <10 years of
age (fully adjusted models for IBD: HR 0.70, 95% CI0.69 to
0.72; CD: HR 0.70, 95% CI 0.68 to 0.72; UC: 0.71, 95% CI
0.69 to 0.73). This study also reported a dose—response rela-
tionship of residential greenspace and pediatric IBD. In-utero
exposure to residential greenspace during pregnancy was not
significantly associated with childhood-onset IBD after

adjusting for NO,, PM, 5, and O; (HR 0.92, 95% CI 0.83 to
1.01).

Diet

The association between diet and the risk of IBD is challeng-
ing to study—and is likely to be influenced not only by indi-
vidual food items (fats, proteins, processed food, fiber,
micronutrients, preservatives, etc.) but also by the interaction
between these food items, the intestinal microbiome, and the
immune system [80]. Systematic reviews have summarized
the literature between dietary factors and the risk of IBD. In
general, these reviews have reported increased risk of IBD
with diets high in animal protein/meat and fat (total fat, poly-
unsaturated fatty acids, and omega-6 fatty acids), and low in
fiber [50, 80-82]. The mechanism through which this occurs
involves the breakdown of dietary fiber by bacteria in the
intestine into short-chain fatty acids which then play arole in
the production of anti-inflammatory signaling molecules
(e.g., butyrate) ultimately resulting in intestinal inflamma-
tion. Short-chain fatty acids also play a role in the mainte-
nance of the mucosal barrier and tight junctions between
intestinal epithelial cells—also important in the pathogenesis
of IBD. When the diet is high in processed food (high fat,
high sugar, high preservatives), there is decreased microbial
diversity and decreased production of short-chain fatty acids
which, in turn, decreases the body’s natural defenses. This
results in a breakdown of the mucosal barrier and a “leaky
gut” allowing bacteria to cross the epithelial lining of the
intestinal tract, triggering an inflammatory response. With
increasing ‘“Westernization,” processed food diets become
increasingly common. These dietary changes and subsequent
impact on the microbiome, immune system, and the intesti-
nal barrier function may be contributing to the emergence of
IBD in regions where it was previously unknown [83].

Association vs. Causation

Solely studying the environmental risk factors described
above using an epidemiologic lens does not allow us to con-
clude that these factors “cause” IBD. Instead, as with all
non-interventional research studies, we are limited to inter-
preting these findings as associations. Sir Austin Bradford
Hill proposed nine criteria for determining if environmental
exposures truly cause disease (Table 6.2). [84] These criteria
are not universally agreed upon as necessary or sufficient for
determining causality. The most important criteria for estab-
lishing causality are arguably temporality and lack of con-
founding. Establishing a biological mechanism through
which an exposure causes disease is also important in estab-
lishing a causal association.
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Table 6.2 Hill criteria [84] for determining if an environmental exposure causes disease, including explanations and examples from the IBD lit-
erature to evaluate the application of the causal criteria

Criterion Explanation Example application from the IBD literature
Strength Associations that are larger in magnitude are more Many of the >200 IBD susceptibility genes confer a very
likely to be causal. However, many causal small increase in the risk of IBD (i.e., ORs ranging from

relationships may be small in magnitude while many | 1.05 to 1.4, with most less than 1.2) [133, 134].
non-causal relationships may be large.

Consistency Repeated studies of a causal association reach the Cigarette smoking is a well-established risk factor for
same conclusions, across populations, time, and CD. Yet, this association could not be replicated in Asia
study methodology. Since many environmental risk [39].

factors interact with an individual’s genetics,
microbiome, and other environmental exposures, a
cause may not be replicable in all scenarios [135,

136].

Specificity A particular cause is only responsible for a single The specificity criterion could imply that (1) cigarette
outcome or, alternatively, a particular outcome can smoking causes only CD or (2) the only cause of CD is
only have one cause. However, it is unlikely for a cigarette smoking. Both are false: cigarette smoking
single environmental exposure to cause a single causes many diseases and multiple factors play a role in
disease [84]. CD pathogenesis.

Temporality An event (e.g., IBD diagnosis) must occur after the Because subclinical inflammation can exist long before a

This is the only causal exposure that caused it. formal IBD diagnosis is made, ensuring temporality can

criterion that is be challenging. In studies of early-life environmental

necessary for causation, factors (e.g., antibiotic use in the first year of life),

but it is not sufficient. exposure likely occurred prior to preclinical disease.

Biologic gradient The greater the exposure, the greater the risk of the Increasing levels of residential greenspace early in a

outcome (i.e., there is a dose response). However, the | child’s life is associated with a decreasing risk of
observed gradient may result from another exposure | developing IBD [79] but this association may have

that increases in parallel with the exposure of resulted from another unknown factor that increases in
interest. parallel with greenspace.

Plausibility There is a biological mechanism that explains how A | Evidence from basic and translational science suggests
causes B. This criterion is speculative, at best, and is | many ways through which cigarette smoke may cause
subject to change as advances in knowledge CD, including altering: (1) mucus production; (2) innate
contradict mechanisms that were previously and adaptive immune responses; (3) the gut microbiome;
hypothesized. and (4) microvasculature of the intestines [69, 70].

Coherence All evidence of a causal relationship is consistent, The relationship between cigarette smoking and CD is
including from basic and translational science and not coherent. The lack of association between smoking
epidemiology. Inconsistent findings may not mean and CD in Asia does not mean this relationship is not
that an association is not causal due to unmeasured causa. Instead, it likely results from underlying
confounding as the true cause (for example). differences across populations.

Experiment Hill’s original explanation refers to the removal of an | In addition to being an important risk factor for
exposure (e.g., what happens after someone stops developing CD, cigarette smoking also worsens its
smoking?) [84]. Recent interpretations include prognosis [137]. The risk of negative outcomes in CD

evidence from randomized controlled trials and basic | (e.g., the need for intestinal resection, disease flare)
and translational experiments. However, experiments | diminishes over time in people who quit smoking [138,

in humans are often unethical and findings from 139].
lab-based experiments may not extrapolate well to
humans.

Analogy If X causes Y, then it is also possible for A to cause B | If cigarette smoking causes CD, then it could be
(if X is similar to A and Y is similar to B). Criticisms | analogous for smoking to cause UC—as both diseases
often cite investigators’ creativity as analogy’s involve intestinal inflammation. However, the paradoxical
greatest limitation: creative individuals are often impact of cigarette smoking on CD and UC contradicts

better at identifying analogous situations [135, 136]. | this analogy.

Abbreviations: CD Crohn disease, /BD inflammatory bowel disease, OR odds ratio, UC ulcerative colitis.
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Temporality requires that the proposed cause of disease
occurs prior to the onset of disease. In studies of early-life
environmental factors, temporality is less concerning than if
studying long-term environmental factors where pre-
symptomatic disease may have developed prior to exposure.

Confounding occurs when the described association
between an environmental exposure and disease is due to a
third variable that is associated with both the environmental
exposure and the disease. An often-cited example is the asso-
ciation between birth order and Down syndrome. Having
more older siblings is associated with an increased risk of
Down syndrome; however, this association is confounded by
maternal age. Determining the relative contribution of stud-
ied environmental factors and other, as of yet unknown, envi-
ronmental factors is challenging without knowing the impact
of confounding on these associations. For example, both
childhood infections and early-life antibiotic exposure may
be causally associated with IBD; however, understanding
how each alters risk, independently and in combination, is
not easy.

Lastly, the plausibility of an epidemiologic associations is
substantially strengthened when there is a biological mecha-
nism through which the environmental exposure results in
disease. Many of the environmental factors described above
are believed to influence the risk of IBD, in part, through
their interaction with the intestinal microbiome. Causation
can more convincingly be demonstrated by combining epi-
demiological associations with scientific experimentation,
such as that using animal models of disease. The inclusion of
particulate matter (PM,,) in mouse chow resulted in higher
expression of inflammatory cytokines, pro-inflammatory
changes to the intestinal microbiome, increased intestinal
permeability, and changes in the immune response to
microbes in mouse models of IBD [85, 86]. The impact of
particulate matter in chow was most pronounced in young
mice providing support for the epidemiologic evidence that
the impact of air pollution on IBD may be more pronounced
in children [85]. Using evidence from basic and translational
science, air pollution is hypothesized to result in intestinal
inflammation by altering the microbiome, then impacting the
gut epithelial cells, resulting in increased intestinal permea-
bility, and ultimately resulting in a dysregulated immune
response [87]. This experimental evidence is an example of
how epidemiology research findings can be used to shape

scientific experiments to better understand the pathophysiol-
ogy behind epidemiologic research.

Gaps in Knowledge and Challenges
in Determining the Global Epidemiology
of Pediatric Inflammatory Bowel Disease

Our knowledge of the global epidemiology of pediatric IBD
has evolved greatly over the past decade. However, there
remains a paucity of data on rates of IBD in children from
many regions of the world. Our ability to understand global
patterns, as well as to identify risk factors driving increases
in pediatric IBD, shifts to younger ages at diagnosis, and eth-
nocultural differences depends on our ability to generate and
study high-quality data. Studying the epidemiology of a dis-
ease can be even more challenging than studying factors that
confer risk. Population-based estimates of incidence and
prevalence require identification of all cases of disease
within a specified geographic region. Without systematic
strategies for population-based data generation, rates of dis-
ease are almost impossible to determine.

We are currently seeing exponential growth in research
using routinely collected health data (e.g., electronic medical
records and health administrative data)—including in regions
where the current epidemiology of pediatric IBD remains
unknown. As these systems are increasingly integrated into
clinical practice and health system planning, the data they
capture will facilitate research. As with all research, ensuring
these data are of high quality—capturing all IBD cases in the
region and confirming the accuracy of IBD diagnosis (e.g.,
through validation)—will be paramount [88—-90]. Combining
the increase in data availability with the continuing emer-
gence of IBD in areas where the epidemiology has not previ-
ously been reported, we expect that our knowledge of the
global epidemiology of pediatric-onset IBD will evolve rap-
idly. Initiatives are currently underway through the
International Organization for the Study of Inflammatory
Bowel Diseases (IOIBD) to enhance our understanding of
the global epidemiology of adult-onset IBD, with future
expansion planned for pediatric IBD. The emergence of
these data will provide further opportunity to understanding
the environmental exposures resulting in the rapid emer-
gence of these diseases.
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The Natural History of Crohn Disease

in Children

Benjamin Sahn and James Markowitz

goals of current therapy includes improving the natural his-
tory of the disease. In the past decade, there has been a
rapidly growing understanding of the roles that gene
expression, proteomic, microbiome, and metabolomic fac-
tors play in the pathogenesis of disease and risk for compli-
cations over time. Capitalizing on this novel information is
critical to understanding how to identify children at risk for
complications and when to use therapies that may be able
to alter these factors toward a more sustainable disease
remission.

Abbreviations

Anti-TNF  Antitumor necrosis factor-alpha

CD Crohn disease

ECCDS European Cooperative Crohn Disease Study
HRQOL  Health-related quality of life

IBD Inflammatory bowel disease

NCCDS National Cooperative Crohn Disease Study
SIR Standardized Incidence Ratio
Introduction

Determining the natural history of Crohn disease (CD)
involves the consideration of a number of different factors:
the disease activity over time, the frequency of complica-
tions, the need for surgery, and the risk of disease recurrence
following both medically induced and surgically induced
remission. In children, evaluation of the natural history also
must include the effects of CD on growth and development
and on quality of life.

The true natural history of CD remains largely unknown,
however, primarily because there are virtually no data
describing the long-term course of untreated children or
adults with this illness. The data that do exist arise from
early clinical experience treating patients with corticoste-
roids and 5-aminosalicylate medications and from a small
number of placebo-controlled treatment trials. These data
document that the natural history of CD is associated with
significant morbidity. As a consequence, one of the primary
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Disease Activity

The definitions of disease activity and remission are chang-
ing over time. The more historical body of literature defined
remission clinically as the absence of symptoms. Today, we
use clinical, biochemical, endoscopic, and histologic remis-
sion benchmarks to define treatment targets and successes.
Scientific discovery may one day allow us to consider a
patient in “genetic remission” via normalization of the gut
microbiota and reversal of aberrant gene expression.
Spontaneous clinical remission in the absence of specific
treatment can occur in Crohn disease. Two early adult trials,
the National Cooperative Crohn Disease Study (NCCDS) [1]
and the European Cooperative Crohn Disease Study
(ECCDS) [2], included placebo treatment arms enrolling a
total of less than 300 adult subjects. Among the 135 subjects
with active symptoms at entry into the two trials, 26—42%
achieved clinical remission after 3—4 months of placebo
treatment, and 18% in both studies remained in clinical
remission at 1 year [1, 2]. Prolonged spontaneous clinical
remission, therefore, appears to occur in only a small number
of adults with CD. However, in the NCCDS, among the sub-
group of 20 subjects with active disease who achieved clini-
cal remission by 17 weeks, 75% remained asymptomatic at 1
year, and 63% at 2 years [1]. Similarly, among the 153 sub-
jects in the NCCDS and ECCDS who had the inactive dis-
ease when randomized into the placebo arms of a maintenance
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study, 52-64% remained asymptomatic at about 1 year and
35-40% at about 2 years [1, 2].

No comparable data from untreated or exclusively
placebo-treated children exist. However, in children with
moderate—severe disease activity who achieve remission
after a course of prednisone, the likelihood of prolonged
remission without ongoing therapy appears lower than in
adults. Newly diagnosed children randomized to the con-
trol arm of a multicenter trial received prednisone for
induction of remission and were then maintained only on a
placebo [3]. One year following the course of corticoste-
roids, only 43% remained continuously asymptomatic.
Similarly, 95% of a cohort of Italian children maintained on
mesalamine following an 8-week course of corticosteroids
relapsed by 1 year [4].

Whether specific genetic variants impact the likelihood of
disease recurrence is only beginning to be investigated. In a
study of 80 children with CD, the patients with homozygous
ATGI16L1 mutations had frequent relapses in the first year,
while those with homozygous IRGM1 mutations had signifi-
cantly fewer relapses in the first year [5].

Periods of active CD continue to be a problem beyond the
first year after diagnosis. Disease activity over time has been
described in a report derived from a large population-based
inception cohort of patients with inflammatory bowel dis-
ease diagnosed and treated in Copenhagen County, Denmark,
between 1962 and 1987 [6]. While useful, the data describ-
ing the course of pediatric CD in this study are based on
observations of only 23 children. At diagnosis, 82.6% had
disease activity characterized as moderate to severe. In each
of the succeeding 9 years, only about 50% of the cohort was
characterized as inactive during any given year, while
roughly 20-35% had periods of high disease activity despite
treatment [7] (Fig. 7.1).

Observations in the larger, primarily adult-onset cohort
from the same geographic area revealed that individual patients
had different patterns of clinical activity over time: some expe-
rienced frequent relapses, some only occasional relapses, and
others had prolonged periods of disease quiescence [7]. In this
cohort, relapse in any given year after diagnosis increased the
risk of relapse in the following year. The relapse rate in the first
year after diagnosis is also correlated with the relapse rate in
the next 5-7 years. A review of North American experience
revealed similar patterns of disease in adult CD patients treated
prior to the widespread introduction of biologic therapy. Most
experienced a chronic intermittent disease course, but 13% of
patients had an unremitting disease course and only 10% expe-
rienced a prolonged clinical remission [8].

Increased disease activity is often seen in those with
earlier disease-onset. In a study comparing the disease
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Fig.7.1 Yearly Crohn disease activity over the first 10 years after diag-
nosis in a Danish population of children diagnosed prior to 15 years of
age (Data from Langholz et al. [6])

activity of 206 pediatric-onset patients with 412 adult-
onset patients living in France between 1995 and 2007, a
higher proportion of patient-years was marked by active
disease in those with pediatric-onset (37%) compared to
those with adult-onset CD (31%), (p < 0.001) [9]. In the
study years 1999-2007, antitumor necrosis factor (anti-
TNF) alpha therapy was required in 10.5% vs. 3.5%
patient-years (p < 0.001), respectively. While many chil-
dren have moderate to severe disease activity at diagnosis,
a smaller subset of poorly studied children will have a
quite mild disease activity. In a single-center retrospective
study from Boston, MA, 29 of 1205 (2.4%) children with
CD did not require any immunosuppressive therapy in the
first 2 years after diagnosis. More of these children had
isolated colonic disease, most had persistent colonic histo-
logic disease activity on follow-up colonoscopy, and only
8/29 required escalation to immunosuppressive therapy in
the follow-up period [10]. The long-term outcomes for
children with the most mild inflammatory disease at diag-
nosis remain unclear.
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Evolution of Disease Phenotype

Disease location is highly variable at diagnosis and is not
fixed over time. Data from a large multicenter European reg-
istry found the initial disease location of 582 children with
Crohn disease to be widely distributed according to the Paris
classification [11], with disease location L1 in 16%, L2 in
28%, L3 in 53%, and isolated L4a + L4b in 4% [12]. In a
report from Scotland, at diagnosis, extensive disease includ-
ing the ileum, colon, and upper GI tract (disease location
characterized as L3 + L4 by the Montreal classification [13])
was found in 31% of children [14]. However, among a sub-
group of 149 children with a less extensive disease at diagno-
sis who were followed at least 2 years after diagnosis, the
extension of CD was noted in 39% [14].

Disease behavior also evolves over time. At initial diagno-
sis, the vast majority of children have an inflammatory dis-
ease phenotype. However, as time goes on, an increasing
proportion expresses a changing phenotype, characterized as
either stricturing or penetrating. In a systematic review of the
literature from years 1966 to 2010 evaluating 3505 pediatric-
onset CD patients with at least 5 years of follow-up, develop-
ment of stricture occurred in 24-43%, fistulae in 14-27%,
and perianal disease in 25-30% of patients [15]. Similar dis-
ease behavior has also been documented clearly in data
derived from the pooled observations from three multicenter
North American pediatric IBD registries [16]. Among 796
children followed prospectively from diagnosis, 96 (12%)
presented with a stricturing and/or penetrating CD pheno-
type. Among the 700 who had an inflammatory phenotype at
presentation, 140 (20%) developed stricturing or penetrating

Fig. 7.2 Change in Crohn
disease behavior over time
(Adapted from Cosnes et al.
[17] (solid bars) and Tarrant
et al. [18] (dotted bars))
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disease after a mean of 32 months of follow-up [16], a finding
strikingly similar to the 24% rate of complicated CD behavior
described after 4 years in a pediatric study from Scotland
[14]. Similar observations over extended periods of time have
been reported in population-based studies in adults from both
France [17] and New Zealand [18] (Fig. 7.2). In the latter
study, a comparison of 630 subjects with adult-onset disease
and 85 children diagnosed before age 17 years revealed no
difference in the rate of progression from inflammatory to
either stricturing or penetrating disease phenotype [18].
Racial differences may affect the frequency of compli-
cated CD, as a study from Baltimore has demonstrated more
frequent stricturing and penetrating disease in black chil-
dren compared to white children seen in the same university-
based practice [19]. The risk for phenotypic change may
also be associated with the presence of specific genetic
allelic variants. Earlier reports suggested an increased risk
of fibrostenosis complications for patients with NOD2/
CARDI15 variants [20, 21], while those with abnormalities
in the IBDS gene may be more likely to develop perianal
fistulae [22]. However, more recent studies only implicate
NOD2/CARD15 mutation in risk of ileal disease location
(which may be more likely to stricture compared to colonic
disease) and not independently with increased risk of stric-
ture [23, 24]. CD in children who are homozygous carriers
of ATG16L1 mutation may have significantly increased
stricturing behavior and have lower risk of perianal disease
compared to wild-type patients [5]. In a small study of chil-
dren and adults in Taiwan, a homozygous mutation in the
risk candidate gene SLCO3A1 was significantly associated
with perforating disease compared to those with wild type

Penetrating [ Stricuring [l Inflammatory
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who had more inflammatory disease [25]. Children at risk
for stricturing or internal penetrating complications have
also been shown to be more likely to have increased immune
responses to microbial antigens, characterized by the pres-
ence of high-titer antibodies such as anti-ompC, CBirl, and
anti-12 [16, 26].

The pediatric RISK trial [27]—a prospective multicenter
inception cohort study of newly diagnosed children with
CD—has provided a wealth of new information on factors
that impact the evolution of CD over time. In 913 children
from this cohort presenting with an inflammatory (BI)
phenotype, the investigators found several genes from ileal
tissue samples associated with the subsequent development
of stricturing (B2) or penetrating (B3) complications, includ-
ing a pronounced extracellular matrix gene signature in
many who went on to develop fibrostenotic disease [27]. In a
subset of these subjects with B1 disease at diagnosis, those
with higher circulating levels of serum Extracellular Matrix
Protein 1 at diagnosis were more likely to subsequently
develop B2 behavior [28]. In the entire RISK cohort, early
use of anti-TNF therapy markedly reduced the risk of pro-
gressing to fistulizing disease, but this same therapy did not
appear to lessen the risk of developing a stricturing
phenotype.

Microbial factors associated with progression to a com-
plicated CD phenotype were also identified in the RISK
cohort. Compared to children who remained B1 over 3 years
of observation, baseline fecal and mucosal samples revealed
increases in Ruminococcus and decreases in Rothia species
in children developing stricturing disease, while those devel-
oping fistulizing disease were characterized by an increase in
Collinsella and decrease in Veillonella species [27].

The RISK cohort has also been studied for environmental
factors that may impact disease evolution. In one such study
of early life environmental exposures, of 1119 pediatric CD
patients, 15% developed B2 or B3 disease within 3 years of
diagnosis. Infant breastfeeding was inversely related to the
development of these complicated phenotypes, while mater-
nal smoking was associated with an increased rate of
CD-related hospitalization [29].

Growth

For a significant subgroup of children with CD, growth
impairment is an important characteristic of the disease’s
natural history. While acute weight loss commonly is present
in children with both ulcerative colitis and CD, impairment in
linear growth is primarily a problem in the latter condition.
Data derived from clinical observations in the 1970s and
1980s document that at the time of initial diagnosis, about a

third of children with CD had already dropped two or more
major growth channels from their pre-illness growth percen-
tiles [30, 31]. More dramatically, 88% had delayed height
velocity at diagnosis [32]. Over time, periods of significantly
impaired growth can be seen in about 60% of children and
adolescents [31]. While catch-up growth is often possible,
7-35% of children diagnosed during the 1970s and 1980s had
final adult heights that were significantly shorter than
expected [31]. As a group, young adults who develop CD as
children have adult heights skewed toward the lowest percen-
tiles. In reports from both Chicago and New York, ~50% of
young adults with childhood-onset CD have final adult
heights less than the 10% for the general population, and
~25% have adult heights less than the 5% [30, 31]. Therapies
including enteral nutrition [33], methotrexate [34], and inflix-
imab [35, 36] may improve growth parameters. Children
diagnosed with CD at earlier pubertal Tanner stages (I-III)
who achieve disease remission with anti-TNF therapy have
improved linear velocity compared to those diagnosed in later
puberty [37]. In the analysis of children with baseline growth
impairment from the IMAZINE 1 trial, adalimumab therapy
led to linear growth improvement or normalization at weeks
26 and 52 of treatment, with greater improvement in those
who achieved remission after 4 weeks of induction [38].

Corticosteroid Dependence

An important characteristic of CD in children as well as
adults is the tendency to develop corticosteroid (CS) depen-
dence. Population-based studies in adults from both
Olmstead County, Minnesota [39], and Copenhagen County,
Denmark [40], demonstrate similar findings; acute response
to CS therapy in adults with CD is reasonably good (com-
plete remission in 48—58%, partial remission in 26—32%, and
no response in 12-20%). However, long-term response is
less optimal, with rates of CS dependence of 28-36% at 1
year reported from observations arising during the years
before biologic therapies. [39, 40]

A similar risk for CS dependence is evident in children.
As in adults, acute response to a course of corticosteroids is
good. In data derived from a multicenter North American
observational registry, among 109 newly diagnosed children
with moderate—severe CD activity treated with corticoste-
roids, 60% had a complete and 24% a partial clinical response
by 3 months after initiation of treatment [41]. However,
despite the concomitant use of immunomodulators in many
of these children, 31% were CS dependent at 1 year. In fact,
without infliximab, only 46% of the children in this study
maintained a CS-free remission to 1 year following an initial
course of corticosteroids [41]. In a French population-based
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cohort study of 535 CD patients diagnosed under the age of
17 years between 1988 and 2004 and followed for a median
of 11.1 years, 42% were CS dependent and 15% were CS
resistant at 1 year [42]. In an assessment of the impact of
systemic corticosteroids on pediatric CD, Jakobsen and col-
leagues found ileal and ileocolonic disease location is a risk
factor for CS dependency [43]. It is now evident that early
anti-TNF therapy reduces CS dependency at 1 year from
diagnosis. In 552 pediatric CD subjects in the RISK cohort,
CS-free remission was achieved in 85% of those treated with
early anti-TNF therapy, 61% treated with immunomodula-
tors (IM), and 55% treated with neither anti-TNF nor IM
[44]. When subjects were divided into propensity score-
matched cohorts based on a variety of baseline characteristics,
anti-TNF therapy remained significantly more likely to
achieve CS-free remission.

Surgery

The need for surgery represents another important aspect of
the natural history of CD in children. Table 7.1 summarizes
published rates for surgery in children from a variety of dif-
ferent countries that were observed in the prebiological era.
Data from Denmark estimate a mean yearly operation rate of
approximately 13%. The cumulative probability of surgery
in this Danish cohort at 20 years was estimated to be 47%
[6]. A multicenter pediatric experience from the USA esti-
mates the cumulative incidence of surgery to be 6% at 1 year,
17% at 5 years, and 28% at 10 years after diagnosis [49].
Similarly, a pediatric study from Scotland noted resection
rates of 20% at 5 years and 34% at 10 years [14]. More recent
data does not appear substantially different. In a more con-
temporary cohort of 852 children followed in a multicenter
North American study between 2002 and 2008, the 1-year
and 5-year risk of CD-related surgery was 4.8% and 17.7%,
respectively [50]. Older age at diagnosis, increased disease
severity, or complicated (stricturing or penetrating) disease
behavior increased risk.

Table 7.1 Surgical frequency in Crohn disease

No. of children observed | % % Permanent
Author (period studied) Operated | stomas
Farmer [45] 522 (1955-1974) 67 7?
(USA)
Ferguson [46] |50 (1968-1983) 78 30
(UK)
Griffiths [47] | 275 (1970-1987) 32 2
(Canada)
Besnard [48] 119 (1975-1994) 30 2
(France)
Langholz [6] |23 (1962-1987) 43 7
(Denmark)

The presence of variant NOD2/CARD15 [20, 21] and
ATGI16L1 [5] alleles appears to increase the risk for sur-
gery, presumably due to the known association of these
genetic polymorphisms with the development of fibroste-
notic ileal disease. Beyond these well-described genes,
our knowledge of genetic and serologic factors impacting
surgical risk is expanding through genome-wide studies.
For example, in a study performing a whole-genome anal-
ysis of 1115 adult and pediatric CD patients, the IL12B
gene was independently associated with a need for sur-
gery and early surgery [51]. The presence of anti-Saccha-
romyces cerevisiae antibodies and other serologic markers
also appears to be associated with an increased risk for
surgery [16, 49].

The effect of immunomodulatory therapy on the need for
surgery remains an open question. An analysis from France
evaluated a series of successive 5-year adult CD cohorts
[52]. Although there was a significant increase in the use of
immunomodulatory therapy over time, there was no associ-
ated change in the rate of surgery [52]. By contrast, multi-
variate analysis from a similar series of 5-year adult CD
cohorts from the UK identified the early use of thiopurines
(within 3 months of diagnosis) to be associated with a
marked reduction in the rate of surgery [53, 54].

The studies evaluating infliximab therapy in decreasing
surgical rates are also mixed. In a Spanish retrospective
assessment of infliximab therapy used in a “step-up” fashion,
no significant decrease in surgical rates could be identified in
patients receiving infliximab compared to those not receiv-
ing the treatment [55]. However, other studies reach the
opposite conclusion. For instance, in a study utilizing data
from a combined Danish and Czech collaboration, surgical
rates in adults 40 months after starting infliximab were
20-23% in infliximab responders compared to 76% in non-
responders [56]. In the ACCENT I [57] and ACCENT II [58]
trials of adults with moderate to severe CD, and fistulizing
CD, respectively, response to maintenance infliximab was
associated with decreased surgery. Similar findings in chil-
dren have been reported, with surgical rates 50 months after
starting infliximab of 10% in patients maintained on the bio-
logic compared to 70% in infliximab failures [59]. Further, in
children with a favorable initial response, development of
antibodies to infliximab led to loss of response and increased
risk of surgical resections [60]. In the data from the RISK
inception cohort, 1 year post-diagnosis surgical risk in those
treated with early anti-TNF was not different from those
treated with immunomodulators [44]. A longer term analysis
from the RISK cohort identified a significant reduction of
penetrating disease but not fibrostenotic disease with early
anti-TNF use [27], raising a possibility that early anti-TNF
reduces surgical risk related to internal fistulas but not
strictures.
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Postoperative Recurrence

Following surgery, the natural history of CD is to recur both
endoscopically and symptomatically. The natural progres-
sion of CD following ileocolonic resection has been previ-
ously described by Rutgeerts and colleagues, with five levels
of disease severity (i0-i4) found endoscopically.
Postoperatively, disease appears to evolve from normal
mucosa (i0) to the initial appearance of a few aphthous ulcers
(i1-i2), followed by progressively more and/or deeper ulcer-
ations until an area of confluent inflammation, large ulcers,
or stricturing develop (i3-i4) [61]. CD recurrence is defined
by an endoscopic score of i2, i3, or i4, while postoperative
remission is defined by a score of i0 or il.

In retrospective adult studies, symptomatic recurrence of
CD following the so-called curative resection (complete
resection of all visibly evident disease) is reported to be
20-30% within the first year after surgery, with the increas-
ing likelihood in each subsequent year [62]. One or more
additional surgeries are required in 15-45% of adults within
3 years, 26—65% in 10 years, and 33-82% in 15 years [63].
Controlled trials document severe endoscopic recurrence
after placebo treatment in 43-79% of adult subjects by 1
year after surgery and in 42-85% of subjects after 2 years
[63-68].

In children, the overall rate of clinical recurrence is esti-
mated to be 50% at 5 years after initial resection [47].
However, the site and extent of preoperative CD can affect
the recurrence-free interval such that it is estimated that 50%
of children with extensive ileocolitis recur within 1 year,
compared to a 50% recurrence rate after 5 years in children
with ileocecal disease and a 50% recurrence rate after 6 years
if preoperative disease is confined to the small bowel [47]. In
a more recent retrospective review of 81 children in the UK
with a median age of 14.5 years and 7.7 years of follow-up,
52% had disease recurrence by end of follow-up, with
younger age at first resection being a risk factor for clinical
recurrence. The authors additionally identified colonic dis-
ease, as compared to more localized ileocecal disease, and
post-operative complications as risk factors for requiring
future intestinal resection [69]. Conversely, in a multicenter
review of 122 children in the Netherlands undergoing ileo-
cecectomy between 1990 and 2014, ileocecal disease loca-
tion, along with positive histologic resection margins, was
the risk factor for surgical recurrence [70]. Altering the natu-
ral history of postoperative CD and preventing recurrence
has become an integral part of CD management. Use of
mesalamine or thiopurines appears to have limited benefit
[68, 71], while anti-TNF therapy may be effective in prevent-
ing CD recurrence [72-74].

Cancer Risk

Whether children with CD are at increased risk for malig-
nancy over their lifetime is unknown. Limited but growing
population data exists, and it can be difficult to isolate effects
of CD from medications, or comorbid diseases, toward can-
cer risk from these reports. In a recent report from a Manitoba,
Canada registry reviewing 947 people diagnosed with pedi-
atric IBD followed for 14,938 person years, 17 post-IBD
diagnosis cancers were identified. A diagnosis of CD had an
increased risk of cancer with a hazard ratio of 2.47; the
median age of cancer diagnosis was 37 years. Of note, there
was no difference in exposure to thiopurine or anti-TNF
medications between those who developed a cancer and
those who did not [75]. Similarly, a large combined Finnish
and Danish cohort that included 2921 cases of CD diagnosed
in children between 1992 and 2014 found this group of peo-
ple with CD had a 2.5-fold increase risk of cancer compared
to the general population, a standardized incidence ratio
(SIR) of 3.2 for lymphoproliferative diseases, and an SIR of
6.7 for skin cancer. The authors highlight that thiopurines are
standard of care in these countries and the data could not
determine the degree of risk related to this medication expo-
sure [76].

One of the more comprehensive pediatric IBD malig-
nancy risk studies to date comes from the DEVELOP regis-
try—a multicenter, prospective, long-term registry of safety
and outcomes data in pediatric IBD patients. The DEVELOP
registry evaluated 5766 children including 4047 with CD,
identifying 15 cancers and 5 cases of lymphoproliferative
disease in >24,000 patient-years of follow-up from 2007 to
2016. Twelve of the 15 cancers occurred in patients with
CD. Thiopurine exposure was found in all but 2 of these can-
cers. Malignancy incidence rates in this population were
compared to the Surveillance, Epidemiology, and End
Results (SEER) database to calculate the SIR to report dif-
ferences in risk compared to the general population. The
authors found SIRs of 2.88 for thiopurine exposed, and 1.3
for nonexposed individuals, suggesting in this cohort the risk
of cancer is very low in those with pediatric IBD, particularly
those not treated with thiopurine [77].

Studies in adults, however, suggest that patients with CD
do have an excess of malignancies compared to the general
population. In a population-based cohort from the Uppsala
region of Sweden, there was an increased relative risk of
colorectal cancer of 2.5 (95% confidence interval (CI) 1.3—
4.3) in patients with CD [78]. Duration of illness and gen-
der did not affect risk, but those subjects with colonic
disease had a greater risk of colorectal cancer than those
with only small bowel involvement. Of note, however,
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among those subjects with any colonic involvement diag-
nosed with CD before the age of 30 years, the relative risk
of colorectal cancer increased to 20.9 (95% CI 6.8-48.7)
[78]. By contrast, a similar population-based study from
Denmark identified a relative risk of colorectal cancer of
only 1.1 (95% CI 0.6-1.9), and no risk differences were
noted in different subgroups of patients [79]. A similar
modest increase in colorectal cancer risk (1.9; 95% CI 0.7—
4.1) was found in a population-based study from Olmstead
County, Minnesota [80].

By contrast, the risk of small bowel cancer consistently
appears to increase in patients with CD. In part, because
the rate of small bowel cancer in the general population is
very low (estimated to be 0.005% at 5 years and 0.03% at
25 years), there is a significantly elevated relative risk for
small bowel cancers in patients with CD [80]. In the
Danish study cited above, the relative increased risk for
small bowel cancer was 17.9 (95% CI 4.8-42) [79]. In
Olmstead County, the relative risk was found to be 40.6
(95% CI 4.4-118) [80]. Duration of CD did not appear to
influence risk of developing small bowel cancer.
Adenocarcinoma, carcinoid, leiomyosarcoma, and pri-
mary intestinal lymphoma have all been reported. The
effect of age at CD onset on the risk of developing small
bowel cancer has not been reported.

There may also be a slight increase in the risk of develop-
ing lymphoma, although data are mixed and not always con-
trolled for risk associated with therapeutic agents. In a
single-center, retrospective study between 1979 and 2008
that included 791 children with CD followed in Boston, MA,
one non-Hodgkin’s lymphoma occurred in a patient receiv-
ing thiopurines; the overall cohort lymphoma risk did not
meet statistical significance [81]. In a large population-based
retrospective study of adults living in the UK between 1988
and 1997, seven patients with lymphoma were reported
among 6605 patients with CD, and 0/7 were exposed to thio-
purines. The risk of lymphoma in this cohort was not
increased compared to the control population (relative risk
1.39; 95% CI 0.50-3.40) [82]. The published data from the
DEVELAOP registry described above offers a stratified view
of different patient cohorts based on medication exposure.
Of cancer type described, 8/15 were leukemia or lympho-
mas. Importantly, the 763 non-biologic, non-thiopurine
exposed patients, and 1146 biologic exposed, non-thiopurine
exposed patients did not have a statistically increased cancer
risk compared to the healthy matched SEER database refer-
ence population. This suggests cancer risk in the early years
after CD diagnosis is based more on therapy than the intrin-
sic disease [77].

Quality of Life

In addition to imposing significant physical morbidity, CD in
childhood imposes potentially dramatic psychosocial bur-
dens as well. Health-related quality of life (HRQOL) scores,
as measured by the IMPACT questionnaire (a validated,
pediatric IBD health-related quality of life questionnaire)
[83], correlate with physician’s global assessment of disease
severity, such that children with moderate—severe activity
have the poorest HRQOL scores [84]. Pre-biologic era
reports on quality of life have noted that children with CD
frequently experience absences from school, require home
tutoring, and express fears concerning everyday childhood
activities, schooling, and ability to get a job [85-87]. Fifty-
seven percent of a young—adult cohort was reported to have
had an absence from school of at least 2 months duration and
8% were involuntarily unemployed. [88]

The past two decades have found improved quality of life
measures correlating with greater ability to achieve disease
remission [89, 90]. A recent study of 218 children in France
found clinical remission status was the main independent
factor determining IMPACT-III scores, with older age and
the presence of comorbid psychological disorder associated
with lower scores [91]. The psychological effect of IBD can
also impact HRQOL separate from disease activity. De Carlo
and colleagues found the degree of pain catastrophizing fol-
lowed by generalized distress levels directly correlated with
HRQOL in an Italian pediatric cohort [92].

One by-product of increased disease severity is increased
parental stress. The effect of parental stress was found to par-
tially contribute to lower HRQOL in children with active dis-
ease [93]. In a study of 100 children with IBD including 45
with CD, parental distress substantially correlated with
patient HRQOL; in this study, parental distress was most
affected by flares and disease activity [94].
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in Children

Joelynn Dailey and Jeffrey S. Hyams

Introduction

We continue to strive to change the natural history of ulcer-
ative colitis which is often marked by intermittent or con-
tinuous disease activity despite treatment with
5-aminosalicylates and corticosteroids. While the data pre-
sented in this chapter reflect the effect of our current thera-
pies, we hope that management advances in the next decade
will achieve greater disease control without increasing risk.
This chapter will focus on natural history elements pertain-
ing to clinical remission, endoscopic remission, and colec-
tomy. Discussion of drugs will focus mainly on maintenance
of remission. Lastly, new insights in predicting response to
therapy and altering natural history will be addressed.

Overview

Clinical reports from the 1970s and 1980s describe a severe
clinical course for children newly diagnosed with ulcerative
colitis resulting in chronic activity, recurrent hospitaliza-
tions, frequent colectomy, and rare deaths [1, 2].
Subsequently, a report in 1996 of 171 subjects seen at two
large pediatric inflammatory bowel disease centers in the
Northeastern United States found that 43% of patients had
mild disease and 57% moderate to severe disease at presenta-
tion. Forty three percent had pancolitis [3]. Over 80% had
resolution of symptoms within 6 months of diagnosis, and
during subsequent yearly follow-up intervals, 55% were
symptom free, 38% had chronic intermittent symptoms, and
7% had continuous symptoms. Corticosteroid therapy was
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used in 27% of those with initially mild disease and 70% of
those with moderate/severe disease by 1 year. Eleven percent
of those with moderate/severe disease received additional
immunomodulatory therapy (azathioprine/6-mercaptopurine
or cyclosporine) during the first year. The colectomy rate
during this time period of widespread immunomodulator use
ranged from 1% to 8% at 1 year and 9% to 26% at 5 years,
with initial disease severity and progression of disease
greatly affecting colectomy rates [3—6].

More recent cohorts have encompassed populations that
were diagnosed in the era of biologic agents. Much of our
recent understanding of ulcerative colitis in children has
been informed by the PROTECT Study: Predicting Response
to Standardized Pediatric Colitis Therapy which was a 29
center North American inception cohort of children newly
diagnosed with ulcerative colitis who were treated with
standardized treatment protocols based on initial disease
severity [7]. In this cohort of 428 children newly diagnosed
with UC, 7% had proctosigmoiditis, 10% had left-sided
colitis, and 83% had extensive colitis or pancolitis. Of the
400 patients who remained evaluable at 52 weeks, 25 (6%)
had colectomy within that first year. The majority of the
patients going on to colectomy had moderate to severe dis-
ease at diagnosis. A retrospective study from 25 centers
across Europe and North America between 2009 and 2011
found that 83% of patients admitted for acute severe colitis,
defined as PUCAI > 65, had extensive colitis or pancolitis at
diagnosis, versus 16% with left-sided disease [8]. In total,
16/141 (11.3%) of patients underwent a colectomy during
their initial admission for acute severe colitis. Of those who
had a colectomy, 82% had extensive colitis or pancolitis at
diagnosis, while 18% had left-sided disease. Long-term
follow-up showed colectomy rates of 28.7%, 33.6%, and
36.4% at 1, 3, and 5 years after initial acute severe colitis
admission, respectively. A retrospective chart review of 110
patients from a center in Italy reported 29% of patients ini-
tially presenting with proctitis, 22% left-sided colitis, 15%
extensive colitis, and 34% pancolitis [9]. Disease extension
at follow-up was noted in 29% of patients and cumulative
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rates of colectomy were 9% and 14% at 2 and 5 years,
respectively. A review of the published literature on popula-
tion-based natural history studies of pediatric ulcerative
colitis suggested an overall colectomy rate of between 4%
and 17% at 1 year [7, 10, 11] and about 20% at 5 years fol-
low-up [5]. All studies indicate that more severe disease at
diagnosis correlates strongly with need for colectomy within
the first several years after diagnosis.

Of course, the natural history of any disease is largely a
function of the efficacy of medications used to treat it. Large-
scale, blinded, placebo-controlled trials are generally lacking
in the pediatric population, and much of what is done is
extrapolated from adult studies.

sion by the prescribing physician, patient, and family. For
patients with mild disease at diagnosis, mesalamine only was
started with weight-based daily dosing given in two divided
doses (range 50-75 mg/kg/day) to a maximum dose of 4 g/
day. In this mild group, slightly less than half of all patients
(48%) achieved PUCAI<10 with no other therapy at week 52.
In PROTECT, about 5-7% of patients were intolerant of mesa-
lamine and 1% developed pancreatitis.

The use of adjunctive rectal mesalamine therapy (sup-
positories, enemas) is often encouraged in those with limited
distal disease or proctitis. However, many children and ado-
lescents are unwilling to accept this type of therapy. When
used, however, it is often quite helpful.

Aminosalicylates

Data supporting the use of 5-aminosalicylate (5-ASA) com-
pounds for the induction and maintenance therapy in adult
ulcerative colitis (UC) are strong [12, 13]. Data in adults
suggest that higher dose 5-ASA may be more effective in
inducing remission (4.8 g mesalamine vs. 2.4 g mesala-
mine), but this added efficacy seemed limited to patients
with moderate disease, and was not observed in those with
mild disease [14].

One randomized, double-blind, controlled study of chil-
dren with mild-to-moderately active ulcerative colitis com-
pared the safety and efficacy of high-dose and low-dose oral,
delayed-release mesalamine, and found that both doses were
equally effective as short-term treatment, without a specific
benefit or risk to using either dose [15]. Dosing was weight-
dependent, with the low-dose group receiving
27-71 mg/kg/day and high-dose group receiving
53-118 mg/kg/day, within the constraints of using a 400 mg
tablet. Twenty-three of 41 (56%) and 22 of 40 (55%) of
patients achieved PUCAI-defined treatment success in the
low- and high-dose groups, respectively (P = 0.924) after 6
weeks of treatment. No differences in efficacy, tolerability, or
adverse reactions with either high- or low-dose mesalamine
were noted but the large overlap in potential doses between
the two groups makes interpretation of this study difficult.

In the PROTECT study mentioned previously, patient out-
comes at one year from diagnosis were determined after the
start of standardized treatment regimens based on initial dis-
ease severity. One-hundred fifty out of 400 (38%) patients
achieved corticosteroid-free clinical remission (PUCAI<10)
on mesalamine only at week 52 without the need for immuno-
modulators or biologics [7]. Of the initial cohort about two-
thirds started therapy with corticosteroids (oral or intravenous)
with an opportunity to transition to mesalamine maintenance
if they responded to corticosteroids. Initial therapy used in this
study was based on disease severity using Pediatric Ulcerative
Colitis Activity Index (PUCALI) scores, as well as a joint deci-

Corticosteroids

Corticosteroids remain the mainstay of induction therapy for
moderate to severe ulcerative colitis, and therefore, under-
standing the course of disease following these medications is
critical to understanding natural history. Corticosteroid use is
more widespread in the treatment of pediatric ulcerative coli-
tis compared with adults, with a rate of 79% reported in an
observational registry [16]. Traditional corticosteroid ther-
apy has usually meant prednisone for moderate to severe dis-
ease, though budesonide MMX has been used for mild to
moderate disease [17]. There are minimal published data on
budesonide for the treatment of pediatric UC.

In the PROTECT study, data are available on one-year out-
comes in large groups of patients started on either oral pred-
nisone or intravenous corticosteroids [7]. In this study,
following standardized treatment guidelines, corticosteroids
were used as initial therapy for moderate to severe disease
(PUCALI score > 45), with goal of weaning steroid dosing and
starting mesalamine based on response at 2 weeks. Prednisone
was used at a dose of 1-1.5 mg/kg/day to a maximum dose of
40-60 mg in a single morning dose. For those hospitalized
with severe disease at time of diagnosis, treatment with intra-
venous corticosteroids was started, with a suggested dose of
1-2 mg/kg/day of methylprednisolone to a maximum of
60 mg. Of the 400 patients who were followed to week 52,
140 (35%) were initially given oral corticosteroids and 135
(34%) initially received intravenous corticosteroids. If
patients showed a response to corticosteroids at 2 weeks,
defined by PUCALI decrease of at least 20 points with result-
ing PUCAI < 35, mesalamine was added, and the initial dose
of oral corticosteroids was continued for one more week prior
to tapering. Of the 275 patients initially treated with cortico-
steroids, at week 52 after diagnosis, 32% achieved corticoste-
roid-free remission on mesalamine only, 9% neither achieved
corticosteroid-free remission nor required additional therapy,
22% required escalation to an immunomodulator only, and
37% required escalation to anti-TNFa therapy.
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Optimal dosing regimens for corticosteroids have not
been established though there appears to be little advantage
to exceeding the equivalent of 40-60 mg/day in adults. An
exhaustive description of the mechanisms underlying corti-
costeroid resistance is beyond the scope of this discussion
and has been reviewed elsewhere [18]. In a study of 128 chil-
dren hospitalized with ulcerative colitis (OSCI) and treated
with intravenous corticosteroids, non-response to therapy
was associated with overexpression of several genes involved
in inflammatory pathways [19]. In vitro studies have identi-
fied the expression of certain microRNAs as potential media-
tors of glucocorticoid (GC) resistance [20], but few clinical
studies have been published that support this relationship.
One clinical study investigated a possible correlation
between microRNA expression and variability in
GC-resistant and GC-sensitive patients [21]. Assessing
serum microRNA of patients with UC, it was noted that
downregulated microRNAs had a significant correlation with
several signal transduction pathways, including the PI3K-
Akt and MAPK signal pathways, and to target genes, includ-
ing HSP90B1, MAPK13, MAPK9, PIK3API1, and TLR4,
related to GC resistance. This study also found six specific
microRNAs  (miR-16-2-3p, miR-30e-3p, miR-32-5p,
miR642a-5p, miR150-5p, and miR-224-5p) that were sig-
nificantly downregulated in GC-resistant patients.

Immunomodulators

The use of immunomodulators, such as thiopurines, for the
treatment of corticosteroid-dependent ulcerative colitis has
greatly diminished with the emergence of more effective and
perhaps safer biologic agents. A review of seven blinded,
controlled trials of azathioprine in ulcerative colitis high-
lighted the methodological issues with many early studies of
adults which left unanswered the question of whether this
drug was useful in maintaining remission [22]. A review of
the 30-year experience with azathioprine in a large cohort of
adult patients in Oxford, England suggested significant util-
ity of azathioprine in maintaining remission [23]. Almost
two-thirds of patients maintained remission for up to 5 years,
and median time to relapse upon stopping the drug was 18
months. The addition of the 5-aminosalicylate olsalazine to
azathioprine did not improve the maintenance of remission
rate compared to azathioprine alone in steroid-dependent
adults with ulcerative colitis.

Pediatric data are more limited. One report detailed thio-
purine use in 133 children from an inception registry cohort
in North America [24]. Of these, 65 (49%) had CS-free inac-
tive UC without rescue therapy at one year from thiopurine
start. CS-free inactive disease at 1 year after initiating thio-
purine was not affected by starting thiopurine < 3 months
versus >3 months from diagnosis, gender, age, or concomi-

tant treatment with 5-aminosalicylates. Kaplan—Meier analy-
sis showed that the likelihood of remaining free of rescue
therapy (surgery, calcineurin inhibitors, or biologic therapy)
in the thiopurine-treated patients was 73% at 1 year.

A more recent pediatric study looked to assess the effi-
cacy of azathioprine comparing the outcomes of early (0-6
months) versus late (6—24 months) initiation of therapy from
time of diagnosis with UC [25]. Of the 121 children, 76
(63%) started AZA between 0 and 6 months after diagnosis
and 45 (37%) started between 6 and 24 months. By 6 months,
21 patients withdrew due to either lack of efficacy, adverse
events, or lost to follow-up. Seventy-five percent of the early
group received CS at diagnosis, with 30 (50%) achieving
CS-free remission at one year. Fifty-three percent of the late
group received CS at diagnosis, with 23 (57%) achieving
CS-free remission at one year. Mucosal healing was also
assessed at one and two years, with either endoscopy (49%)
or fecal calprotectin (51%). Mucosal healing only occurred
in 37% of patients at one year and 40% of patients at 2 years,
with no difference between the early and late groups.

Overall, the use of thiopurines has increasingly fallen into
disfavor among many pediatric gastroenterologists in North
America because of concerns for malignancy, particularly
hepatosplenic T-cell lymphoma, and hemophagocytic lym-
phohistiocytosis (HLH). Although quite rare, these devastat-
ing conditions have been linked to thiopurine therapy [26].
The reluctance to use thiopurines in UC is generally not
shared in Europe as they remain part of standard treatment
options [27].

The use of methotrexate as an immunomodulator for the
treatment of ulcerative colitis remains controversial. A
recently published study was the first randomized, placebo-
controlled study comparing the efficacy of 25 mg parenteral
methotrexate weekly compared to placebo in adults with UC
who had previously responded to open-label methotrexate
[28]. One hundred and seventy-nine patients with active UC
based on Mayo score were first given open-label methotrex-
ate for a 16-week induction period with a 12-week steroid
taper. At week 16, 91 (51%) patients achieved steroid-free
clinical response and 84 of these patients were randomly
assigned to 32-week maintenance period with either 25 mg/
week subcutaneous methotrexate (n = 44) versus placebo
(n = 40) until week 48. Of the 84 patients, 25/40 (63%) and
27/44 (61%) were in steroid-free remission and 15/40 (37%)
an 17/44 (39%) were in steroid-free response in the placebo
and methotrexate groups, respectively. Sixty percent (24/40)
and 66% (29/44) of patients in the placebo and methotrexate
groups, respectively, discontinued their therapy before week
32 of the maintenance period, with lack of efficacy or relapse
of UC being the main reason for discontinuation in 22
patients in each group. At week 48, 30% (12/40) of patients
in the placebo group and 27% (12/44) of patients in the
methotrexate group were in steroid-free clinical remission
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without the need for additional therapies (p = 0.91). This
study provided similar findings to the METEOR trial, with a
large proportion of patients achieving steroid-free response
and remission during open-label induction phase [29].
However, parenteral methotrexate monotherapy was not
superior to placebo in maintaining steroid-free clinical
response or remission and preventing relapse in patients with
UC.

Although calcineurin inhibitors are widely accepted as
effective therapy for inducing remission in severe ulcerative
colitis [30-32], their use as maintenance therapy is uncom-
mon. In children, there are limited data on the use of these
agents and while short-term response averages about 80%
the majority of treated children still require colectomy within
2-3 years of their use [33]. Additionally, because of their
nephrotoxicity, increased susceptibility to infection, and
other side-effects, the use of calcineurin inhibitors is gener-
ally limited to several months as a bridge to other immuno-
modulators, infliximab, vedolizumab, or surgery.

Biologics

There are ample data supporting the use of anti-TNF therapy
in children with ulcerative colitis. In a formal clinical trial of
60 children and adolescents with active ulcerative colitis
despite treatment with corticosteroids, immunomodulators,
and 5-aminosalicylates, a response as defined by a decrease
in Mayo score by >30% and >3 points was seen at 8 weeks
in 73% of patients following a 3-dose induction of 5 mg/kg
at 0, 2, and 6 weeks [34]. Clinical remission by Mayo score,
as defined by a score < 2 with no individual subscore > 1,
was seen in 40% at 8 weeks. At 54 weeks, in those patients
treated with this induction regimen followed by maintenance
therapy every 8 weeks, remission was noted in 38% of sub-
jects. Similar to the experience in adults, a direct relationship
was found between serum infliximab levels and a positive
therapeutic response [35].

It has been demonstrated that low-serum trough levels of
infliximab as well as the development of antibodies to inflix-
imab negatively affect response and durability [36]. One
such retrospective chart review of 129 children with IBD
treated at a tertiary care pediatric IBD center included 278
samples of infliximab levels and antibodies to infliximab,
determined that for those who were treated with a dose of
5 mg/kg, 6 week dosing had significantly higher infliximab
levels compared to 8 week dosing (p = 0.009) [37]. Out of
the 129 patients, 48 (37.2%) demonstrated low infliximab
levels (<3 pg/ml) and 24 of those 48 (50%) demonstrated
antibodies to infliximab. Twenty-nine (22.5%) developed
antibodies to infliximab, and low or undetectable serum inf-
liximab levels were associated with the development of anti-
bodies. This review was in line with prior studies [38, 39]

showing the association that low infliximab levels have to the
development of immunogenicity to infliximab as measured
by antibodies to infliximab.

Therapeutic drug monitoring for IBD patients on anti-
tumor necrosis factor (anti-TNF) therapy has become more
common, though reactive versus proactive monitoring has
not yet been standardized. A 2017 multicenter, retrospective
study of 167 adults with Crohn disease and 97 with UC on
infliximab maintenance therapy received either proactive
(n = 130) or reactive (n = 134) monitoring and was followed
to assess long-term outcomes including treatment failure,
first IBD-related surgery or hospitalization, serious infusion
reactions, and detection of antibodies to infliximab [40]. This
study found that proactive drug monitoring was indepen-
dently associated with reduced risk of treatment failure
(p < 0.001), IBD-related surgery (p = 0.017), IBD-related
hospitalization (p < 0.001), antibodies to infliximab
(p = 0.025), and serious infusion reaction (p = 0.023) when
compared to reactive monitoring. Rapid clearance of anti-
TNF medications has been noted in patients with extensive
disease and high C-reactive protein levels, likely through
multiple mechanisms including the concept of a “large
antigen-sink” of TNF, hypoalbuminemia, and loss in the
stool [36, 41-43]. As rapid clearance can lead to loss of
response or drug-related adverse events, the results of this
study suggest that it is better to optimize infliximab therapy
with use of proactive therapeutic drug monitoring rather than
wait for these undesirable outcomes to occur before testing.

There are limited data on the use of adalimumab to treat
pediatric ulcerative colitis. In a retrospective study assessing
the effectiveness and safety of adalimumab in children with
UC, all of whom were previously treated with infliximab, 32
patients received adalimumab, and at week 52, 13 (41%)
were in corticosteroid-free remission, of whom 9 (28%) had
mucosal healing [44]. 17 (53%), 15 (47%), and 13 (41%)
were in steroid-free remission at 12, 30, and 52 weeks,
respectively. Ten patients (31%) had a primary failure and 5
(15%) a loss of response to adalimumab. And, 12.5% of this
study population required colectomy at 1-year follow-up, a
rate that is consistent with previous data on disease course in
UC. No serious side effects, including deaths or malignan-
cies, were reported. Overall, adalimumab seemed to be
effective in inducing clinical and endoscopic remission in
children with UC who previously failed or were intolerant to
infliximab therapy.

Golimumab is another humanized IgGl antibody to
TNFa, used in adults for the treatment of UC, as well as
select other diseases. Although few pediatric studies have
been performed, one multicenter, prospective, open-label
study evaluated the safety, outcomes, and pharmacokinetics
of golimumab in anti-TNF naive children with moderate to
severe active UC [45]. Thirty-five patients were enrolled in
the study and received golimumab induction at weeks 0 and
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2. Of the 35 participants, a total of 15 (43%) discontinued the
medication prior to week 14; 3 after the 2 induction doses, 11
were not in Mayo clinical response at week 6 and medication
was discontinued per study protocol, and 1 discontinued the
medication prior to week 14 due to a disease flare. At week 6
following induction, Mayo clinical response was induced in
21 (60%) patients, Mayo clinical remission in 15 (43%),
PUCAI clinical remission in 12 (34%), and mucosal healing
(Mayo subscore 0/1) in 19 (54%), with 8 (23%) achieving
complete mucosal healing (Mayo subscore 0). No malignan-
cies, deaths, or serious infections were reported in this small
cohort. Overall, the outcome data at week 6 of this study
suggest that in pediatric patients with UC, golimumab offers
generally comparable clinical benefits to the adult UC
population.

Anti-integrin therapy has shown efficacy in the treatment
of adults with ulcerative colitis [46], and published data in
children are available. Vedolizumab is an o437 anti-integrin
monoclonal antibody with gut specificity. A retrospective,
multicenter review of 52 pediatric IBD patients (58% Crohn
disease and 42% ulcerative colitis) receiving vedolizumab
was performed to examine efficacy in pediatric IBD. Ninety
percent of (47/52) patients had previously failed > 1 anti-
TNF agent. All patients received vedolizumab at 0, 2, and 6
weeks, then approximately every 8 weeks thereafter. At week
six and week 14, 14/22 (63%) and 13/17 (76%) of UC
patients were in clinical remission based on PUCALI score <
10, respectively. Patients with UC were more likely to be in
remission at week 14 compared to those with Crohn disease
(76% vs. 42%, P < 0.05). Week 6 corticosteroid-free remis-
sion was associated with week 14 corticosteroid-free remis-
sion among both groups (P < 0.0001). At week 33,
anti-TNF-naive patients had a higher remission rate com-
pared to TNF-exposed patients (100% vs. 45%, P = 0.04).
This study also found that both pediatric Crohn disease and
UC patients with colonic-only disease had higher rates of
remission at multiple time points throughout the study. No
infusion reactions or serious adverse events, including tuber-
culosis, meningitis, or progressive multifocal leukoencepha-
lopathy were observed at last follow-up.

Ustekinumab is a monoclonal antibody to the p40 subunit
of interleukin-12 and interleukin-23 that is approved for use
in the treatment of psoriasis, psoriatic arthritis, Crohn dis-
ease, and most recently ulcerative colitis in adults. The phase
3 UNITI trial recently evaluated 961 adults with moderate-
to-severe ulcerative colitis in a randomized, double-blind,
placebo-controlled study, with the primary end point being
clinical remission at week 8 after induction and week 44 for
the maintenance trial [47]. Nine-hundred and twelve (94.9%)
patients completed the induction trial, either receiving
approximately 6 mg/kg dose, 130 mg dose, or placebo intra-
venously, with 783 (81.5%) entering into the maintenance
trial. Of these 783 patients, 523 underwent randomization

into the maintenance population (primary population) receiv-
ing 90mg every 8 weeks, every 12 weeks, or placebo every 8§
weeks subcutaneously; and 260 were placed in a nonran-
domized maintenance population (157 receiving 90 mg
every 8 weeks and 103 placebo). Histo-endoscopic mucosal
healing, improvements in partial Mayo scores, and reduc-
tions in serum and fecal concentrations of inflammatory bio-
markers were observed in inductions and sustained in
maintenance by both doses of ustekinumab. Ustekinumab
was found to be more effective in achieving induction of
clinical remission at 8 weeks when compared to placebo, and
for those who achieved response to induction and underwent
second randomization into the maintenance population, the
patients receiving ustekinumab were more likely to be in
clinical remission at week 44 compared to those assigned to
placebo.

Off-label use in the pediatric IBD population has been
increasing, though no controlled clinical trials in this popula-
tion have been performed. One observational cohort study
followed 52 pediatric IBD (42 Crohn disease, 4 ulcerative
colitis, and 6 IBD-unspecified) patients receiving
ustekinumab for steroid-free remission at 52 weeks [48]. For
this patient population, 81% had failed >1 anti-TNF, 37%
failed anti-TNF and vedolizumab, and 10 patients were
biologic-naive. At week 52, 39 patients (75%) were still
receiving ustekinumab (31 CD, 8 UC/IBDU), with 30
patients in steroid-free remission (25 CD, 5 UC/IBDU). No
significant associations were round in respect to disease type
or location and remission outcomes. At week 52, biologic-
naive patients (90%, n = 9) were significantly more likely to
achieve steroid-free remission compared to biologic-exposed
patients (50%, n = 21) (P = 0.03). With regard to safety, no
serious infections or other serious adverse events were
reported in this cohort.

Small Molecules

Due to a lack of universal response, risks of infections and
neoplasia, parenteral administration, and risk of developing
antidrug antibodies with use of immunomodulators and bio-
logics, oral non-biologic small molecule therapies are now
being investigated for the treatment of ulcerative colitis. The
OCTAVE trials [49, 50] investigated tofacitinib, an oral
small-molecule Janus kinase (JAK) inhibitor that inhibits all
JAKSs, but preferentially JAK1 and JAK3, for use of induc-
tion and maintenance therapy for adults with moderate to
severely active ulcerative colitis. In the OCTAVE Induction 1
trial, remission at 8 weeks occurred in 18.5% (88 of 476) of
patients receiving 10 mg tofacitinib twice daily versus 8.2%
(10 of 122) in the placebo group (P =0.007) and in OCTAVE
Induction 2 trial, remission occurred at 16.6% (71 of 429) of
the tofacitinib group versus 3.6% (4 of 112) in the placebo
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group (P < 0.001). In the OCTAVE Sustain trial, 34.3% (68
of 198) of patients in the 5Smg bid and 40.6% (80 of 197) of
patients in the 10 mg tofacitinib bid groups achieved remis-
sion at 52 weeks compared to 11.1% (22 of 198) in the pla-
cebo group (P < 0.001 for both comparisons with placebo).
In the OCTAVE Sustain trial, the rate of herpes zoster infec-
tions was higher among those treated with tofacitinib (n = 13;
3 receiving 5 mg and 10 receiving 10 mg) compared to
placebo (n = 1). Across all three trials, non-melanoma skin
cancer and cardiovascular events occurred in more patients
who received tofacitinib (n = 5) compared to placebo (n = 0).
Although no formal trials have yet been performed in the
pediatric ulcerative colitis population, tofacitinib has started
to be used off-label by some centers for children who have
been refractory to biologics.

Ozanimod is the newest small molecule oral therapy
showing promising outcomes for the treatment of ulcerative
colitis in adults. Ozanimod is an oral agonist of the
sphingosine-1-phosphate receptor subtypes 1 and 5, which
induces peripheral lymphocyte sequestration, leading to
potential decrease in the number of activated lymphocytes in
the gastrointestinal tract. Preliminary data from phase 2 of
the TOUCHSTONE trial [51], a double-blind, placebo-
controlled trial of 197 adults with moderate-to-severe active
ulcerative colitis, showed that daily use of 1 mg ozanimod
resulted in a slightly higher rate of clinical remission, based
on Mayo clinic scores (Mayo score <2, with no subscore >1)
at week 8, compared to placebo. At week 8, clinical remis-
sion occurred in 16% who received 1mg dosing (P = 0.048)
and 14% who received 0.5 mg dosing (P = 0.14), when com-
pared to the placebo group, of which 6% achieved clinical
remission. At week 32, exploratory outcome measures
showed that those receiving Img of ozanimod daily contin-
ued to have higher rates of clinical remission, clinical
response, mucosal healing, histologic remission, and lower
Mayo scores compared to those with placebo. One limitation
of this study was the use of 8 weeks at the timepoint for the
primary outcome analysis, as this might not have been suffi-
ciently long enough for ozanimod to target lymphocyte
tracking.

Antibiotics

In recent years, there has been an increase in use of broad-
spectrum antibiotics as salvage therapy in refractory colitis.
In one small pediatric cohort of 15 children with moderate to
severe refractory UC, almost half (7/15) entered complete
clinical remission defined as PUCAI < 10 when treated with
a 2-3 week oral broad-spectrum antibiotic regimen consist-
ing of metronidazole, amoxicillin, doxycycline, or ciproflox-
acin, and, in hospitalized patients only, the addition of
vancomycin [52].

In a single-center retrospective study of 63 children with
refractory UC, Crohn’s colitis, or IBD-U given the same 3 or
4 antibiotic regimen, 40/63 (63.5%) experienced a clinical
response, defined as PUCAI change >20 points, and 25/63
(39.7%) achieved clinical remission, defined as PUCAI < 10
[53]. The combination antibiotics led to a significant decrease
in median PUCAI score from 55 (40-65) to 10 (0-40;
p <0.0001) over 3 + 1 weeks after initiation of antibiotics. In
a subset analysis of only patients with acute severe colitis
(n = 26), the median PUCALI decreased from 65 (60-70) at
baseline to 35 (10-65) at 3 + 1 weeks after initiation of anti-
biotics (p < 0.0001).

In the first randomized controlled trial conducted in pedi-
atric acute severe colitis (ASC), 28 hospitalized children
with ASC were randomized to receive the quadruple oral
antibiotic cocktail (amoxicillin, vancomycin, metronidazole,
and doxycycline or ciprofloxacin) and intravenous cortico-
steroids (n = 16), or intravenous corticosteroids only for 14
days (n = 12). There was a significant difference in the mean
day 5 PUCALI score, 25 = 17 vs 40 = 20, respectively
(p = 0.037) [54]. Secondary endpoints of remission rate and
calprotectin values were numerically better in the antibiotic
+ intravenous corticosteroid group, but did not reach statisti-
cal significance in this small study.

Can We Predict the Course of Disease?

The wide range in phenotypic expression of pediatric ulcer-
ative colitis and its response to therapy has heretofore made
prediction of disease course difficult. Clinical factors exam-
ined have included features such as severity of disease (i.e.,
fulminant features requiring hospitalization), endoscopic
appearance, laboratory markers, and early response to ther-
apy [55-57]. Specific laboratory markers present at diagno-
sis, including hypoalbuminemia [7], elevated CRP [58], and
anemia [11, 59], have shown to be predictive of eventual col-
ectomy. Clinical severity at diagnosis, the need for hospital-
ization at diagnosis, and the need for rapid rescue with
immunomodulators or biologics remain the greatest risk fac-
tors for early colectomy.

Pediatric data of early outcomes following standardized
therapy after initial diagnosis suggest that baseline
PUCALI < 35, higher baseline albumin, and week 4 clinical
remission are predictors of week 12 corticosteroid-free
remission (PUCAI < 10) [60]. Following this same cohort of
patients, predictors for achieving week 52 corticosteroid-free
remission for all patients included PUCAI < 35 at diagnosis,
higher baseline hemoglobin and albumin, and week 4 clini-
cal remission [7]. Assessing for biological predictors of dis-
ease course, this study showed that patients with rectal
eosinophil count < 32 per high power field before treatment
and those with Vitamin D-25(OH) level <20 ng/mL were
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more likely to escalate to anti-TNFa therapy during the first
year. Using RNA sequencing to assess the pattern of rectal
gene expression and fecal microbiota profiles, it was also
found that lower levels of an antimicrobial peptide gene sig-
nature and Sutterella organisms, and a higher relative abun-
dance of Ruminococcaceae were independently associated
with week 52 corticosteroid-free remission. Specifically, it
was found that the a-defensin antimicrobial peptide pathway
showed a stronger negative association with week 52
corticosteroid-free remission, and that a greater number of
a-defensin 5 positive cells were present in rectal biopsy sam-
ples from patients who did not achieve week 52 corticosteroid-
fee remission, compared to those who did and healthy
controls. Those with more severe disease in this same cohort
of patients were found to have a significant increase in bac-
teria typically found in the oral cavity within their gut mucosa
at both baseline and in follow-up [61].

Attempts have also been made to try to correlate disease
course with genetic profiles. An association between severe
and extensive disease and the major histocompatibility com-
plex (MHC) genes DRB1*#0103 and DRB1*15 has been
identified in adults [62—-64]. Human leukocyte antigen (HLA)
DRB1*#0103 has shown an association with both UC and
colonic Crohn disease, strongly suggesting that this allele is
critically involved in determining the colonic immune
response to local flora [65, 66]. A genome-wide association
study (GWAS) compared 324 adults with ulcerative colitis
who required colectomy for refractory disease with 537
ulcerative colitis patients who did not [67]. A risk score
determined from a combination of 46 single nucleotide poly-
morphisms (SNPs) associated with the medically refractory
group accounted for a little less than 50% of the variance for
the colectomy risk. Specifically, the known IBD susceptibil-
ity gene TNFSF15 (TLIA) on chromosome 9q32 was impli-
cated in UC severity. The sensitivity and specificity of the
risk score were over 90%.

Microarray of RNA isolated from colonic biopsy tissue
has identified genes that may predict the response to inflix-
imab in adults [68]. This panel of five genes (osteoprotegerin
(OPG), stanniocalcin-1, prostaglandin-endoperoxide syn-
thase 2 (COX2), interleukin 13 receptor alpha2 and interleu-
kin 11) discriminated responders from non-responders with
95% sensitivity and 85% specificity. Another study of muco-
sal gene expression found a positive correlation between
high IL-17 and IFN-y expression and response to infliximab
[69]. Variants of the IL-23R gene that increase susceptibility
to UC seem to improve response to infliximab [70]. One
study used a pharmacogenetics GWAS to evaluate infliximab
non-response in a combined pediatric ulcerative colitis and
Crohn disease group, finding BRWD1, TACR1, FAM19A4,
and PHACTR3 to predict non-response [71].

In pediatric patients, elevated fecal levels of osteoprote-
gerin (OPQG) are associated with failure to respond to intrave-

nous corticosteroids in children with severe ulcerative colitis
[72]. One study found that 41 genes, with statistical signifi-
cance, were differentially expressed between IV corticoste-
roid responders and non-responders in children with severe
ulcerative colitis [73]. Two of the genes, CEACAMI and
MMPS, are possibly inhibited by methylprednisolone
through IL-8, and found to be over-expressed in corticoste-
roid non-responsive patients. The expression pattern of 10
out of the 41 genes were able to classify the treated patients
with 80% sensitivity and specificity. Emerging areas of
research into biologic molecules (e.g., metabolomics, pro-
teomics, and epigenomics) have the potential to clarify dis-
ease phenotypes, behavior, and responsiveness to medications
[74-76].

Summary

The optimal therapy for ulcerative colitis quickly induces
and then effectively maintains remission with healing of the
colonic mucosa and presents minimal toxicity to the patient.
While 5-aminosalicylates are effective in inducing and main-
taining remission in some patients, their efficacy in both
aspects of therapy is limited for those with more severe dis-
ease. Nonetheless, S-aminosalicylates should be the corner-
stone of therapy if possible. Immunomodulators and
anti-TNFa therapy are effective in many patients not main-
tained in remission on 5-aminosalicylates, but remission at
one year is noted in less than half of patients treated with
these agents, and disease flares are still common. Evidence
suggests that the short-term impact of biological agents on
disease course is positive, though it is still not clear that dis-
ease course is altered for those who present with fulminant
disease. This group continues to exhibit a greater degree of
treatment unresponsiveness and has an unacceptably high
rate of colectomy. Long-term observations will be required
to better understand the changing natural history of ulcer-
ative colitis in children with the emergence of new therapies.
Current research holds the promise of development of risk
assessment (e.g., gene expression, microbiome, and genet-
ics) promptly following diagnosis that will facilitate treat-
ment design, decreasing the likelihood of treatment failure,
and complications of ineffective treatments.
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Introduction

A diagnosis of inflammatory bowel disease is made follow-
ing a detailed clinical history in combination with biochemi-
cal, radiographic, endoscopic, and histologic evaluation.
While for many pediatric patients, initial evaluation results
in a clear diagnosis of either Crohn disease (CD) or ulcer-
ative colitis (UC), the phenotype of IBD can be heteroge-
neous, existing across a spectrum. A subset of patients with
colonic disease may present with atypical features that do
not clearly fit the diagnostic criteria for UC or CD, resulting
in a diagnosis of inflammatory bowel disease-unclassified
(IBD-U).

A diagnosis of IBD-U can pose a challenge to providers
as there have been varying definitions of this entity and less
is known about the natural history, prognosis, or efficacy of
treatment of the disease. Additionally, this diagnosis, even
by its very name, can lead to confusion and a sense of
uncertainty among patients and their caregivers. In this
chapter, we will review the criteria used to establish a diag-
nosis of IBD-U, the epidemiology of IBD-U, diagnostic
evaluation, as well as considerations for medical and surgi-
cal management.
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Definition

The term indeterminate colitis was first introduced in the
1970s as a diagnosis in IBD patients whose pathology after
colectomy showed features consistent with both UC and CD
[1]. This diagnosis has since evolved overtime. The Montreal
classification, published in 2006, replaced the term indeter-
minate colitis with IBD-U to define the pre-surgical patient
who has clinical, endoscopic, and biochemical features of
IBD but no definitive features of UC or CD [2]. Since this
time, with advances in diagnostic tools and disease detec-
tion, the uncertainty of IBD subtype classifications has
increased and in the pediatric setting, several groups have
worked to further define IBD-U [3, 4].

In 2014, the revised Porto criteria by the European Society
for Pediatric Gastroenterology and Nutrition (ESPGHAN)
were published, providing clinicians with a more defined
framework for establishing a diagnosis of IBD-U. Certain
features of IBD were divided into three distinct classes to
help differentiate subgroups of pediatric IBD. Class 1 fea-
tures were considered features incompatible with UC, mak-
ing CD the definitive diagnosis. Class 2 features were more
commonly found in CD but rarely found in UC (<5% of UC
cases). Class 3 were features suggestive of CD but also found
in UC (5-10% of UC cases). With increasing features from
class 2 or 3, the likelihood of CD increased. The criteria stated
that a diagnosis of IBD-U should be considered if a patient
had at least one Class 2 feature such as rectal sparing, signifi-
cant growth delay, transmural inflammation in the absence of
severe colitis, duodenal or esophageal ulcers not explained by
other causes, multiple aphthous ulcerations in the stomach
not explained by other causes, or reverse gradient mucosal
inflammation with more inflammation proximally rather than
distally. IBD-U could also be diagnosed if a patient had at
least 2 to 3 Class 3 features such as severe scalloping of the
stomach or duodenum not explained by other etiologies, focal
chronic duodenitis on multiple biopsies or marked scalloping
of the duodenum not explained by other causes, focal active
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Table 9.1 Updated revised Porto Group classification system [6]

Class \ Feature Determination of IBD-type
Class 1 CD diagnosis
1 At least one well-formed granuloma anywhere in the GI tract, remote from If any class-1 features present
ruptured crypt If class-1 features absent, at least 1 class-2
2 At least one of: deep ulcerations; cobblestoning; or stenosis anywhere in the feature and 4 or more class-3 features
small bowel or upper GI tract (excluding stomach) UC diagnosis
3 Fistulizing disease (internal or perianal) If C'lass-l and class-2 features absent
4 Large inflamed perianal skin tags Atypical UC .
- — - - . If class-1 and class-2 absent with 1-2 class-3
5 Thickened jejunal or ileal bowel loops on radiology or other evidence of features
significant small bowel inflammation on capsule endoscopy not compatible | ygp.y
with backwash ileitis If class-1 features absent with at least 1 class-2
6 Any ileal inflammation in the presence of normal cecum (incompatible with feature and up to 3 class-3 features
backwash ileitis)
Class 2
7 Macroscopically and microscopically normal appearing skip lesions in
untreated patient (excluding rectal sparing and cecal patch)
8 Complete (macroscopic and microscopic) rectal sparing
9 Macroscopically normal colon in between inflamed mucosa but with
microscopic inflammation (relative patchiness)
10 Significant growth delay (height velocity <—2 SD), not explained by other
causes
11 Transmural inflammation in the colon in the absence of severe colitis
12 Small and not deep ulcers (including aphthous ulcerations) anywhere in the
small bowel, duodenum and esophagus (excluding stomach and colon) not
explained by other causes
13 Multiple (>5) small and not deep ulcers (including aphthous ulcerations), in
the stomach or colon (on the background of normal mucosa), not explained
by other causes
14 Ileitis, otherwise compatible with backwash ileitis, but in the presence of
only mild inflammation in the cecum
15 Positive ASCA in the presence of negative pANCA
16 Reverse gradient of mucosal inflammation (proximal > distal [except rectal
sparing])
17 Severe scalloping of the stomach or duodenum, not explained by other
causes
18 Deep ulcerations (at least one) or severe cobblestoning of stomach not
explained by other causes
Class 3
19 Focal chronic duodenitis on histology
20 Focal active colitis on histology in more than one biopsy
21 Several [<5] aphthous ulcerations in the colon or in the stomach
22 Non-bloody diarrhea
23 Focal enhanced gastritis on histology

colitis, non-bloody diarrhea, or aphthous ulcerations in the
colon or upper gastrointestinal tract [5].

In 2017, the Porto Group of ESPGHAN performed a ret-
rospective longitudinal multicenter study to validate the clas-
sification system described above. The algorithm was slightly
revised to allow for maximal diagnostic accuracy in over 500
IBD patients. The final classification system is listed in
Table 9.1. IBD-U was defined if a patient had at least one
Class 2 feature and/or up to three Class 3 features. This
updated algorithm differentiated UC from CD and IBD-U
with 80% sensitivity and 84% specificity and CD from
IBD-U and UC with 78% sensitivity and 94% specificity [6].
Thus, while considerable progress has been made in defining
IBD-U, there is still a need for further study.

Epidemiology

Estimating the incidence and prevalence of IBD-U is chal-
lenging due to variability in the classification of this disease
phenotype, potential for labeling of this diagnosis when the
work-up is incomplete, and the high likelihood of reclassifi-
cation of this subtype.

The overall incidence of pediatric IBD is increasing [7].
Based on recent studies, the incidence of IBD-U in the pedi-
atric population is also increasing [7-10]. The incidence is
widely varied but in most pediatric studies ranges from 0.3 to
1.2 per 100,000 person years [7—14]. The highest annual inci-
dence reported is 2.1 per 100,000 persons in North America
and 3.6 per 100,000 person years in Europe [15, 16].
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The proportion of patients with IBD who receive the diag-
nosis of IBD-U varies widely across studies and is more likely
to be changed to CD or UC overtime. In the RISK study, a
multicenter inception cohort of pediatric IBD patients, 136 of
1411 (9.6%) patients were diagnosed with IBD-U at enroll-
ment. Within 2 years after diagnosis, only 60% of patients
remained with the diagnosis of IBD-U, 26% were reclassified
as UC and 14% as CD. Of those requiring reclassification, the
ratio of change to UC versus CD was 2:1 [17]. In another large
inception cohort from Canada, 8% of pediatric patients were
classified as IBD-U at diagnosis. Within the first year after
diagnosis, 39 (44%) were reclassified to UC, 11 (12%) were
switched to a diagnosis of CD and only 39 (44%) continued to
hold a diagnosis of IBD-U [18]. In one tertiary care center
registry of 250 children with IBD, retrospectively 74 (29.6%)
were diagnosed with IBD-U and only 49 (66.2%) remained
with the diagnosis of IBD-U after a mean follow-up time of 6
years. In another retrospective single-center study, 78 (22%)
children and adolescents were diagnosed with IBD-U over a
25-year period with a significant proportion undergoing
reclassification during follow-up [19]. These studies also illus-
trate that study design impacts the estimate of IBD-U, with
higher estimated proportions found in retrospective as com-
pared to prospective studies [20].

Age at diagnosis plays a major role in the diagnosis of
IBD-U. IBD-U is more commonly diagnosed in pediatric
patients as compared to adults. In one meta-analysis, 13% of
children as compared to 6% of adults were given the diagno-
sis of IBD-U [20]. In a large cohort study, 18% of pediatric
as compared to 11% of adult patients were diagnosed with
IBD-U [21]. This difference is likely related to the fact that
pediatric patients are more likely to present with colonic CD
as compared to adults and adult UC is more likely to present
with left-sided disease or proctitis [5, 22]. However, even
within pediatric populations, IBD-U is more commonly
applied to younger children, present in 13% of children <10
years old and 7% of children >10 years old (p < 0.001). In
another study, early presentation before age 10 was seen in
31% patients with IBD-U as compared to 17% CD and 20%
UC [14]. This finding may be related to the different pheno-
type that many very-early onset (VEO) IBD patients display
and may be compounded by difficulty completing the diag-
nostic work-up in young children.

Finally, when considering the epidemiology of IBD-U,
the importance of pursuing a complete diagnostic work-up in
pediatric and adolescent patients is underlined by a study
using the EuroKIDS Registry. IBD-U was made as the initial
diagnosis in 7.7% of children (265 out of 3461). However,
about half of these children had not undergone complete
diagnostic work-up. Upon reinvestigation with endoscopy
and imaging, 12% had a change in diagnosis from IBD-U to
CD and 20% to UC over a median of 5.7 years of follow-up.
After reinvestigation, IBD-U diagnosis was only in 5.6% of
pediatric patients [23]. Furthermore, IBD-U epidemiology

may be impacted by the subspecialist and the diagnostic
capabilities of the pediatric center under which the patient is
being cared for.

Diagnosis

A complete diagnostic work-up including endoscopy and
small bowel imaging is essential in making the diagnosis of
IBD-U or reclassifying patients to a diagnosis of CD or
UC. Additionally, throughout the disease course and during
periods of exacerbation, patients given a diagnosis of IBD-U
should undergo complete endoscopic and radiographic eval-
uation in order to assess disease distribution and potential
progression which may result in reclassification [4].

Clinical Features

There are no definitive clinical or histological features that
are diagnostic of IBD-U. There have been few studies that
have looked to further define clinical features suggestive of
IBD-U. Patients with IBD-U typically display a more UC
phenotype with the most common symptoms at presenta-
tion being diarrhea and rectal bleeding [24]. In one large
pediatric study of 3991 children and adolescents with IBD,
initial diagnostic symptoms were compared across IBD
subtypes. Blood in the stool was reported most commonly
in UC and IBD-U as compared to CD. In addition, diarrhea
was less common in CD patients. Abdominal pain was
present in all three subtypes (59.2% UC, 77.3% CD, and
57.9% IBD-U) [25].

Endoscopic Evaluation

Upper endoscopy and ileocolonoscopy are essential to the
diagnostic evaluation of IBD-U. Studies have shown that
IBD-U and UC share similar endoscopic findings [23, 24]. In
one study evaluating 158 IBD-U patients, 58% presented
with pancolitis, 17% with ulcerative proctitis, 7.6% with left-
sided colitis, and 7.0% with extensive colitis [23]. In another
recent pediatric study, 61% of patients with IBD-U had pan-
colitis on diagnostic endoscopy [6]. Interestingly, Rinawi
et al., in a retrospective study of over 700 patients with pedi-
atric IBD, found that patients with IBD-U had more exten-
sive colonic involvement than those with pediatric-onset UC
at diagnosis (70% vs. 45%, p = 0.02) suggesting that IBD-U
may have more extensive and aggressive features at the time
of presentation [26].

Studies have also shown the wide-spread and heteroge-
nous endoscopic findings in IBD-U patients, including
involvement of the esophagus, stomach, duodenum, and
ileum [27]. In one study, 23% of pediatric patients with
IBD-U were found to have visual inflammation in the stom-
ach, duodenum, or both [23]. Therefore, it is important, even
if a diagnosis of IBD-U or UC is suspected, that full endo-
scopic evaluation be performed to understand extent.
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Small Bowel Imaging

Comprehensive evaluation of the gastrointestinal tract at the
time of diagnosis must include small bowel evaluation to fur-
ther differentiate IBD subtype and potentially confirm the
diagnosis of IBD-U. Imaging in the pediatric population
requires multiple considerations including the patient’s abil-
ity to tolerate the study with attention to duration of the
study, need for sedation, ingestion of contrast, and radiation
exposure. Imaging studies and capsule endoscopy can pro-
vide important diagnostic information.

Radiologic Studies: Several imaging modalities exist to
evaluate the gastrointestinal tract. Previous fluoroscopic bar-
ium studies including small bowel follow through and con-
trast enema have been largely replaced by cross-sectional
imaging with either magnetic resonance enterography
(MRE) or computed tomography enterography (CTE). Both
MRE and CTE, through the use of intravenous and enteral
contrast, are able to detect luminal, transmural, and extraint-
estinal inflammation [28]. Both studies are similar in their
detection of active inflammation; however, MRE is more
sensitive in identifying fibrosis [28, 29]. In many pediatric
centers, MRE has become the preferred imaging modality of
choice given its high specificity and sensitivity in detecting
inflammatory changes in the intestinal wall as well as other
disease complications. In addition, MRE has no associated
ionizing radiation exposure [30, 31]. However, due to the
long study duration, issues related to claustrophobia and tol-
erance of enteral contrast may pose a challenge, particularly
in young children and those with developmental delay. This
is important to consider especially in IBD-U, a subtype that
favors the pediatric population, particularly a younger cohort.
In cases where MRE is not feasible, CTE or alternatively
ultrasound should be pursued. Contrast-enhanced ultrasound
(CEUS), an emerging imaging modality in pediatric IBD, is
a complementary or alternative means to assess for bowel
inflammation in addition to extramural complications such
as abscess or inflammatory mass [32, 33].

In general, IBD-U patients seem to be less likely to
undergo a complete diagnostic study as compared to CD and
UC, respectively (48% vs. 60% vs. 64%, p < 0.001) [23].
One pediatric study found that patients diagnosed with
IBD-U were less likely to have small bowel imaging per-
formed as compared to CD patients (73% vs. 62%, p <0.001).
A wide variety of small bowel imaging in IBD-U patients
was also used in this study [34].

Video Capsule Endoscopy: Video capsule endoscopy
(VCE) allows for complete visual examination of the small
intestine. In pediatric patients, swallowing a capsule may be
difficult, and in these instances, endoscopic placement
should be pursued. Limitations to capsule endoscopy include
capsule retention as well as poor bowel preparation which
can obscure visualization. The greatest risk for capsule reten-
tion is a known diagnosis of IBD (5.2% risk) [35]. In patients

with higher clinical suspicion of CD with small bowel
involvement, patency capsule should be considered prior to
capsule endoscopy.

VCE has been shown to be helpful in defining IBD sub-
type and may be particularly helpful in the IBD-U cohort. In
one retrospective study, the impact of VCE on decision-
making and diagnostic accuracy was evaluated in 66 pediat-
ric IBD patients. Use of VCE allowed for clarification of the
diagnosis where 50% of patients with a diagnosis of IBD-U
or UC were changed to CD with this additional information
[36]. In an adult study, 36 patients with IBD-U underwent
VCE. After VCE, about 25% of patients had reclassification
to a diagnosis of CD and in about 44%, a diagnosis change to
UC. Twenty-eight percent maintained a diagnosis of IBD-U
based on the VCE results [37].

Medical Management

Patients with IBD-U are often excluded from randomized
clinical trials or, when included, are often grouped with
UC. As such, there are no medications approved specifically
for the treatment of IBD-U. This cohort of patients is heter-
ogenous and therapy should be guided by clinical presenta-
tion in addition to disease phenotype. Patients with IBD-U
are treated with the same classes of medications as children
with CD or UC, including aminosalicylates, immunomodu-
lators, and biologic agents.

In 2017, the Porto Group of ESPGHAN published
results from a retrospective multicenter study reviewing
therapeutic management of patients with a diagnosis of
IBD-U. A total of 797 children were included in the study,
260 patients diagnosed with IBD-U, of which 23% had
extensive colitis at the time of diagnosis. Patients with
IBD-U had a statistically significant lower use of cortico-
steroids and higher use of exclusive enteral nutrition com-
pared to those with UC. In comparison to patients with CD,
patients with IBD-U received more aminosalicylates and
were less likely to be treated with EEN or immunomodula-
tors. Biologic therapy use was higher in patients with CD
(34%) versus UC (17%) and IBD-U (12%) [6]. More work
is needed to better understand this population and to better
define therapeutic algorithms.

Surgical Management

Surgical intervention is taken very seriously in IBD-U
patients due to the uncertainty of the diagnosis and the poten-
tial for later reclassification. IBD-U patients are less likely to
undergo surgery as compared to patients with UC and CD
[38]. In those with IBD-U who do undergo surgery, a diagno-
sis reclassification is more likely to occur [23].
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One surgical option for this group of patients is ileal
diversion. This procedure can be a helpful temporizing mea-
sure in patients with IBD-U who are ill but in whom the IBD
phenotype is unclear. In one pediatric retrospective study at
a single tertiary care center, patients who underwent surgical
diversion had significant improvement in height and weight
velocities, height velocity z-score, blood transfusion require-
ment, hemoglobin, and hospitalization rates. Fifty-four per-
cent of the patients who underwent diversion had the
diagnosis of IBD-U at the time of diversion. About half of
these IBD-U patients had reclassification of their disease
after diversion. Thus, in these patients, diversion allowed for
the time needed to determine the diagnosis [39].

Ileal pouch-anal anastomosis (IPAA) is another common
surgical approach in patients with IBD-U. Multiple studies
have shown that patients with IBD-U have similar retention
of the pouch, pouch function, and favorable quality of life
scores after IPAA as compared to those with UC [35, 40-42].
Failure rates are also similar to patients with UC [42].
However, IBD-U patients have higher rate of pouch fistula,
perianal fistulae, and pelvic abscesses; thus the risks and
benefits of this procedure must be weighed [35, 40, 41].

Conclusion

The IBD phenotype can be heterogeneous and exists across
a spectrum, not always distinctly categorized as UC or
CD. The diagnosis of IBD-U is made in patients with
colonic disease but with atypical features that do not fit
clearly into a diagnosis of UC or CD. While there is less
known about the natural history, prognosis, and efficacy of
treatment in patients with IBD-U, there has been recent
work to better define this entity. IBD-U is increasing in inci-
dence and is more prevalent in the pediatric population, par-
ticularly in younger patients. A complete diagnostic work-up
including endoscopy and small bowel imaging is essential
to solidifying the diagnosis of IBD-U or reclassifying
patients to a diagnosis of CD or UC. Additionally, through-
out their disease course and during periods of exacerbation,
patients given a diagnosis of IBD-U should undergo com-
plete endoscopic and radiographic evaluation in order to
assess disease distribution and potential progression which
may result in reclassification. Once a diagnosis is made,
medical management is similar to that in CD and UC; how-
ever, there is little evidence in efficacy of therapies as IBD-U
patients are often excluded from drug trials. Medical man-
agement should be guided by the patient’s clinical presenta-
tion in addition to their disease phenotype. Surgical
intervention can be helpful in the treatment of IBD-U but
must be approached with extreme caution given the uncer-
tainty tied to the diagnosis of IBD-U and potential later
reclassification. Future research in this patient population is

extremely important to better define the pathogenesis, diag-
nostic accuracy, and medical and surgical management.
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Introduction

Inflammatory bowel disease (IBD) is not just a disorder of
one organ system, but rather a multi-systemic disease. In
addition to the more typical gastrointestinal involvement
which can present with symptoms such as abdominal pain,
chronic diarrhea, or bloody stools, several other organs can
be involved as well, including the eyes, skin, joints, kidneys,
and liver. In fact, these extraintestinal manifestations (EIMs)
may be the presenting symptom and become the predomi-
nant source of morbidity for a given patient.

EIMs are frequently encountered in pediatric IBD. The
incidence of developing any EIM is estimated to be as high
as 40% in predominately adult studies and it can be the pre-
senting symptom in one out of four patients with IBD [1, 2].
Pediatric studies have shown similar or even higher rates. In
a retrospective study of over 1600 children with IBD, the
incidence of EIMs was 29% at 15 years post-diagnosis [3].
These complications were more common in older patients
and 6% of the patients had extraintestinal symptoms prior to
diagnosis. In another prospective study of over 1000 pediat-
ric IBD patients, the incidence of EIMs was 28% with the
majority (87%) occurring in the first year after diagnosis [4].
More recent studies have shown higher rates of EIMs in
pediatric patients than adult counterparts especially at dis-
ease onset. The Pediatric IBD Swiss Cohort reported EIM in
8.5% of children at disease onset compared to 5.0% of adults
[5]. Prior to IBD onset, EIMs were present in over 27% of
the patients in this study [5]. EIMs appear more common in
Crohn disease than ulcerative colitis and have been reported
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as a surrogate maker of more severe disease as defined by
increased need for biologics, surgery, or increased flares [6,
7]. Interestingly, patients with abnormal biomarkers and
more severe disease had a higher likelihood of having an
EIM [6, 8]. Further, the presence of one extraintestinal mani-
festation confers a risk to develop other manifestations [2].

EIMs have been classified into various ways such as their
relationship with the presence or degree of inflammation of
the underlying bowel disease or by the location of the bowel
disease, for example, colonic versus small intestinal [9].
They can also be divided by whether or not they are a conse-
quence of the IBD itself. EIMs effecting the joints, skin,
hepatobiliary system, and eye can be differentiated from
those that are complications of the disease such as malab-
sorption leading to osteoporosis, growth issues, kidney
stones, etc.

The pathogenesis of the extraintestinal manifestations,
like the etiology of IBD, is unknown. However, possible
hypotheses include abnormal self-recognition, antibody pro-
duction against specific extraintestinal organs that cross-
react with gastrointestinal antigens, and/or genetic
susceptibility. It is postulated that the inflammatory response
in patients with IBD leads to the inability of the intestine to
act as a selective barrier. Hence, the uptake of bacterial prod-
ucts or dietary antigens can induce circulating immune com-
plexes or a systemic inflammatory response [10]. Another
theory involves the cross-reaction with a bacterial epitope
leading to autoimmunity directed against an antigen shared
among the intestine, skin, synovium, eye, and biliary system
[11]. An autoimmune reaction to an isoform of tropomyosin
which is expressed in the eye (non-pigmented ciliary epithe-
lium), skin (keratinocytes), joints (chondrocytes), biliary
epithelium, and the gut is speculated as the focal point for
this theory [12]. Similarly, extraintestinal manifestations
may share a common pathway with the bowel disease in that
recruitment of mucosal memory and/or effector T-cells to
various tissues via the expression of endothelial adhesion
molecules that are usually restricted to the gut may lead to
destruction from the influx of inflammatory cells [13]. One
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Table 10.1 Common extraintestinal manifestations of IBD in children
and their relative prevalence

Extraintestinal manifestation Prevalence
Growth failure ++++
Sacroiliitis +++
Osteoporosis/Osteopenia +++
Peripheral joint inflammation +++
Aphthous ulcers +++
Primary sclerosing cholangitis ++
Granulomatous skin lesion ++
Erythema nodosum ++
Pyoderma gangrenosum +
Uveitis/Episcleritis +
Ankylosing spondylitis +

mechanism does not explain all of the different extraintesti-
nal symptoms described in IBD patients. This is supported
by the lack of uniform response to treatment. For example,
half of patients with Crohn disease had complete resolution
of their extraintestinal manifestations with adalimumab
treatment. There was a significant reduction in arthralgias,
arthritis, oral aphthous ulcers, and erythema nodosum but
not ankylosing spondylitis, iritis, or uveitis [14].

There is a strong genetic influence on EIMs with reports
of 70% concordance between parent—child pairs and 83%
concordance between siblings [15]. The human leukocytes
antigens (HLA) system is postulated as a link between IBD
and certain extraintestinal manifestations, especially ocular
and articular manifestations [15]. HLA-A2, -DRI,
and -DQwS5 are more commonly associated with extraintes-
tinal co-morbidities in Crohn disease. On the other hand,
genotypes HLA-DRBI1, -B27, and -B58 are linked with
EIMs of ulcerative colitis. Primary sclerosing cholangitis as
well as other autoimmune disorders (e.g., celiac disease,
autoimmune hepatitis, and myasthenia gravis) have been
associated with IBD patients with haplotype HLA B8/DR3,
while HLA B27 is reported in 50-80% of IBD patients with
ankylosing spondylitis [12].

Many EIMs have been reported in the literature associ-
ated with IBD, and although fortunately most of these are
rare, there are multiple excellent comprehensive reviews
available on this topic [16—23]. This chapter will focus on the
more common EIMs found in the pediatric population and
present them by the affected system and descending order of
prevalence (Table 10.1).

Growth Failure

A discussion of EIMs in pediatric IBD patients cannot be
presented without first mentioning growth failure, which is
estimated to occur in 30% of children with Crohn disease
and in 5-10% with ulcerative colitis [1]. Children can pres-
ent with an obvious lack of growth such as a height below the

fifth percentile for age, or growth changes can be more subtle
with a gradual flattening of the child’s height velocity that is
only evident upon plotting of multiple height measurements
on a growth chart and comparing to mid-parental height.
Some children can have delays in bone maturation and
pubertal development. It is important to not merely assume
that growth failure is a consequence of gastrointestinal mani-
festations as decreases in weight and height velocities can
precede any clinical evidence of bowel disease [24]. Thus,
the concept of viewing growth failure as an independent
manifestation of IBD will help clinical providers develop a
higher index of suspicion for the diagnosis of IBD in chil-
dren presenting in this manner, even if they do not have gas-
trointestinal complaints.

IBD-associated growth failure could be secondary to defi-
cient nutrient intake, poor digestion, and absorption as well as
increased metabolic demands; however, the most likely etiol-
ogy remains chronic caloric insufficiency [25]. Unfortunately,
treatment for the IBD, especially with chronic corticoste-
roids, can have deleterious effects on overall growth and this
needs to be weighed against the detrimental effects of the
inflammatory process on growth. In addition to consideration
of immunomodulator (such as 6-mercaptopurine/azathio-
prine or methotrexate) and tumor necrosis factor-alpha (TNF-
o) antagonists earlier in the disease course of pediatric
patients, administration of oral or enteral formula feedings
should be considered to rehabilitate the growth-stunted
patient. A more extensive review can be found in the chapter
devoted to growth issues in pediatric IBD.

Joint Manifestations

Joint inflammation is a commonly seen EIM of IBD in both
adults and children with arthritis or joint pain occurring in
16-33% of children with IBD [1, 26]. Similar to most other
EIMs, symptoms of joint inflammation may occur before or
after the development of bowel disease. Besides joint inflam-
mation, one in five pediatric patients report enthesitis,
inflammation at the bony insertion sites of ligaments, ten-
dons, and fascia [27]. Joint manifestations can be divided
into an axial form (involvement of the axial spine and sacro-
iliac joints) and a peripheral form (involvement of larger
joints such as the knees, ankles, hips, wrists, and elbows).
The axial form of joint involvement which includes anky-
losing spondylitis and sacroiliitis, is less common than
peripheral arthropathies with reported incidence of 3-25%
[23]. These axial forms of joint involvement are demonstra-
ble on magnetic resonance imaging enterography (MRE),
although further dedicated imaging may be necessary [28].
Ankylosing spondylitis, which is associated with the HLA-
B27 antigen, occurs in less than 2% of IBD patients.
Symptoms include back stiffness, pain, and eventually
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stooped posture as well as peripheral arthralgias. Almost all
of these patients will have involvement in their sacroiliac
joints. On the other hand, asymptomatic sacroiliitis is more
common with an estimated incidence of 10-52% [15].
Isolated sacroiliitis seems not to be associated with HLA-
B27; however, there appears to be striking racial disparity in
occurrence rates [12, 29]. African Americans have a fourfold
adjusted odds of sacroiliitis compared to Caucasian cohorts
[29]. Asymptomatic HLA-B27-negative patients with nor-
mal spinal mobility do not require specific treatment.
Physical therapy and an exercise program to stop the pro-
gression of any disability and deformation in addition to
nonsteroidal anti-inflammatory drugs (NSAIDs) remain a
mainstay of treatment. However, there is concern of IBD
relapse with the latter and hence some emerging literature
supporting coxibs in IBD patients. Glucocorticoid injections
are an option as well but there is a risk of long-term compli-
cations [29, 30]. Although ankylosing spondylitis has been
shown to respond to sulfasalazine in multiple double-blind
studies, none of the studies addressed ankylosing spondylitis
in IBD patients [31]. Small studies have demonstrated a role
of TNFa antagonist therapy in patients with IBD and anky-
losing spondylitis [29, 30]. There are case reports of response
to ustekinumab and vedolizumab, although these are best
used primarily to control the intestinal disease [29, 30, 32].

Peripheral joint inflammation is most frequently reported
with Crohn disease and is most typically associated with
colonic inflammation although it can also be associated with
small bowel disease [15]. The patient usually presents with
erythema, swelling, and decrease range of motion in an
asymmetric pauciarticular pattern. Fortunately, joint defor-
mity is uncommon. The arthritis tends to worsen during
times of increasing bowel disease and there is an association
with other EIMs such as those of the skin, mouth, and ocular
systems. In fact, patients with involvement of these systems
can share serologic markers such as elevations in antibody
levels against exocrine pancreas compared to other IBD and
non-IBD patients [33].

Primary treatment of the bowel inflammation with
5-aminosalicylate medications, corticosteroids, immuno-
modulator, or biologic is the first course of action for periph-
eral joint inflammation [1]. Often resolution is achieved with
this approach in less than 8§ weeks [26]. Methotrexate and
intraarticular corticosteroid injections should be considered
in refractory cases. Studies have shown that TNF-alpha and
1112/23 antagonists are efficacious in the treatment of spon-
dyloarthropathies such as the articular and musculoskeletal
findings in IBD [15, 29, 30]. Similar to the treatment of the
axial joint EIM, treatment with NSAIDs and cyclooxygenase-
2-inhibitors may need to be limited due to the potential for
gastrointestinal mucosal injury.

Bone Disease

There has been increasing interest in identifying osteopenia
and osteoporosis in patients with IBD especially given that
IBD commonly presents during adolescence and young
adulthood when bone mass is being rapidly attained. In adult
populations, the overall prevalence of osteoporosis in IBD is
estimated between 4 and 40% with increasing prevalence in
older patients [12]. A large population-based adult study
reported an osteoporosis prevalence of 15% and relative risk
of 1.4 for fractures in IBD patients compared to the general
population [34]. Prevalence of osteopenia and osteoporosis
in the pediatric population is estimated between 8 and 30%
based on several smaller studies [35]. The increased risk of
eventually developing osteoporosis in IBD patients, espe-
cially those with Crohn disease, is secondary to multiple fac-
tors including inadequate intake or malabsorption of calcium
and vitamin D, corticosteroid use, low estrogen states in
females, and negative effects of circulating proinflammatory
cytokines [36]. This osteoporosis can make the patients
prone to bone fracture, bone deformities, and chronic pain.

Diagnosis of osteopenia/osteoporosis is made with dual-
energy X-ray absorptiometry (DEXA) which measures bone
mineral density in the spine, femoral neck, or other bones
rapidly and with low amounts of radiation. Treatment with
calcium and vitamin D may prevent further deterioration of
bone but not necessarily help in recovery of lost bone den-
sity. However, some pediatric studies have suggested bone
recovery in children with IBD on treatments. Prevention has
not been well studied in IBD patients, but it would be pru-
dent to ensure intake of at least the recommended daily
requirement for age of calcium and vitamin D, proper exer-
cise, and minimization of corticosteroid usage to maximize
the pediatric patient’s potential in achieving an appropriate
peak bone mass. The role of bone protecting agents in IBD,
especially pediatrics, is unknown so far.

Other bone complications in IBD patients include osteo-
necrosis of the femoral head, hypertrophic osteoarthropathy,
and chronic recurrent multifocal osteomyelitis (CRMO).
Osteonecrosis of the femoral head is usually associated with
patients who have received chronic steroids and have com-
plaints of hip or knee pain. Clubbing or hypertrophic osteo-
arthropathy is another bone manifestation associated with
IBD especially with small intestinal Crohn disease. The eti-
ology, though unknown, is postulated to involve increased
blood flow to the fingers and hence increased connective tis-
sue growth secondary to circulating cytokine production [1].
Chronic recurrent multifocal osteomyelitis (CRMO), rarely
described in children with IBD, is an aseptic inflammatory
bone disease that typically affects the long bones and clavi-
cles [37].
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Oral Lesions

Oral lesions can arise at any time in patients with IBD and at
any age. Although the incidence can vary, the highest report
rate was 50% in a pediatric age group study [38, 39]. More
common in males and Crohn disease patients, oral lesions
can be asymptomatic and precede intestinal involvement in
up to 20% of patients [38, 39]. Oral manifestation of IBD can
be specific such as cobblestoning of the mucosa, granuloma-
tous cheilitis (Fig. 10.1), pyostomatitis vegetans, or nonspe-
cific such as ulcers (Fig. 10.2) including aphthous, lichen
planus, and cheilitis angularis. Nonspecific lesions can be
due to malnutrition or drug effect. Recurrent aphthous ulcers
are the most common oral lesions associated with IBD with
a reported incidence of approximately 8-14% in pediatric
IBD patients with higher rates in Crohn disease compared to
ulcerative colitis. Aphthous lesions, shallow round ulcers

Fig.10.1 Granulomatous cheilitis , Courtesy of Dr. Anna L. Grossberg,
Johns Hopkins University

Fig. 10.2 Oral ulcer, Courtesy of Dr. James J. Sciubba, Johns Hopkins
University

surrounded by an erythematous halo with a central fibrin
membrane, tend to parallel intestinal disease though they
often can predate intestinal symptoms and can correlate
40-70% of the time with active intestinal disease [38]. Other
oral lesions can consist of lip swelling, fissures, and gingivi-
tis which can demonstrate granulomas on histology [40].
Angular cheilitis, sores in the corner of the mouth, often
occurs due to anemia or secondary to a fungal or bacterial
infection [39]. Orofacial granulomatosis is a rare syndrome
with chronic swelling of the lips and lower half of the face
combined with oral ulcerations and hyperplastic gingivitis
that has been reported in three dozen Crohn’s cases [41].
Orofacial granulomatosis can be seen in other disorders such
as foreign body reaction, tuberculosis, sarcoidosis, and idio-
pathic causes which share similar histopathologic features.
Another rare disorder seen in association with ulcerative
colitis patients is pyostomatitis vegetans which can present
with oral and cutaneous findings in the axillae, genital areas,
and scalp. The oral lesions consist of multiple neutrophil and
eosinophil-filled pustules on erythematous bases which can
erode and fuse to form shallow ulcers that have been
described as being “snail track” configuration [42]. Lichen
planus, a chronic inflammatory dermatosis, has also been
seen as a suspected drug reaction to sulfasalazine and mesa-
lamine [39]. Oral lesions in IBD patients could also be a
result of nutritional deficiencies, specifically low levels of
zinc, folic acid, niacin, and vitamin B12 [38, 39].

Treatment of oral lesions is usually reserved for those
causing significant discomfort and may involve topical,
intralesional or systemic corticosteroids, dapsone, or prepa-
rations directed at the bowel disease including immunomod-
ulators, biologics, and thalidomide [39, 43].

Skin Lesions

Cutaneous manifestations of IBD can be classified into three
principal groups: granulomatous, reactive, and secondary to
nutritional deficiency. Granulomatous skin manifestations
have the same histological features as the bowel disease and
can include perianal and peristomal ulcers and fistulas, oral
granulomatous ulcers, epidermolysis bullosa acquisita, and
metastatic Crohn disease. The latter is a rare complication
that manifests as subcutaneous nodules or ulcers mainly in
the lower extremities and on occasion can occur in the geni-
tal areas. The lesions have a heterogenous presentation
including erythematous and violaceous plaques, nodules,
ulcerations, crusts, and erosions including the knife-cut sign
describing linear ones [44]. It appears unrelated to bowel
activity and can be treated successfully with corticosteroids,
antibiotics, azathioprine, methotrexate, and biologics [15].
Epidermolysis bullosa acquisita is seen mostly in Crohn’s
patients and secondary to antibodies against tyle VII colla-



10 Extraintestinal Manifestations of Pediatric Inflammatory Bowel Disease

123

Fig. 10.3 Erythema nodosum

gen. Patients have skin fragility, blister formation, and scar-
ring. The antibodies may be related to bowel inflammation
and hence treatment involves improvement in the active
intestinal disease [45].

Of all the skin manifestations associated with IBD, ery-
thema nodosum (Fig. 10.3) and pyoderma gangrenosum
(Fig. 10.4) are the most common. However, in the pediatric
patient, erythema nodosum, which is more commonly asso-
ciated with Crohn disease than with ulcerative colitis, is
encountered more frequently [1]. Erythema nodosum pres-
ents as tender, subcutaneous, erythematous nodules, usually
on the extremities, especially the lower legs and the majority
of patients with this skin manifestation will have associated
joint pain or develop arthritis. Children may appear systemi-
cally ill with fever. Over days to weeks, the nodules will flat-
ten, turn brown, or gray and can be mistaken for bruises.
Histologically, erythema nodosum is a septal panniculitis
consisting of a lymphohistiocytic infiltrate. The prevalence
in all IBD patients, adult and pediatric, is estimated between
3% and 15% [34]. Erythema nodosum appears more signifi-

Fig.10.4 Pyoderma gangrenosum, Courtesy of Dr. Anna L. Grossberg,
Johns Hopkins University

cantly in women and Hispanics who have an adjusted odds
ratio of 3 and 3.3, respectively, compared to Caucasian coun-
terparts [29]. Exacerbations of erythema nodosum correlate
most often with increased intestinal inflammation; hence,
treatment toward the bowels is considered a primary form of
management. Recent reports in children have shown good
response to infliximab [29].

Pyoderma gangrenosum is an ulcerating lesion often cor-
relating with exacerbations of the bowel disease; however, it
can persist for long periods, while the intestinal inflamma-
tion is clinically quiescent. Fortunately, it is relatively rarely
associated with IBD with a reported incidence of 2% in UC
patients and a smaller number in Crohn’s patients [45]. The
lesions are often painful and located on the lower extremi-
ties. Histopathology reveals endothelial injury with fibrinoid
necrosis of blood vessels and marked neutrophilic and lym-
phocytic infiltrates. Treatment is difficult and patients may
require large doses of systemic corticosteroids or immuno-
modulators as well as topical ulcer care. Infliximab and other
TNF antagonists have been shown to be effective in refractory
cases; however, some extreme cases might require grafting
[30, 46]. There are scant reports of response to vedolizumab,
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ustekinumab, and tofacitinib, the latter especially as there
may be upregulation of the JAK-STAT pathway in both ery-
thema nodosum and pyoderma gangrenosum [30, 32].

Sweet’s syndrome is another very rare reactive cutaneous
disorder associated with IBD. It is a neutrophilic dermatosis
presenting with painful erythematous plaques or nodules
often associated with fever and leukocytosis. Usually, there
is a good response to corticosteroids and a study has demon-
strated the benefit of cyclophosphamide in steroid refractory
patients [47].

Psoriasis can be seen commonly (7—11%) in patients with
IBD [45]. The link and therapeutic overlap suggests common
inflammatory pathway, genetics, and pathogenesis. Therapy-
related psoriasiform skin lesions have also been reported in
patients undergoing TNFa antagonist therapy. Anti-I1L-12/
IL-23 therapy may have a role in treatment of these patients
from an intestinal and skin standpoint [45].

Nutritional issues, such as trace mineral and vitamin defi-
ciencies, can be common in children with IBD, especially
Crohn disease; however, skin disorders secondary to these
are unusual. There are rare reported cases of acrodermatitis
enteropathica, pellagra, and scurvy secondary to zinc, niacin,
and vitamin C deficiency, respectively.

Vulvar lesions have also been associated with IBD with
patients presenting with vulvar ulcers, labial swelling, exo-
phytic lesions, condylomatous lesions, and abnormalities on
pap smear. Most often the histopathology demonstrates non-
caseating vulvar granulomas, but dysplasia and carcinoma
have also been reported [48].

Eye Lesions

Eye manifestations in IBD patients can be classified into
inflammatory and vascular disorders [49]. Inflammatory
conditions include uveitis, episcleritis, orbital myositis/pseu-
dotumor, optic neuritis, and dacryoadenitis. Vascular disor-
ders usually result from an inflammatory etiology, possibly
retinal vasculitis leading to reported conditions of retinal
artery or vein occlusion. There is a reported lower prevalence
of ocular involvement in children (0.6—1.8%) with IBD than
in adults with IBD [49]. The most common eye manifesta-
tion of IBD is episcleritis [15]. Episcleritis (Fig. 10.5),
inflammation of the blood-rich episclera, may parallel bowel
activity and is often confused with conjunctivitis as the
patients present with eye redness and burning. It is the most
common ocular manifestation. Episcleritis does not impair
vision and usually responds clinically to cool compress,
lubricant eye drops, topical non-steroidal anti-inflammatory
medications, and topical corticosteroids. If visual impair-
ment or pain is present, the possibility of scleritis, which can
occur with protracted intestinal disease, needs to be consid-
ered and an emergent evaluation by an ophthalmologist is

Fig. 10.5 Episcleritis, Courtesy of Dr. Rachel Nussbaum, Johns
Hopkins University

required to evaluate for retinal detachment or optic nerve
swelling. Scleritis needs systemic treatment with steroids or
immunosuppressants [50].

Uveitis is defined as inflammation of the uveal tract or
middle layer of the eye which includes the iris, ciliary body,
and choroid. Its prevalence seems to increase with time post-
IBD diagnosis and is unrelated to the patient’s age of disease
onset [49]. An evaluation of 147 children with IBD who had
no ophthalmologic complaints revealed a prevalence of uve-
itis of 6.1% in those with Crohn disease [51]. African
Americans have a 5.5-fold adjusted odds ratio compared to
Caucasian counterparts [29]. Uveitis, is often associated
with other EIMs, especially arthritis and erythema nodosum
and likely does not correlate with intestinal disease activity
[50]. Symptoms can include acute or subacute eye pain,
headache, photophobia, and blurred vision or occasionally
decreased vision; however, many patients may be asymp-
tomatic. Recognition and appropriate treatment can help pre-
vent complications which can be serious and include iris
atrophy, synechiae, pigment deposits, glaucoma, cataracts,
and permanent visual deficits. Attention must be paid for
early signs of uveitis which can include a cellular or protein-
aceous exudate of inflammatory cells in the anterior chamber
of the eye. Like scleritis, acute anterior uveitis is an ophthal-
mologic emergency. Treatment involves covering the eye to
reduce pain and photophobia, pupillary dilatation, and use of
topical for milder cases. More aggressive disease can require
systemic corticosteroids, as well as immunomodulator and
biologic regimens, with more data for TNF antagonists [30].

Liver Disease

Liver pathology, including hepatitis, fatty liver, cholelithiasis,
amyloidosis, and primary sclerosing cholangitis, is found in
less than 5—10% of patients with IBD [1]. Screening with peri-
odic checks of serum aminotransferases, alkaline phosphatase,
gamma-glutamyl transferase, and direct bilirubin is necessary
as many of the children with liver disease are asymptomatic. A
more extensive review of this EIM can be found in another
chapter devoted to liver disease in pediatric IBD.
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Other Extraintestinal Manifestations

Many other systems, listed below, have had reported involve-
ment in IBD but they have been reported to occur in less than
1% of pediatric IBD patients [1].

Hematologic Abnormalities

Anemia, thrombocytosis, and leukocytosis are common
hematologic abnormalities in IBD patients and can be seen
in up to half the patients with active disease [1]. Usually, the
anemia is secondary to iron, vitamin B12, and folic acid defi-
ciency as well as anemia of chronic disease. The thrombocy-
tosis is postulated to result from circulating inflammatory
cytokines that stimulate platelet production. Similarly, leu-
kocytosis can occur as a result of generalized inflammation.
On the other hand, patients should be monitored for leucope-
nia with certain therapies such as use of thiopurine immuno-
modulators (e.g., 6-mercatopurine or azathioprine).

Vascular

Patients with IBD have been reported to have a threefold
increased risk of venous thrombosis compared to matched
controls [52]. Interestingly, this increased risk is specific for
IBD as it is not seen with other inflammatory conditions such
as rheumatoid arthritis or other bowel disorders such as
celiac disease. Deep venous thrombosis and pulmonary
embolism are the most common complications resulting
from an overall increased coagulation. Coagulation factors
may be elevated as part of an acute phase response. Factor V
Leiden, a genetic disorder characterized by an impaired anti-
coagulant response to protein C leading to a prothrombotic
state, may be increased in Crohn’s patients [53]. Furthermore,
IBD patients might have higher levels of homocysteine,
which can be a potential cause of thrombosis [53]. Awareness
of the risk of thrombosis is even more important with the
approval of tofacitinib for ulcerative colitis in adults given
the recent link of this medication with certain vascular side
effects. Another vascular complication, arteritis of small or
large vessels, has been reported in children with IBD [54].

Pancreatitis

The incidence of pancreatic involvement in IBD varies but
estimated to be 0.7-1.6% in children [55]. The most likely
etiologies are medications, anatomic, immunologic, or gall-
stones secondary to ileal disease. Although patients with
IBD appear to have a small increased risk for idiopathic pan-
creatitis, the most common cause of pancreatitis in IBD

appears to be associated with medications such as
5-aminosalicylate preparations or 6-mercaptopurine. As this
is presumed to be an idiosyncratic reaction, discontinuation
of the medication is indicated. Although pancreatic autoanti-
bodies have been found been found in up to 40% of Crohn’s
patients, their significance remains unclear. In one series,
patients with Crohn disease who were pancreatic antibody
positive had a higher rate of pancreatic exocrine insuffi-
ciency than those who were antibody negative [12].
Furthermore, chronic pancreatitis has also been reported in a
series of six adult IBD patients, five of whom had changes on
pancreatic pathology samples [56]. Autoimmune pancreati-
tis, some with elevations in IgG4, has been rarely reported in
children and adults with IBD [57].

Renal

Children with IBD appear to be at risk for kidney abnormali-
ties. A small study of pediatric IBD patients reported that
25% of patients had either previously reported kidney dis-
ease or ultrasound signs of chronic kidney disease [58]. IBD
patients, especially those with extensive ileal disease or ileal
resection with significant fat malabsorption or fluid losses,
are at risk for developing calcium oxalate and uric acid
stones. Although uncommon in children, nephrolithiasis is
reported in 12-28% of adults with IBD compared to 5% of
the general population [59]. Tubular injury and tubulointer-
stitial nephritis, unrelated to medications, can be seen as an
EIM in IBD as well. Patients typically recover fully post-
treatment of their IBD. Glomerulonephritis with immune
complex deposition can also be seen which can progress to
severe renal disease. The most common type is IgA nephrop-
athy which is associated with HLA-DR1 [59]. Treatment is
focused on controlling IBD inflammation though specific
renal treatment may be needed in some patients. Other renal
diseases, described in children with IBD, include renal artery
stenosis, amyloidosis leading to renal failure, ureteral com-
pression, and perinephritic abscesses secondary to abscesses
or inflammation surrounding the terminal ileum [60]. Most
IBD treatments have nephrotoxic adverse effects. Nephritis
(tubulointerstitial or interstitial) has been reported with ami-
nosalicylates, thiopurines, and vedolizumab. TNF antagonist
medications, especially infliximab, have been linked to glo-
merulonephritis in a small subset of patients.

Pulmonary

Pulmonary manifestations associated with IBD are reported
less frequently in children than adults, although the scope of
disorders is similar. Nearly 10% of children with IBD
reported respiratory related quality of life issues on a ques-
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tionnaire [61]. Reactive airway disease, bronchitis, bronchi-
ectasis, tracheal obstruction, granulomatous lung disease,
interstitial or hypersensitivity pneumonitis, and bronchiolitis
obliterans are being reported at an increasing frequency [12,
15, 62-64]. However, the latter two have been associated
with 5-aminosalicylate products and methotrexate treatment
[12, 64]. Similar to other extraintestinal manifestations, pul-
monary disease can predate the bowel disease by months or
years. Most pulmonary manifestations respond to corticoste-
roids via an inhaled, oral, or intravenous route.

Neurologic

Peripheral nerve disorders, cardiovascular disorders, myopa-
thy, multiple sclerosis, optic neuritis, and epilepsy have been
described in IBD patients [65]. Peripheral neuropathies are
the most common neurologic disorder reported, while car-
diovascular disorders with neurologic morbidities have been
documented in up to 4% of patients [66]. A retrospective
cross-sectional study of adult patients with IBD reported an
odds ratio of 1.67 for developing multiple sclerosis, optic
neuritis, or a demyelinating disorder [12]. An interesting
future focus will center around the role of medication treat-
ments for IBD and neurologic adverse events especially
given the risk of progressive multifocal leukoencephalopa-
thy related to anti-alpha 4 integrin antibody, natalizumab.

Cardiac

Rarely children with IBD can develop myopericarditis and
pleuropericarditis with symptoms of chest pain and dyspnea.
Cardiac manifestations are not necessarily associated with
active bowel disease and respond to corticosteroids and non-
steroidal anti-inflammatory agents, which need to be used
with caution in IBD patients. An active area of research is the
risk of cardiovascular events in patients with IBD. A recent
study showed an increase in incidence in coronary artery dis-
ease in adults with IBD [67]. Interestingly, the IBD patients
had significantly lower rates of traditional coronary artery
disease risk factors such as hypertension, diabetes, obesity,
and dyslipidemia. Further work will help determine the
effect of various treatments on decreasing risk of cardiac
disease.

Summary

Given that Crohn disease and ulcerative colitis are associated
with numerous EIMs, it is clearly evident that IBD is a multi-
systemic disease that stretches beyond the gastrointestinal
tract. Knowledge about EIMs is critical as patients can pres-

ent with these instead of more classic bowel symptoms.
Furthermore, the EIMs associated with IBD can be a cause
of major morbidity in patients and need to be considered and
addressed at all points of care.

References

1. Oliva-Hemker M. More than a gut reaction: Extraintestinal compli-
cations of IBD. Contemp Pediatr. 1999;16:45.

2. Vavricka SR, Brun L, Ballabeni P, Pittet V, Vavricka BMP, Zeitz
J, Rogler G, Schoepfer AM. Swiss IBD Cohort Study Group.
Frequency and risk factors for extraintestinal manifestations in
the Swiss inflammatory bowel disease cohort. Am J Gastroenterol.
2011;106:110-9.

3. Jose FA, Garnett EA, Vittinghoff E, Ferry GD, Winter HS,
Baldassano RN, Kirschner BS, Cohen SA, Gold BD, Abramson
O, Heyman MB. Development of extraintestinal manifestations in
pediatric patients with inflammatory bowel disease. Inflamm Bowel
Dis. 2009;15:63-8.

4. Dotson JL, Hyams JS, Markowitz J, LeLeiko NS, Mack DR,
Evans JS, Pfefferkorn MD, Griffiths AM, Otley AR, Bousvaros A,
Kugathasan S, Rosh JR, Keljo D, Carvalho RS, Tomer G, Mamula
P, Kay MH, Kerzner B, Oliva-Hemker M, Langton CR, Crandall
W. Extraintestinal manifestations of pediatric inflammatory bowel
disease and their relation to disease type and severity. JPGN.
2010;51:140-5.

5. Greuter T, Bertoldo F, Rechner R, et al. Extraintestinal manifesta-
tions of pediatric inflammatory bowel disease: prevalence, presen-
tation, and anti-tnf treatment. JPGN. 2017;65:200-26.

6. Jansson S, Malham M, Paerregaard A, Jakobsen C, Wewer
V. Extraintestinal manifestations are associated with disease
severity in pediatric onset inflammatory bowel disease. JPGN.
2020;71:40-5.

7. Duricova D, Sarter H, Savoye G, et al. Impact of extra-intestinal
manifestations at diagnosis on disease outcome in pediatric and
elderly-onset Crohn’s disease: a French population-based study.
Inflamm Bowel Dis. 2019;25:394-402.

8. Cohen S, Padilpsky J, Yerushalmy-Feler A. Risk factors associated
with extranintestinal manifestations in children with inflammatory
bowel disease. Eur J Clin Nutr. 2020;74:691-7.

9. Lichtman SN, Sartor RB. Extraintestinal manifestations of inflam-
matory bowel disease: clinical aspects and natural history. In:
Targan S, Shanahan F, editors. Inflammatory bowel disease: from
bench to bedside. Baltimore, MD: Williams and Wilkins; 1994.

10. Levine JB, Lukawski-Trubish D. Extraintestinal considerations
in inflammatory bowel disease. Gastroenterol Clin North Am.
1995;24:633.

11. Bhagat S, Das KM. A shared and unique peptide in the human colon,
eye, and joint detected by a monoclonal antibody. Gastroenterology.
1994;107:103.

12. Rothfuss KS, Stange EF, Herrlinger KR. Extraintestinal manifes-
tations and complications in inflammatory bowel disease. World J
Gastroenterol. 2006;12:4819.

13. Adams DH, Eksteen B. Aberrant homing of mucosal T cells and
extra-intestinal manifestations of inflammatory bowel disease. Nat
Rev Immunol. 2006;6:244.

14. Lofberg R, Louis EV, Reinish W, Robinson AM, Kron M, Camez A,
Pollack PF. Adalimumab produces clinical remission and reduces
extraintestinal manifestations in Crohn disease: results from
CARE. Inflamm Bowel Dis. 2012;18:1-9.

15. Danese S, Semeraro S, Papa A, Roberto I, Scaldaferri F, Fedeli
G, Gasbarrini G, Gasbarrini A. Extraintestinal manifestations in
inflammatory bowel disease. World J Gastroenterol. 2005;11:7227.



Extraintestinal Manifestations of Pediatric Inflammatory Bowel Disease

127

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Hyams JS. Extraintestinal manifestations of inflammatory bowel

disease in children. J Pediatr Gastroenterol Nutr. 1994;19:7.

Kethu SR. Extraintestinal manifestations of inflammatory bowel
disease. J Clin Gastroenterol. 2006;40:467.

Urlep D, Mamula P, Baldassano R. Extraintestinal manifestations
of inflammatory bowel disease. Minerva Gastroenterol Dietol.
2005;51:147.

Loftus EV. Management of extraintestinal manifestations and other
complications of inflammatory bowel disease. Curr Gastroenterol
Rep. 2004;6:506.

Hoffmann RM, Kruis W. Rare extraintestinal manifestations
of inflammatory bowel disease. Inflamm Bowel Dis. 2004;
10:140.

Su CG, Judge TA, Lichtenstein GR. Extraintestinal manifestations
of inflammatory bowel disease. Gastroenterol Clin North Am.
2002;31:307.

Jose FA, Heyman MB. Extraintestinal manifestations of inflamma-
tory bowel disease. JPGN. 2008;46:124-33.

Jang H, Kang B, Choe B. The difference in extraintestinal manifes-
tations of inflammatory bowel disease in children and adults. Trans
Pediatr. 2019;8:4-15.

Kanof ME, Lake AM, Bayles TM. Decreased height velocity in
children and adolescents before the diagnosis of Crohn disease.
Gastroenterology. 1988;95:1523.

Conklin LS, Oliva-Hemker M. Nutritional considerations in pediat-
ric inflammatory bowel disease. Expert Rev Gastroenterol Hepatol.
2010;4:305-17.

Passo MH, Fitzgerald JF, Brandt KD. Arthritis associated with
inflammatory bowel disease in children—relationship of joint
disease to activity and severity of bowel lesion. Dig Dis Sci.
1986;31:492.

Horton DB, Sherry DD, Baldassano RN, Weiss PF. Enthesitis
is an extraintestinal manifestation of pediatric inflamma-
tory bowel disease. Ann Paediatr Rheumatol. 2012;1(4).
https://doi.org/10.5455/apr.102920121510.

Furman MS, Lee E. Beyond Crohn Disease: Current role of
Radiologists in diagnostic imaging assessment of inflammatory
bowel disease transitioning from pediatric to adult patients. Radiol
Clin N Am. 2020;58:517-27.

Garber A, Regueiro M. Extraintestinal manifestations of inflamma-
tory bowel disease: epidemiology, etiopathogenesis, and manage-
ment. Curr Gastro Rep. 2019;21:1-13.

Greuter T, Rieder F, Kucharzik T, et al. Emerging treatment options
for extraintestinal manifestations in IBD. Gut. 2020;0:1-7.
Juillerat P, Mottet C, Froehlich F, Felley C, Vader J, Burnand B,
Gonvers J, Michetti P. Extraintestinal manifestations of Crohn dis-
ease. Digestion. 2005;71:31-6.

Fleisher M, Marsal J, Lee SD, et al. Effects of vedolizumab therapy
on extraintestinal manifestations in inflammatory bowel disease.
Dig Dis Sci. 2018;63:825-33.

Lakatos PL, Altorjay I, Szamosi T, Palatka K, Vitalis Z, Tumpek
J, Sipka S, Udvardy M, Dinya T, Lakatos L, Kovacs A, Molnar T,
Tulassay Z, Miheller P, Barta Z, Stocker W, Papp J, Veres G, Papp
M. Hungarian IBD Study Group. Pancreatic autoantibodies are
associated with reactivity to microbial antibodies, penetrating dis-
ease behavior, perianal disease, and extraintestinal manifestations,
but not with NOD2/CARDIS5 or TLR4 genotype in a Hungarian
IBD cohort. Inflamm Bowel Dis. 2009;15:365-74.

Bernstein CN. Osteoporosis and other complications of inflamma-
tory bowel disease. Curr Opin Gastroenterol. 2002;18:428.
Gokhale R, Favus MJ, Karrison T, et al. Bone mineral den-
sity assessment in children with inflammatory bowel disease.
Gastroenterology. 1998;114:902.

Hyams JS, Wyzga N, Kreutzer DL, et al. Alterations in bone metab-
olism in children with inflammatory bowel disease: an in vitro
study. J Pediatr Gastroenterol Nutr. 1997;24:289.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Bousvaros A, Marcon M, Treem W, Waters P, Issenman R, Couper
R, Burnell R, Rosenberg A, Rabinovish E, Kirschner B. Chronic
recurrent multifocal osteomyelitis associated with chronic inflam-
matory bowel disease in children. Dig Dis Sci. 1999;44:2500-7.
Lauritano D, Boccalari E, Stasio D, et al. Prevalence of oral lesions
and correlation with intestinal symptoms of inflammatory bowel
disease: a systemic review. Diagnostics. 2019;9:77-93.
Muhvic-Urek M, Tomac-Stojmenovic M, Mijandrusic-Sincic
B. Oral pathology in inflammatory bowel disease. World J
Gastroenterol. 2016;25:5655-67.

Plauth M, Jenss H, Meyle J. Oral manifestations of Crohn disease.
J Clin Gastroenterol. 1991;13:29.

. Grilich C, Bogenrieder T, Palitzsch KD, Scholmerich J, Lock

G. Orofacial granulomatosis as initial manifestation of Crohn
disease: a report of two cases. Eur J Gastroenterol Hepatol.
2002;13:873-6.

Storwick GS, Prihoda MB, Fulton RJ, et al. Pyodermatitis-
pyostomatitis vegetans: a specific marker for inflammatory bowel
disease. J Am Acad Dermatol. 1994;31:336.

Lynde CB, Brue AJ, Rogers RS. Successful treatment of com-
plex aphthous with colchicine and dapsone. Arch Dermatol.
2009;145:273-6.

Schneider SL, Foster K, Patel D, Shwayder T. Cutanoues mani-
festations of metastatic Crohn’s disease. Pediatr Dermatol.
2018;35:566-74.

Antonelli E, Bassotti G, Tramontana M, et al. Dermatological
manifestation in inflammatory bowel disease. J Clin Med.
2021;10:364-80.

Kugathasan S, Miranda A, Nocton J, Drolet BA, Raasch C, Binion
DG. Dermatologic manifestations of Crohn disease in children:
response to infliximab. J Pediatr Gastroenterol Nutr. 2003;37:150—4.
Meinhardt C, Buning J, Fellermann K, Lehnert H, Schmidt
KJ. Cyclophosphamide therapy in Sweet’s syndrome complicat-
ing refractory Crohn disease — efficacy and mechanism of action. J
Crohns Colitis. 2011;6:633-7.

Foo WC, Papalas JA, Robboy SJ, Selim MA. Vulvar manifestations
of Crohn disease. Am J Dermatopathol. 2011;33:588-93.
Ottaviano G, Salvatore S, Salvatoni A, et al. Ocular manifestations
of pediatric inflammatory bowel disease: a systematic review and
meta-analysis. J Crohn’s Colitis. 2018;12:870-9.

Troncoso LL, Biancardi AL, Moraes V, Zaltman C. Ophthalmic
manifestations in patients with inflammatory bowel disease: a
review. World J Gastroenterol. 2017;23:5836—438.

Hofley P, Roarty J, McGinnity G, et al. Asymptomatic uveitis
in children with chronic inflammatory bowel disease. J Pediatr
Gastroenterol Nutr. 1993;17:397.

Purnak T, Yuksel O. Overview of venous thrombosis in inflamma-
tory bowel disease. Inflamm Bowel Dis. 2015;21:1195-203.
SriRajaskanthan R, Winter M, Muller AF. Venous thrombosis
in inflammatory bowel disease. Eur J Gastroenterol Hepatol.
2005;17:697.

Mader R, Segol O, Adawi M, Trougoboff P, Nussinson E. Arthritis
or vasculitis as presenting symptoms of Crohn disease. Rheumatol
Int. 2005;25:401-5.

Cardile S, Randazzo A, Valenti S, Romano C. Pancreatic involve-
ment in pediatric inflammatory bowel diseases. World J Pediatr.
2015;11(3):207-11.

Barthet M, Hastier P, Bernard JP, et al. Chronic pancreatitis and
inflammatory bowel disease: true or coincidental association? Am J
Gastroenterol. 1999;94:2141-8.

Martin-de-Carpi J, Moriczi M, Pujol-Muncunill G, Navas-Lopez
VM. Pancreatic involvement in pediatric inflammatory bowel dis-
ease. Front Pediatr. 2017;5:218.

Lauritzen D, Andreassen BU, Henrik N, et al. Pediatric inflamma-
tory bowel diseases: Should we be looking for kidney abnormali-
ties? Inflamm Bowel Dis. 2018;24:2599-605.


https://doi.org/10.5455/apr.102920121510

128

S. Rabizadeh and M. Oliva-Hemker

59.

60.

61.

62.

63.

Mutalib M. Renal involvement in pediatric inflammatory bowel
disease. Pediatr Nephrol. 2021;36:279-85.

Kuzmic AC, Kolacek S, Brkljacic B, Juzjak N. Renal artery
stenosis associated with Crohn disease. Pediatr Nephrol.
2001;16:371-3.

Barfield E, Deshmukh F, Slighton E, et al. Pulmonary manifesta-
tions in adolescents with inflammatory bowel disease. Clin Pediatr.
2020;59:573-9.

Camus P, Piard F, Ashcroft T, et al. The lung in inflammatory bowel
disease. Medicine. 1993;72:151.

Al-Binali AM, Scott B, Al-Garni A, Montgomery M,
Robertson M. Granulomatous pulmonary disease in a child:
an unusual presentation of Crohn disease. Pediatr Pulmonol.
2003;36:76-80.

64.

65.

66.

67.

Haralambou G, Teirstein AS, Gil J, Present D. Bronchiolitis obliter-
ans in a patient with ulcerative colitis receiving mesalamine. Mount
Sinai J Med. 2001;68:384-8.

Lossos A, River Y, Eliakim A, et al. Neurologic aspects of inflam-
matory bowel disease. Neurology. 1995;45:416.

Zois CD, Katsanos KH, Kosmidou M, Tsianos EV. Neurologic
manifestations in inflammatory bowel disease: current knowledge
and novel insights. J Crohns Colitis. 2010;4:115-24.

Yarur AJ, Deshpande AR, Pechman DM, Tamariz L, Abreu
MT. Inflammatory bowel disease is associated with an increased
incidence of cardiovascular events. Am J Gastroenterol.
2011;106:741-7.



®

Check for
updates

Liver Disease in Pediatric Inflammatory

Bowel Disease

11

Rebecca Little, Binita M. Kamath, and Amanda Ricciuto

Introduction

Diseases involving the hepatobiliary system are among the
most common extraintestinal manifestations of inflamma-
tory bowel disease (IBD). They can be classified into a few
broad categories: (1) liver diseases that may share a common
pathogenic mechanism with IBD, such as primary sclerosing
cholangitis (PSC), autoimmune hepatitis (AIH), and PSC/
AIH overlap, also known as autoimmune sclerosing cholan-
gitis (ASC); (2) liver diseases that reflect the pathophysiol-
ogy of IBD, such as cholelithiasis and portal vein thrombosis;
and (3) liver diseases that result from the adverse effects of
IBD therapy, such as drug-induced hepatitis [1]. In addition,
an association has been noted between a number of other less
common hepatobiliary diseases and IBD, including IgG4-
associated cholangitis (IAC). Some of the conditions listed
above are observed more frequently in Crohn disease (CD)
or ulcerative colitis (UC), while others occur at similar rates
in both types of IBD (Table 11.1). Liver enzyme abnormali-
ties are common in IBD and, while often transient and incon-
sequential, deranged hepatic biochemistry may herald
serious underlying liver disease, such as PSC. The challenge
lies in determining which patients merit further work-up ver-
sus observation. No standardized algorithm exists to guide
clinicians in this decision-making process, particularly in
children, in whom there is a relative paucity of data. This
chapter strives to facilitate this task by providing an over-
view of liver disease occurring in association with pediatric
IBD.
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Table 11.1 Hepatobiliary diseases associated with pediatric IBD

Ulcerative Crohn
Hepatobiliary disease colitis disease
Primary sclerosing cholangitis ++ +
(PSC)
Autoimmune hepatitis (AIH) ++ ++
Autoimmune sclerosing cholangitis | ++ +
(ASC)
IgG4-associated cholangitis (IAC) ++ +
Cholelithiasis - ++
Portal vein thrombosis and hepatic | + ++
abscess
Drug-induced hepatitis ++ ++
Hepatitis B reactivation ++ ++
(anti-TNFx)
Hepatosplenic T-cell lymphoma +/— +
Fatty liver ++ +—+
Hepatic amyloidosis - ++
Granulomatous hepatitis - ++
Primary biliary cholangitis (PBC) ++ -

Abnormal Liver Chemistry

Abnormal liver chemistry is common in IBD. Liver enzyme
abnormalities (any value exceeding the upper limit of normal
(ULN)) have been reported in 15-40% of adults with IBD
over 1-5 years of follow-up [2—4], with more marked eleva-
tions (>2x the ULN) occurring in 5% [2]. Abnormal liver
biochemistry appears to be similarly frequent in pediatric
IBD. Nemeth described “pathological liver function tests” in
52% of his 46-patient cohort in 1990 [5], and similar findings
have since been reproduced by two large retrospective pedi-
atric studies, in which at least one liver enzyme elevation was
observed in 40-60% of children with IBD over 3 years [6, 7],
even after excluding patients with PSC/ASC. No differences
were observed between patients with CD and UC. Liver
enzyme elevations >2x the ULN occur in a smaller propor-
tion of children, roughly 15-30% [7, 8]. The pattern of bio-
chemical injury is typically hepatocellular, but can be mixed
or, less commonly, cholestatic [4, 6]. ALT is the most fre-
quently abnormal test [7], with the caveat that ALT also
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tends to be measured more often than other tests, like
GGT. The majority of these biochemical abnormalities are
mild, transient, and benign in nature [4, 6-8]. The degree of
transaminase elevation appears to correlate with the likeli-
hood of identifying underlying liver disease; in one study,
95% of children with peak ALT <2x ULN were found to
have no specific liver disease [6], and conversely, in another
study, 93% of children with PSC or ASC had liver enzymes
2x the ULN or greater, sustained for 30-90 days [7]. In this
latter study, GGT was found to be particularly useful for
identifying PSC/ASC, with a value of 252 U/L having a sen-
sitivity of 99% and specificity of 77% for PSC or ASC [7].

Well-defined chronic liver disease (PSC/ASC and AIH)
accounts for only 1.4-6% of elevated liver enzymes in pedi-
atric IBD, whereas a majority of cases remain idiopathic [6,
7, 9]. The most common etiology, when one is identified, is
drug toxicity [2, 6, 8]. In children, steroids, antibiotics,
methotrexate, anti-tumor necrosis factor-a (anti-TNFa), as
well as exclusive enteral nutrition, have been associated
with liver enzyme abnormalities [7]. Conversely, liver
enzyme abnormalities appear to be less frequent in children
taking 5-ASA and sulfasalazine, although these agents may
simply be surrogates for milder IBD [3, 7]. Other less com-
mon causes of deranged hepatic biochemistry in pediatric
IBD include infection (particularly CMV and EBV), non-
alcoholic fatty liver disease (NAFLD), cholelithiasis, and
vascular abnormalities [6]. Active IBD has also been pro-
posed as a cause of abnormal liver enzymes, but the evi-
dence is conflicting; several studies lend support to this
hypothesis [4, 8, 10], while others refute it. One such study
in adults found a higher prevalence of liver enzyme abnor-
malities in patients in remission compared to those with
active IBD [3]. In children, biochemical abnormalities do
not appear to be associated with IBD duration or extent [5,
6, 9]. With regard to prognosis, death was found to be 4.8
times higher in adults with abnormal liver biochemistry,
even after excluding those with any diagnosis of liver dis-
ease [3]. No equivalent pediatric data exist.

In summary, abnormal liver biochemistry is common in
children with IBD. Most cases are mild and resolve sponta-
neously, and such cases tend to be associated with unde-
fined etiologies. However, a small subset of patients with
more severe, prolonged derangements have serious disease
or medication adverse effects. Given this, it seems reason-
able to adopt a period of watchful waiting in patients with
mild elevations (<2x the ULN) unless there are overt signs
of underlying liver disease. More marked or persistent
(>1 month) abnormalities may warrant further investiga-
tion. We suggest obtaining a liver biochemical panel,
including ALT and GGT, in all newly diagnosed IBD
patients and repeating this at least every 6—12 months for
surveillance.

Primary Sclerosing Cholangitis
Epidemiology and Pathogenesis

Primary sclerosing cholangitis (PSC) is a chronic, progres-
sive, cholestatic liver disease characterized by inflammation
and obliterative fibrosis of the intrahepatic and/or extrahe-
patic biliary tree, resulting in multifocal strictures and dilata-
tion. It is a rare disease, with an incidence and prevalence of
0.1-0.2 and 1.5 per 100,000 children, respectively, which is
substantially lower than in adults [11-13]. Pediatric PSC
typically presents in the second decade of life and has a mod-
est male predominance, as in adults [12, 14—-16]. The link
between PSC and IBD has been known for greater than five
decades [17]. As many as 60-80% of adults with PSC in
North America and Northern Europe have IBD, primarily
ulcerative colitis (UC) [18, 19]. The prevalence of IBD in
children with PSC is also very high, >50% in most series and
up to 97% in a recent population-based study [12, 14, 16, 20,
21]. Conversely, only a minority of children with colitis,
<10% in most series, have or develop concurrent PSC [7, 12,
21, 22]. A Norwegian study highlighted that screening
MRCP performed in 322 patients with established IBD iden-
tified PSC-like lesions in 7.5% of patients, of whom only
2.2% were known to have PSC [23]. Adjusting for missed
diagnoses and small duct disease, the overall incidence is
8.1%, around threefold higher than initially detected based
on symptoms [23]. Subclinical PSC associated with IBD was
detected on MRCP in sixty-five percent of patients in the
absence of biochemical abnormalities and mild disease [23].

Most patients are found to have PSC within a year of their
IBD diagnosis [12], but the two can occur years apart. PSC
can manifest first, in which case a full colonoscopy is recom-
mended at PSC diagnosis to screen for IBD [24].

The pathogenesis of PSC remains incompletely under-
stood. Genome-wide association studies have identified a
number of HLA and non-HLA risk loci [25, 26], some of
which are shared with IBD, and a hallmark paper in 2004
reported an accumulation of gut-homing CCR9-positive
T-cells in explanted human livers of patients with PSC [27],
findings that point to both a genetic and immunological basis
for PSC. In addition, there is growing evidence for the role of
the “gut-liver” axis in the pathogenesis of PSC. Several ani-
mal models and human tissue-based translational studies
support that enteric microbial products/dysbiosis can lead to
PSC-like hepatobiliary inflammation [28]. Mucosal biopsy
cultures have identified enriched taxa levels of several organ-
isms including  Pseudomonas,  Streptococcus, and
Haemophilus species as well as alterations in beta diversity
in patients with PSC-IBD compared with healthy controls
and conventional UC [29-33]. Similarly, enriched fecal
microbiota levels of Veillonella and Enterococcus species
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have been reported [34, 35]. Klebsiella pneumoniae strains
derived from gnotobiotic mice transplanted with PSC-IBD
microbiota were found to induce pore formation in human
intestinal epithelial cells and enhanced Th17 response thus
adding credence to the role of heightened immune response
to enteric dysbiosis in PSC-IBD pathogenesis [36]. The gut
microbiota in PSC/PSC-IBD patients may further exert a
pathogenic influence through their role in bile acid synthesis.
Deconjugation of the primary bile acids (BA), cholic acid
(CA), and chenodeoxycholic acid (CDCA), by gut microbes
produces secondary Bas, predominantly lithocholic acid
(LCA) and deoxycholic acid (DCA). Secondary Bas func-
tion as signaling molecules via their interaction with the
nuclear receptor Farnesoid X receptor (FXR) and the
membrane-bound G protein-coupled bile acid receptor-1
TGRS [37]. Agonism of these receptors exerts important
cholangioprotective and anti-inflammatory effects. Two
recent small studies of fecal BA profiles in patients with
PSC-IBD compared to conventional IBD have identified a
significant reduction in total BA pool, more conjugated Bas,
lower DCA/CA ratio, and a lower relative abundance of bac-
teria known to be actively involved in BA synthesis (12% in
PSC-IBD compared with 0.4% IBD) [38, 39]. A recent pilot
study evaluating microbial metagenomic alterations in PSC-
IBD versus UC and differentially expressed genes between
these two groups implicated dysregulation of bile acid (BA)

Fig.11.1 The IBD
phenotype of PSC-IBD,
highlighting the apparent
disconnect between the
extensive disease distribution/
increased risk of colorectal
cancer and mild clinical
course, and the way in which
subclinical inflammation
might bridge these
inconsistencies [52].
Reprinted with permission
from Springer Nature
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metabolism in PSC-IBD [30]. Multi-omics integration iden-
tified upregulated networks involved in bile acid homeostasis
and cancer pathway regulation.

Primary Sclerosing Cholangitis and IBD

There is growing evidence that the intestinal inflammation in
individuals with PSC and colitis constitutes a distinct IBD
phenotype, termed PSC-IBD. This phenotype has been well
characterized in adults as extensive colonic involvement,
often worse on the right, and relatively frequent “backwash
ileitis,” rectal sparing, and an increased rate of pouchitis post
colectomy [40, 41]. Figure 11.1 highlights the apparent dis-
connect between the extensive disease distribution and the
mild clinical course of PSC-IBD. Crohn disease (CD) is
uncommon in the setting of PSC, but, when it does occur, it
too tends to have an extensive colonic distribution; isolated
small bowel, perianal, and fistulizing disease are very uncom-
mon [42]. Despite the extensive nature of the colonic inflam-
mation, PSC-IBD tends to have a relatively mild clinical
course with a paucity of overt clinical symptoms [43, 44].
Findings analogous to those in adults have been reported
in a large retrospective pediatric series in which 74 children
with PSC-UC/IBD-unclassified (IBD-U) were compared to
colitis controls [45]. This study identified growth impair-

Extensive colitis
Right-sided colitis

Subclinical
inflammation

Clinically mild
disease

Increased risk of
colorectal neoplasia

Rectal sparing
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ment as a novel pediatric-specific phenotypic feature of
PSC-IBD compared to conventional UC. In a separate pro-
spective study from the same center, subclinical inflamma-
tion (active endoscopic disease in the absence of significant
symptoms) was found to be much more common in children
with PSC-IBD compared to those with UC without PSC
[46]. Unlike symptom report, fecal calprotectin, a stool bio-
marker of intestinal inflammation, was found to be highly
accurate for endoscopic healing in this pediatric PSC-IBD
cohort.

The interplay between IBD and PSC remains to be eluci-
dated. Interestingly, adults with severe PSC requiring liver
transplant (LT) have been found to have milder UC than
patients with less severe liver disease [47]. Studies have also
suggested that IBD activity may worsen following LT for
PSC, despite heightened immunosuppression [48].
Furthermore, while it has long been maintained that PSC and
IBD progress independently, as supported by older studies
indicating that the natural history of PSC is unaffected by
colectomy [49], more recent findings suggest that colectomy
may reduce the risk of PSC recurrence post-LT [50]. In line
with this, studies have suggested that moderate to severe
active IBD post-LT constitutes a risk factor for recurrent
PSC [51]. The interaction between PSC and IBD, including
the effect of ongoing colonic inflammation on PSC progres-
sion, if any, requires further clarification.

Diagnosis

The diagnosis of PSC in a child is based on a compatible
clinical presentation and biochemistry, with characteristic
changes on cholangiography and/or liver biopsy, after
excluding secondary causes of sclerosing cholangitis [53].
The most common presenting symptoms and signs are hep-
atomegaly and abdominal pain, followed by diarrhea, sple-
nomegaly, fatigue, pruritus, weight loss, impaired growth,
and jaundice. The presenting features may also, uncom-
monly, be those of advanced liver disease, such as gastroin-
testinal bleeding and cholangitis, or those of associated
colitis, especially bloody diarrhea [53]. A substantial sub-
set of children with PSC is asymptomatic at presentation
and come to medical attention solely due to deranged liver
biochemistry. Transaminases are often modestly elevated,
with a predominantly cholestatic pattern. GGT is more reli-
able in children as ALP elevations may reflect bone growth.
The odds of PSC are 660-fold greater in children with ALT
and GGT elevations >50 U/L within 3 months of IBD diag-
nosis compared to children whose values remain <50 U/L
[9]. INR, albumin, and conjugated bilirubin, which reflect
synthetic function, are generally normal at presentation.
Elevated conjugated bilirubin may signal a stricture, chol-
angitis, or a mass, and warrants further work-up. Serum
immunoglobulin G (IgG) levels may be elevated, and a
variety of autoantibodies may be present, the most common

of which is antineutrophil cytoplasmic antibody (ANCA),
usually with an atypical perinuclear (“p”) pattern, which is
found in up to 80% of patients. None of these are specific to
PSC, however [12, 24]. Serum [gG4 should be measured at
least once in children with PSC. An elevated IgG4 may
denote IgG4-associated cholangitis (IAC), which has
important implications, given its favorable response to cor-
ticosteroids [53].

Ultrasound is a reasonable initial imaging modality; it
may reveal bile duct wall thickening, focal bile duct dilata-
tion, and/or gallbladder changes, including wall thickening,
enlargement, cholecystitis, and mass lesions. It is also useful
for ruling out alternate etiologies. However, none of these
findings are diagnostic, and ultrasound may be normal in the
setting of PSC [24]. Cholangiography, preferably by mag-
netic resonance cholangiopancreatography (MRCP), which
has supplanted endoscopic retrograde cholangiopancreatog-
raphy (ERCP) as the first-line diagnostic imaging modality
due its less invasive nature and lower cost, is a vital compo-
nent of the PSC diagnostic work-up [23, 54, 55].
Characteristic cholangiographic findings include multifocal,
short strictures alternating with normal or dilated segments,
producing a “beaded” appearance (Fig. 11.2) [24]. The gall-
bladder, cystic duct, and pancreatic duct may also be abnor-
mal [56]. Contrary to adult practice, a liver biopsy is often
performed in a child with suspected PSC given the more fre-
quent occurrence of autoimmune sclerosing cholangitis
(ASC), which is typically treated with immunosuppressive
therapy (although definitive evidence that this is associated
with improved outcomes is lacking). A liver biopsy is also
useful to diagnose small-duct PSC, a label applied to cases

Fig. 11.2 Cholangiographic appearance of PSC with typical
“beading”
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Fig. 11.3 Liver biopsy showing typical histological changes of PSC, including periductular concentric fibrosis denoted by the arrows with (a)

H&E and (b) trichrome staining

with compatible histological changes but without
cholangiographic abnormalities, and to stage the degree of
fibrosis. Periductular concentric fibrosis, or “onion-skinning”
(Fig. 11.3), is pathognomonic for PSC, but not always
observed. Other, nonspecific findings may include ductular
proliferation or periductular inflammation, with variable
types of portal inflammation and fibrosis. Liver biopsy may
also be normal in PSC given its patchy nature. The diagnos-
tic work-up for suspected PSC in children is illustrated in
Fig. 11.4.

Outcomes

PSC is one of the most important sources of morbidity and
mortality in IBD, but few studies have examined its natural
history in children. In 2017, the Pediatric PSC consortium
published a large multi-center, retrospective international
study of long-term outcomes in 781 children with PSC [57]
with time to event analysis across key outcomes, including
portal hypertension, biliary complications, cholangiocarci-
noma, liver transplant, and death. In this study, the develop-
ment of portal hypertension and biliary complications
marked pivotal points in the natural history of pediatric PSC
and occurred in 38% and 25% of patients, respectively, over
10 years of follow-up. The median survival with native liver
(SNL), once portal hypertension and biliary complications
occurred, was 2.8 and 3.5 years, respectively [57]. Overall
event-free survival was 70% at 5 years and 53% at 10 years
of follow-up [57]. Fourteen percent of children underwent
LT at a median age of 15 years, a median of 4 years follow-
ing PSC diagnosis. Long-term outcome data for pediatric-
onset PSC into adulthood are lacking. Unfortunately,
recurrence post-LT occurs in about 10-25% of cases [13, 58,
59]. Survival is significantly shorter in children with PSC

PSC suspected based on symptoms, signs and
biochemistry (particularly elevated GGT)

Obtain full liver panel if not already performed (ALT, AST,
ALP, GGT, INR, bilirubin, albumin) and additional labs
(ANA, anti-SMA, anti-L10111, AN CA, IgG, IgG4)

Obtain abdominal ultrasound (look for supporting features
and rule out alternate etiologies)

Obtain MRCP (look for supporting features)

Obtain liver biopsy (look for supporting features. evidence
of autoimmune hepatitis overlap, small duct PSC if
imaging normal, degree of fibrosis)

Fig. 11.4 Diagnostic work-up for suspected pediatric PSC. ANA anti-
nuclear antibody, ANCA antineutrophil cytoplasmic antibody, LKM1
liver kidney microsomal type 1, MRCP magnetic resonance cholangio-
pancreatography, PSC primary sclerosing cholangitis, SMA smooth
muscle antibody

compared to age- and sex-matched children, although abso-
lute mortality rates are low during the pediatric period, 1.4%
in the Pediatric PSC Consortium [57]. Lower platelet count,
high bilirubin, higher GGT, splenomegaly, and older age at
diagnosis are associated with shorter survival [57]. GGT nor-
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malization at one year, on the other hand, has been associ-
ated with favorable outcomes, regardless of ursodeoxycholic
acid use [60].

Adults with UC and PSC have an almost five times greater
risk of colorectal neoplasia compared to adults with UC
alone [61]. While data on the risk of colorectal neoplasia in
PSC-IBD during the pediatric period are sparse, the absolute
event rates appear to be low, particularly before puberty. In
the Pediatric PSC Consortium, there were eight cases of
colorectal dysplasia/carcinoma among 509 children (1.6%)
with PSC-IBD, including three discovered incidentally on
colectomy for medically refractory IBD [62]. Surveillance
colonoscopies every 1-2 years from the time of diagnosis are
recommended in adults [24]. No equivalent pediatric guide-
lines exist, but it seems reasonable for similar screening
practices to be applied to older children and teenagers. There
is a markedly increased risk of cholangiocarcinoma (7-9%)
in adults with PSC [63-65], but this malignancy is exceed-
ingly rare (1%) in children [57]. Nevertheless, a handful of
cases have been reported in older teenagers [66]. While adult
guidelines suggest consideration be given to screening for
cholangiocarcinoma with regular cross-sectional imaging
and CA 19-9, this is not routinely recommended in children
[24, 54]. However, based on clinical experience and expert
opinion, the authors suggest an ultrasound yearly, an MRI
every 2 years, and CA 19-9 levels yearly in children with
PSC to screen for cholangiocarcinoma.

Small-duct PSC may have a more favorable prognosis
than classic PSC. It has been associated with a longer
transplant-free survival in adults, and there have been no
reports of cholangiocarcinoma occurring with small-duct
PSC. However, small-duct PSC can progress to classic PSC
with cholangiographic abnormalities over time, and it can
recur post-LT [67]. It is unclear whether small-duct PSC rep-
resents an early stage of classic PSC or a distinct entity. The
Pediatric PSC Consortium recently developed a clinical risk
score, termed the SCOPE index (which includes total biliru-
bin, albumin, platelets, GGT and large duct involvement),
for use specifically in pediatric PSC [68]. The tool demon-
strates excellent predictive ability for adverse events at 1 and
5 years and correlates strongly with biopsy-proven liver
fibrosis. It also outperforms other tools developed in adult
populations, such as the Mayo Risk Score.

Treatment

Data pertaining to the medical management of PSC in chil-
dren are scarce, and current practices largely derive from
adult studies. No medical therapy currently exists to reverse
or halt the progression of PSC liver disease. As such, treat-
ment is mainly supportive. Although numerous aspects of
PSC invoke an autoimmune basis for the disease, thus far, no
single immunosuppressive or immune-modulating agent has
been found to be efficacious [69].

Ursodeoxycholic acid (UDCA) is widely used in adults
and children with cholestatic liver disease, including
PSC. Although biochemical improvement has been demon-
strated in children, a beneficial effect on the natural history
of PSC, as reflected by a decrease in mortality and/or LT
rates, has never been shown [14, 70, 71]. Similarly, adult
studies have documented improvements in biochemistry, but
not in hard outcomes [72]. Furthermore, the use of high-dose
UDCA >28 mg/kg has been associated with a twofold
increased risk of death/transplant [73] and a fourfold
increased risk of colorectal cancer in adults [74, 75]. There is
no consensus regarding the use of UDCA in adults with PSC,
with one expert group advising against its use entirely [76]
and another merely recommending against the use of high
doses [54]. In light of this, it appears prudent to avoid high-
dose UDCA in children with PSC, but continued use of low-
to-moderate doses, not exceeding 20 mg/kg/day, is
reasonable.

There has been substantial interest in the use of oral van-
comycin therapy (OVT) for treating pediatric PSC [71, 77—
82]. Oral vancomycin’s therapeutic effect may occur through
immunomodulation, by increasing transforming growth
factor- (TGF-p) and peripheral levels of regulatory T-cells
[81, 83]. However, most studies (excluding small uncon-
trolled case reports/case series) have shown only biochemi-
cal benefit [82]. In an open label study of OVT, with a median
treatment duration of 2.7 years, 96%, 81%, and 95% of
patients experienced reduction of GGT, ALP, and ALT,
respectively [82]. Yet, when OVT was compared to UDCA
or observation alone in a propensity score-matched analysis
from the Pediatric PSC Consortium, OVT was not associated
with superior outcomes [71]. Limited data in the form of
case series suggest possible benefit of OVT for the IBD in
PSC-IBD [84]. Overall, more rigorous, clinical trial data are
needed to ascertain the role of OVT in treating PSC and
PSC-IBD. Metronidazole and minocycline, but not rifaxi-
min, have also been associated with improved liver biochem-
istry in adults with PSC [85-87]. At the current time, the use
of oral antibiotics for pediatric PSC remains experimental, as
a benefit beyond biochemical improvements has yet to be
confirmed. The role of fecal microbial transplant (FMT) to
modulate the dysbiosis seen in PSC has garnered much inter-
est recently following the publication of a pilot study of 10
PSC-IBD patients where 30% of FMT recipients displayed
an ALP reduction of at least 50% [88]. FMT also resulted in
an increase in bacterial diversity with no adverse safety
events reported. Larger prospective studies are required.

BA-targeting therapies for PSC currently under study
include FXR agonists such as obeticholic acid (OCA) [89]
and cilofexor [90], and Apical Sodium Dependent Bile Acid
Transport (ASBT) inhibitors [73]. A phase 2 trial of 5-10 mg
OCA demonstrated significant reductions in serum ALP at
week 24 of treatment compared to placebo with no
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significant effect on total bilirubin [89]. The main limitation
of OCA is tolerability, especially pruritus. Cilofexor has
been shown to reduce serum ALP by 21%, GGT by 30%,
and ALT by 49% compared to placebo after 12 weeks of
therapy [90]. Significant pruritus also emerged as a predom-
inant adverse event with cilofexor, but with much lower
rates compared to OCA. ASBT inhibitors A4250 and
LUMOO1 (lopixibat) which act to interrupt the enterohepatic
circulation of bile acids are currently under investigation for
PSC treatment [91].

Dominant strictures are less common in children than
adults, but should, when identified in association with symp-
toms or signs such as cholangitis, jaundice, pruritus, right
upper quadrant pain, or worsening biochemistry, be man-
aged with ERCP and balloon dilatation, often with sphincter-
otomy, with or without stent placement [24]. This may
prolong symptom-free intervals prior to LT [92]. Although
cholangiocarcinoma is rare in pediatrics, brush cytology in
the setting of a dominant stricture remains important. ERCP
should be performed by a physician who is adequately expe-
rienced with the procedure, which often requires collabora-
tion with an adult gastroenterologist.

Vedolizumab, an IBD therapy, is a selective monoclonal
antibody directed against the ay,f; integrin expressed on lym-
phocytes. It interferes with the interaction of ayf; with muco-
sal cellular adhesion molecule-1 (MAdCAM-1) expressed
on gut endothelial cells, thereby preventing lymphocyte traf-
ficking to the gut. Although MAdCAM-1 is not expressed in
normal liver tissue, it is expressed on portal vein and sinusoi-
dal endothelial in chronically inflamed human liver, includ-
ing in PSC [93, 94]. As such, the introduction of vedolizumab
stimulated excitement as a potential biological treatment for
PSC. Disappointingly, this has not been upheld by clinical
studies thus far, although these have all been retrospective
[95, 96]. A multicenter cohort study by the French GETAID
group reported that vedolizumab therapy failed to result in
liver biochemical improvements even when followed out to
30 and 54 weeks [96]. These findings were echoed by two
additional adult [95, 97], and one small pediatric study [98].
On the other hand, vedolizumab appears to display similar
efficacy for treating IBD in PSC-IBD, as in non-PSC IBD
populations [95].

LT remains the only definitive treatment for PSC and
should be considered for children with decompensated cir-
rhosis, recurrent or chronic cholangitis refractory to ERCP,
hilar cholangiocarcinoma, and intractable pruritus [24, 99].
PSC accounts for 2.6% of pediatric transplants [100]. The
median age at transplant is 15 years [57]. Patient and graft
survival after LT for PSC are comparable to that for non-PSC
pediatric indications, with 1-year and 5-year patient and
graft survival rates of 99% and 97%, and 93% and 76%,
respectively. However, a diagnosis of IBD prior to LT is
associated with an increased risk of death post-

LT. Intrahepatic biliary strictures and cholangitis are more
common in the first 6 months post-LT in children with PSC
compared to other liver diseases [101]. Furthermore, PSC
recurs in 10-25% of pediatric patients by 5 years post-LT
[57]. A diagnosis of IBD and younger age have been linked
with an increased risk of PSC recurrence [101, 102]. As
mentioned above, colectomy prior to or during LT may
decrease the risk of PSC recurrence [50].

Other Autoimmune Liver Diseases
Autoimmune Hepatitis

Epidemiology and Pathogenesis

Autoimmune hepatitis (AIH) is an idiopathic, progressive,
inflammatory liver disease characterized by elevated trans-
aminases, interface hepatitis on biopsy, hypergammaglobu-
linemia, and autoantibody positivity. It is the most common
pediatric autoimmune liver disease, with an incidence and
prevalence of 0.23-0.4 and 3 per 100,000 children, respec-
tively [12, 103]. The prevalence of IBD in children with ATH,
which approaches 20% [103—105], exceeds that in the gen-
eral pediatric population, but the magnitude of the associa-
tion between AIH and IBD is less than that between PSC and
IBD as demonstrated in Fig. 11.5. Only 0.3-0.6% of children
with IBD develop AIH and, unlike in PSC, this proportion
does not differ substantially between children with UC and
CD [12]. Two main types of AIH are recognized: AIH type 1
(AIH-1), which accounts for the majority (60—87%) of cases,
is characterized by positive antinuclear (ANA) and/or

N
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Fig. 11.5 The relationship between autoimmune liver disease and
IBD. AIH autoimmune hepatitis, JAC IgG4-associated cholangitis, /BD
inflammatory bowel disease, PSC primary sclerosing cholangitis



136

R. Little et al.

anti-smooth muscle (SMA) autoantibodies, whereas ATH-2
is distinguished by positive anti-liver kidney microsomal
type 1 (LKM-1) and/or anti-liver cytosol type 1 (LC-1) auto-
antibodies. Of note, lower antibody titers are considered sig-
nificant in children, namely, 1:20 for ANA and SMA, and
1:10 for LKM1 and LC-1, compared to a threshold of 1:40 in
adults [106]. Both types of AIH have a female predominance
[103], although it is not clear whether this is also true of
cases associated with IBD [103, 104, 107]. The pathogenesis
of AIH is unknown, but is likely multifactorial, involving
genetic susceptibility and immune dysregulation, modified
by environmental factors. An aberrant immune response tar-
geting liver autoantigens has been implicated [108].

Diagnosis

Pediatric AIH can present in a highly variable manner, rang-
ing from nonspecific insidious symptoms to fulminant liver
failure. The most common presenting symptoms are fatigue,
jaundice, and abdominal pain, which occur in about half of
patients. Hepatomegaly and splenomegaly are the most fre-
quently observed abnormalities on physical exam [103]. In
the context of IBD, however, AIH typically comes to light as
a result of elevated transaminases, which can fluctuate over
time. The pattern of injury is predominantly hepatocellular,
with AST and ALT values typically in the several hundred
range which are comparatively higher than the levels seen in
PSC and ASC [109]. Conjugated bilirubin may be normal or
elevated, and GGT and ALP levels may be modestly elevated
[109]. Serum IgG is elevated in 80% of cases, but a normal
result does not rule out AIH. Although none of the autoanti-
bodies listed above are entirely specific to AIH, the presence
of high-titer autoantibodies, in combination with compatible
clinical features and histological findings, strongly supports
a diagnosis of AIH. A liver biopsy is typically performed to
confirm a diagnosis of AIH and to establish the severity of
liver damage. Characteristic findings include interface hepa-
titis, lymphoplasmacytic infiltrates, and rosetting of hepato-
cytes. Biliary changes, such as ductular proliferation, can be
seen, as well as fibrosis. Cirrhosis is observed in 20—-80% of
children at presentation and is more common in AIH-1 [103,
110, 111]. Of note, the distinction between AIH and drug-
induced liver injury, which is particularly relevant in children
with IBD, can be very challenging. In addition to the AIH
work-up presented above, it is recommended that all children
with IBD with presumed AIH undergo cholangiography to
investigate for ASC or PSC.

Outcomes and Treatment

Although a significant fraction of children with AIH present
with cirrhosis, when treatment is instituted promptly, out-
comes are usually favorable. Conventional treatment is with
prednisone 1-2 mg/kg/day (maximum 60 mg/day) to induce

remission, decreased over 4—-8 weeks, and then continued at
a lower dose (0.1-0.2 mg/kg/day, or 2.5-5 mg/day) as main-
tenance, often with azathioprine [112]. Azathioprine is gen-
erally started at a dose of 1-2 mg/kg/day and increased to a
maximum of 2-2.5 mg/kg/day until remission is achieved
[112-114]. Thiopurine methyltransferase (TMPT) activity
may be verified prior to initiating azathioprine to identify
patients at heightened risk of myelosuppression [108]. This
treatment regimen is associated with biochemical remission
(normalization of liver enzymes and IgG) rates >80% in chil-
dren with AIH, although this can take several months, and
relapses requiring temporary increases in immunosuppres-
sion are common [103, 107]. In patients who have had sus-
tained biochemical remission for 2-3 years, a liver biopsy
may be performed and, if resolution of histological inflam-
mation has occurred, treatment withdrawal may be attempted
[112, 114].

Children with AIH have an approximately 15% probabil-
ity of developing liver cirrhosis and portal hypertension in
the 5 years post diagnosis [12]. Transplant rates for AIH are
variable but range from 5 to 10% in recent studies [12, 103,
115]. AIH can recur post-transplant with recurrence rates
varying between 12 and 46% [115, 116]. It is therefore rec-
ommended that steroid-based immunosuppression be main-
tained at a higher dose than that used for non-AIH transplants
[117]. At the current time, it is unclear whether the disease
course of AIH occurring in association with IBD differs from
that in children without IBD [57]. However, it has been rec-
ognized that flares of pre-existing UC can occur following
liver transplantation for AIH with the resulting IBD activity
taking a more aggressive course than previous and up to 9%
of patients require colectomy post-transplant [118—120].

Autoimmune Sclerosing Cholangitis

Epidemiology and Pathogenesis

Autoimmune sclerosing cholangitis (ASC) is an overlap con-
dition between AIH and PSC, characterized by the combina-
tion of autoimmune features, namely, positive autoantibodies
(especially ANA and SMA), hypergammaglobulinemia and
interface hepatitis on liver biopsy, and cholangiopathy, as
demonstrated by an abnormal cholangiogram or histological
evidence of ductal involvement [105]. However, there are no
clear diagnostic criteria for ASC. The International
Autoimmune Hepatitis Group (IAIHG) suggests that condi-
tions with overlapping features between autoimmune liver
diseases not be considered separate diagnostic entities [121].
Rather, ASC may exist along a continuum of pathological
changes between AIH and PSC. Given the lack of established
diagnostic criteria, the epidemiology of ASC is difficult to
ascertain. However, a recent population-based study reported
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an incidence and prevalence of 0.1 and 0.6 per 100,000 chil-
dren, respectively [12]. ASC appears to occur predominantly
in children and young adults: a quarter to a third of children
with sclerosing cholangitis have autoimmune overlap fea-
tures [14-16, 57], compared to only 1.4-17% of adults [24].
Similar to PSC, ASC is typically diagnosed in the first half of
the second decade of life, but, unlike PSC, it tends to affect
both sexes more equally [12, 15, 104]. A definite association
exists between ASC and IBD, the magnitude of which
appears to be intermediate between that of PSC and AIH. Up
to 75% of children with ASC have IBD [122]. Conversely,
1.5-1.7% of children with IBD, mostly UC, have ASC [7,
12]. Given this, all children with ASC should undergo an
evaluation for IBD, even if asymptomatic.

Diagnosis

The clinical presentation of ASC in children is similar to that
described above. Biochemistry can provide some guidance
in distinguishing ASC from AIH and PSC. Although ALP
and GGT levels may be normal or only mildly elevated in the
early stages of ASC [122], compared to AIH, ASC is typi-
cally associated with a higher ALP to AST ratio (around 4),
and p-ANCA positivity is more common (74% compared to
36% of cases). Anti-LKM]1, on the other hand, is more spe-
cific to AIH [105]. Clues of a possible diagnosis of ASC
rather than PSC include higher transaminases, elevated
serum IgG, and high-titer ANA and SMA autoantibodies.
However, none of these biochemical parameters is suffi-
ciently specific to make a diagnosis of ASC. The ability to
firmly diagnose ASC and to differentiate it from AIH and
PSC requires both cholangiography and liver biopsy. This is
particularly relevant in children with IBD given the known
association between ASC and IBD. It is noteworthy that
despite having abnormal cholangiograms up to one quarter
of children with ASC have no histological evidence of bile
duct involvement and, conversely, 27% of patients with ATH
have histological evidence of bile duct damage, chronic
cholangitis, and biliary periportal hepatitis [104, 123].

Outcomes and Treatment

An accurate diagnosis of ASC is important as it may have
prognostic and therapeutic implications. While the authors
feel that a trial of corticosteroids with or without azathio-
prine is generally warranted in the setting of ASC [124, 125],
whether this alters disease natural history (beyond improving
biochemistry) remains unclear. There are data to support that
the biliary disease in ASC typically progresses despite treat-
ment [104]. UDCA is often used at doses of 15-20 mg/kg/
day to address the biliary component of the disease, but, as
with PSC, there is no evidence that biochemical improve-
ment translates into a positive effect on natural history [112,

126]. Twenty-five percent of children with ASC develop
liver cirrhosis and portal hypertension within 5 years of diag-
nosis, a rate that is intermediate between that for PSC and
AIH [12]. Given the lack of well-defined diagnostic criteria,
it is difficult to comment on precise LT and mortality out-
comes in children with ASC and studies to date have yielded
conflicting results. An older series reported a 65% 10-year
survival with native liver, distinctly worse than the 100% sur-
vival in children with AIH [104], whereas a more recent
study found a 90% 5-year survival with native liver, compa-
rable to the rate observed in children with AIH. Overall, it is
believed that transplant rates in ASC are similar to those in
PSC, around 20% [105, 109]. As with PSC and AIH, ASC
can recur post-LT [116]. Uncontrolled intestinal inflamma-
tion in patients with IBD may be a risk factor for ASC recur-
rence [105].

IgG4-Associated Cholangitis

IgG4-associated cholangitis (IAC) is a rare inflammatory
disorder of the biliary tree, characterized by elevated serum
IgG4 levels and infiltration of IgG4+ plasma cells in the bile
duct walls, causing thickening and stenoses. IAC is often
associated with type 1 autoimmune pancreatitis (AIP), the
pancreatic manifestation of [gG4-related disease (IgG4-RD),
a systemic multiorgan disorder only defined during the last
decade [127]. The typical IAC/IgG4-RD patient profile is
that of an elderly man with obstructive jaundice, weight loss,
and abdominal discomfort. However, IAC occurring in asso-
ciation with UC has been reported, including in children
[128]. The clinical and cholangiographic presentation of IAC
is often indistinguishable from that of PSC. Furthermore,
9-36% of patients with PSC have elevated serum IgG4 levels
(although usually lower than in IAC) [129, 130], and IgG4+
plasma cells have been documented on liver biopsy in PSC
patients [131], further blurring the relationship between the
two. However, PSC and TAC appear to be distinct entities, as
evidenced by their vastly different response to corticoste-
roids; in contrast to PSC, TAC typically shows excellent
response to immunosuppressive treatment, including resolu-
tion of strictures. However, relapse is common after tapering
immunosuppression; long-term low-dose therapy with corti-
costeroids/azathioprine is often needed, analogous to the
management of autoimmune hepatitis [132]. Diagnostic cri-
teria have been proposed for IAC; these combine biochemi-
cal, radiographic, and histopathological characteristics with
the multiorgan involvement of IgG4-RD and responsiveness
to immunosuppressive treatment [133].

Figure 11.5 graphically depicts the relationship between
autoimmune liver diseases and IBD.



138

R. Little et al.

Table 11.2 Differential diagnosis of clinical syndromes associated
with IBD drugs causing liver injury

Syndrome Drug

Acute hypersensitivity Sulfasalazine, mesalamine, thiopurines

reaction

Acute granulomatous Sulfasalazine, mesalamine

hepatitis

Autoimmune Anti-TNFo

hepatitis-like

Noncirrhotic portal Thiopurines

hypertension

Fibrosis/cirrhosis Methotrexate

Cholestatic jaundice Sulfasalazine, mesalamine, thiopurines,
anti-TNFo

Sinusoidal obstruction Thiopurines

syndrome
Hepatic rupture

Thiopurines (peliosis)

Hepatic mass on imaging | Thiopurines (peliosis), anti-TNFo/
thiopurines (HSTCL)

Anti-TNFo
HSTCL hepatosplenic T-cell lymphoma

Hepatitis B reactivation

Drug Hepatotoxicity (Table 11.2)

Methotrexate

A recent systematic review and meta-analysis examining 32
randomized controlled trials, including a total of 13,177
adults primarily with rheumatological indications for treat-
ment, demonstrated an increased risk of liver enzyme abnor-
malities in patients treated with methotrexate compared to a
comparator agent, but no difference in the risk of liver fail-
ure, cirrhosis, or death [134]. The results of two adult IBD
studies, in which fairly large numbers of liver biopsies were
performed, also found very low rates of hepatic fibrosis in
patients receiving methotrexate [135, 136], indicating that
hepatic fibrosis is not as commonly observed in methotrexate
users as suggested by older studies.

Pediatric IBD studies have found varying rates of bio-
chemical liver abnormalities in children treated with metho-
trexate, ranging from 10% in a systematic review to 39% in
a multicenter retrospective comparison of oral and subcuta-
neous methotrexate [137]. Most resolved spontaneously or
with dosage adjustment; medication discontinuation was
required in only a minority (<5%) [138—141]. These studies
are limited, however, by their retrospective nature, the inabil-
ity to correlate biochemistry with histopathology, and the
inability to definitively ascribe the biochemical abnormali-
ties to methotrexate given the absence of documented nor-
mal laboratories prior to medication initiation in most cases.
Conlflicting data exist regarding whether higher methotrexate
doses and parenteral versus oral administration are associ-
ated with a greater risk of hepatotoxicity [135, 139, 142].
The risk of hepatotoxicity may be higher in the immediate

period after starting methotrexate [143]. Importantly, abnor-
mal liver biochemistry does not reliably identify
methotrexate-associated fibrosis.

Based on the available evidence, when initiating metho-
trexate in children with IBD, the authors recommend obtain-
ing liver biochemistry at baseline, weekly for the first month
and every 2-3 months thereafter. In cases of persistent mod-
erate enzyme elevations (up to 2-3x ULN), the dose of meth-
otrexate can be adjusted, whereas, when faced with more
marked elevations (>5x ULN), methotrexate should be
entirely held, at least temporarily. A liver biopsy 