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ABSTRACT

Dysbiosis of the gut microbiome and a pathological immune response in intestinal tissues form the
basis of Crohn’s disease (CD), which is a debilitating disease with relevant morbidity and mortality.
It is increasing in childhood and adolescents, due to western life-style and nutrition and a large set
of predisposing genetic factors. Crohn’s disease-associated genetic mutations play an essential role
in killing pathogens, altering mucosal barrier function, and protecting the host microbiome,
suggesting an important pathogenic link. The intestinal microbiome is highly variable and can
be influenced by environmental factors. Changes in microbial composition and a reduction in
species diversity have been shown to be central features of disease progression and are therefore
the target of therapeutic approaches. In this review, we summarize the current literature on the
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role of the gut microbiome in childhood, adolescent, and adult CD, current therapeutic options,

and their impact on the microbiome.

Introduction

Inflammatory bowel disease (IBD), with its main
forms Crohn’s disease (CD) and Ulcerative Colitis
(UC), is on the rise, with 25% of IBD diagnosed in
children under 18years." In CD, discontinuous
involvement of the entire gastrointestinal tract is
possible, with the terminal ileum being
a particularly typical site of manifestation. In addi-
tion, development of fistulas and stenosis and extra-
intestinal manifestations, e.g., in the hepatobiliary
tract, eyes, joints or skin are also well recognized.”

CD 1is an immunological disorder with
a multifactorial etiology: a polygenetic predisposi-
tion underlies the disease, and in susceptible indi-
viduals, environmental triggers can lead to
a sustained proinflammatory response that
damages the gut and its interaction with its
microbiome,” which finally shifts the bacterial
composition. This is designated as dysbiosis,
which is described as a change in the composition
and function of the microbiota in diseased indivi-
duals compared to healthy individuals.® Three

basic changes form the pillars of dysbiosis: the
loss of beneficial microorganisms, the proliferation
of potentially harmful microbes, and the loss of
overall microbial diversity. However, since there
is no single definition of what a healthy micro-
biome should look like, there is no universally
accepted definition of dysbiosis.”” The resulting
dysbiosis is thus part of the pathogenesis of the
disease and is maintained by the inflammatory
response at the same time. Environmental triggers
include Western dietary habits,'® active and passive
smoking,'' "> use of antibiotics,'*'> NSAID'>'”
and oral contraceptives.'®

Numerous genetic loci encoding specific proteins
of the body’s immune defenses have been identified
and are associated with the development of CD."
Genetic mutations e.g. in the NOD2 gene, have been
shown to lead to inadequate handling of bacterial
pathogens and thus promote the development of
CD.”® In addition, the loss of an intact epithelial
intestinal barrier is also discussed as an important
step in pathogenesis. Innate immunity plays
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a crucial role in this process: it ensures the recogni-
tion and differentiation of pathogenic invaders from
the commensal microbial intestinal flora.*' >
Ideally, the host-specific microbiome is spared and
pathogenic bacteria are eliminated with the help of
mucosal defense mechanisms like defensins.
Possible processes involved in immune tolerance
are impaired in CD such as the aryl hydrocarbon
receptor (AhR) in colonic tissue. AhR is a ligand-
dependent transcription factor that is widely
expressed in various immune cells, including den-
dritic cells (DCs). Its activation leads to decreased
expression of proinflammatory cytokines and
increased production of anti-inflammatory cyto-
kines (IL-1pB, IL-23, and IL-12). In addition, it leads
to promotion of Treg cell differentiation and
improvement of epithelial barrier function of the
intestinal mucosa.”**> In CD, these processes appear
to be disturbed, leading to increased growth of
pathogenic bacteria, i.e., also to dysbiosis, and sub-
sequently to a local inflammatory reaction that can
entertain the derailed immune response.” Thus, an
imbalance in the innate immune system’s defenses is
at the basis of the chronic inflammatory response.
Other signaling pathways that may be impaired and
thus promote the manifestation of CD include
defects in the mucosal barrier (Mut2 and FUT2
genes), increased migration of immune cells to
sites of inflammation mediated by remodeling of
the extracellular matrix through the action of metal-
loproteins (MMP-1 and MMP-3), and overexpres-
sion of adhesion molecules such as MAcCAM-1 and
integrin a4p4.>

Whether dysbiosis itself is one of the initial causes
or the consequence of the disease is still controver-
sial. It is usually associated with a loss of diversity in
the microbiome, with a concomitant increase in
Proteobacteria (e.g., Pasteurellaceae, Neisseriaceae,
Enterobacteriaceae), Fusobacteriaceae and
Actinomycetota and depletion of commensal intest-
inal bacteria, particularly Firmicutes (specifically
those from the Clostridium clusters XIVa and IV)
and Bacteroidetes. Approximately one third of CD
patients exhibit increased abundance of mucosa-
associated adherent-invasive Escherichia coli
(AIEC). Overall, not only the diversity but also the
amount of bacteria in the gut decreases.
Faecalibacterium prausnitzii, a commensal bacter-
ium with anti-inflammatory properties, is reduced

in CD. Patients with IBD exhibit also viral and
fungal dysbiosis.”” "

Treatment includes immunomodulators such as
thiopurines (azathioprine, 6-mercaptopurine),
methotrexate, but also corticosteroids (CS), nutri-
tional therapy, especially exclusive enteral nutrition
(EEN), monoclonal antibodies against selected cyto-
kines such as tumor necrosis factor a (TNF-a), other
proinflammatory interleukins or integrins (e.g.
a4B4), and antibiotics.”>***> Except for enteral
nutrition therapy and, in some cases, antibiotics,
other interventions do not directly aim to alter the
gut microbiome, but rather to curb the inflamma-
tory response and thereby improve symptoms. In
addition to the direct influence of EEN on the
intestinal microbiome, other mechanisms of action
of this therapy also play a role in explaining its
positive effects. It has been shown that EEN has an
influence on the defense function of the intestinal
mucosa as well as on the inflammatory response of
the intestine. Thus, there is a decrease in proinflam-
matory cytokines (IL-1f, IL-2, IL-6, TNF-a, and
INF-y), an increase in anti-inflammatory cytokines
(transforming growth factor (TGF) beta-1) and reg-
ulatory T cells that promote anti-inflammatory pro-
cesses in the mucosa, and an improvement in
intestinal permeability and the integrity of the
mucosal layer. Normalization of inflammatory para-
meters (CRP, Erythrocyte sedimentation rate (ESR))
is also observed. Furthermore, EEN influences and
increases the concentration of short-chain fatty
acids (SCFAs) such as butyrate, acetate, and propio-
nate, which in turn have an anti-inflammatory effect
on the intestinal mucosa. However, the exact
mechanism of remission induction by EEN in CD
remains unclear, although there is evidence that
certain foods (wheat, emulsifiers, and some fatty
acids) have a negative effect on epithelial cell tight
junctions and impair mucus function.’*>® Fecal
microbiota transplantation (FMT) has only been
tested in small trials and is not yet an approved
therapy for the treatment of CD. Like EEN, it aims
to alter the gut microbiome and thus prevent
disease progression.’”*® Antibiotics are used as
adjunctive therapy for complications such as fistulas
and intra-abdominal abscesses, but also have immu-
nomodulatory effects.” In addition, antibiotics such
as vancomycin are now being investigated in the
treatment of primary sclerosing cholangitis (PSC),



which is also a complication of UC and CD.* Their
use in this context also affects the intestinal micro-
biome and can lead to both exacerbation and
improvement of the dysbiotic situation.”**' In addi-
tion, partial nutrition therapy is discussed as
a supplement to an ad libitum diet for malabsorp-
tion and in recently the Crohn’s disease exclusion
diet (CDED)."**

In this review, we summarize the current litera-
ture on the role of the gut microbiome in CD, its
interplay with the innate and acquired immune
system, current therapeutic options, and their
impact on the microbiome.

The healthy gut microbiome

The commensal inhabitants of the gut are as numer-
ous as they are diverse: bacteria, viruses, archaea,
and eukaryotes** together comprise the gut micro-
biome as 10'* microbes.” Among these, Firmicutes
(e.g., Faecalibacterium, Roseburia, Ruminococcus,
Eubacterium) and Bacteroidetes (e.g., Bacteroides,
Alistipes, Prevotella) dominate, followed by
Actinomycetota (e.g., Bifidobacterium, Collinsella)
and Proteobacteria (e.g., Escherichia). These are
accompanied to a much lesser extent by other
phyla such as Synergistetes, Verrucomicrobia,
Fusobacteria, and Euryarchaeota.*> It should be
noted, that the microbiome varies greatly depending
on its location in the gastrointestinal tract (esopha-
gus, stomach, small and large intestine), and sample
material (biopsy, stool sample, luminal duodenal
aspirate, mucosal brush sample). A stool sample is
more likely to reflect the microbial composition of
the luminal side of the gut, whereas a biopsy of the
mucosa is more likely to represent a picture of the
mucosa-associated microbiome in the large
intestine.**"* Microbiome studies using stool sam-
ples show, that phyla such as Bacteroidetes,
Firmicutes, Proteobacteria, and Actinomycetota
dominate, while in biopsies of the mucosa,
Firmicutes, Bacteroidetes, Fusobacteria and
Proteobacteria are overrepresented. In the phylum
of Firmicutes, Faecalibacterium, Lachnospiraceae,
and Roseburia are the most abundant genera in
stool samples, while Ruminococcus and Blautia are
most present in mucosal biopsies.**°

In addition to the differences in the gut micro-
biome mentioned above, there are large
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interindividual variations as well as intraindivi-
dual changes throughout life. Variations between
the microbiome of individuals depend on circum-
stances at birth (intrapartum antibiotics, mode of
delivery: cesarean/vaginal delivery, breastfeed-
ing), environment (e.g., animal contact, siblings),
geographical origin, diet, BMI (body-mass-index),
gender, and any diseases and medication use (e.g.,
antibiotics).”’* Azad et al.>> demonstrated that
the microbiome of infants born to mothers who
received  antibiotic = prophylaxis  (against
B streptococci or due to cesarean section) during
delivery differed from the microbiome of infants
without intrapartum antibiotic prophylaxis for
months after birth. Thus, a loss of richness of the
commensal microbiota was observed in infants at
three months of age. Among others, there was
a depletion of Bacteroidetes and an increased
abundance of Firmicutes (genera Clostridium
and Enterococcus). In children who were not
breastfed, some of the changes in the microbiome
persisted. Furthermore, in children who received
breast milk, lower abundance of bacteria was
observed even after three months. Similarly, an
enrichment of Bifidobacteria and a lower abun-
dance of Bacteroidetes and Clostridiales were
observed compared to non-breastfed children.
A higher diversity of the microbiota was reported
at one year of age in children who were breastfed
at very early life stages. However, this phenom-
enon was also dependent on the duration and
exclusivity of breastfeeding and was independent
of the mode of delivery. Ringel-Kulka et al.”®
showed that the microbiome of young children is
not yet fully equivalent to that of adults. Children
still have a gap in the microbiome, the so-called
window-of-opportunity. This provides an oppor-
tunity for external influences to shape the still
immature microbiome of children, helping to pro-
mote health and interrupt the potential develop-
ment of disease. The study also showed that, on
the one hand, there are phyla that become estab-
lished as early as 4years of age, such as
Clostridium cluster XIVa (including Roseburia
intestinalis, = Ruminococcus ~ obeum  and
Eubacterium rectale). On the other hand, there
are phyla such as Bacteroidetes, Bifidobacteria,
and  Clostridium  cluster IV (including
F. prausnitzii) whose numbers change only
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gradually with age. Moreover, a significantly
higher number of Bifidobacteria (3.7-fold) was
found in children. In fact, among the
Actinomycetota, the genus Bifidobacteria was the
group most likely to show a separation between
the microbiome of children and adults. Claesson
et al.”” compared the microbiome of younger (13,
40, 44-46 years) and older adults (65 years and
older). The core microbiome of older adults dif-
fered from that of young adults: e.g., older adults
had a greater proportion of Bacteroides spp.,
a lower proportion of Firmicutes, and different
abundances of various Clostridia groups. This
study also examined the extent to which the
microbiome changes in both health and disease,
and found that Proteobacteria, Actinomycetota,
and Faecalibacterium in particular are subject to
strong influence.

Biagi et al.”® studied how the microbiome of
centenarians (99-104) and semi-supercentenarians
(105+) differs from that of young adults (average
age 30.5years) and showed that there is a core
microbiome  consisting of the families
Ruminococcaceae, Lachnospiraceae (both belonging
to the phylum Firmicutes) and Bacteroidaceae (phy-
lum Bacteroidetes), but with an age-related decrease
in cumulative abundance. Aging is also character-
ized by increasing abundance of subdominant spe-
cies (Eggerthella, Akkermansia, Anaerotruncus,
Synergistaceae, Bilophila, and Christensenellaceae).
Among semi-supercentenarians, opportunistic and
allochthonous bacteria have been identified that
may support maintenance of health during aging.
These include Akkermansia, Bifidobacterium, and
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Christensenellaceae, for example. In a previous
study by Drago et al,” a quantitative decrease in
Enterobacteriaceae  (phylum  Proteobacteria),
Bifidobacteria (phylum Actinomycetota), and
Bacteroides (phylum Bacteroidetes) and an increase
in Clostridia sensu stricto was observed. The num-
bers of Lactobacillus and Bifidobacterium were simi-
lar in the centenarians and young adults in the
study, but the composition of the Lactobacillus sub-
population was different.

Physiological function of the gut microbiome

To understand how the microbiome may affect the
development of CD and how the inflammatory
response in CD in turn affects the microbiome, one
must consider the physiological roles of the micro-
biome. The central roles of the gut microbiome are
digestion, immune defense, and immune system
development.”’ In addition, the gut microbiome is
involved in the synthesis of important vitamins such
as vitamin K and the vitamin B complex (Vit. B1, B2,
B6, B12), thus contributing to the synthesis of coagu-
lation factors II, VII, IX, X, hematopoiesis, energy
metabolism, amino acid metabolism, and neuro-
transmitter synthesis.61 (Figure 1)

Infants whose gut microbiome is shaped by
human milk produce metabolites for the synthesis
of peripheral regulatory T cells. In addition, bacteria
induce IgA™ -B cell production via activation of
germinal centers. Bacterial molecules also provide
for the formation of mucosa-associated lymphoid
tissue (MALT) in the intestine, termed gut-
associated lymphoid tissue (GALT), via Toll-like
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Figure 1. Physiological function of the intestinal microbiome: The gut microbiota support digestion, synthesis of important substances
such as SCFAs and vitamins, immune development, and defenses.



receptors (TLRs), thus contributing to the shaping of
Th cell-mediated immunity of the gut. This pro-
motes the activation and expansion of naive T cells
into Thl and/or Th17 effector cells that enter the
systemic circulation and support the destruction of
invading pathogens in the gut.*>®> Plant food com-
ponents (starch, cell wall polysaccharides) as well as
proteins are fermented in the intestine by bacteria
(e.g., F. prausnitzii), and the resulting SCFAs have
effects on host metabolism and immunity. Thus,
butyrate serves as an energy source for colonocytes,
maintains epithelial integrity in the gut, supports
Treg differentiation, and has anti-inflammatory
properties.”®!

The microbiome in CD
Microbial changes in adults and children

The fact that the microbiome of CD patients differs
from that of healthy individuals has long been
known and is summarized again here.

Right at the outset, it should be noted that new-
borns of mothers with IBD show reduced
bacterial diversity and altered bacterial composition
of the microbiome. For example, stool samples
from these infants showed an enrichment of
Gammaproteobacteria and a depletion of
Bifidobacteria.** In addition, fecal calprotectin mea-
surements have shown elevated levels in infants of
mothers with IBD, indicating subclinical inflamma-
tion in early life, the long-term consequences of
which are uncertain.””> Gevers et al.°® and Kansal
et al.”” have already shown a correlation between
CD and an increasing abundance of Pasteurellaceae
(Haemophilus spp.), Neisseriaceae, Enterobacteriaceae
(all three belong to the phylum Proteobacteria),
Veillonellaceae ~ (phylum  Firmicutes)  and
Fusobacteriaceae (phylum Fusobacteriota), with
a simultaneous decrease of Bacteroides (phylum
Bacteroidetes) and  Clostridiales  (phylum:
Firmicutes) in mucosal biopsies of the ileum and
the colon/rectum of children. Another study by
Gevers et al.®® on the abundance of several genera
such as Faecalibacterium, Roseburia, Blautia,
Ruminococcus, Coprococcus (all phylum Firmicutes)
and a number of taxa within the families
Ruminococcaceae and Lachnospiraceae also showed
a decrease in abundance. Interestingly, some of these
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taxa were present in greater abundance in patients
younger than 10 years than in older children, indicat-
ing an inverse relationship with age, including
Pasteurellaceae and Neisseriaceae. In the stool sam-
ples also studied by Gevers et al.,”® such a change was
detected only to a small extent. In contrast, Lewis
et al.*? found in a study with stool samples from
children on the one hand a reduced abundance of
Prevotella, Odoribacter, Alistipes, Parabacteroides
(all four phylum Bacteroidetes), Eubacterium,
Roseburia, Coprococcus, Dorea, Ruminococcus
(families of Lachnospiraceae, Ruminococcaceae,
Eubacteriaceae,  all ~ phylum  Firmicutes),
Akkermansia (phylum Verrucomicrobiota) and, on
the other hand, an increased abundance of
Escherichia, Klebsiella (family Enterobacteriaceae,
phylum  Proteobacteria),  Enterococcus  and
Veillonella (both phylum Firmicutes).

Takahashi et al.°® investigated stool samples
from adults with CD and found significantly
reduced amounts of Bacteroides, Eubacterium,
Faecalibacterium and Ruminococcus and signif-
icantly increased amounts of Actinomyces and
Bifidobacterium. At the species level, Blautia
faecis, Roseburia inulinivorans, Ruminococcus
torques, Clostridium lavalense, Bacteroides uni-
formis and F. prausnitzii were significantly
reduced (Figure 2).

One special bacterium is F. prausnitzii (phy-
lum Firmicutes), as it may play an important
role in the manifestation of CD due to its anti-
inflammatory properties and by providing
energy for epithelial cells.”””® Based on biop-
sies of the colon, F. prausnitzii appears to be
present in significantly higher quantities in the
early stages of the disease in children, although
its quantity is significantly reduced in adult
Crohn’s patients who have had the disease for
some time.

Kansal et al.”” reported similar findings: Patients
were biopsied and divided into four groups accord-
ing to disease stage: Crohn’s disease First Diagnosis
(CDEFD), Remission (CDRM), Relapse (CDRL) and
a healthy control group (control samples without
CD). F. prausnitzii was found to be present in
almost 95% of all patients with an initial diagnosis
of CD (CDFD) and in almost 99% of the healthy
control group, with very similar mean frequencies.
This contrasts with the lower prevalence of

1.67
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Phylum Class Family

. Enterobacteriacea

) Gammaproteobacteria
Proteobacteria L
Neisseriaceae

Betaproteobacteria Pasteurellaceae
Bacill Enterococcaceae
acilli
Streprococcaceae

Firmicutes i
Veillonellaceae

Incertae sedis
Actinomycetaceae
Bifidobacteriaceae

Negativicutes

Clostridia
Actinomycetota Actinomycetia
Propionibacteriaceae
Fusobacteriaceae

Fusobacteriota Fusobacteria

Oscillospiraceae

Lachnospiraceae

Firmicutes Clostridia

Ruminococcaceae
Eubacteriaceae
Akkermansiaceae
Prevotellaceae
Odoribacteriaceae
Rikenellaceae
Tannerellaceae
Bacteroidaceae

Verrucomicrobiota  Verrucomicrobiae

decreased abundance ‘ ‘ increased abundance

Bacteroidetes Bacteroidia

Genus Species References
Escherichia Escherichia coli Lewis et al. (2015)32
Klebsiella Klebsiella pneumoniae Gevers et al. (2016)6

- Kansal et al. (2019)¢7
Haemophilus Haemophilus parainfluenzae Takahashi et al. (2016)¢8
Enterococcus Cococcioni et al. (2021)7
Streptococcus
Veillonella
Epulopiscium
Actinomyces
Bifidobacteria
Cutibacteria
Fusobacterium

Propionibacterium acnes

Faecalibacterium Faecalibacterium prausnitzii Hansen et al. (2012)3°
Roseburia Lewis et al. (2015)32
Blautia Gevers et al. (2016)¢¢
Coprococcus Kansal et al. (2019)67
Dorea Takahashi et al. (2016)s8

. Cococcioni et al. (2021)27
Ruminococcus

Eubacterium
Akkermansia
Prevotella
Odoribacter
Alistipes
Parabacteroides
Bacteroides

Figure 2. Microbiological changes in CD: Relative changes in abundance of taxa in CD patients compared to non-IBD subjects.

F. prausnitzii in the CDRM and CDRL groups as
part of the manifesting dysbiosis of the
microbiome.

It is possible that F. prausnitzii protects against
progression of CD early, but its protective effect
diminishes over time as the species decreases in
numbers.>® Caparrés et al.”' also concluded that
the gut microbiome of CD patients is more
unstable over time during the acute phase of the
disease. The loss of beneficial microorganisms
(such as F. prausnitzii) seems to play a crucial
role in the pathogenesis of CD.”*”>

The type of sample material does not seem to
play as much a significant role with regard to the
altered composition of the microbiome in children.

The influence of genetics on the inflammatory
response and mucosal barrier function in CD

In addition to environmental factors, numerous genes
have been shown to influence the development of CD.
A total of 140 susceptibility loci are known.” NOD2
and ATGI16L1 mutations on chromosomes 16 and 2
are the best-known genes associated with an increased
risk. The NOD?2 gene encodes an intracellular pattern
recognition receptor (PRR) that recognizes bacterial

peptidoglycans (PAMPs = pathogen-associated mole-
cular patterns and MAMPs = microbe-associated
molecular patterns). In doing so, the PRR binds to
muramyl dipeptide (MDP), a peptidoglycan found in
the cell wall of bacteria. This leads to the activation of
proinflammatory signaling pathways, such as NF-«B,
resulting in the production of inflammatory cytokines
and the release of antimicrobial peptides (e.g., defen-
sins) (Figure 3A).

In contrast, the NOD2 mutation results in defi-
cient activation of the NF-kB pathway by PAMPs,
leading to insufficient activation of macrophages,
Paneth cells, and dendritic cells and release of
defensins, which in turn results in insufficient
killing of pathogenic microbes. The consequences
include an inflammatory response in the gut trig-
gered by these bacteria,”*”” a breakdown of bar-
rier function with invasion and spread of the
dysbiotic microbiome, and impaired autophagy
with inadequate killing of intracellular bacteria”
(Figure 3B).

It has not yet been clarified whether the
impaired barrier function of the intestinal mucosa
promotes the development of the disease or is
a consequence of the disease. However, it can be
deduced from the studies to date that the loss of an
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Figure 3. Schematic illustration of the interaction between the host microbiome, the intestinal barrier, and pathological agents under
healthy conditions and in active CD. Anti-inflammatory cytokines (IL-10, TGF-p) are released via activation of regulatory T cells (Tregs),
so that no activation of CD4+ T cells occurs. This mediates tolerance to symbiotic microorganisms. After pathogen invasion of the
intestine, CD4+ T cells are activated by dendritic cells, and then B cells are activated by Th2 cells, which differentiate into antibody-
producing plasma cells. In addition to activation of the acquired immune system, defense processes of the innate immune system also
take place, e.g., by defensins. (A) dysbiosis promoted by genetic predisposition and/or environmental factors leads to an excessive
proinflammatory immune response and increased permeability of the intestinal barrier. Differentiation into Th1, Th2 and Th17 cells
occurs via activation of CD4+ T cells. The Th1 cell activates macrophages via cytokines, which produce reactive oxygen species (ROS) in
addition to their phagocytotic function. Macrophages also maintain the Th1 response with the help of cytokines. The Th2 cells activate
B cells to differentiate into antibody-producing plasma cells. The Th17 cell dominates alongside the Th1 cell in CD and promotes the
inflammatory process and destruction of the mucosal barrier in the intestine via cytokines. Due to the genetic changes, there is
insufficient defensin production, so that the innate immune defense is significantly impaired in its function. The ongoing inflammation

promotes the aggravation of dysbiosis as part of an endless spiral (B).

intact barrier perpetuates the inflammatory
response associated with CD.

The ATGI6LI gene encodes an autophagy related
16-like 1 protein, which is characterized as a subunit
of the autophagy-related ATGI12-ATG5/ATG16
complex and is essential for LC3 lipidation and
autophagosome formation to defend against invading
pathogens. According to recent studies, the ATG16L1
protein mediates enhanced cytokine release due to
increased NF-kB activation.”” In this context, the
ATGI16L1 mutation also leads to deficient intracellu-
lar killing of pathogenic bacteria, thereby promoting
the inflammatory response.”®

The role of the acquired immune system

In addition to the innate immune system, the
acquired immune system also plays an important

role, as it contributes significantly to the destruc-
tion of the intestinal mucosa. In CD, the Th17 and
Th1 cells dominate, which take up antigens from
pathogenic microbes showed to them by antigen-
presenting cells (APC). Thl cells secrete inter-
feron gamma (INF-y) and activate intestinal
macrophages via the JAK-STAT pathway to pro-
duce bactericidal substances such as reactive oxy-
gen species (ROS), which can also damage the
mucosa. Th17 cells produce cytokines such as
IL-17, IL-21, IL-22, etc., which contribute to the
inflammatory response and mucosal damage’®
(Figure 3B). As the barrier function of the epithe-
lium is disrupted, bacteria from the intestinal
lumen may invade the epithelial cells and autoan-
tibodies (including perinuclear antineutrophil
cytoplasmic antibodies [pANCA]) may be formed
as a result of cross-reaction with bacterial antigens
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in the intestine (in 10-15% of CD cases).®°
Similarly, formation of antimicrobial antibodies
may occur, and the formation of autoantibodies
against specific endogenous structures (e.g.,

intestinal goblet cells, tropomyosin) has also
been described.®’

Therapeutic options

There are several therapeutic approaches aimed at
either converting the dysbiotic microbiome to
a non-dysbiotic microbiome through enteral nutri-
tion therapy or fecal microbiota transplantation
(FMT), or suppressing the proinflammatory
immune response with antibodies, glucocorticoids
or other immunosuppressants.82’83

Furthermore, a distinction must be made
between the treatment of an acute flare and long-
term therapy with the goal of remission. Treatment
of the flare depends on the severity and extent of
inflammation. Basic measure is enteral nutrition
therapy, consisting of fully absorbable, low-fiber
liquid nutrition, typically from a polymer
formula.** Systemically administered glucocorti-
coids (e.g., prednisone) are used as therapeutic
agents for severe acute activity, whereas topically
applied glucocorticoids (e.g., budesonide per os)
are used for mild inflammatory activity. Due to
the high side effect profile, they are not used for
remission maintenance therapy. In children and
adolescents, its use can be associated with severe
growth retardation, loss of bone mineral density
and delayed pubertal development. Currently,
immunosuppressants such as azathioprine, 6-mer-
captopurine, and methotrexate as well as anti-TNF
-a antibodies and other monoclonal antibodies
such as ustekinumab are used for remission main-
tenance therapy, partial enteral nutrition (PEN)
may play a role.*”

Azathioprine is a purine analogue that is meta-
bolized in the body to 6-mercaptopurine and
methylnitroimidazole. Azathioprine and its active
metabolite 6-mercaptopurine inhibit lymphocyte
differentiation and have an antiproliferative effect
on CD8+ T lymphocytes, natural killer cells, and
B lymphocytes. In addition, the secretion of TNF-a
is reduced.®

Methotrexate (MTX), as a folic acid antagonist,
competitively and reversibly inhibits the enzyme

dihydrofolate reductase (DHFR). This interferes
with the formation of purines and thymidines,
which are required for the de novo synthesis of
DNA and RNA. It also inhibits other enzymes
such as thymidilate synthase, which catalyzes meta-
bolic steps of pyrimidine synthesis. Ultimately,
MTX thus leads to an inhibition of cell
proliferation.®”*®

Clinically, antibiotics are often used to prevent or
treat complications (abscesses, fistulas, stenosis,
perianal disease) and treat potential infections (e.g.,
C.diff.) in pediatric IBD patients with heterogenous
effects on disease activity and considerable side-
effects in some cases. Antibiotics use is also asso-
ciated with increased risk of new-onset IBD.**!

Enteral nutrition

There are three models of enteral nutrition therapy:
exclusive enteral nutrition (EEN), partial enteral
nutrition (PEN), and forms that imitate EENs
effect with natural food, like CDED.

In EEN, the patient receives liquid enteral nutri-
tion (polymer or elemental) for approximately
eight weeks, either orally or through a feeding
tube.”>”* In contrast to EEN, PEN is used for
remission maintenance and therefore aimed to
supplement natural food stuff for several years.
With PEN and EEN, the patient receives nutri-
tional compounds that have been shown to have
a positive effect on disease symptomatology and
the gut microbiome®*®? (Table 1). EEN, in contrast
to PEN, means that the patient meets more than
100% of estimated caloric needs with liquid enteral
nutrition, whereas with PEN it is 35-50% and the
remaining portion is met by the normal diet.
Recently however, PEN alone or in combination
with CDED in children and adults was investigated
for remission induction.*>”*'°%'! This stresses the
notion, that one of the key mechanisms of EEN is
withdrawal of food groups that may promote the
pathological proinflammatory cycle. CDED is
a diet that can be coupled with PEN, which
excludes dietary components suspected of nega-
tively affecting the microbiome (dysbiosis) or
immune mechanisms in the gut.*’

In the microbiome of children, Lewis et al.*>
found that a change in the abundance of six genera
was detectable as early as one week after the start of
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Table 1. Changes in the gut microbiome during different types of therapy. Exclusive enteral nutrition (EEN); Crohn’s disease exclusion
diet (CDED); partial enteral nutrition (PEN); infliximab (IFX); ustekinumab (UST).

Type of
therapy Taxa increased? Taxa decreased | References
EEN Bacteroidetes Rikenellaceae: Alistipes Proteobacteria  Pasteurellaceae: Haemophilus Lewis et al. (2015)3?
Bacteroidaceae: Bacteroides fragilis Firmicutes Streptococcaceae: Streptococcus Dunn et al. (2016)**
Bacteroidaceae: Bacteroides ovatus Veillonellaceae: Dialister, Yao Lv et al. (2023)*°
Veillonella
Firmicutes Lachnospiraceae: Dorea, Roseburia, Lachnospiraceae: Dorea, Blautia Verburgt et al. (2023)%¢
Coprococcus
Ruminococcaceae: Ruminococcus Peptostreptococcaceae:
Peptostreptococcus
Oscillospiraceae: Flavonifractor Staphylococcaceae: Gemella
Veillonellaceae: Dialister Ruminococcaceae:
Subdoligranulum
Eubacteriaceae: Eubacterium Actinomycetota Coriobacteriaceae: Gordonibacter
Streptococcaceae: Streptococcus,
Lactococcus
Verrucomicrobiota Akkermansiaceae: Akkermansia
muciniphila
CDED + PEN Firmicutes Lachnospiraceae: Roseburia Proteobacteria  Pasteurellaceae: Haemophilus Levine et al. 2019)®
Oscillospiraceae: Oscillibacter, Firmicutes Veillonellaceae: Veillonella Verburgt et al. (2023)%°
Anaerotruncus
Ruminococcaceae: Ruminococcus Lachnospiraceae: Anaerostipes
Bacteroidetes  Prevotellaceae: Prevotella
IFX Actinomycetota Bifidobacteriacea: Bifidobacterium Proteobacteria  Enterobacteriaceae: Escherichia- Zhuang et al. (2020)”
Shigella
Proteobacteria Methylobacteriaceae: Methylobacterium Enterobacteriaceae: Enterobacter Y. Wang et al. (2021)%
Sphingomonadaceae: Sphingomonas ~ Fusobacteriota  Fusobacteriaceae: Fusobacterium
Firmicutes Staphylococcaceae: Staphylococcus
Streptococcaceae: Streptococcus
Clostridiaceae: Clostridium cluster XIVb
and IV
Lachnospiraceae: Blautia, Roseburia,
Lachnospira
UsT Firmicutes Lachnospiraceae: Blautia, Roseburia Proteobacteria  Enterobacteriaceae: Escherichia- Doherty et al. (2018)*°

Clostridiaceae: Clostridium cluster XIVa
Oscillospiraceae: Faecalibacterium
Ruminococcaceae

Bacteriodetes Bacteroidaceae: Bacteroides

Shigella

EEN treatment: a decrease in Haemophilus,
Streptococcus, Dialister, Dorea, and Gordonibacter,
and an increase in Alistipes. Such a pattern was not
observed in patients treated with either PEN or
anti-TNF, with the latter approaching the healthy
controls within a week. However, complete elim-
ination of dysbiosis was not achieved with either
anti-TNF therapy or EEN. Thus, anti-TNF still
showed a significant difference compared to
healthy controls in the following taxa: Klebsiella,
Prevotella, Escherichia, Odoribacter, Enterococcus
and Fusobacterium. This fact may be due to
a sustained host inflammatory response. However,
Lewis et al.”>> generally noted a marked conver-
gence of the responders’ microbiome with that of
healthy controls and a decrease in the inflamma-
tory response. A similar change in the microbiome
of children receiving PEN was not observed, so
Lewis et al.’* assumed that the exclusion of foods
on the table was critical here. They also concluded

that dysbiosis is likely the result of the inflamma-
tory response in CD because anti-TNF therapy is
administered parenterally and thus can only indir-
ectly affect the gut microbiome. In another study
investigating the effect of EEN on the microbiome
of children, some changes were observed in those
who were in remission at the end of the study. For
example, the microbiome of these children showed
an increased abundance of Akkermansia mucini-
phila and Bacteroides (Bacteroides fragilis and
Bacteroides ovatus), but also an increase in the
families of Lachnospiraceae (e.g., Dorea) and
Ruminococcaceae. In contrast, the abundance of
Proteobacteria decreased.”* However, the effect of
EEN on the microbiome of children is not consis-
tent, and its efficacy in inducing remission in CD
can only be partially explained. In most EEN stu-
dies, diversity does not increase in all children with
clinical response, in fact it even decreases in some
of those. A potential explanation might be that
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EEN decreases both beneficial and potentially
harmful microbes (such as E. coli and Shigella),
with the loss of the latter outweighing the loss of
the former.'”*"'* When looking at the potentially
“offending agents” in western diet, especially the
“new dietary components” in ultra processed
foods, like emulsifiers, preservatives, and antibac-
terial agents, are partly contained in the polymeric
formula. Also compared to other dietary interven-
tions described below in pediatric CD, the main
effect is in restricting certain major food groups. It
is extremely difficult to obtain this data from
patients with IBD, but studies about reintroduction
of food stuff give hints that need to be followed in
further investigations in large cohorts.'*>'%°

A recent study confirmed that EEN improved
the relative expression of the phylum Firmicutes
and the genera Flavonifractor and Clostridium
V after treatment.”

It is therefore not surprising that EEN is recom-
mended as first line therapy for the treatment of
acute relapses in children. It has significantly fewer
adverse effects and long-term consequences than
the administration of systemically acting glucocor-
ticoids. Although clinical remission can also be
achieved with systemically acting CS, EEN has
been shown to be more beneficial in achieving
endoscopic/histologic remission, well suited for
a modern “treat-to-target” concept, aimed for
deep remission types.93”107’108

The study by Levine et al.* compared CDED in
combination with PEN to EEN in children with
mild to moderate CD. In both groups, a change in
the microbiome and a decrease in inflammatory
response with clinical remission was noted after
only six weeks. A decrease of Proteobacteria such
as Haemophilus spp. but also of other bacteria such
as Veillonella spp., Anaerostipes spp. or Prevotella
spp. could be observed. Likewise, an increase of
Firmicutes such as Roseburia (butyrate producer)
and Oscillibacter was noticed (Table 1). Over the
next six weeks, the groups differed as the EEN
returned first to the PEN diet and then to the free
diet: While the microbiome in the CDED+PEN
group continued to change, the microbiome in
the EEN group returned to baseline at week 12
(“rebound effect”). While inflammatory markers
(fecal calprotectin, C-reactive protein) increased
again in the EEN group after six weeks, they

continued to decrease in the CDED+PEN group.
Thus, CDED+PEN develops as an important alter-
native to EEN as potential first-line therapy in
children with mild to moderate active CD.

While EEN is a popular therapy in children, it
appears to be less successful in adults: Multiple
meta-analysis showed decreased efficacy of EEN
vs corticosteroids in adults in the past'®’, the rea-
son for this difference remains unclear. The basis of
the analysis shows uniformly high drop-out rates in
the adult population, compared to adolescents
which may contribute to the effect. One reason
could be the family situation with encouraging
parents and peers that may be less present in early
adulthood or (as we pediatric gastroenterologists
like to think) our increased care for the patient by
the multidisciplinary team, including variations in
the way (e.g., nasogastric tube) the formula is pro-
vided. Another factor is the low acceptability in
everyday life that may be more challenging in
young adult life. Some studies showed high efficacy
when these obstacles were surrounded by (nightly)
tube feeding and low threshold for counseling with
close follow-up in young adults."'®''" The low
acceptance of this form of therapy has also been
addressed in the pilot of CDED+PEN and CDED
alone in young adults with clinical remission in
68% resp. 57% after 6 weeks, sustained by 80%
over 24 weeks, 35% with endoscopic remission.'"'

Fecal microbiota transplant (FMT)

FMT is a potential additional, experimental therapy
for the treatment of CD, but so far it has only been
investigated in small studies in adults and children
with heterogeneous results. Some of these studies
show a positive effect on the development of the
microbiome after FMT and an associated decrease
in proinflammatory activity. However, these studies
generally include very few patients, which limits the
ability to draw meaningful conclusions about the
effect of FMT.””*® In the few studies with a higher
number of participants (174 subjects), positive
results were also obtained in terms of clinical
response and clinical remission, but further studies
of this type are needed.'’? Currently, FMT remains
a therapeutic option in the treatment of recurrent
Clostridioides difficile infections.'"



Patients showed a significant increase in opera-
tional taxonomic units (OTU) and Shannon diver-
sity index two weeks after FMT, indicating an
increase in species richness. These results suggest
that FMT shifts the taxonomic composition of the
patients’ gut microbiome toward that of their
respective donors. A second FMT revealed that
although OTU richness continued to increase, the
Shannon diversity index did not show further
changes. It is recommended that a second FMT
be performed in less than four months after the
tirst FMT. Patients exhibited dysbiosis
before FMT, as evidenced by low levels of
Bacteroides, Eubacterium, Faecalibacterium, and
Roseburia and higher levels of Clostridium,
Cronobacter, Fusobacterium, and Streptococcus.
Bacterial families associated with CD, such
as Fusobacteriaceae, Enterobacteriaceae, and
Veillonellaceae, showed no significant difference
in relative abundance after treatment with FMT,
but the relative abundance of Faecalibacterium
increased significantly. In addition to improving
disease status, clinical remission was achieved in
an average of 64.3% of patients in the three
studies.'"*"''® For example, Xiang et al.** demon-
strated in their study of 174 subjects that at final
follow-up, 43.7% (76/174) of patients achieved
a clinical response and 20.1% (35/174) of patients
achieved sustained clinical remission. The median
follow-up time in this study was 43 months.

However, it should be noted that an average of
38 subjects participated in these three studies, and
significantly more study participants will be needed
to make a meaningful statement in future studies.

To determine which species are transplanted dur-
ing FMT, Suskind et al.''” identified 31 species in
nine patients that were found in the patient two
weeks after FMT but not before FMT, and further-
more, all were detected in the respective donor.
However, there were many factors that could
explain the presence of these newly detected species
independent of transplantation, so further studies
are needed here. Regardless, FMT was well tolerated
by patients and showed both clinical and laboratory
improvements in the majority of patients. H. Wang
et al."'® demonstrated that FMT was generally well
tolerated, with few adverse events such as frequent
bowel movements, fever, abdominal pain, hemato-
chezia, vomiting, flatulence, and herpes zoster in the
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first month after FMT. No adverse events were
recorded in the subsequent months.

It should also be noted that as of yet, randomized
controlled trials (RCT) on this topic have been
published for adult patients only, although one
with children is currently planned.'"’

Biological therapy

Anti-TNF therapy in CD involves the use of var-
ious monoclonal antibodies such as infliximab
(IFX), adalimumab and certolizumab and biosimi-
lars. Among biologicals, TNF-a inhibitors are the
currently established therapy for the treatment of
pediatric CD."*°

In addition, there are antibodies against other
proinflammatory cytokines like ustekinumab (Anti
IL23/12) or anti-integrin antibodies such as vedo-
lizumab, which selectively block certain integrins
on the surface of activated lymphocytes and thus
prevent lymphocytes from migrating into the
tissue.'*"'*

Early initiation of infliximab therapy has already
been shown to influence the natural course of dis-
ease and significantly reduce the likelihood of
complications.'*> Recent studies have compared
the effects of early initiation of IFX therapy in
children with newly diagnosed CD with predniso-
lone or EEN (conventional treatment). As early as
ten weeks after therapy initiation, the proportion of
children in clinical and endoscopic remission was
significantly higher in the group receiving first-line
infliximab therapy than in the conventionally trea-
ted group. Clinical remission was maintained after
one year of first-line infliximab therapy without the
need for CS or additional biologicals. Although
a portion of the conventionally treated group esca-
lated with IFX, no such treatment success was sub-
sequently achieved.'”* In another study, the effects
of IFX therapy on the microbiome were investi-
gated. This showed an increase in the diversity and
abundance of short-chain fatty acid-producing
bacteria and a concomitant decrease in pathogenic
bacteria such as Fusobacterium, Enterobacter, and
Escherichia. An increase in Lachnospiraceae (e.g.,
Roseburia and Lachnospira) and Blautia was asso-
ciated with successful IFX therapy after six weeks.
At the phylum level, an increase in Bacteroidetes
was also noted. Measuring the stool microbiota
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could be useful as a biomarker for therapeutic
success: using increase in these taxa as parameter,
clinical response could be predicted at 14 and 30
weeks with 83.4% and 84.2% accuracy, respectively,
and endoscopic response at 30 weeks with 89.1%
accuracy.

Overall, dysbiosis was reduced by the IFX-
induced alteration of the microbiome, leading to
an improvement in disease progression.97

A further study examined the changes in the
microbiome and metabolic activities in children
with CD who received IFX therapy with varying
clinical outcomes (Table 1). Pediatric CD patients
have a lower relative abundance of SCFA-
producing bacteria (including Faecalibacterium,
Clostridium clusters IV and XIVb, Roseburia, and
Ruminococcus) and thus SCFAs. In addition,
alteration of bile acid balance results in decreased
relative abundance of Bifidobacterium and
Clostridium clusters IV and XIVb, which contain
genes for bile salt hydrolase (BSH). Treatment with
IFX led to an accumulation of BSH-producing
bacteria in patients. In addition, sustained response
to IFX therapy was associated with higher
numbers of Methylobacterium, Sphingomonas,
Staphylococcus, and Streptococcus. Enrichment of
SCFA- and BSH-producing bacteria can curb the
inflammatory response and restore bile acid
metabolism.”®

In addition, there are other monoclonal antibo-
dies such as ustekinumab against interleukin-12
and IL-23 or risankizumab, guselkumab, mirikizu-
mab and brazikumab against IL-23, the last three of
which have so far only been tested in clinical trials
and have not been approved as therapeutic agents
for CD yet."**

Since 2016, ustekinumab has been approved for
the treatment of moderate to severe CD in adults.
This is a human monoclonal antibody against the
common p40 subunit of IL-12 and 23. IL-23 plays
an important role in T cell activation and acts as an
expansion driver and signaling agent for Th17 cell
survival. Balzola et al."*! investigated the effect of
ustekinumab as a function of intravenous dose in
a study of adult patients with moderate-to-severe
CD who did not respond to treatment with TNF-a
inhibitors. 526 patients were selected for the study
and received either ustekinumab (1, 3 or 6 mg/kg
body weight) or placebo at baseline. The 145

patients who responded to ustekinumab received
a subcutaneous injection of ustekinumab (90 mg)
or placebo after six weeks. The proportion of
patients who met the primary endpoint at six
weeks was 36.6%, 34.1%, and 39.7% for 1, 3, and
6 mg of ustekinumab per kilogram, respectively,
compared with 23.5% for placebo. Ustekinumab
therapy resulted in higher rates of clinical remis-
sion (41.7% vs. 27.4%) and response (69.4% vs.
42.5%) at 22weeks compared with placebo.
Patients with resistance to TNF-a inhibitors thus
responded very well to treatment with
ustekinumab.

Sandborn et al. “” conducted a five-year study to
evaluate the long-term efficacy, safety, and immu-
nogenicity of subcutaneous ustekinumab mainte-
nance therapy in patients with CD in the IM-
UNITT trial and long-term extension (LTE). At
week 252, 34.4% of patients who received an injec-
tion every eight weeks and 28.7% of patients who
received an injection every 12 weeks were in clin-
ical remission. The remission rate was even higher
(44%) in patients not treated with TNF-a
inhibitors.

Doherty et al.”’ examined the relationship
between the microbiome and response to therapy
in patients treated with ustekinumab (UST) in the
phase 2 CERTIFI trial (Table 1). Overall, micro-
biome diversity increased significantly in those
who responded to therapy throughout the 22-
week period. On the one hand, there were opera-
tional taxonomic units (OTUs) that were ubiqui-
tous among subjects throughout the period, such as
Faecalibacterium, Escherichia, or Shigella. The lat-
ter two have been shown to be associated with CD
and promote the local inflammatory response. On
the other hand, patients who were in remission six
weeks after treatment could be distinguished from
those with active disease based on OTUs such as
Blautia, Clostridium XIVa, Ruminococcaceae,
Roseburia, Bacteroides, and Faecalibacterium. All
these bacteria were present in higher median rela-
tive abundance in patients in remission than in
patients with active disease. A decrease in fre-
quency was observed for Escherichia/Shigella. The
median diversity of the gut microbiome was also
1.7 times higher in these patients six weeks after
treatment than in treated patients with active dis-
ease. It is worth noting that the microbiome at
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baseline showed differences between patients and
may be considered as a possible prognostic factor:
Two OTUs associated with Faecalibacterium and
Bacteroides were significantly more common at
baseline in patients in remission six weeks after
treatment than in patients with active CD.
Faecalibacterium was detectable at baseline in all
patients in remission six weeks after UST therapy.
This supports the theory established in other stu-
dies that Faecalibacterium has an impact on disease
pathogenesis through its anti-inflammatory
properties.”

Risankizumab  has been approved as
a monoclonal antibody against the common p19
subunit of IL-23 as an induction therapy for CD in
adults since November 2022. Risankizumab was
evaluated for safety and efficacy prior to approval
in studies by D’Haens et al.'*® and Ferrante et al.,'*’
the results are presented here:

ADVANCE (A) (n=931 patients) and
MOTIVATE (M) (n=618 patients) were rando-
mized, double-blind, placebo-controlled phase 3
trials. Patients between 16 and 80 years of age
with moderate-to-severe CD who had previously
demonstrated intolerance or inadequate response
to conventional therapy (ADVANCE) or to ther-
apy with biologics (MOTIVATE) participated.
These received either a single intravenous dose of
600 mg risankizumab (A: n=373; M: n=206) or
1200 mg risankizumab (A: n =372; M: n=205) or
placebo (A: n=373; M: n=207) at weeks 0, 4, and
8. The study covered a total period of 12 weeks. The
primary analysis population included 850 partici-
pants in ADVANCE and 569 participants in
MOTIVATE. In both the ADVANCE study and
the MOTIVATE study, the results were similar.
Thus, clinical remission rates averaged 44% with
risankizumab 600 mg (A: 152/336; M: 80/191) and
41% with risankizumab 1200 mg (A: 141/339; M:
77/191) compared to 22% (A: 43/175; M: 37/187)
with placebo. Endoscopic remission rates averaged
36% (A: 135/336; M: 55/191) with risankizumab
600 mg and 33% with risankizumab 1200 mg (A:
109/339; M: 65/191) compared with 12% (A: 21/
175; M: 21/187) with placebo. Overall, the therapy
with risankizumab showed significant efficacy and
was well tolerated by the patients as induction
therapy.'*® Remarkably, the higher dosage of
1200 mg risankizumab did not seem to increase
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the efficacy of the therapy, but rather slightly
decreased it.

In a third randomized study, FORTIFY sub-study 1,
risankizumab was tested as remission maintenance
therapy. In this study, patients received subcutaneous
administration of 180 mg or 360 mg risankizumab or
subcutaneous placebo every eight weeks. The study
covered a total period of 52 weeks. When given 360
mg risankizumab, 52% (74/141) of patients achieved
clinical remission and 47% (66/141) achieved endo-
scopic remission. In the placebo group, 41% (67/164)
of patients achieved clinical remission and 22% (36/
164) achieved endoscopic remission. 180 mg risanki-
zumab resulted in clinical remission in 55% (87/141) of
patients and endoscopic remission in 47% (74/157).
The incidence of adverse events was similar in both
groups, and the adverse events most often reported in
all treatment groups were worsening disease activity,
arthralgia, and headache.The results show that subcu-
taneously administered risankizumab is a safe and
effective treatment for remission maintenance in
patients with moderately to severely active CD. Thus,
it offers a new therapeutic option for a broad spectrum
of patients and could change the future course of the
disease.'”” Now, multi-year studies are needed to eval-
uate the long-term effects of maintaining remission
with risankizumab.

For both risankizumab and guselkumab, studies
describing the effects of these therapies on the patient
microbiome and the consequences for the disease
process are not yet available. Given the effects of
IFX and UST on the microbiome of diseased indivi-
duals, it remains to be seen whether similar results
can be expected for risankizumab, guselkumab, and
the other monoclonal antibodies.

Antibiotic therapy in CD and its effects on the
microbiome

Antibiotics are used to treat complications such as
abscesses, fistulas or PSC in CD and are usually
only an adjunct to other therapies.

Ciprofloxacin, possibly in combination with
metronidazole as an adjunct to biologic therapy,
azithromycin, and rifaximin are used in this
setting.*"'*®'*” Vancomycin and metronidazole
have been shown to be effective in the treatment
of PSC."*° The question of whether the administra-
tion of these antibiotics promotes or counteracts
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dysbiosis is controversial and cannot be answered
unequivocally at present.

The therapies used in the studies to treat
abscesses and fistulas focused on broad-spectrum
antibiotics, usually consisting of metronidazole and
ciprofloxacin for several weeks.*"'*"'** For exam-
ple, a case report examining the use of ciproflox-
acin and metronidazole showed that the intestinal
mucosa recovered in patients with a severe endo-
scopic finding, and another study recorded
a decrease in C-reactive protein.'*>'** However, it
was also observed that the symptoms reappeared
after discontinuation of the antibiotics. In children,
there are very few studies on this topic, which could
be related to the many undesirable side effects.'>
A study examining the resistance pattern and clin-
ical impact of ciprofloxacin in intra-abdominal
abscesses from 78 Crohn’s patients found that
more than two-thirds of the isolated Gram-
negative aerobes were resistant to ciprofloxacin.
Here, the high resistance patterns in the clinical
setting represent a possible reason for non-
response to therapy.'>°

Primary sclerosing cholangitis is a chronic,
inflammatory, fibrostenotic, and idiopathic liver
disease characterized by dilatation and stricture of
hepatic bile ducts leading to portal hypertension,
cirrhosis, and liver failure with high morbidity and
mortality.">”"*® Up to 76% to 90% of PSC patients
have concurrent IBD."” In a randomized double-
blind study with 35 PSC patients, the effects of
vancomycin and metronidazole were tested. For
this purpose, patients were divided into four
groups: Vancomycin 125mg or 250 mg four
times/day or metronidazole 250 mg or 500 mg
three times/day for 12 weeks. The primary end-
point was defined by a decrease in alkaline phos-
phatase at week 12, which was achieved only by
both vancomycin groups. The secondary endpoint
was defined by a decrease in bilirubin and Mayo-
PSC risk score (including variceal bleeding, age and
biochemical tests; used by clinicians to advise
patients with PSC regarding their prognosis) and
a decrease in adverse events and pruritus. Both
bilirubin levels and Mayo-PSC risk score decreased
in the low-dose metronidazole and vancomycin
groups."*>'*! Pruritus decreased significantly in
the high-dose metronidazole group. Adverse
events requiring drug discontinuation occurred in

six patients (four of whom received metronida-
zole). Both vancomycin and metronidazole were
found to be well efficacious in this study, but long-
term studies with larger numbers of patients are
needed to better assess the efficacy and safety of
both drugs."* In a triple-blind, randomized, pla-
cebo-controlled trial, oral vancomycin (125 mg,
four times daily) was tested in 29 patients with
PSC for 12 weeks. After the three months, there
was a significant decrease in PSC Mayo risk score,
alkaline phosphatase, and gamma-glutamyl trans-
ferase. Symptoms such as fatigue, pruritus, diar-
rhea, and loss of appetite also improved
significantly. Since only low-dose vancomycin was
used, no adverse side effects occurred in this study
either. However, it should also be noted here that
the number of patients participating in the study
was small, so that only limited meaningful conclu-
sions were possible."*” In a 2020 randomized con-
trolled trial, 16 children with acute severe colitis
(ASC) were tested for two weeks on a cocktail of
four antibiotics (amoxicillin, vancomycin, metro-
nidazole, doxycycline/ciprofloxacin) administered
concomitantly with intravenous CS (IVCS+AB).
The comparison group, which included 12 chil-
dren, received only intravenous CS (IVCS). The
primary end point was the PUCAI score
(Pediatric Ulcerative Colitis Activity Index)
on day 5, which was > 65 before treatment and
averaged 25+ 16.7 and 40.4 £ 20.4, respectively,
on day 5. Before treatment, some of the children
had dysbiosis of the microbiome with increased
abundance of gamma proteobacteria such as
Escherichia coli, Klebsiella pneumoniae, and
Haemophilus  parainfluenzae.  Proteobacteria
decreased in the IVCS-treated group; however,
they continued to dominate in the IVCS+AB-
treated group, and the diversity of the microbiome
did not increase in either group, but actually
decreased. Thus, in the IVCS+AB group, there
was no association between the microbiome at
baseline and clinical response five days later. One
hypothesis of the study investigators is that the so-
called “Jerusalem cocktail” led to a general decrease
in bacterial diversity and did not affect individual
species, so no relative changes were observed here.
Secondary endpoints such as remission rate and
calprotectin levels were numerically better in the
intervention group but did not reach statistical



significance in this small study.'** Although this
study only involved patients with ulcerative colitis,
the Jerusalem cocktail is already being used in IBD
situations, where previous studies have shown the
benefit of antibiotics such as vancomycin, metro-
nidazole, and ciprofloxacin.

As a non-absorbable antibiotic, rifaximin is an
alternative to systemic antibiotics. Some studies have
already tested and confirmed its efficacy in both adults
and children with IBD and it is well tolerated.'""*>'**
Moreover, in combination with immunomodulators,
it acts on the disrupted intestinal barrier at both
microbiological and immunological levels. In studies,
rifaximin was observed to increase the concentration
of Bifidobacteria and F. prausnitzii, improve barrier
function, and reduce visceral hypersensitivity,"*>'*®
A meta-analysis suggests that antibiotic therapy can
induce remission in active CD and prevent relapse in
patients with quiescent CD."*’

It has already been shown that the antibiotics
used can lead to an alteration in microbial meta-
bolism with an increase in SCFAs, and the bacterial
enzyme activities thus altered have been shown to
correlate with the clinical response of patients.
Antibiotics can also reduce bacterial invasion of
tissues, heal microabscesses, and prevent bacterial
translocation and systemic spread. In addition,
antibiotics have been shown to have direct immu-
nomodulatory properties, such as antagonizing the
effect of TNF-a on epithelial cells.'*>'*®!*

Interestingly, the use of fluoroquinolones such as
ciprofloxacin indirectly modulates the immune
response by curbing the production of proinflamma-
tory cytokines such as IL-1, IL-6, TNF-a, and IL-2,
resulting in decreased activity of T and B lymphocytes.
They also affect the expression of other cytokines and
mediators related to the immune response.'*

Lewis et al.>*> documented that EEN led to an
increase in Alistipes that was reversed by subse-
quent antibiotic therapy, raising the possibility
that antibiotics antagonize the beneficial effects
of EEN. Antibiotics are direct toxins to bacteria
and therefore may promote fungal growth,
which was also observed in this study. Thus,
there was an increase in five fungi,
including Candida, Clavispora, Cyberlindnera,
Kluyveromyces, and Saccharomyces. This now
leads to the hypothesis that antibiotics in the
context of CD may promote bacterial dysbiosis,
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thereby supporting the growth of fungi and ulti-
mately perpetuating the dysbiosis."”’

One possible explanation for the contradictory
results regarding the effect of antibiotics could be
the antibiotic used itself, but also the course of
treatment, preexisting antibiotic resistance, and
individual disease pathogenesis, which is influ-
enced by external environmental factors, genetics,
and gut microbial colonization, among other fac-
tors. All in all, it is difficult to draw firm conclu-
sions from these studies, and therefore current
guidelines rightly do not support the routine use
of antibiotics in the treatment of CD and UC.*!

The juvenile and adolescent microbiome under the
influence of therapy in CD

Kansal et al.*” examined the microbiome of 204
children using biopsies from the ileum and
colon/rectum. As described above, the authors
divided the patients into groups and found sev-
eral bacteria that differed significantly in num-
ber between CDFD and healthy controls, with
Fusobacterium, Veillonella spp., Clostridium
spp., Epulopiscium spp., Propionibacterium
acnes, and H. parainfluenzae being the most
prevalent. The CDRM group was dominated by
Pseudoflavinofractor capillosus, Lactobacillus
casei and Lactobacillus gasseri (the last two: phy-
lum Firmicutes). Pseudoflavinofractor capillosus
belongs to the healthy intestinal flora of
humans, the other two have a positive effect
on the intestinal flora and are also used in
probiotics. In the CDRL group, two bacteria
were strongly associated with relapse: Hespellia
porcina (phylum: Firmicutes) (in 56.8% of all
CDRL samples) and Eubacterium fissicatena
(phylum: Firmicutes) (in 42.0% of all CDRL
and in 45.8% of all CDRM samples). All patients
in this study received therapy that included
either oral corticosteroids or EEN for six
weeks, followed by an immunomodulator such
as azathioprine, 6-mercaptopurine or methotrex-
ate or alternatively a biological (monoclonal
antibodies). In a minority of patients, further
therapy in the form of surgery was required. It
is worth mentioning in this context that the
microbiome of the patients from the CDRM
group was not completely similar to that of the
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healthy control group. Thus, the microbiome of
patients from the CDRL group also did not
resemble the microbiome of the CDFD group
because, among other things, Fusobacterium
was not associated with the CDRL group but
with the CDFD group. Rather, the microbiome
at the time of relapse appears to be
a consequence of factors such as ongoing
inflammation and treatment, and cannot be
used to predict potential relapse. Thus, therapy
affects the microbiome both during remission
and relapse, and dysbiosis is maintained to
some degree by the drugs administered.®’”

To-treat/with what to treat

The call for precision medicine and the increas-
ing number of therapeutic interventions as
described above, paired with scarcity of large-
volume data from pediatric CD patients are not
well suited to simplify the task of shared deci-
sion of treatment for the individual patient.
The problem of accessible complex data
including microbiota and metabolomics is
increased with combination of therapies includ-
ing multimodal treatment (combination of
immunomodulators/biologics/nutrition, that
patients seem to benefit from and the risk of
long-term complications with complex immuno-
suppression. Also timing of therapeutic interven-
tion is crucial, with a (widely unknown) window
of opportunity to achieve long-term steroid free
remission. The current discussion focusses on
reaching new, more objective, but also hard to
reach targets (histological remission, transmural
healing). This requires risk stratification, better
phenotyping of patients and long-term data col-
lection from real-world observation. The studies
of the last years have led to the recommendation
of early biologics in complicated cases (predictors
of poor outcome), intensified dosing regimes of
biologics and an earlier recommendation of sur-
gery in isolated, stricturing L1 CD. It has also
broadened the spectrum of nutritional interven-
tions (e.g., CDED) with more acceptability to
patients and parents. Also, the question of care
in low to medium income countries has to be
addressed, where biologics therapy may be costly

and microbiota aimed nutrition is more accessi-
ble. The jury is still out, but they are gathering
data, to soon improve care for all affected
families.

Conclusion

The gut microbiome in inflammatory bowel dis-
eases and especially CD remains highly relevant in
western health care systems.

It is a key aspect in pathogenesis including its
direct effects and metabolic interaction with the
mucosa and associated immune response.
Therapeutic manipulation of the gut microbiome,
mainly by nutrition, immunomodulation and anti-
biotic treatment is increasingly in the focus of pre-
cision medicine approaches. It is important to keep
these effects in mind when evaluating modern treat-
ment options, that influence the microbiome
through their targets in modulating the immune
response. The treat-to-target concept has outlined
the goal of deep remission that is not easily achieved
by any known intervention alone. Currently combi-
nations of different strategies are under evaluation
in nutrition and medical treatment, stressing further
the complexity for trial design and requirement of
size and duration of observation. Understanding the
role of the mucosal barrier and its interactions with
the intestinal microbiome may enable specific med-
ical interventions that may prove pivotal to disrupt
pathogenic mechanisms in this major chronic
inflammatory disease of modern times.
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