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1. Objectives

This thesis assessed the effect of interleukin (IL)-22 on colitis and colitogenic microbio-

tas by testing the following two scientific hypotheses.

Hypothesis I: Germline knockout of //22 and in vivo neutralization of IL-22 has been
shown to aggravate T cell-mediated colitis in mice. We hypothesized that also short-term
neutralization of IL-22 exacerbates colitis. Here we use an adoptive T cell transfer colitis
model, which has not been readily used with in vivo IL-22 neutralization in the past, to test

this hypothesis.

Hypothesis II: IL-22 has been shown to directly impact the microbiota composition.
Interestingly, the protective effect of IL-22 appears to be limited to certain microbiota set-
tings. We hypothesized that IL-22 ameliorates colitis in mice by influencing a colitogenic
microbiota. To this end, we analyzed changes in microbiota composition and colitis pathol-
ogy in mice that underwent different regimens of fecal microbiota transplant (FMT),

anti-IL-22 treatment, and colitis induction.



2. Introduction

2.1. The intestinal mucosa in health

Homeostasis regarding nutrient absorption, defense against pathogens, and immune bal-
ance of the gastrointestinal tract is achieved by an interplay between at least three compo-

nents: intestinal epithelial cells, the mucosal immune system, and commensal microbi-

ota (1).*
2.1.1. Intestinal epithelial cells

The human gastrointestinal tract is an interface of mucosal tissue with microbial coloni-
zation, potential pathogens, and food antigens. The paradigm of intestinal homeostasis is to
prevent inflammation by containing microbial organisms in the lumen. The cell population
of intestinal epithelial cells (IECs; singular IEC) creates a strong barrier but allows commu-
nication and nutrient absorption. IECs are derived from intestinal stem cells residing in the
crypts, and they give rise to six different cell types: enterocytes, enteroendocrine cells, goblet
cells, microfold (M) cells, Paneth cells, and tuft cells. (2) In order to stabilize the epithelium,
all intestinal epithelial cells are connected by multiple cell-cell junctions: tight junctions,
desmosomes, and adherens junctions. The basal site of the IECs is connected to the under-
lying basal membrane by hemidesmosomes. Underneath is the lamina propria, which con-
tains blood vessels, lymphatic vessels, and mobile cells, i.e., immune cells. The last layer of
the mucosa is the lamina muscularis mucosae. Next is the loose submucosal connective tis-
sue followed by the muscularis propria. On the outside of the intestinal tube lays either an
adventitia (connective tissue of retroperitoneal organs) or a serosal layer (epithelium of in-

traperitoneal organs, such as the transverse colon).

Two key functions are taken care of by IECs to help maintain intestinal immune home-
ostasis: firstly, active segregation of microbiota and the lamina propria, secondly, commu-
nication between microbiota and immune cells. Concerning active segregation, the mainte-
nance of an effective barrier is the principal function of IECs. This is achieved by physi-
cal (anatomical structures, mucins, and continuous flow of chyme), chemical (pH), and bio-
chemical factors. Mucins are colloidal, highly glycosylated proteins produced mainly by
goblet cells. IL-22 stimulates the release of mucins. IL-22 will be broadly introduced in the
section on pathophysiology. The three main types of mucins are mucin 2 (MUC2), trefoil

factor 3, and resistin-like molecule-p. (3—5) Another central part of segregating microbiota

* To make the citation more precise, if a reference number is placed before the full stop of a sentence,
the cited literature refers to the respective sentence specifically, not to the sentences before. 7



from the lamina propria immune cells is antimicrobial peptides, which are also under the
stimulatory control of IL-22. These are produced partly by enterocytes, e.g., regenerating
islet-derived protein 3 gamma (REGIIly), and additionally by the specialized Paneth
cells (e.g., cathelicidin, a-defensin, REGIIIy). In the thick mucus layer directly on top of the
epithelium, REGIIIy creates a zone free of Gram-positive bacteria in the mucin adjacent to
the IECs (6). This “demilitarized zone” thereby is an important barrier between microbes
and human cells. Interestingly, outer mucus that is found further away from the IECs is a
biologial niche, which supports microbial growth, and some bacteria might be able to de-

grade mucins for their nutrition (7, 8).

Next, some key mechanisms regarding communication between microbiota and immune
cells, which also enhance barrier integrity, will be described. IECs control microbial growth
in the vicinity of the epithelial layer by immunoglobulin (Ig) A transcytosis. IgA, which is
generated by lamina propria plasma cells, is internalized by IECs via the polymeric Ig re-
ceptor, which after apical secretion becomes the secretory component stabilizing the IgA
dimers. IgA neutralizes microbes, acts as a decoy, and does not induce inflammation. (9) In
rodents, such as mice, which are relevant models for our experimental questions, another
way of IgA secretion exists in form of the “hepatobiliary route”. There, IgA is transported
via the portal venous system to hepatocytes, which in turn secrete it into the bile ducts. In
humans, however, this hepatobiliary route is negligible. (10) In order to react to environ-
mental or endogenous stressors and to enhance the epithelial barrier, another important
mechanism is the unfolded protein response. If environmental stressors exceed the IECs’
abilities to adapt, unfolded proteins accumulate in the endoplasmic reticulum. This triggers
an intracellular response which leads to both increased cytokine production, which targets
the lamina propria immune cells, and increased exocytosis of mucins and antimicrobial pep-
tides. This rise in exocytosis is dependent on the transcription factor X-box binding pro-
tein 1 (XBP1). (11, 12) The unfolded protein response is also essential for dendritic cell and
plasma cell function (13, 14). Next, IECs are capable of directly lysing bacteria that have
reached the IECs’ cytosol, such as Salmonella (S.) typhimurium. Such bacteria can be sensed
by nucleotide-binding oligomerization domain-containing protein 2 (NOD2) which recog-
nizes muramyl peptides found in both Gram-positive and Gram-negative bacterial cell walls.
NOD?2 binds the protein autophagy related 16 like 1 (ATG16L1), which thereby activates a

digestive autophagosome (15). NOD ligands, i.e., microbial structures, enter the IECs



autonomously and via active transport that is mediated by peptide transporters or transporters
of the solute carrier family. In addition to forming a stable yet flexible barrier, IECs send
active signals to immune cells and promote wound healing. Pattern recognition receptors,
i.e., NOD-like receptors and Toll-like receptors, signal IECs to release cytokines, such as
inflammasome-derived IL-1p, and promote wound healing. Wound healing is achieved for
example via Wnt signaling. Re-activation of this developmental pathway promotes prolifer-
ation but also imposes risks for cancer development (16). Another mechanism that promotes
wound healing is the production of reactive oxygen species by IECs (17). Lastly, IECs send
direct signals to immune cells, e.g. via juxtacrine signaling through E-cadherin (18). This
cell adhesion molecule binds to cluster of differentiation (CD)103 (integrin aE:7), which is
expressed on intraepithelial lymphocytes (IEL) and tissue-resident memory T
cells (Trm) (18). In the colon and small bowel respectively, IEC-derived CC-chemokine lig-
and (CCL)28 and CCL2S5 attract T cells and B cells to the lamina propria (19, 20). Hence,
IECs play a central role in maintaining an intact intestinal barrier and in coordinating the
wound-healing response in case of injury. This is achieved by means of active segregation

and, on the other hand, communication.

In line with their protective barrier function, IECs distinguish between commensal mi-
croorganisms and pathogens. They do so by specific pattern recognition receptor signaling
that exclusively recognizes live organisms (i.e., no harmless microbial debris) and virulence
factors of potential pathogens (e.g., bacterial flagellin) (21, 22). These pattern recognition
receptors mediate either a proinflammatory response or a more tolerogenic response, de-
pending on their localization within the cell. Downstream signaling molecules are distributed
unequally between the apical and basolateral cytosol of IECs. Basolateral encounter of mi-
crobes (e.g., potentially invasive bacteria) is transduced by more signaling molecules than
apical encounter. Thus, it results in stronger downstream signaling, resulting in a more pro-
inflammatory immune activation (22). Correspondingly, cytokine secretions by IECs are
relatively low during homeostasis. In infection, however, they increase massively, as seen
for example with pathogen-triggered CCL20 release (23). So, IECs directly recruit immune

cells in case of intestinal infection.

The immunological function of IECs consists mainly of transmitting microbial signals to
the underlying immune compartment and delivering antigens for direct immune recognition.

Enterocytes deliver these luminal antigens to immune cells by three different routes:



unspecific transcytosis, delivery of intracellular pathogens through apoptosis, and neonatal
Fc receptor-mediated transport of IgA back to the lamina propria. More specialized
mechanisms include the transport of soluble antigens by goblet cells and transcytosis via
M cells (24). M cells are located above specialized lymphoid tissue (isolated lymphoid
follicles, Peyer’s patches). Both unspecific phagocytosis and glycoprotein 2-mediated
recognition of bacterial pili deliver luminal antigens to immune cells in the absence of (or
prior to) microbial tissue invasion (25). M cells release CCL20 to attract immune cells, such
as chemokine receptor (CCR) type 6 dendritic cells, so that they immediately recognize the
transported antigen. Interestingly, M cell development itself is dependent on their interaction
with immune cells via receptor activator of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«xB) ligand (RANKL) (26). In 2019, Ladinsky et al. have described a
novel mechanism of antigen uptake by which direct commensal-IEC contact triggers
endocytosis of segmented filamentous bacteria (SFB). They termed this process microbial

adhesion-triggered endocytosis (MATE). (27)

IEC-derived cytokines include thymic stromal lymphopoietin (TSLP), transforming
growth factor-beta (TGFp), a proliferation-inducing ligand (APRIL), B cell-activating fac-
tor (BAFF) (28, 29), and IL-25 (30). These cytokines promote a proinflammatory or tolero-
genic response in nearby immune cells. For example, the release of TSLP and TGFf} primes
lamina propria dendritic cells into a tolerogenic state (28). These commensal-primed den-
dritic cells migrate into secondary lymphoid tissue (Peyer’s patches, isolated follicles, mes-
enterial lymph nodes) and prompt B cells to develop into protective IgA-producing plasma
cells (31). Also, commensal-primed dendritic cells induce gut homing in those B cells via
paracrine retinoic acid signaling (32). Finally, gut-homed plasma cells receive direct stimu-
latory signals from IECs (29). Similar communicatory circuits exist for T cells (notably,
forkhead box P3 (FOXP3) induction) (33)), innate lymphoid cells (ILCs) (34), basophils
(35), and macrophages (36). This demonstrates the central role of IECs in transmitting mi-

crobial stimulation in order to sustain an adaptable barrier control.

2.1.2. Mucosal immune system

The intestinal immune system and the gut-associated lymphoid tissue (GALT) is, based
on cell numbers, the largest immune compartment of our body. This is described below con-
cerning intraepithelial lymphocytes (IEL). It is assumed that the development of the immune

system is initiated in the gut by microbiota-immune interaction. Correspondingly, GALT
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structures develop only after birth, concomitant with colonization with gut microbiota. Ad-
ditional evidence for this hypothesis is provided by observations in germ free mice, which
lack healthy GALT and show features of a diminished systemic immune system, e.g., smaller
global lymph nodes (37). In mice, microbiota is also transferred from the mother to its off-
spring during birth, but it is additionally acquired by coprophagy within mouse colonies.
Functionally, soluble proteins lead to oral tolerance, i.e., a systemically diminished immune
response to orally taken food antigens (38). GALT is organized into four different anatomic
compartments, namely, the isolated lymphoid follicles, which are found in the lamina pro-
pria of the entire intestinal tract, Peyer’s patches, which underlie a special dome-shaped ep-
ithelial layer in the ileum, cryptopatches (only described in mice), which lie in the colonic
lamina propria, and a compartment of scattered immune cells. Within the follicles, B-2 B
cells are found, which are located within a network of stromal cells, called follicular den-
dritic cells, and antigen presenting dendritic cells. In between the follicles is the T cell-dom-
inated area. In the following, some relevant immune cells of the GALT are briefly charac-

terized.

GALT T cells express CCR9, which directs them to the lamina propria. Together with
integrin expression, this is essential for homing to and staying in the gut. These T cells are
thought to be mostly commensal-specific, i.e., they recognize microbial peptides. Their func-
tion, however, is not to create a typical adaptive immune response. No complete adaptive
response is unleashed because of several mechanisms. First, the barrier integrity of the gut
prevents full proinflammatory activation. This is based on the observation that gut T cells
do cause inflammation in the situation of pathologically high barrier permeability. (39) Sec-
ond, the co-stimulation by the previously discussed tolerogenic dendritic cells primes T cells
for a less aggressive phenotype. Third, transfer studies have demonstrated that IL-10 pro-
ducing T cells balance out proinflammatory T cell cytokines (38, 39). In the colon, these
immunomodulatory cells are mostly FOXP3* regulatory T cells (Treg), while FOXP3- cells,
such as type 1 regulatory T cells (Tr1), secrete IL-10 in the small intestine. Based on their
location, GALT T cells are subdivided into lamina propria T cells (found scattered and or-

ganized in between follicles) and IEL.

Lamina propria T cells include CD4" effector T helper cells: type 1 (Tul), type 2 (Tu2),
type 17 (Tul7). Interestingly, IL-22 can be produced by Tul7 cells and by an IL-17A nega-

tive T cell subset, also referred to as Tu22 cells. Other T helper cells include follicular helper

11



cells (Tru) and Tieg (40). The integrin 04:B7 (a4 = CD49b), which is essential for homing to
the lamina propria, and CD45RO, which indicates prior antigen contact, are well expressed
on lamina propria T cells (41). Specific functions of the different T helper cell lineages can
be related to distinct aspects of barrier integrity. Tu2-derived cytokines, notably IL-13, stim-
ulate goblet cells to produce mucins. Tul7-derived cytokines, notably IL-22, stimulate Pan-

eth cells to produce antimicrobial peptides and stimulate the production of mucins.

In addition to T helper cells, there are closely related cells such as ILC2 and ILC3 that
release the same cytokines as their corresponding T cells (i.e., ILC2 typically release the
same cytokines as Tu2; ILC3 typically release the same cytokines as Tu17). ILC3 are largely
dependent on the aryl hydrocarbon receptor, which senses food-derived ligands, notably
from cruciferous vegetables. A subset of ILC3 express receptors which are typical for NK
cells, and these are termed NCR". (42) Flexible regulatory circuits control ILC3 activity,
making ILC3s the main producers of barrier enhancing IL-22 in response to environmental
stressors (43). Furthermore, ILC3 aid lymphoid tissue development (34). An additional sub-
set of lamina propria cells include natural killer T (NKT) cells and mucosal associated in-
variant T (MAIT) cells, whose functions are the recognition of alternative antigens derived
from the microbiota. NKT cells are activated by lipid antigens via CD1d, while MAIT cells
recognize byproducts of bacterial riboflavin (vitamin B2) and folic acid biosynthesis (vita-
min BY) (44, 45). Lastly, lymphoid tissue inducer (LTi) cells (found for example in cryp-
topatches) are mediators of postnatal development of secondary lymphoid structures such as
Peyer’s patches (46). Hence, lamina propria T cells are a heterogenous and highly flexible
group of CD4" T cells which are crucial for homeostasis and reaction to environmental in-

fluences.

In contrast to lamina propria T cells, IEL are dominantly CD8" effector T cells (80% of
T cells in the epithelium). Ten percent of IEL are not T cells; however, these are often dis-
regarded in the literature when referring to IEL. IEL are a substantial part of the immune
system, there is one IEL for every ten enterocytes. Mathematical estimates for the total count
of murine enterocytes are roughly 8 x 108, resulting in an estimated IEL count of
0.72 x 103 (T cells only) (47). Compared to the average T cell number in the murine
spleen (up to 0.25 x 10%) (48), IEL are approximately three times more abundant than splenic
T cells. This indicates how relevant IEL are for mucosal immunity. Therefore, when speak-

ing of T cells in the intestine, one should always consider both lamina propria cells and IEL.
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IEL usually express aE:B7 (aE = CD103), which binds E-cadherin as discussed above. Dif-
ferent IEL subsets are recognized. While T cell receptor (TCR) IEL are very similar to ILC3,
TCR* can be further divided into two categories (49). The first subset, termed inducible, are
essentially usual CD8" cytotoxic T cells seen in the expression of the typical CD8af dimer (a
costimulatory signal transducer molecule). The other subset, termed natural, expresses
CD8ao. CD8aa is required for development and maintenance of these cells by binding thy-
mus leukemia antigen on IECs. (50) The second factor required for natural IEL development
is IL-15, which is induced by the microbiota and presented on IECs. The two main functions
of IEL are intensive cytokine production, even in steady state, and killing of any abnor-
mal (infected or pre-malignant) IECs. Just as lamina propria cells are kept tolerant by IL-10
production, IEL also demand immunomodulatory balancing. One interesting mechanism for
this is CD8aa signaling. While CD8af acts as a stimulatory signal, CD8aa acts rather as an
inhibitory receptor, presumably preventing natural IEL from unleashing their full proinflam-

matory potential when stimulated by their environmental antigens. (51, 52)

Plasma cells, terminally differentiated B cells, reside in the lamina propria and produce
three to four gram of IgA daily. The plasma cell response is classically induced by the mi-
crobiota, and secreted IgA is mostly commensal-specific. For example, 75% of commensals
are coated by IgA. Secretory IgA is important for barrier control and segregation of micro-
organisms and human cells without causing inflammation (little potential for complement
activation or opsonization). However, patients with selective IgA deficiency usually do not
experience any symptoms. This is typically explained by compensatory secretion of IgM,
which — however — is capable of complement activation. (53) Thus, the function of IgA re-
mains partly elusive. In mice IgA is also produced by innate B-1 cells at the peritoneal site
of the liver. Murine B-1 cells can carry out a T cell independent class switch to IgA™ plasma

cells. (54)

GALT Macrophages can have tissue resident properties. They are characterized as
CDl1l1c¢" (integrin aX), CD64", and CD103". Unlike in a situation of classical inflammation,
they do not tend to act as antigen presenting cells. But C-X-C chemokine receptor
type (CXCR)1" macrophages pass on antigen to dendritic cells that present it to T cells as
discussed above. Their two main functions comprise scavenging microbial, food-derived, or

cellular debris and producing immunomodulatory cytokines, mainly IL-10. (55, 56)
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Dendritic cells can migrate and transport antigen from the lamina propria to follicles,
Peyer’s patches, and mesenteric lymph nodes. They are subdivided into CD11b* (preferen-
tially inducing Tu17) and CD11b" (preferentially inducing Tul). Dendritic cells must be ex-
posed to certain cytokines to become tolerogenic (IEC-derived cytokines; stromal-derived
prostaglandin E2 and IL-10 from macrophages and CD4" cells). These tolerogenic dendritic
cells lack full costimulatory potential. Thus, relatively unaggressive T cells are created under

steady state conditions.

Taken together, for intestinal homeostasis the intestinal immune cells have the same pur-
pose as the IECs. They aim at discriminating between microbiota and potential pathogens.
They achieve this by strengthening the intestinal barrier while remaining flexible towards

environmental and microbial influences.

2.1.3. Microbiota

First, the structure of the microbiota will be outlined. The human body is physiologi-
cally colonized by large numbers of microbial organisms, termed microbiota, and they out-
number human cells by up to factor ten (57). The microbiota, defined as all commensal mi-
croorganisms, live in a symbiotic relationship with the host, i.e., it contributes to human
health, physiologic development, and function. The gut, especially the distal small intestine
and the colon, is intensively colonized. In this thesis, we use the term microbiota to refer to
the intestinal microbiota. Their total microbial content corresponds to approximately 10'3
cells or 150 g of total microbial mass. Microbiota composition can be analyzed with regards
to different taxonomic levels by 1) domain, 2) kingdom, 3) phylum, 4) class, 5) order,
6) family, 7) genus, and 8) species. For some bacteria, such as Escherichia (E.) coli, even
subspecies analyses are necessary to distinguish typical pathogenic from typical commensal
strains. However, nowadays, the distinct differentiation in pathogenic and commensal bac-
teria has become somewhat outdated (58). In addition to living organisms, also viruses and
bacteriophages are present. The next useful systematic level below the domains are phyla,

two of which are most relevant for the bacterial microbiota, Firmicutes and Bacteroidetes.

Firmicutes are Gram-positive bacteria, and they make up circa 50% of the average hu-
man microbiota (Figure 1). The classes of Firmicutes include Clostridia, obligate anaerobes,
and Bacilli. Clostridia are subdivided into their main families Eubacteriaceae, Lachnospi-

raceae, and Ruminococcaceae. Ruminococcaceae are further differentiated into the key

14



genera Ruminococcus and Faecalibacterium (F.) with its signature species F. prausnitzii.
Another dominant phylum, making up circa 45% of most human microbiotas, is Bacteroide-
tes. A relevant class of these Gram-negative bacteria are Bacteroidia with two relevant gen-
era: Bacteroides (B.) with the very dominant B. thetaiotaomicron (59) and Prevotella (P.),
with P. copri. Other important commensal bacteria phyla are Proteobacteria (e.g., E. coli),
Actinobacteria (notably Bifidobacterium of breastfed neonates) and Verrucomicrobia (e.g.,
Akkermansia muciniphila). These bacteria are sometimes referred to as “core microbiome”
because of their almost ubiquitous presence in human microbiota. Interestingly, the abun-
dance of the core species Bacteroides, Faecalibacterium, and Prevotella are inversely cor-
related (60). Therefore, analyzing microbiota by relative abundance of these species leads to
clustering of the microbiota into one of three enterotypes (61). This does not mean that in
the Prevotella enterotype Prevotella is the most common species. However, Prevotella is
relatively enriched compared to the other enterotypes. Correspondingly, other species seem

to display certain relative abundances, according to the enterotype.

Proteobacteria
e.g., E. coli

Bacteroidetes
e.g., B. thetaiotaomicron

Firmicutes
e.g., F. prausnitzii

Figure 1: Average adult human gut microbiota under homeostatic conditions, showing
the three main phyla and one example species each. Adapted from Dethlefsen et. al. (65).

The enterotype concept, however, has not been able to become widely accepted. One key
criticism is that depending on the parameters and segmentation of clustering, more or less
than three enterotypes could be found (62, 63). Also, metagenomic analysis provides evi-

dence that, irrespective of the microbial composition, gut microbiota displays similar
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functional pathways (64). Therefore, there is ongoing scientific debate if actual types of gut

microbial composition exist or, likewise, if they mattered.

Microbiota compositions are highly variable. Major inter-individual differences exist
both physiologically and in association with numerous diseases. Also, intra-individual dif-
ferences are notable. These reflect different forms of symbioses in different regions of the
gastrointestinal tract: Small intestinal microbiota mediates lipid absorption; for example,
Peptostreptococcaceae (class: Clostridia) can be enriched in the duodenum but is normally
absent in the distal small intestine (66). On the other hand, colonic microbiota, e.g., B. the-
taiotaomicron, degrades nondigestible polysaccharides into short-chain fatty acids (SCFA)
as discussed below. These differences in microbial functions stem from different mucosal
strategies to control microbial growth, which are suppression and separation. While in the
small intestine immune-mediated suppression (such as antimicrobial peptides) subdues mi-
crobial growth, the colonic mucosa relies on spatial separation (via a thick mucus layer)
allowing rigorous luminal growth of bacteria (58). In addition to different microbiota com-
positions along the gastrointestinal tract, there are also different ecological niches for micro-
bial growth, more luminal or closer to the intestinal wall (7). This presents a challenge when
sampling microbiota for analyses. Typically, fecal samples are collected. However, for sam-
pling upper gastrointestinal microbiota or bacteria adherent to the intestinal wall, other meth-

ods are necessary. (67)

In the following, the functions of the microbiota will be discussed. The microbiota
carries out numerous physiologic functions for the human host. Most importantly, the mi-
crobiota cleaves nutrients that are not digestible by human enzymes and makes them avail-
able to the host. Experiments in rats by Wostmann et al. showed that germ free animals had
an 18% higher energy need because of fecal loss of calories (68). The main principles by
which the microbiota provides their hosts with energy are fermentation, sulphate reduction,
and hydrolysis of polysaccharides, such as resistant starch and fiber. These come notably
from a carbohydrate diet, i.e., whole grain products, fruits, or vegetables, and are often
termed microbiota-accessible carbohydrates (69). The prototypical species for digesting di-
etary fiber is the in most microbiotas dominating B. thetaiotaomicron, which expresses nu-
merous glycoside hydrolases and is able to break down starch, mannan, and glucan (70).
Dietary fiber is broken down into 1) SCFA and 2) intermediaries. Key SCFA include acetate,

butyrate, and propionate. Acetate is produced by all anaerobes, e.g., Bacteroides,
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Faecalibacterium, Ruminococcus, Fusobacterium, and it reaches the highest systemic
plasma levels. Butyrate is produced by Firmicutes, i.e., Lachnospiraceae and Clostridia with
the main producing species F. prausnitzii. The main role of butyrate is the provision of local
energy supply for colonic enterocytes. Indeed, lack of SCFA in a surgically diverted colonic
segment, for example following Hartmann’s procedure, can lead to diversion colitis, which,
stunningly, can be successfully treated with local SCFA (71). Butyrate production is highly
dependent on dietary carbohydrates. In low-carb diet, Russell et al. observed a dispropor-
tionate decrease of butyrate levels. (72) Propionate, on the other hand, stems from both car-
bohydrate and protein breakdown (73). Approximately 13 g of peptides reach the colon
every day that can be hydrolyzed by the bacterial catalytic machinery (74). Main producer
of propionate is Bacteroides and a possible key function is energy supply for hepatic gluco-
neogenesis from portal vein propionate (75). Next to SCFA, bacterial metabolism yields
numerous intermediary substances, notably organic acids, such as lactate and succinate. Suc-
cinate acts as a substrate for gluconeogenesis in enterocytes and thereby aids systemic glu-

cose homeostasis and normal body weight development in mice (76).

Another important function of the microbiota is the synthesis of vitamins, such as vita-
min K2 (menaquinone) (77). While functionally relevant vitamin K deficiencies have only
rarely been reported from lack of dietary intake, chronically managed patients receiving
long-term antibiotic treatment are relatively susceptible to vitamin K deficiency (78). This

demonstrates the relevance of microbiota-derived menaquinones.

Another key function of the microbiota is protection against infection by pathogens. Both
direct biological mechanisms and immune-related control circuits play a role (79). Direct
biological mechanisms include secretion of bacteriocins and competition for space and nu-
trients. Some metabolites might be further used by other microbes, thereby some bacteria
facilitate growth of other commensals. For example, the metabolite lactate of Cutibacterium
can be further oxidized by Enterobacteriaceae to CO2 and Ha. These can, finally, be metab-
olized to methane by other strains. Commensals also deplete sugars that could be otherwise
utilized by pathogens. Also, commensal-derived SCFA might directly inhibit certain patho-
genic microbial growth, such as Shiga-toxin 2 producing E. coli 0157:H7, which is the cause
of hemolytic uremic syndrome (80). Conversion of bile acids to secondary bile acids by
Clostridium (C.) scindens mediates resistance to the pathogenic Clostridioides difficile (81).

Lastly, quorum sensing-mediated repression of Vibrio cholerae growth by Ruminococcus
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seems to be important for recovery from diarrhea (82). Immune-related control circuits are

discussed in the following.

Commensals, such as B. thetaiotaomicron, stimulate IECs via Toll-like receptor ligation
to produce antimicrobial peptides, e.g., LL-37, which inhibits colonization by the facultative
pathogen Candida albicans (83, 84). Moreover, immune cell development depends on the
microbiota: Lactobacillus reuteri metabolizes tryptophane (an essential amino acid and pre-
cursor of vitamin B3 (niacin) and serotonin) to aryl hydrocarbon receptor ligands, which
leads to ILC3 expansion and IL-22 expression (85). SFB, part of the family Clostridiaceae,
induce the development of ileal nonpathogenic Tu17 cells in mice (86). Contrarily, colonic
Tul7 are induced by Helicobacter (H.) hepaticus and cause colitis. Interestingly, in mice
that were not susceptible to the development of colitis these Helicobacter-induced Tul7 are
contained by induced RAR-related orphan receptor gamma (RORY)" FOXP3* Ty (87).
Also, Clostridium species can induce Treg in the colon (88). These inducing effects are largely
mediated by microbiota-derived SCFA that bind G protein-coupled receptors on IECs, no-
tably seen as Treg induction via SCFA binding to GPR43 (89). Overall, the microbiota is
essential for normal immune development as outlined by low systemic immune globulin
levels, small lymphoid organs, low mucosal immune cell count, and underdeveloped Peyer’s

patches of germ free animals (37, 90, 91).

Next, microbiota development is outlined. The microbiota is largely inherited from the
mother (92). There is a lack of studies on the initial development of the neonatal microbiota,
but it is generally assumed that vaginal and skin microbiota of the mother play the most
important role. Correspondingly, neonates delivered by cesarean section show structurally
different microbiotas (93, 94). Microbiota development underlies constant change in struc-
tural composition, beginning in infancy. Compositional changes also occur in response to
stimuli or in association with disease states throughout life. Change occurs via outgrowth of
existing bacteria by new species and via genetic alterations of the existing microbiota by
mutations and horizontal gene transfer (95, 96). Change during ageing is particularly prom-
inent: During lactation, Actinobacteria (e.g., Bifidobacterium) make lactate the most abun-
dant bacterial metabolite (as opposed to acetate in later life). During this period, Proteobac-
teria, such as E. coli, dominate, while in adulthood they comprise usually only approxi-
mately one percent of the gut microbiota. These neonatal phyla are quickly outgrown by

Firmicutes and Bacteroidetes (97). One key abiotic component is the partial pressure of
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oxygen. While some bacteria rely on a high oxygen supply, others can only survive in the
absence of oxygen (obligate anaerobic bacteria). Two factors allow for anaerobic coloniza-
tion. First, aerobic bacteria closer to the mucosa (which has a high supply of oxygenated
blood) use up all oxygen, so that luminal bacteria, such as Bacteroides spp., Clostridium,
and Eubacterium, can grow in their required anaerobic environment. Second, the partial
pressure of oxygen gradually falls towards more distal parts of the gastrointestinal tract.
These mechanisms lead to predominant (more than 95%) anaerobic bacterial species in the

colonic microbiota (98).

Factors that affect microbiota composition are plentiful. Changes in the microbiota
are driven by both host factors and the exposome. Thereby, the microbiota is viewed as a
signaling hub that integrates environmental, genetic, and immune-related influences. Thus,
numerous effects might be mediated via a change in the microbiota’s composition or func-
tion. (99) For example, mice deficient in NOD-like receptor family pyrin domain contain-
ing 6 (NLRP6) are more susceptible to colitis than wild type (wt) controls. This effect is
probably carried out by a change of the microbiota. (100) Examples for immune-related
shaping of the microbiota include altered microbiota in IL-22 deficient (//2277) mice (101)
and in situations of abnormal mucin utilization by the microbiota (102). Additionally, dis-
turbance of bile acids has been implied in the etiology of dysbiosis (103). Since bile acid
synthesis is dependent on the diet, i.e., fat intake, this displays an example of a three-step
mechanism from diet to host factors to change in microbiota. External factors also shape the
microbiota, most importantly diet and the resulting availability of microbiota-accessible car-
bohydrates (104). For example, Western pattern diet is associated with less microbiota-ac-
cessible carbohydrate and consequently lower alpha diversity (105). Another example of
diet-induced alteration of the microbiota is the observed difference in microbiota composi-
tion between breastfed and formula-fed infants (106). Furthermore, xenobiotics, most com-
monly drugs, have a high potential of influencing the microbiota; after broad-spectrum anti-
biotic treatment, the recovery time back to a similar microbiota compared to the status quo
is six months. (107, 108) Lastly, living arrangements, habits, such as smoking, and geo-
graphic area of residency (e.g., rural vs. urban) have been implied to shape microbiota de-
velopment (109, 110). Ultimately, microbiota composition is also dependent on the micro-
biota itself as seen by the inversely correlated abundances of Bacteroides, Faecalibacterium,

and Prevotella. Mechanistically, Bacteroidetes do not tolerate low pH values that are created
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by butyrate producers, i.e., Firmicutes (111). Also, concurrence for nutrients and, con-
versely, cooperation in nutrient supply (microbial cross feeding) enforce mutual dependen-

cies of commensal species (112).

Integrating the mutual effects of microbiota, environment, and the host (both in the gas-
trointestinal tract and systemically), it does not surprise that certain microbiota alterations
are associated with and even causally involved in numerous common disease states. Key
examples include insulin resistance, circadian rhythm disturbances, and inflammatory bowel
disease (IBD) (113—116). How disruption of the three components of homeostasis, microbi-

ota, IECs, and immune system, leads to IBD will be addressed in the next section.
2.2. Inflammatory bowel disease

2.2.1. Clinical features and epidemiology

IBD affects approximately half a percent of the Western world population (117). It fea-
tures recurrent flares of gastrointestinal and, in some cases, systemic inflammation. The two
typical entities of IBD are ulcerative colitis (UC) and Crohn’s disease (CD). Each of the two
forms of IBD is an idiopathic inflammation of the gastrointestinal mucosa. In CD also the
submucosal and muscular layer can be affected (termed transmural). Disease localization is
grouped into ileal, colonic, ileocolonic, and isolated upper gastrointestinal by the Montreal
classification (118). Transmural inflammation leads to the two most common local presen-
tations of severe CD. First, transmural inflammation and subsequent wound healing can nar-
row the gastrointestinal tube, which can grow into mesenterial fat (“creeping fat”). This pat-
tern of involvement is termed fibrostenotic CD. Second, transmural inflammation can lead
to perforations and thereby fistulas to other organs or to abscesses, as seen in perianal CD.
This pattern is called fistulizing. CD has four cardinal symptoms, which are abdominal pain,
diarrhea (in some cases bloody), fatigue, and weight loss (119). The symptoms result from
the underlying pathologies: Lower right quadrant pain can be a sign of terminal ileitis, which
is the typical site for CD to develop. Cramping abdominal pain can be a sign of partial bowel
obstruction that stems from strictures. Diarrhea in CD is probably inflammatory diarrhea,
however, also malabsorption (for example of bile acids) might contribute to diarrhea in the
sense of osmotically active compounds or steatorrhea. Fatigue is a systemic symptom of
inflammation; hitherto its pathophysiology remains unclear (120). Weight loss is thought to

be due to reduced oral intake in view of the mentioned symptoms. Extraintestinal symptoms
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include arthritis, uveitis or episcleritis, erythema nodosum or pyoderma gangrenosum, and
IBD-associated primary sclerosing cholangitis. Concerning their diagnosis, CD must be dis-
tinguished from ulcerative colitis to allow for optimal treatment. Main features that are in-
dicative of CD rather than UC are: small bowel involvement, rectal sparing, and skip le-
sions (UC normally is continuous and almost always involves the rectum). If no clear dis-
tinction between the two types of IBD can be made, this is termed indeterminate colitis.
Patients are managed based on risk stratification, assessment of disease activity, and treated
with glucocorticoids, antibiotics, thiopurines, and biologicals (mainly, cytokine neutralizing

antibodies). In many cases, also surgical interventions are necessary.

Ulcerative colitis has similar key symptoms, (bloody) diarrhea, which may be associated
with incontinence, and colicky abdominal pain, e.g., with tenesmus and fever (119). Local
complications are bleeding, perforation, and fulminant colitis with toxic megacolon (which
can, more rarely, also occur in CD) (121). Similar to CD, also patients diagnosed with ulcer-
ative colitis have a high risk of circa 25% to develop extraintestinal complications. UC pa-
tients also have a relevant risk for developing inflammation-associated colorectal cancer.
Therefore, a portion of patients, whose colitis cannot be controlled satisfactorily, require
prophylactic colectomy, which generally heals the disease (122). Medical management of
UC includes treatment according to risk stratification by clinical and endoscopic evalua-
tion (e.g., Mayo Clinic score) (123). Effective drugs are mesalamine, glucocorticoids, 5-
aminosalicylic acid, biologic agents (including anti-integrin therapy with vedolizumab), and

Janus kinase inhibitors.

A positive family history remains the only substantial risk factor with a relative risk of
three to 20 for first-degree relatives and 20% (UC) to 50% (CD) risk for monozygotic
twins (124, 125). Interestingly, this vast polygenetic risk component could hitherto not be
mapped sufficiently onto specific genetic variants: Extensive genome-wide association stud-
ies (GWAS) found variants which explain only a small portion of the genetic risk that is
known from twin or cohort studies. A lot of undetected variants carry genetic susceptibility,
and, of the detected loci, only some could be traced down to specific genes and specific
single-nucleotide polymorphisms (126—128). Next to disease susceptibility and risk for se-
vere disease activity, also the phenotype of disease is partially genetically predisposed. Both
location (i.e., ileal, colonic, ileocolonic, efc.) and behavior (fibrostenotic vs. fistulizing) have

a heritable component (129). IBD typically develops in younger adults, and both sexes are
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affected. There is a weak tendency for women to develop CD and for men to develop UC.
Thus, hormonal factors might play a role. The use of oral contraceptives increases the risk

for UC. (117, 130, 131)

The incidence of IBD has been increasing over the last decades. Since genetic risk factors
do not change such rapidly, this observation is being attributed to environmental and lifestyle
factors. Smoking has been shown to increase susceptibility for CD (132). In ulcerative coli-
tis, however, smoking cessation of active smokers leads to a higher risk of disease severity
and complications (133). In addition, physical inactivity has been linked to susceptibility for
CD (134). Interestingly, also geographic heterogeneity of IBD incidence points towards risk
factors: Based on the observation that in northern latitudes IBD susceptibility is higher, low
vitamin D levels have been established a risk factor (135, 136). Also, dietary factors play a
role. While high-fiber diet seems to lower the risk for CD specifically, high-fat diet implies
risk for both types of IBD (137). Furthermore, medical conditions that alter the mucosal
immune system can increase IBD risk. This has been shown for acute infectious gastroen-
teritis as an IBD trigger (1, 138). Lastly, there are numerous studies on drugs and medical or
surgical procedures as risk factors. Antibiotics might be a risk factor for CD whilst, at the
same time, being utilized for treatment of CD in some cases (139, 140). Very frequent use
of nonsteroidal anti-inflammatory drugs (>15 days per month) might increase the risk whilst
also being sometimes used as a treatment for IBD (141). Appendectomy for a non IBD cause
under the age of 20 years lowers the risk for the development of UC (142). Concerning
psychological factors, so far, no clear association has been found. However, some data sug-

gest that relapses of disease might depend on the patient’s perceived stress levels (143).

Despite UC and CD being distinct entities, the substantial overlap concerning risk fac-
tors, clinical features, pathophysiology, and efficacious treatment options justifies discussing

them unified as /BD as we will do for the rest of this manuscript.

2.2.2. Pathophysiology and relevance of cytokines

IBD pathophysiology is understood as interplay of host microbiota, immune system, ge-
netic susceptibility, and all dietary/external/environmental factors (exposome). Owing to ris-
ing incidences over the last decades, emphasis has somewhat shifted away from genetics as
key factor and towards the exposome and subsequent alterations in microbiota. Essentially,

all introduced principles of homeostasis of the intestinal mucosal and its three components
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are disrupted in IBD. Pathologic changes in IECs, immune cells, and the microbiota have
been implied in the pathogenesis. However, the causes remain elusive. So, IBD is an idio-

pathic and multifactorial disease.

Concerning the intestinal epithelium, different human susceptibility loci and animal stud-
ies have revealed mechanisms, by which disruption of normal IEC function leads to intesti-
nal inflammation. If the anatomic barrier fails, inducers of inflammation, such as microbial
structures, lead to proinflammatory activation of lamina propria cells, culminating in tissue
destruction. This is, for example, seen following disruption of barrier integrity in mice by
administering dextran sulfate sodium (DSS) (144). Similarly, in humans increased epithelial
permeability and tight junction disruption has been implied in IBD pathogenesis, which
might be precipitated by an acute gastroenteritis (145). Also, the key function of pattern
recognition receptor signaling, i.e., detection of microbial products as already explained,
plays an important role. Additionally, Paneth cell dysfunction predisposes to IBD (146). The
most relevant risk locus for IBD (in particular, CD) is NOD2. NOD2 disruption leads to
reduced synthesis of antimicrobial peptides and impaired barrier integrity. (146, 147) Linked
risk loci are ATG16L1 and XBPI. These are — as discussed — essential for autophagosome
formation around ingested microbes and IEC-derived cytokine release, respectively. Lastly,

mucin single-nucleotide polymorphisms (e.g., MUC19) have also been related to IBD risk.

Other risk loci account for the host immune system. Cytokines and their receptors have
been assigned a central role in IBD pathogenesis. Both efficacy of anti-cytokine treatments
and results from GWAS point towards cytokines as critical drivers of IBD. The physiologic
function of cytokines is induction of T cell differentiation and amplification of immune mod-

ules.

Concerning T cell differentiation, for example /L/2B and IL23R play a role. The IL-23
receptor (gene: IL23R) is expressed on T cells and is specific of p19-dependent signaling of
T cells towards Tul7 lineage commitment. /L12B encodes for p40, the common subunit of
IL-12 and IL-23. Thus, also the /L12B risk locus belongs to the Tul7 lineage development
axis. (128) The importance of this axis is also demonstrated by the integrative human micro-
biome project: IL-17 receptor signaling-related genes were the highest differentially ex-
pressed genes (DEGs) between UC and healthy ileal biopsies (148). Strikingly, blocking this
axis with neutralizing antibodies against the common IL-12/IL-13 subunit p40, e.g., with

ustekinumab (Stelara®), is an effective therapy for IBD (149, 150).
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Other cytokines are primarily involved in amplifying innate immune modules. Innate
immunity can be viewed as the effector module of inflammation. Its relevance is for example
demonstrated by the observation that genes of the complement cascade are the most signifi-
cant DEGs of rectal samples of UC patients compared to non IBD controls (148). Among
these cytokines, tumor necrosis factor alpha (TNFa or TNF) is viewed as the most important
one for IBD pathophysiology. Anti-TNF therapy, e.g., with infliximab (Remicade®), is a
very effective therapy for moderate to severe IBD. In IBD, TNF is produced in aberrantly
high amounts by multiple cell types, mostly by CD14" macrophages (but also, by dendritic
cells, T cells, and fibrocytes or adipocytes) (151). TNF is synthesized as a membrane-bound
homotrimer (26kD), which is cleaved by ADAM metallopeptidase domain 17. Both mem-
brane-bound (mTNF) and the usual soluble forms are biologically active. Some data suggest
that mTNF, in particular, is essential in IBD pathogenesis. (152—155) TNF acts by binding
its receptors tumor necrosis factor receptor 1 (TNFR1) (ubiquitously expressed) and tumor
necrosis factor receptor 2 (predominantly expressed on lymphocytes). All lamina propria
immune cells and the IEC layer are potential targets of TNF. TNFR1 is associated with three
distinct pathways, which indicate the destructive potential of TNF signaling. TNFR1 can
interact with complex I, which activates receptor-interacting serine/threonine-protein kinase
1, leading to a) NF-kB translocation and b) mitogen-activated protein kinase-catalyzed phos-
phorylation of activator protein 1. NF-kB and activator protein 1 activity lead to inflamma-
tion. Via interaction with complexes Ila and IIb, TNFR1 signaling can directly lead to apop-
tosis via death-domain-dependent caspase 8 activation. Via complex Ilc it can induce
necroptosis. One specific example of these lethal pathways is TNF-induced IEC disruption
and Paneth cell death. (156, 157)

Another key cytokine is IL-22, which is produced by T cells (mainly of those towards
the Tul7 lineage or, similarly, Tu22), ILC3, NK cells, and others (158). Target cells are
nonhematopoietic, including epithelial cells, such as IECs. At these target cells, IL-22 sig-
nals through a heterodimeric receptor, comprising the alpha 1 subunit (IL22RA1) and the
IL-10 receptor beta subunit (IL10RB), which is a common receptor chain for all cytokines
of the IL-10 superfamily (159). This signaling leads to transcription of antimicrobial pep-
tides, mucin-related proteins (MUC1, MUC3), proliferative pathways (Ras, c-Raf, mitogen-
activated protein kinases), and activation of the deoxyribonucleic acid (DNA) damage re-

sponse (43, 160). So, the main function of IL-22 in the gut is enhancing barrier protection
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via antimicrobial peptides and regeneration/renewal of damaged IECs (158). Gene knockout
leads to increased susceptibility to infections and colitis (160—-162). Indeed, also in IBD IL-
22 plays a protective role (163, 164). However, there are also unfavorable effects of IL-22,
which include increased inflammation (at skin or joints) or augmented intestinal tumor de-
velopment, which seems to be the case for unconstrained IL-22 activity (43, 165-167).
Therefore, IL-22 can be assumed to display different functions depending on the situation
and/or the surrounding circumstances, such as microbiota. In the setting of intestinal inflam-
mation and mucosal injury, IL-22 would physiologically confine inflammation and induce
wound healing. In IBD, however, this response to inflammation and injury is altered. Sam-
ples from IBD patients and murine studies revealed that the natural inhibitor of IL-22, IL-22
binding protein (IL22BP), is overproduced, such that the protective effect of IL-22 cannot
ensue (168). Strikingly, IL-22 also acts as a key mediator of the careful balance between
absorptive and barrier functions of IEC. Recently, different diet-regulated circuits of 1L-22
release have been discovered. In the presence of genotoxic stress from the diet, IL-22 can be
upregulated, strengthening the barrier and inducing apoptosis in damaged cells (43). In 2020,
Talbot et al. showed an opposite circuit: Following nutrient-rich food intake, [L-22 can be

downregulated via a neuro-immune circuit leading to enhanced lipid absorption (169).

Some human monogenetic syndromes convey an exceptionally high risk for developing
IBD at young age (very-early-onset IBD). Notable is the immune dysregulation polyendo-
crinopathy enteropathy X-linked (IPEX) syndrome. Essentially, a loss of function of FOXP3
leads to an imbalance in T cell polarization. This T cell imbalance is characterized by lack
of Treg that could outweigh proinflammatory T cell effects. This shows that systemic immune
dysregulation can result in intestinal inflammation. In this sense, colitis can be viewed as a
nonspecific symptom of immune disbalance. Correspondingly, IL-10 receptor loss-of-func-
tion mutations also lead to very-early-onset IBD. Interestingly, both principles can be uti-

lized for murine models of IBD (see section of IBD models below).

In addition to the host immune system, the host microbiota also appears to contribute
causally to pathology. Five main pieces of evidence point towards this. First, microbiota in
IBD shows distinct changes from normal. Second, microbiota reacts vigorously to environ-
mental factors (as discussed above) and could thereby integrate different risk factors.
Thirdly, murine models of colitis require presence of microbiota in that most models do not

lead to substantial inflammation in germ free mice. Fourthly, while healthy human intestinal
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surfaces are not colonized (similar to the Gram-positive “demilitarized zone”), colonic IBD
biopsies show disruption of the mucus barrier with bacterial overgrowth (170). And, most
importantly, probiotics, such as E. coli Nissle 1917, and FMT can be effective treatments
for IBD patients, particularly in UC (116, 171). The distinct changes in IBD are profound
and have diagnostic value, however, the integrative human microbiome project found that
they are far less pronounced than normal inter-individual variations. In a profound machine
learning analysis of 132 subjects, below 10% of the variation was explained by presence or
absence of IBD, whereas circa 70% of the variation was explained by the individual sub-
ject. (148) However, some trends are quite consistent for most IBD patients and underline
the principle of disrupted homeostasis: Biodiversity, i.e., alpha diversity, is reduced, while
general instability of microbiota is increased (148, 172). There is a shift between the two
main phyla, from Firmicutes (normally dominating the microbiota) to Bacteroidetes (nor-
mally making up circa 45% of the gut microbiota). Since alpha diversity can be estimated
by the F/B ratio, this structural shift from Firmicutes to Bacteroidetes reflects a lower bio-
diversity. This F to B shift can be translated to specific classes and species, which due to
lack of more profound data might seem somewhat arbitrary: Reduced Firmicutes of the Clos-
tridia class include F. prausnitzii, Phascolarctobacterium, Roseburia, and Subdoligranu-
lum. Also, some of the Bacilli are reduced: Leuconostocaceae (family level) and Odoribac-
ter (173). Most of these negatively correlate with disease intensity (174). Of all these, F.
prausnitzii seems to be the most relevant. This is because it is (as discussed above) the main
producer of butyrate, which is pre-eminent for intestinal homeostasis. Interestingly, substi-
tution of F. prausnitzii alleviates murine colitis (175). Enrichment of Bacteroidetes includes
the family Prevotellaceae. The F/B paradigm is a simplification since there also pronounced
enrichments of some Firmicutes species (i.e., Ruminococcus gnavus) and depletion of Bac-
teroidetes genera (i.e., Alistipes) are observed. Also, members of the third relevant phylum,
Proteobacteria, especially E. coli and H. hepaticus, are enriched. One example is the patho-
biont enteroadhesive E. coli (176). Also, Actinobacteria (making up below one percent) are
enriched, e.g., Rhodococcus. Lasty, several Enterobacteriaceae are enriched and also corre-
late with disease severity (174). All these changes are in summary called dysbiosis. Interest-
ingly, dysbiosis correlates with other disease markers, such as serologic titers of perinuclear
antineutrophil cytoplasmic antibodies (p-ANCA — in UC), anti-saccharomyces cerevisiae
antibodies (ASCA — in CD), anti-CBirl flagellin antibody (CBirl), and anti-E. coli Outer
membrane porin C precursor (OmpC), which usually is part of the p-ANCA group.
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Structural changes in microbiota also affect viruses. For example, enrichment of bacterio-
phages has been observed at the beginning of developing dysbiosis in the integrative human

microbiome project. (148)

In addition to structural changes in the microbiota, substantial functional alterations have
been implied in metabolomic experiments. Vitamins B3 (niacin) and B5 (pantothenate) are
reduced. At the same time, niacin metabolites are enriched, suggesting microbial decay of
vitamin B3. Intestinal bile acids are also disrupted. While primary bile acids, such as cholate
and related conjugates, are enriched, secondary (i.e., microbially modified) bile acids are
diminished. This implies that either bile acid-modifying taxa are reduced or that due to re-
duced transit time (diarrhea) secondary bile acids cannot be synthesized (148). Fatty acids
are also markedly affected by microbiota and altered in IBD-related dysbiosis. In consistency
with reduction of SCFA-producing Firmicutes, SCFA are also reduced. This implies loss of
their immunoregulatory function during homeostasis. On the other hand, acylcarnitines, ra-
ther proinflammatory fatty acids that get heavily modified by microbiota, are enriched.
Taken together, all components of the intestinal mucosa, IECs, immune system, and micro-
biota, play an important role in IBD. Key risk factors are affected first degree relatives and

multifactorial aspects of the exposome.

2.2.3. Murine models for IBD

Genetic models are based on the principles of homeostasis outlined above and on human
very-early-onset IBD risk alleles. These models include mice deficient in IL-10 signaling,
leading to disruption of the pro/anti-inflammatory balance, XBP1 deficient mice (disrupting
the epithelial response to stress), and multidrug resistance protein 1 deficient mice, which
fail to export xenobiotics into the intestinal lumen (144). Chemically induced models rely
on disrupting the epithelial barrier so that inflammatory inducers (microbiota or microbial
byproducts) can translocate to the intestinal surface and into the lamina propria. Two com-
monly used substances are oral DSS and rectal 2,4,6-trinitrobenzenesulfonic acid (TNBS)
(144). Interestingly, most models require presence of intestinal microbiota. DSS leads to

merely mild colitis in germ free mice (177).

An adoptive transfer model is the T cell transfer model of colitis. A lymphopenic host,
typically recombinase activating gene 1 deficient (Ragl”), is reconstituted with a

specifically selected T cell population from a wt or, depending on the experimental question,
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a specific knockout donor. The selected population is defined by cell surface proteins as
CD4* CD25 CD45RB" (in short, CD45RB"). CD45RB" T cells are mostly naive,
nonregulatory, CD4" T cells. Treg are absent both in the transferred cell population and in the
lymphopenic recipient. Therefore, the T cell model of colitis nicely displays the effects of
immune disbalance and its significance for IBD pathogenesis. T cell transfer colitis is based
on a successful selection of the CD45RB" population. The selection can be made solely
based on surface markers because of the distinct biological functions of these proteins.
CD45RB" T cells are mostly naive, nonregulatory, and induce colitis upon transfer into

Rag” mice (178).

After peritoneal injection, CD45RB" T cells need to expand and differentiate before they
become relevant to the host. They migrate systemically, undergo in vivo expansion, and dif-
ferentiation into effector T cell subsets and subsequently inflame the colonic mucosa (179).
Excitingly, both T cell expansion and inflammation rely on major histocompatibility com-
plex class II-dependent presentation of antigen. This implies a role for antigen presenting
cells, such as dendritic cells, to ingest, process, and present foreign antigens to the expanding
pool of CD45RB" T cells. Considerable evidence indicates that these antigens could be de-
rived from the microbiota. (180) The naive T cells migrate after transfer. After migration to
the colon, these T cell can be isolated from the lamina propria. Interestingly, they then ex-
press markers of effector or memory T cells. Also, their TCR repertoire is limited, suggesting
that not all CD45RB" T cells expand — but only those activated by microbiota. Moreover, in
germ free mice transferred CD45RB" T cells do not expand properly, i.e., no T cells could
be isolated in substantial numbers from the recipients. These germ free mice consequently
did not develop colitis (179). Interestingly, more specific studies found that commensals,
such as B. fragilis, were protective via Trg induction. Pathobionts, such as H. hepaticus,
increased colitis (181). These findings support the concept of human IBD being driven by
an immune response to microbiota and the significant role for dysbiosis for this T cell de-
velopment. In T cell transfer colitis the recipient host has no regulatory T cells to outbalance
the highly active expanded naive T cell population (144). Owing to this global immune
disbalance, T cell transfer colitis has a broader phenotype than other colitis models: Next to
colitis, also liver and small intestinal inflammation develop within the weeks after trans-
fer (178, 182). Colitis is particularly pronounced because of the vast presence of microbial

inflammatory inducers. T cell-derived cytokines are indispensable for T cell colitis and can
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be functionally divided into two groups, those for further T cell development and those act-
ing on innate immune modules. Generally, the essential cytokines can be linked to the Tul
and Ty17 axis (183). IL-23, which is needed for Tu17 differentiation, is indispensable (184).
Regarding effector cytokines, however, Tul cytokines dominate (185). Accordingly, IL-12,
interferon (IFN)-y, and TNFa are required and their neutralization is an effective treat-
ment (186). The requirement of Tu17 cytokines despite the dominance of Tul cytokines in
this model led to the question which of these two T helper subsets played the more important
role (183). Evidence from reporter mice has made clear that this seemingly discrepant ob-
servation comes from CD4" T cell plasticity (187). There is one key transdifferentiation im-
plied in CD45RB" colitis and in CD. First, Tul7 develop which then later differentiate into
Tul. So, nowadays, the formerly distinct T helper subpopulations are viewed as plastic and
less lineage committed (40). A main cytokine that ameliorates CD45RB" T cell transfer co-
litis 1s [L-22, such that mice develop more severe disease in the absence of IL-22 (101, 162).
This effect seems to be in part carried out by IL-22-dependent control of the microbiota since
IL-22 deficient mice had an altered microbiota. When transferred to wt mice, this microbiota
carried out a colitogenic effect even in these IL-22 competent mice (101). In summary, oli-
goclonally expanded T cells produce numerous cytokines and ultimately cause inflamma-
tion. The histologic hallmark of inflammation is an infiltrate of immune cells accompanied
by edema. In the following, the pathological characteristics of the inflammation in
CD45RB" colitis are briefly summarized. Due to infiltrate and edema the colonic wall is
thickened, which can also be observed macroscopically. Along with this, colon shortening
can be observed. Histologically, the wall thickening is due to IEC hyperplasia and a trans-
mural cellular infiltrate (186). Predominant immune cells of this infiltrate include macro-
phages, neutrophils, and expanded T cells, which account for a chronic inflammatory pro-
cess. The infiltrating cells can form cryptitis, crypt abscesses, and cause epithelial ero-
sion (188). Clearly, the above introduced barrier integrity is lost, which further emphasizes
the relevance of microbial translocation to the lamina propria as an inflammatory driver.
Practical details of this model are described later and in numerous publications which will

be referred to in the methods section.

2.3. Current knowledge of microbiota-dependent cytokine effects

The paradigm that microbiota is altered by different external and host factors and thereby

transmits the effect of such factors on the organism is founded on different experiments.
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IL-22 shapes the microbiota in that IL-22 deficient mice develop dysbiosis and because of
this higher colitis susceptibility (101). Another example is the NLRP6 inflammasome and
its IL-1 and IL-18 cytokines. While Nlrp6”- mice are highly susceptible to colitis, this effect
does not come from NLRP6 deficiency itself but from subsequent change of the microbiota.
This concept could be proven by transmitting the altered microbiota to w¢ mice which
thereby where rendered equally susceptible (100). Also, human studies have revealed causal
roles of the microbiota in numerous diseases. While shift work conveys a higher cardiovas-
cular risk, this risk is transmitted by a change of the microbiota. Transferring microbiota
from shift workers to germ free mice led to glycemic intolerance compared to healthy con-
trols (114). Next, one 2019 study led the way for pharmacodynamic responses being depend-
ent on microbiota: While immune checkpoint therapy induces remission in some melanoma
patients, others do not respond. This response to therapy relies on the individual microbiota
and could be transferred onto germ free animals (189). Also, pharmacokinetics depend dras-
tically on the individual microbiota. Since many xenobiotics and drugs are metabolized by
the microbiota, differences in microbiota can lead to substantial fluctuations in active me-
tabolite concentrations and possibly adverse drug reactions. One study found that up to 70%
of oral delivered brivudine, an antiviral agent, is metabolized by B. thetaiotaomicron to bro-
movinyluracil, an hepatotoxic metabolite (59). Different research groups have assessed that
IL-22 protects mice from colitis in several, but not all, colitis models. Prior work from our
laboratory found, intriguingly, that IL-22 did not protect mice in our facility. Strikingly, after
transmission of microbiota from one of the research facilities that had shown a protective
effect of IL-22, also our mouse lines showed the protective effect of IL-22. This led to the

conclusion that IL-22 protects from colitis depending on the harboring microbiota (190).
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3. Materials and Methods

3.1. Tables of used materials and PCR reactions

3.1.1. Table 1: Chemicals and reagents used during the experiments

Chemical / reagent

Manufacturer

3M Sodium Acetate

anti-1L-22 antibody (clone: AF582)
Agarose Ultra Pure

Ammonium chloride (NH4CI)
BBL Fluid Thioglycollate Medium
BD FACS Clean Solution

BD FACS Rinse Solution

BD FACS Sheath Fluid Solution
Brain Heart Infusion Broth
Chloroform, J.T.Baker™

Click's Medium

Collagenase IV (100 U), from Clostridium

histolyticum
Diethyl Pyrocarbonate-treated (DEPC) water,

Rnase-free
Distilled water
Dithiothreitol (DTT)

DNase |

dNTP Mix

AppliChem GmbH, Darmstadt, Germany

R&D Systems, Minneapolis, Minnesota,
United States

Life Technologies, Carlsbad, California,
United States

Th. Geyer GmbH & Co. KG, Renningen,
Germany

BD, Franklin Lakes, New Jersey, United
States

BD, Franklin Lakes, New Jersey, United
States

BD, Franklin Lakes, New Jersey, United
States

BD, Franklin Lakes, New Jersey, United
States

Sigma-Aldrich, St. Louis, Missouri, United
States

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

Sigma-Aldrich, St. Louis, Missouri, United
States

Sigma-Aldrich, St. Louis, Missouri, United
States

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

B. Braun Melsungen AG, Melsungen, Ger-
many

AppliChem GmbH, Darmstadt, Germany

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

Fermentas, Waltham, Massachusetts,
United States

31



dNTP Mix (100mM)**

Dream Taq 10x Green buffer

Dream Taq DNA Polymerase

Dulbecco’s Phosphate buffered Saline (PBS)
Eosin

Ethanol

Ethanol (absolut)

Ethanol 96%, vergillt

Ethidium Bromide (0.07%)

Ethylenediaminetetraacetic acid (EDTA)

Ethylenediaminetetraacetic acid (EDTA) [for

microbial DNA isolation]
Fetal Bovine Serum (FBS)

Formaldehyde solution 36.5-38%
GeneRuler 1kb Plus DNA Ladder
Hank's Balanced Salt Solution (HBSS)
Hydrochloric acid

Ionomycin, Calcium Salt

Isoflurane

CD4 (L3T4) MicroBeads mouse (MACS anti-

body)
Mayer's hemalum solution (Hematoxylin)

Monensin 1000x Solution

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Th. Geyer GmbH & Co. KG, Renningen,
Germany

Th. Geyer GmbH & Co. KG, Renningen,
Germany

Walter CMP GmbH & Co. KG, Kiel
AppliChem GmbH, Darmstadt, Germany

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Th. Geyer GmbH & Co. KG, Renningen,
Germany

Sigma-Aldrich, St. Louis, Missouri, United
States

Sigma-Aldrich, St. Louis, Missouri, United
States

Fermentas, Waltham, Massachusetts,
United States

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

Th. Geyer GmbH & Co. KG, Renningen,
Germany

Sigma-Aldrich, St. Louis, Missouri, United
States

Abbvie Inc., North Chicago, Illinois,
United States

Miltenyi Biotec, Bergisch Gladbach, Ger-
many

Sigma-Aldrich, St. Louis, Missouri, United
States

BioLegend, San Diego, California, United
States
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MultiScribe® Reverse Transcrip-

tase (50 U/uL)**
4-Nonylphenyl-polyethylene glycol (NP 40)
Normal Goat IgG Control (polyclonal)
Paraformaldehyd 4%

Pen Strep (penicillin G and streptomycin)
peqGOLD TriFast™ and TriFast™ FL
Percoll®

Phenol/Chloroform/Isoamyl alcohol 24:24:1
Phorbol 12-myristate 13-acetate (PMA)
Phosphate-buffered saline (PBS)
Potassium bicarbonate (KHCO3)
Propan-2-ol (isopropanol)

Proteinase K enzyme

RPMI Media 1640

RT buffer**

RT Random Primers**

Sodium chloride

Sodium dodecyl sulfate (SDS) 20%
Sodium hydroxide

TagMan Fast Advanced Master Mix

TE buffer

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

Sigma-Aldrich, St. Louis, Missouri, United
States

R&D Systems, Minneapolis, Minnesota,
United States

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Gibco, Life Technologies GmbH, Darm-
stadt, Germany

PEQLAB Biotechnologie GmbH, Erlangen,
Germany

GE Healthcare, Chicago, Illinois, United
States

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Sigma-Aldrich, St. Louis, Missouri, United
States

Sigma-Aldrich, St. Louis, Missouri, United
States

Th. Geyer GmbH & Co. KG, Renningen,
Germany

Th. Geyer GmbH & Co. KG, Renningen,
Germany

Roche AG, Basel, Switzerland

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

AppliChem GmbH, Darmstadt, Germany

Th. Geyer GmbH & Co. KG, Renningen,
Germany

ThermoFischer Scientific, Waltham, Mas-
sachusetts, United States

AppliChem GmbH, Darmstadt, Germany
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Tris(hydroxyethyl)aminomethane (tris) Carl Roth GmbH & Co. KG, Karlsruhe,

Germany

Trypan blue 0.4% solution Sigma-Aldrich, St. Louis, Missouri, United
States

Xylene substitute Sigma-Aldrich, St. Louis, Missouri, United
States

Zombie Aqua™ Fixable Viability Kit (fluoro- BioLegend, San Diego, California, United

chrome UV 379 28) States

** part of the High-Capacity cDNA Reverse Transcription Kit, ThermoFischer Scientific,
Waltham, Massachusetts, United States
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3.1.2. Table 2: Antibodies used for flow cytometry

Antibody target Clone Fluorochrome Dilution Manufacturer

CD3 17A2 BV 650 1:400

CD4 RM4-5 Alexa Fluor 700  1:400

CDI11b M1/70 PE Cy7 1:400

CDll1c N418 FITC 1:200

CD45 30-F11 BV 786 1:400 all:

FOXP3 NRRF-30  PE 1:100  BioLegend, San Dicgo,
California, United States

IL-17 9D3.1C8  Alexa Fluor 488  1:100

Interferon-y XMG1.2  Alexa Fluor 647 1:100

Ly6C HK1.4 PE 1:400

Ly6G 1A8 APC 1:400

NKI1.1 PK136 BV 421 1:200
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3.1.3. Table 3: Buffers used during the experiments

Buffer

Composition

10x Ammonium-Chloride-Potas-
sium (ACK) buffer

MACS buffer

Brain Heart Infusion (BHI) media
4% formaldehyde solution

TE buffer

2x buffer A for fecal DNA Isolation

NH4Cl1 150 mM, KHCO3 10 mM, EDTA 1 uM,
in DEPC-H20

10% FBS, 2mM EDTA in 1x PBS
37 g BHIin 1 L H20

40 g PFA, in 1 1 ddH20, adjusted to pH = 7,4 with
HCl

10 mM tris, ImM EDTA, adjusted to pH 8.0 with
HCI and NaOH

200 mM NacCl, 200 mM tris, 20 mM EDTA, ad-
justed to pH 8.0 with HCl and NaOH

All buffers are composed of chemicals from Table 1.
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3.1.4. Table 4: Oligonucleotide primers used for microbiota analyses

Specificity  16S rRNA primer sequences Amplicon Ref.

All bacteria  7F: 5'-AGA GTT TGA TCC TGG CTC AG-3' 1200 bp (191)
1492R: 5'-TAC GGT TAC CTT GTT ACG ACT T-3'

Prevotella 181F: 5'-CGT CCC TTG ACG GCA TCC GAC A-3' 849 bp (192)

Spp. 1032R: 5'-CAG CCC CGA AGG GAA GGG GTG-3'

H. hepati- B38: 5'-GCA TTT GAA ACT GTT ACT CTG-3' 417 bp (193)

cus B39: 5'-CTG TTT TCA AGC TCC CC-3'

H. typhlo- 5’-AGG GAC TCT TAA ATA TGC TCC TAG AG-3" 122 bp

nius

5'-ATT CAT CGT GTT TGA ATG CGT CAA-3'

Primers are specific for the 16S rRNA gene of specific groups of bacteria. Amplicon size in

base pairs (bp). Primers are ordered (forward primer, reverse primer). Ref.: Reference.
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3.1.5. Table 5: PCR program

Step Temperature Duration
1 94 °C 2:00 min
2 94 °C 0:20 min
3 55°C 0:30 min
4 72 °C 1:00 min
5 Go to step 2 30 times

6 72 °C 5:00 min
7 4°C 0:00 min
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3.1.6. Table 6: PCR reaction mix

Reagent

Volume per reaction

Dream Taq 10x Green buffer
dNTP Mix

Dream Taq DNA Polymerase
Forward primer

Reverse primer

HO

Sample DNA (0.3 pg/ul)

3.0l
8.0 ul
0.5 ul
0.9 ul
0.9 ul
12.7 ul

2.0 ul (0.5 pl, for the Prevotella spp. PCR)
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3.2. Mice

3.2.1. General and legal aspects

Animal experiments were conducted under permission of the health authority (Behorde
fiir Gesundheit und Verbraucherschutz — Veterindrwesen/Lebensmittelsicherheit — der
Freien und Hansestadt Hamburg). All animal experiments were conducted according to
granted protocols under the experimental proposals Tierversuchsantrag (TVA) 13/17 and
12/17. Thereby, during the entire time of mice breeding and transferring, and during the
experiments, the animal burden was reduced to a minimum. When mice fulfilled clearly
defined criteria, those mice were euthanized. Euthanasia was carried out by a three-step ap-
proach consisting of anesthesia (with a oxygen/carbon dioxide gas), cervical dislocation, and
confirmation of death. For all experiments careful considerations were taken to use only the
minimal number of test animals required to answer the research questions. In accordance
with the European Animal Welfare Directive, German law, Hamburg health authority, and
University Medical Center Hamburg-Eppendorf (UKE) regulations, we based our experi-
ments on the 3R principle of replacement, reduction, and refinement. My regulatory author-
ization was the UKE course for mouse research and the health authority ap-
proval (Ausnahmegenehmigung nach §16 Tierschutz-Versuchstierverordnung). We used
age-matched litter mates, female and male mice for our experiments to exclude influence of

age, sex, or batch effects.

3.2.2. Mouse lines

We used three lines: one wt line (C57B6/J) and two Ragl”" lines which differed in their
microbiota and were bred in individual colonies. All lines were on a genetic background of
C57B6. The wt line (C57B6/J) was on a background from Jackson laboratories, and the
RaglI”" lines were on a background from National Institutes of Health, United States, respec-
tively. Ragl”~ carry a homozygous knockout of the recombination activating gene 1. The
recombination activating genes are crucial for V(D)J recombination of lymphocytes and are
thereby the decisive genes leading to development of an adaptive immune system with T
and B cells. T and B cells rely on V(D)J recombination for formation of highly variable
antigen receptors, which can thereby recognize plentiful foreign antigens. Rag/, nowadays
viewed as a domesticized transposon, is found in jawed vertebrates. (194, 195) This means

that all these animals have the ability for V(D)J recombination and developing T and B cells.
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By knocking out either Ragl or Rag2, no adaptive immune system can develop. Rag” mice
are lymphopenic, meaning they lack T or B cells, and have underdeveloped lymphoid or-

gans.

3.2.3. Animal husbandry

Both colonies, C57B6/J and Ragl”-, were kept in homozygous breeding at the breeding
facility of the UKE. The mice were held under specific-pathogen-free (SPF) condition in
individually ventilated cages (IVC). The excluded pathogens are for example the cilia-asso-
ciated respiratory Bacillus, the colonic pathogen Citrobacter rodentium, and mouse hepati-
tis virus (MHV) (196). The individual ventilation preserves positive pressure in the cages
with inwards flow of fresh air, which is free of infective agents. Because of the continuous
inflow, the used air is passively removed from the cages through filter cloths in the IVC lid.
This achieves more than 25 cycles of air exchange per hour, low ammonia concentrations,
and minimizes the risk of spread of infectious agents or microbiota from one cage to another
(197). Per cage up to five mice of either female or male sex were housed together. Animals

were kept at a stable 12-hour light/dark cycle.

3.2.4. Antibody injections

As established by our laboratory earlier, injections of neutralizing anti-mouse in vivo
antibody (clone AF582, see also Table 1) or isotype control (normal goat IgG control, see

also Table 1) were performed intraperitoneally, 50 pg in 200 pl PBS (198).

3.3. Mb1 and Mb2 microbiotas

For our experiments we used two distinct types of transferable mouse microbiota (Mb).
Mb1 is the homeostatic microbiota from Ragl” mice of our animal facility at the UKE,
under specific-pathogen-free conditions (SPF). Mb2, on the other hand, comes from directly
transferred Rag ™~ mice from the animal facilities of the laboratory of Richard Flavell, Ph.D.,
Yale School of Medicine, New Haven, United Sates. We kept these two microbiotas in dis-
tinct mouse colonies in IVC and stored in a frozen biobank. Mb2 is planned to be at times
renewed by fresh import of Rag/”~ mice from the Flavell laboratory. The above discussed
microbiota-dependent effect of IL-22 could be demonstrated in our laboratory with genet-

ically identical mouse lines transferred with either of these two Mb types. While in mice that
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received Mb1 IL-22 did not influence DSS colitis, Mb2 receiving mice where protected by
presence of IL-22 (190).

3.4. Fecal microbiota transplant

For microbiota manipulations transferable microbiota was isolated from Ragl” either of
the Mb1 or the Mb2 colony. These Mb1 or Mb2 aliquots were then transferred into recipient
mice. The FMT was performed as described in Thiemann ef al. (199). Briefly, at least eight-
week-old donor mice were sacrificed and opened. The entire luminal content of colon and
cecum was washed into thioglycollate differential medium (at 4 °C), and the thioglycollate
tube was firmly closed. After homogenization (shaking and filtrating through a 70 pm filter),
centrifugation (500 g, 10 minutes (min)), and resuspension in BHI media (3 ml), recipient
mice were fed orally 200 pl each. The used technique of oral gavage is described elsewhere
in full detail (200). For ensuring optimal engraftment of the transferred microbial organisms,
recipient mice were young (four to five weeks old), starved (water only for two hours prior

to gavage), and they were grouped into cages of the same microbiota after FMT.

3.5. DNA isolation from fecal samples

DNA was isolated from fecal samples using an organic extraction method, i.e., phe-
nol/chloroform/isoamyl alcohol (P/C/I). The extraction method is described in Turnbaugh et
al. (92). Briefly, fecal samples were mixed with 500 ul P/C/I, 500 pl 2x buffer A, and 200 pl
20% SDS. Then, samples were homogenized and lysed using a homogenizer machine with
sterile microbeads. The SDS aided lysis of the bacteria. Centrifugation (800 revolutions per
minute (rpm), 4 °C, 3 min) led to formation of a lower phenol phase and an upper aqueous
phase. The aqueous phase, which contains the water-soluble DNA, was transferred into a
new tube and again mixed and centrifuged (800 rpm, 4 °C, 3 min) with 500 ul P/C/I. The
aqueous phase was mixed with 1 ml isopropanol and 50 pl sodium acetate and incubated for
one hour at -20 °C. Sodium acetate leads to precipitation of the DNA in the vicinity of iso-
propanol. After centrifugation (1200 rpm, 4 °C, 20 min), the precipitated DNA pellet was
obtained from the bottom of the tube. The pellet was dried (room temperature (RT),
one hour). Lastly, the DNA pellet was dissolved (50 °C, 30 min) in 20 pl pure tris/EDTA
buffer and adjusted to DNA concentrations of 0.3 pug/ul for each sample. Concentrations

were measured on a spectrophotometer (NanoDrop™). During the entire process, we used a
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negative control that underwent all steps to exclude cross-contamination of bacterial DNA.

(Y34

This sample is marked as “-” in Figure 5.

3.6. Microbiota analysis

3.6.1. Conventional polymerase chain reaction

Polymerase chain reaction (PCR) was used to detect presence of signature bacterial spe-
cies in our microbiota samples, which allowed distinction between the two types, Mbl and
Mb2, respectively. PCR was used to assess engraftment of microbiota two to four weeks
after FMT. To this end, we used oligonucleotide primers specific for the 16S rRNA gene. In
this gene, both highly conserved regions and species-specific regions exist. This allowed for
either detecting all bacteria or detecting specific species (see, Table 4). The PCR program
and reactions are stated in Tables 5 and 6, respectively. After amplification of the PCR prod-
uct, amplicon bands were detected in DNA gel electrophoresis as per standard protocols.
The gel was prepared with 2% agarose and one to two drops of 0.07% ethidium bromide.

Bands were visualized using a UV transilluminator.

3.6.2. 16S microbiome sequencing

16S microbiome sequencing was used for validation of the PCR based assessment of
microbial engraftment and for further analyses during or after the experiments. Details of
the experimental procedures used have been published (201). Briefly, in all samples the V4
region of the 16S rRNA gene was sequenced. In a second step, very similar sequences (using
a 97% similarity threshold) were grouped together into one operational taxonomic
unit (OTU) based on the UCLUST reference. Further analysis assigned these to bacterial
taxa, e.g., on phylum, family, or species level (202). Sequencing was carried out on an Illu-
mina MiSeq system. Sequencing and the initial data analysis, including calculation of alpha
diversity in R, were carried out in kind cooperation by the laboratory of Prof. Till
Strowig, Ph.D., at the Helmholtz Centre for Infection Research, Braunschweig, Ger-
many (see, acknowledgements). We estimate alpha diversity as richness, meaning the count

of singular OTUs per sample.

3.6.3. Metagenomic analysis

Shotgun metagenomic analysis sequences all DNA in the samples, including murine and

viral DNA. This allows restoration of entire bacterial genomes and precise taxonomic
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analysis (203). The used experimental procedures have been published (204). Briefly, a
NEBNext Ultra DNA library was used on an [llumina HiSeq2000 machine. Sequencing and
the initial data analysis, including calculation of alpha and beta diversity in R, were carried
out in kind cooperation by the laboratory of Prof. Till Strowig, Ph.D., at the Helmholtz
Centre for Infection Research, Braunschweig, Germany (see, acknowledgements). We

estimate alpha diversity as richness, meaning the count of singular OTUs per sample.

3.7. Adoptive T cell transfer colitis

We transferred CD4* CD25- CD45RB" naive T cells from C57B6/J wt donors intraperi-
toneally into Ragl”" recipients to induce a chronic colitis as outlined in the introduction. This
IBD model is based on observations by Powrie ef al. in 1993, and the method is described
in detail in Ostantin et al. (178, 205). A brief description and our alterations from this pro-

tocol are stated in the following section.

3.7.1. Cell isolation from spleen and lymph nodes

C57B6/J female mice were sacrificed by our facility’s three-step approach to ensure min-
imal distress for the animals. Mice were opened, and the spleen was taken out, prepared, and
placed in RPMI media in a 12-well plate on ice. Peripheral and visceral lymph nodes were
taken out, prepared, and placed in RPMI media in a 12-well plate on ice but handled sepa-
rately from the spleens. Preparation of lymph nodes and spleens to remove any surrounding
fat was carried out for obtaining high cell viability in downstream processing. Spleens were
smashed through a 100 pm filter before centrifugation (350 relative centrifugal force (rcf),
4 °C, 10 min). The pellet was resuspended in 1x diluted ACK buffer and incubated at RT for
two minutes. Splenocytes and cells from lymph nodes were pooled. After centrifuga-
tion (350 rcf, 4 °C, 10 min), the cells were resuspended in the MACS panel. Depending on
the size of the experimental groups, roughly one donor was sacrificed to reconstitute four

recipients with CD4* CD25- CD45RB" naive T cells.

3.7.2. Magnetic cell isolation

We used magnetic-activated cell sorting (MACS®) for isolation of CD4" cells of the cells
following the manufacturer’s instructions (206). Briefly, the pellet was resuspended in 1:10
anti-CD4 microbeads in MACS buffer and incubated (4 °C, 30 min). After moisturizing a

fresh plastic column with MACS buffer and placing it in the magnet, the cell suspension was
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placed though a 50 um filter into the column. The column was washed three times with 4 ml
MACS buffer each time. The column was taken out of the magnet and flushed with MACS
buffer to obtain the CD4" cell fraction. Depending on the experimental schedule, the cells
were either stored at 4 °C for up to two hours or directly centrifuged (350 rcf, 4 °C, 10 min)

and resuspended in the antibody panel which is described in the following paragraph.

3.7.3. Cell sorting of CD45RB" T cells

Having obtained CD4" cells from MACS, our aim was to isolate CD25- CD45RB" cells
by flow cytometric cell sorting, using the following gating strategy. We used the FACS Core
Facility of our institution (cell sorter: BD FACSAria-IITu).
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Figure 2: Gating procedure for sorting CD45RB" cells. Hierarchy: all cells, lymphocytes,
single cells by forward scatter (FSC), single cells by sideward scatter (SSC), and CD4"
CD25". The percentage of the corresponding parent population of each selection is shown.

3.7.4. Cell counting, preparation, and injection

A cell suspension of sorted cells was collected in 5 ml round-button polystyrene tubes,

counted, diluted, and injected into mice. All this was processed without delay to ensure high
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viability of the sorted cells. 10 pl of the cell suspension were stained in 20 pl trypan blue
and counted in a hemocytometer with a counting grid. The counting grid had squares of
I mm length and 0.1 mm height, i.e., volume = 0.1 pl. Living cells in four squares were
counted and the average was calculated to obtain accurate estimates. The concentration of
the suspension was calculated as the following:

counted viable cells
0.1 ul x dilution

viable cell concentration [cells per ul] =

The dilution was at least 1/3 due to the staining, usually 1/10 for easier counting. Each
mouse received 200,000 sorted cells diluted in pure, sterile PBS via intraperitoneal (i.p.)

injection.
3.8. Sample collection

At the end of each mouse experiment, we collected samples for further analysis. We
gently emptied the colon and stored a fecal sample in a screw lid 2 ml tube for microbiota
analysis (first on dry ice, then at -20 °C). Colon length was measured with a centimeter ruler.
We took a one cm colorectal whole sample and stored it in 4% paraformaldehyde sample for
histology. The rest of the colon was placed in RPMI media in a 12-well plate on ice for
downstream analysis of the cellular infiltrate. Next, mesenterial lymph nodes were collected,

pooled, and placed in a well separate from the colon (RPMI media on ice).

3.9. Cell isolation for analysis

Cellular infiltrates of the colon and mesenteric lymph nodes were assessed separately.
Colons were opened longitudinally. After washing off remaining luminal contents with PBS,
samples were incubated with 1 mM DTT in HBSS (shaking, 37 °C, 20 min). After incuba-
tion, colons were taken out. The remaining cell suspensions contained IEL. For isolation of
transmurally infiltrated immune cells, colon samples were incubated with colla-
genase (1 mg/ml) and DNase I (10 U/ml) in RPMI media (37 °C, 45 min). After digestion,
remaining tissue was smashed through a 50 pm filter and resuspended in PBS 1% fetal bo-
vine serum (FBS). The two cell suspensions (IEL and other infiltrated cells) were pooled for
each initial colon sample and processed together in density separation for further enriching
immune cells. This was performed with a Percoll® gradient as described in Bowcutt et
al. with the alteration that we used a 40:60 gradient for higher purity (207). Cells were placed

in 5 ml polystyrene tubes.
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3.10. Flow cytometry

We used flow cytometry (BD LSRFortessa) to characterize the isolated cell populations.
First, cells were centrifuged (350 rcf, 5 min). The aqueous phase was decanted, and the cells
were resuspended in the staining panels. We used two different staining panels: one for in-
nate immune cells and one for T cells. To this end, the two cell suspensions (from colon and
lymph nodes) of each sample were split in half. Either half was stained with the innate panel

or with the T cell panel. Dilutions of the antibodies are listed Table 2.

For innate cells, first a live/dead staining was performed. To this end, cells were centri-
fuged (350 rcf, 5 min), the aqueous phase was decanted, and cells were stained in 1:1000
Zombie (fluorochrome UV 379) in PBS (dark, 4 °C, 20 min). Zombie dyes protein (amine-

reactive). Therefore, no FBS was added to the staining panel.

Cells were washed and centrifuged (350 rcf, 5 min). Before the surface staining, cells
were resuspended with FC-y block (1:100) in PBS 1% FBS (4 °C, 10 min). After incubation,
the cells were washed, centrifuged, and resuspended in the innate surface staining master
mix. This panel included the following fluorochrome-coupled antibodies (see, Table 2):
aCD3, aCD11b, aCDl11c, aCDA45, alymphocyte antigen 6 complex, locus G (Ly6C), alym-
phocyte antigen 6 complex, locus G (Ly6G), and aNK 1.1 in 1x PBS 1% FBS. After incuba-
tion (dark, 4 °C, 20 min), cells were washed with 1x PBS 1% FBS, centrifuged (350 rcf,
5 min), resuspended in 1x PBS 1% FBS, and filtered through a 100 um filter. Next, the sam-

ples were analyzed.

Concerning T cell staining, one additional staining (intracellular staining) was necessary.
After incubation, washing, and centrifugation (350 rcf, 5 min), cells were restimulated to
ensure high cytokine production for sufficient intracellular staining. Cells were resuspended
in 1 ml Click’s medium 1% penicillin G and streptomycin, 10% FBS, 50 ng/ml PMA,
1 mmol/l ionomycin, and 2 pmol/l monensin (5% CO2, 37 °C, four hours). Click’s is a full
medium suitable for cell differentiation, containing various nutrients. Monensin ensures that
the PMA-dependently and ionomycin-dependently synthesized cytokines stay in the cells
and can be detected with intracellular staining. After incubation, cells were washed, centri-
fuged (350 rcf, 5 min), and the aqueous phase was decanted. The next step was the surface
staining as described for the innate panel with the following antibodies: aCD3, aCD4,

aCD45. After washing and centrifuging, cells were permeabilized for the intracellular
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staining. First, for fixation of the surface antigens and their bound fluorochrome-coupled
antibodies, the cells were incubated in 100 ul PBS 1% FBS 4% formaldehyde (RT, 20 min).
After washing and centrifugation, cells were resuspended in 100 pl
PBS 1% FBS 0.1% NP40 (RT, 4 min). NP40 is a detergent that permeabilizes cellular mem-
branes so that the intracellular staining antibodies can enter the cells. After washing and
centrifugation, cells were stained in the antibody master mix for intracellular antigens, con-
taining aFOXP3, alL-17, and alFN-y. After incubation, cells were washed, centrifuged, and

filtered as performed for the innate panel. Gating procedures are shown in the results section.

Flow cytometric data was analyzed and visualized with FlowJo™ (software version 10).

3.11. Histology and staining

Distal colorectal samples of one cm size were stored in 4% paraformaldehyde for a min-
imum of one day and a maximum of four weeks until they were processed. The first pro-
cessing step was dehydration and paraffine embedding of samples. Next, at a microtome,
4 pm sections of each sample were cut and placed on a microscope slide. Staining was per-
formed according to standard protocols with hematoxylin and eosin (H&E). Briefly, the slide
was placed in xylene for two minutes followed by a regressive series of ethanol baths. After
washing with water, the sample was stained with hematoxylin. After another wash, the sam-
ple was stained with eosin. This was followed by a progressive series of ethanol baths and

ended with placing the sample in xylene again for two minutes.

3.12. Weight measurements and endoscopy

According to animal protocols, mice were examined daily and weighed weekly — if nec-
essary daily. Endoscopy was performed of the rectum and descending colon with a rigid
rodent endoscope. We used the Karl Storz COLOVIEW® system with a light source, insuf-
flation, and a camera. Upper regions of the gastrointestinal tract cannot be examined endo-
scopically in mice. The examiner was blinded to experimental groups. We used isoflurane
to shortly anesthetize animals. All endoscopic procedures were strictly hygienic to limit risks
of microbiota transfer between mice. This procedure is described in more detail in Becker et
al. (208). We used the modified murine endoscopic score of colitis severity, which has been
validated by Becker ef al. and by Huber et al. (209, 210). Five parameters are assessed in
the score: stool consistency, colon wall translucency, granularity, vascular pattern, and fi-

brin. Stool consistency accounts for inflammation-related diarrhea. Reduced translucency of
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the colonic wall accounts for wall thickening, which is readily observed in transfer colitis.
Granularity refers to cellular infiltration of the mucosa. Changes in vascular pattern can
reach as far as gross bleeding due to tissue destruction. Fibrin presence accounts for fibrinous
inflammation or wound healing after inflammatory damage to blood vessels. Zero to three

points are given per category.
3.13. Statistics

All values are presented as means with standard errors except for the flow cytometry
contour plots, for which means with standard deviations (s.d.) are stated. All statistical tests
were preferred to use corrections for unequal variability of differences between
groups (Geisser-Greenhouse correction). After careful consideration, we decided that the
test that best answers our statistical question in the short-term neutralization experiment was
a three-way ANOVA with Geisser-Greenhouse correction. For our long-term neutralization
experiment there was one fewer variable (since there was only one type of microbiota, that
is, Mb2). Therefore, here we used the two-way ANOVA with Geisser-Greenhouse correc-
tion. For analysis of differences in relative abundances of microbiotas we used the Kruskal-
Wallis test or two-way ANOVA. If any given test yielded significant differences, multiple
comparisons were conducted (for example in the long-term neutralization experiment). The
significance level was set to p =5%. So, results with p values smaller or equal 5% were

ek

accepted as significant. In the figures, significance was referred to as follows: indicates
p <0.5, “*¥* p <0.1, “***” p <0.001, “****” p <0.0001, and “ns” designates not signifi-
cant. Box plots show median, 25" and 75" percentiles, and the whiskers display minimum
and maximum values. All graphs and all automatic calculations were produced with the soft-
ware GraphPad Prism ® Version 8.0.1. All manual calculations, for example standard errors
for relative abundances of the microbiota data, were carried out in Microsoft® Excel® Ver-

sion 16.0.13530.
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4. Results

4.1. Microbiota types and engraftment

4.1.1. Composition of microbiota Mb1 and microbiota Mb2

Colonization of mice with Mb2 renders mice susceptible to colitis, which is ameliorated
by endogenous IL-22. On the contrary, mice with Mb1 microbiota show less susceptibility
to colitis, and IL-22 is dispensable (190). So, whether mice are colonized with Mb1 or Mb2
has remarkable consequences for the course of colitis. We hypothesized that these differ-
ences are due to differences in biodiversity of the two microbiotas. Since other colitogenic
microbiotas have been shown to have high abundance of pathobionts (100), we hypothesized
that abundance of specific faxa causes differences of Mbl and Mb2. To this end, we per-
formed 16S rRNA marker gene analyses of microbiota donors (Figure 3). Indeed,
Mb2 showed higher biodiversity than Mb 1 (Figure 3 A). As expected, Mb2 was
abundant in potential pathobionts, which were absent in Mbl. These included
Deferribacteraceae, Hel-icobacteraceae, and Prevotellaceae. Indeed, some species of
these families have been im-plied as typical colitogenic bacteria, for example Prevotella
spp. Thus, we found differences in biodiversity and specific faxa between Mbl and Mb2,
which forms a basis for the differ-ences in phenotype of colitis. Figure 3 B displays

successful engraftment of Mb2 into the donor after two weeks of engraftment.

4.1.2. Engraftment of Mb1 and Mb2

Next, we aimed at assessing the success of engraftment after FMT with another method
than 16S rRNA sequencing. Based on the fact that some bacterial taxa are unique to Mb2,
we used PCR to confirm engraftment of Mb2 (when these taxa were detectable) or
Mbl1 (when they were not), respectively. Indeed, PCR was able to confirm engraftment of
either Mb1 or Mb2 in all biological replicates of FMT. However, the Mb1 and Mb2 signature
taxa differed among experimental runs, so that the faxa used to discriminate between Mbl
and Mb?2 in the second experimental cohort B differed from the ones of the first experimental
cohort A (Figure 4 A and B). In group A (Figure 4 A) 17 mice underwent FMT (nine re-
ceived Mb1, whereas eight received Mb2). Both groups were PCR positive for “all bacte-
ria” (common 16S rRNA sequence), H. typhlonius, and H. hepaticus. The discriminating

bacteria was Prevotella spp. This was only present in Mb2 recipient mice. Another group of
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mice, cohort B, is depicted in Figure 4 B: 17 mice underwent FMT (nine received Mbl,
whereas eight received Mb2). Both groups were PCR positive for “all bacteria” (common
16S rRNA sequence) and both were negative for Prevotella spp. In this case, H. typhlonius
was the discriminating taxon and this was only present in Mb2 recipient mice. Taken to-
gether, based on the unique presence of specific taxa in Mb2, conventional PCR can be used
to assess engraftment after FMT. However, variations in engraftment or imperfect sensitivity
of the PCR limit this application. Therefore, the discriminating faxa can differ from experi-
ment to experiment. FMT (using our method of one single oral gavage with previous starv-
ing but no antibiotic treatments) was very efficient. Mb1 is the baseline microbiota of all the
mouse models used. This means Mb2 is dominant and engrafts into the mice that previously
harbored Mb1. The experimental groups that showed successful Mb1 vs. Mb2 engraftment

were used for colitis experiments later (Figures 6-13)
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Figure 3 — legend and description on the next page
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Phylum: Corresponding Families:

Actinobacteria

mm Bacteroidetes

Deferribacteres
Firmicutes

Proteobacteria

Tenericutes
Verrucomicrobia

Bifidobacteriaceae
Coriobacteriaceae
Bacteroidaceae
Bacteroidales S24-7 group
Porphyromonadaceae
Prevotellaceae

Rikenellaceae
Deferribacteraceae
Lactobacillaceae
Clostridiaceae 1

Clostridiales vadinBB60 group
Lachnospiraceae
Peptococcaceae
Peptostreptococcaceae
Ruminococcaceae
Erysipelotrichaceae
Alcaligenaceae
Desulfovibrionaceae
Helicobacteraceae
Enterobacteriaceae

Unclear familiy of Mollicutes RF9 order
Unclear familiy of Opitutae vadinHAG64 order
Verrucomicrobiaceae

Figure 3: 16S rRNA sequencing, relative species abundances of microbiotas and Mb2
engraftment. The second row of pie charts shows the family abundances corresponding to
the phylum abundances in the top row. A: comparison of Mbl and Mb2 recipients. B:
comparison of Mb2 donor and the corresponding recipient two weeks after FMT (engraft-
ment check). n=1 in each group.
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Figure 4: Gel electrophoresis showing correct engraftment two weeks after FMT. Red ar-
rows: amplicon size. “-” and “+” are Mbl and Mb2 donor controls, respectively. “Size
marker in steps of 100 bp, from 100 (bottom) to 1000 bp (top). A: Mbl1 recipients n =9,
Mb2 recipient n = 8. B: Mbl recipients n = 9, Mb2 recipients n = 8.
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Surprisingly, engraftment was unstable at times. In two experimental groups (Figure 5 A
and B) all mice (irrespective of whether they had received Mb1 or Mb2) were PCR positive
for Mb2 signature faxa. Figure 5 A shows a group of n = 16 mice. Eight received Mb1 on
day zero (age four weeks), while the other eight mice received Mb2. On day zero all were
negative for the Mb2 signature taxon Prevotella spp., which shows that all had Mb1 baseline
characteristics. Stunningly, at day 14 both groups were PCR positive for H. typhlonius and
for Prevotella spp. One possibility for this might be a contamination of Mb2 components
during the fecal collection, DNA isolation, and PCR process. However, this was ruled out
through meticulous hygiene and because a negative control (denoted “-” in Figure 5) went
through the entire process from feces collection until PCR and gel electrophoresis. There-
fore, the most likely explanation is that actually all mice had developed Mb2 engraftment
despite strict cage splitting and SPF conditions. Figure 5 B shows a similar observation in
another experimental group. Here, six mice received Mb1, whereas four mice received Mb2.
After engraftment time of 14 days, all mice were positive for the Mb2 signature taxa H.
typhlonius and H. hepaticus. So, this fosters the concept that Mb2 is indeed a dominant mi-

crobiota which readily outgrows Mbl.

These “dominantly Mb2 engrafted mice” were not used for further experimental proce-

dures.
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Figure 5: Gel electrophoresis showing dominant Mb2 engraftment two weeks after FMT
and the baseline characteristics (A, middle). Red arrows mark the amplicon size. “-” is a
negative control. “+” is an Mb2 donor control. Size marker in steps of 100 bp, from
100 (bottom) to 1000 bp (top). A: Mbl recipients n = 8§, Mb2 recipient n = 8. B: Mbl re-
cipients n = 6, Mb2 recipients n = 4.
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4.2. T cell colitis and short-term blockade of IL-22 after FMT

Previous research found that //227- mice colonized with Mb2 are more susceptible to
colitis than wt mice. But Mb1 colonized mice had the same phenotype irrespective of 1L-22
competency (190). From these experiments using knockout mice, it is suggested that IL-22
exerts its barrier-protective function rather selectively in Mb2 colonized mice. Knowing that
this was shown in 1/227- mice, we sought to find out if this is also true for short-term neu-
tralization of IL-22. Figure 6 summarizes the experimental procedures. Four-week-old litter
mate Ragl”~ mice were fed with Mb1l or Mb2 and split into new cages accordingly. After
two to three weeks of incubation, correct engraftment of the Mb types was confirmed by
PCR and validated later by 16S rRNA sequencing. Four weeks after FMT, all mice received
CD4* CD25" CD45RB" T cells. On the morning of the same day as disease initiation, anti-
IL-22 or isotype control (50 pg in 200 pl PBS) antibody injections were initiated. This was

continued twice weekly until the end of the experiment.

FMT (Mb1 or Mb2) CD45RBN
l * anti-1L-22
A
, FVv e v v vy
1 1 1
4 weeks 8 weeks 12 weeks

Figure 6: Outline of the short-term neutralization colitis experiment. One arrow (below
the + anti-IL-22 bracket) represents one injection of antibody (twice per week).

First, we aimed at assessing colitis severity in live mice. To this end we used weekly
endoscopy. As expected, Mb2 colonized mice developed higher endoscopic score val-
ues (p <0.0001), see Figure 7 A and B and Figure 9 E-H, when compared to Mbl. Interest-
ingly, the endoscopic scores from Mb2 colonized mice also fluctuated more. This might be
due to differences in colonization intensity or because in an Mb2 setting there is more bio-
logical variance. Our key experimental question was if IL-22 neutralization affects colitis

scores depending on the Mb type. This is ideally reflected by a three-way ANOVA.
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Surprisingly, there was no significant effect of IL-22 neutralization, neither
alone (p = 0.6007) nor depending on Mb2 colonization (p = 0.9053), see Table in Figure 7.
So, colitis scores measured by endoscopy showed no effect of IL-22 short-term blockade
depending on Mb type. We also used another experimental group which was colonized with
Mb2 only (Figure 8 A and B). Even in this simplified setting with a presumed higher exper-
imental power, colitis scores did not differ between IL-22 neutralized and IL-22 competent
mice (p = 0.2269). So, in contradiction of findings of experiments with /122~ mice, short-
term blockade of IL-22 did not influence endoscopic colitis scores in a microbiota-dependent

way.

Along our endoscopic evaluations, we asked if an effect of IL-22, depending on Mb2
engraftment, could be seen in weight loss of the mice. Weight loss reflects the wasting dis-
ease of transfer colitis. In accordance with endoscopic evaluations, Mb2 colonized mice lost
more weight compared to Mb1 (p = 0.002, Figure 7 C and D). Importantly, there was, just
as in colitis scores, no significant effect of IL-22 neutralization, neither on its
own (p = 0.8692) nor depending on Mb type (p = 0.9634). So, the two key clinical methods
assessed during the course of colitis — endoscopy and weight measurements — did not show

the initially expected effect.
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Tested groups Colitis score (A-B) | Weight loss (C-D)
Microbiota Mb1 vs. Mb2 p < 0.0001(****) p = 0.0016 (**)
Treatment anti-IL-22 vs. isotype | p = 0.6007 p = 0.8692
Microbiota x Treatment | Mb1 vs. Mb2 x p = 0.9053 p =0.9634
anti-IL-22 vs. isotype

Figure 7: Endoscopic and weight measurements during T-cell colitis. Mb1 isotype n =5,
Mbl anti-IL-22 n =4, Mb2 isotype n =4, Mb2 anti-IL-22 n = 6 (later n = 5; dead mouse
is marked with a cross). In the three-way ANOVA table, the Microbiota x Treatment row
reflects the experimental question: “Is there a microbiota-dependent effect of IL-22 on the

variation of the data?”
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Figure 8: Endoscopic measurements during T-cell colitis. Isotype n=6, anti-IL-22 n=8, all
Mb2
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In addition to the clinical parameters (endoscopy and weight loss), we analyzed all mice
at the end of the experiment, which we chose to be at the disease peak (in our case four
weeks after colitis induction). We set this disease peak based on high endoscopic scores and
weight loss. At the end of the experiment, we performed histologic analyses of colon samples

and isolated cells from colon and mesenteric lymph nodes for flow cytometric phenotyping.

Regarding histology, we asked ourselves if the observed clinical impact of Mb2 coloni-
zation would manifest in higher tissue destruction and a more pronounced inflammatory
infiltrate. Also, we asked if at the histologic level there was an Mb2-dependent effect of
IL-22. To this end, we performed conventional H&E staining and qualitative analysis. In-
deed, we observed higher tissue destruction and higher inflammatory infiltrates in Mb2 har-
boring mice. However, no effect of IL-22 (neither on its own, nor in conjunction with Mb
type) was observed (Figure 9 A-D). Thus, the histologic results correspond tightly to our

clinical parameters.

61



A  Mb1 isotype B Mb1 anti-IL-22

\ By

D

Mb1 isotype Mb1 anti-IL-22  Mb2 isotype ~ Mb2 anti-IL-22

Figure 9: Representative pictures from colon histology at week four of colitis (A-D) and
exemplary endoscopy findings at week two of colitis (E-H).

Regarding flow cytometric analysis of cellular isolations from colon and mesenteric

lymph nodes, we asked ourselves if there were specific differences in immune cell
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populations depending on IL-22. As per standard, we performed quality controls, both auto-
matically in FlowJo and manually for each sample. We thus decided to analyze innate cell

populations in the mesenteric lymph node infiltrates and T cells in the colonic infiltrates.

Our gating (Figure 10 A) was set on innate cells by FSC area and SSC area, single
cells (gating out cells with relatively high signal width), living cells (Zombie negative),
CD45" (leucocytes), and CD3- (gating out T cells). Then, populations of interest were de-
fined. Natural killer (NK) cells were defined as NK1.1" (a common NK cell receptor). Neu-
trophils were defined as NK1.1- Ly6G" CD11b*. Ly6G is a GPI-anchored protein found in
mice on macrophages, monocytes, and neutrophils. CD11b (part of the complement recep-
tor 3) mediates cellular adhesion and is most abundantly expressed on neutrophils and den-
dritic cells. (211) Macrophages were defined as NK1.1- Ly6G CD11¢c” CD11b". Those with
additional high Ly6C expression were defined as proinflammatory macrophages (212). Den-
dritic cells were defined as NK1.1- Ly6G- CD11c".
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Figure 10: Gating for flow cytometric analyses. A: innate immune cells. B: T cells (ex-

emplary samples).
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We analyzed the draining lymph nodes of the colon for their innate immune cell compo-
sition. We measured CD4" cells, NK cells, neutrophils, dendritic cells, and proinflammatory
macrophages. Figure 11 shows these populations as contour plots and provides the mean
fraction of each population (as percentage of parent population + s.d.). Regarding the con-
tour plots, no large differences are visible between our four experimental groups. Figure
12 A-E provides frequencies of each population as percentage of CD45" cells. The following
differences between Mb1 and Mb2 were statistically significant: In Mb2 (compared to Mb1),
neutrophils, proinflammatory macrophages showed higher frequencies, whereas dendritic
cells displayed lower frequencies. Taken together, our innate immune cell analysis of mes-
enteric lymph nodes provided no clear evidence to corroborate our hypothesis of an Mb2-

dependent effect of IL-22 in this short-term setting.

65



A
Mb1 anti-IL-22 Mb2 isotype Mb2 anti-IL-22

Mb1 isotype
<
@)
o
> NK1.1
B
)
©
i
‘ > CD45
Cc
°
Q
@)
‘ » CD11b
D
O
©
>
-

> CD11b

Figure 11: Frequency of innate cells in the mesenteric lymph nodes at week four of coli-
tis. A-D: contour plots (means + s5.d.). Mb1 isotype n = 5, Mb1 anti-IL-22, n = 4, Mb2

isotype n =4, Mb2 anti-IL-22 n = 4.
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Figure 12: Frequency of innate cells of mesenteric lymph node infiltrates at week four
of colitis (disease peak). A-E: bar charts of frequencies (as percentages of CD45" cells).
Mbl isotype n =5, Mbl1 anti-IL-22 n = 4, Mb2 isotype n = 4, Mb2 anti-IL-22 n = 4.

Subsequently, we analyzed the T cell composition in the colon. Flow cytometry gates
were set according to Figure 10 B. Briefly, we gated on lymphocytes, single cells, CD45",
CD3", CD4" and then defined our populations as FOXP3" Tz and FOXP3- effector T cells
with cytokine production of IL-17 and/or IFN-y.

Since the adoptive transfer model of colitis is driven by Tul and Tul7 rather than Tu2,
we examined these T helper lineages (see, introduction). Figure 13 A shows contour plots of
these T helper subsets (Tul, Tul7, double-producers, and double-negative). Tu1 are defined
as IFN-y producing, Tul7 are defined as IL-17A producing T helper cells. T helper cells
producing IFN-y and IL-17A are termed double producers, and those producing neither of
the two cytokines are termed double negative. The average percentages in regard to the par-
ent population (CD3* CD4" FOXP3") + s.d. are provided. Basically, there is no difference
among the contour plots. Only a slight trend can be seen towards lower frequencies of double
producers. Figure 13 B-G shows percentages in regard to all CD3" CD4" cells; as so, also a
meaningful comparison with T is possible. There are significant differences between Mbl
and Mb2 (T cells, Tul, double-producers, double-negative). Another statistically significant

difference is a difference between isotype as such and anti-IL-22 as such within Tul7
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cells (p = 0.0342). However, all these differences should be interpretated considering the
higher immune cell infiltration in the colon of Mb2 harboring mice as seen in the histology.
Taken together, the flow cytometric analysis on its own does not identify specific immuno-
logical differences in the different microbiota settings or in the presence of IL-22. However,

it rather proves the significant difference in colitis phenotype between Mb1 and Mb?2.
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Figure 13: Frequencies of T cell infiltrates in the colon at week four of colitis (disease
peak). A: contour plots with percentages of CD3" CD4" FOXP3". B-G: bar chart (showing
percentages of CD3* CD4"). Mb1 isotype n = 5, Mbl anti-IL-22 n = 4, Mb2 isotype n = 4,

Mb?2 anti-IL-22 n =4.

In summary, our findings of short-term blockade of IL-22 during T cell colitis following

FMT of Mb1 or MB2, respectively, did not show the expected microbiota-dependent effect

of disease aggravation due to IL-22 blockade. As expected, FMT of Mb2 was colitogenic,

but, surprisingly, short-term blockade of IL-22 did not aggravate colitis in either Mb setting.
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4.3. T cell colitis and long-term blockade of IL-22 after FMT

Since short-term neutralization of IL-22 did not lead to an observable Mb2-dependent
effect on chronic T cell colitis, we next aimed at comparing it to long-term neutralization of
IL-22 in a similar setting. Figure 14 A outlines the experimental procedure. Litter mates
received FMT at the age of four weeks. After four weeks of engraftment (at the age of eight
weeks), all mice received CD45RB" cells as colitis induction. During FMT, all mice
received Mb2. We did not include Mbl in this setting because (based on our knowledge of
11227 experiments and our short-term neutralization experiment outlined above) we did not
expect to see any phenotypical effect on colitis with long-term blockade of IL-22 in Mbl.
Starting with the day of FMT (all Mb2), the in vivo antibody treatment was initiated. To that
end, the mice were split in three groups. n = 3 mice (top) received an isotype control, n =5
mice (middle) received anti-IL-22, and n =4 mice (bottom) received isotype for the four
weeks following FMT, while for the next four weeks (i.e., starting with the day of colitis
induction) they were changed to receiving anti-IL-22. This last group is very similar to the
short-term blockade performed in the previous experiment, i.e., neutralizing 1L-22 during
the course of colitis but with endogenous IL-22 in the weeks before colitis induction. All
groups of mice were kept in strictly distinct cages to prohibit tranfers of microbiota between
the three experimental groups. Also, during all manipulations (practical care for the animals,
weight measurements, endoscopic procedures, or injections), strict hygienic measures were

taken to inhibit the transfer of bacteria between the individual cages.

Endoscopic scores (Figure 14 B and D) showed an increase over time (p = 0.0189), and,
interestingly, variation within the groups dimished over time. The mice started with slight
differences in absolute weight (Figure 14 C). We normalized the weight to the day of
colitis induction. The treatment of anti-IL-22 in the first four weeks after FMT did not
influence weight gain of the mice in these weeks before the start of colitis. However,
during colitis, the group that received anti-IL-22 the entire time (long-term) separated
from the others, which became statistically significant on day 43 after FMT,
during the disease peak (p = 0.0238), Figure 14 C. This shows that, with respect to
weight loss (i.e., wasting during colitis), long-term neutralization of IL-22 leads to more

severe colitis in the Mb2 microbiota.

70



In line with the significantly higher weight loss of the anti-IL-22 long-term treated group,
the colon length tends to be shorter when compared to both other groups (Figure 14 E). No

flow cytometric or histologic analyses were performed.

Taken together, this experiment provides evidence that long-term blockade of IL-22
leads to a more severe colitis phenotype in Mb2. This is similar to the observed phenotype
of 11227~ mice. Interestingly, we did not observe this phenotype with short-term blockade or
with switching from isotype to anti-IL-22. The only difference between the short-term and
the long-term IL-22 neutralized mice are the four weeks following FMT. Since the treatment
during the course of colitis is identical, the anti-IL-22 treatment in the four weeks prior to
colitis induction (i.e., during FMT engraftment) must render the mice somewhat susceptible
to later colitis. The most probable hypothesis is that IL-22 acts upon the microbiota during
the engraftment time. Blockade of IL-22 during this time would thereby lead to a more
colitogenic microbiota which could then make the mice more susceptible to colitis.
Therefore, we decided to next analyze the microbiota of our three groups at specific

timepoints.
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4.4. Microbiota kinetics in response to colitis and to interleukin-22

We asked ourselves if there are differences between the microbiota of the three groups
after colitis. To that end, we performed 16S rRNA sequencing at the endpoint of the exper-
iment. Figure 15 shows alpha diversity of the three treatment groups (isotype, isotype
switched to anti-IL-22, anti-IL-22). There is a trend towards higher alpha diversity in
anti-IL-22 treated mice compared to the isotype and the short-term anti-IL-22 groups (Fig-
ure 15). Figure 16 A-C shows the relative abundances on phylum and on family level. In-
deed, there are structural differences, albeit not statistically significant, probably due to the
low n. Both anti-IL-22 treated groups (switched and throughout) show higher similarity to
each other as compared to the isotype group. This can be seen in two aspects. First, there is
a higher diversity among the Firmicutes in the groups that received anti-IL-22 compared to
the isotype group. While the isotype group’s Firmicutes are dominated by Lachnospiraceae,
the anti-IL-22 group’s Firmicutes also consist of, for example, Clostridiales vadinBB60,
Peptococcaceae, and Peptostreptococcaceae. The second aspect that shows similarity be-
tween both anti-IL-22 groups is the smaller portion of the phylum Bacteroidetes when com-
pared to isotype. As outlined in the introduction, alpha diversity, which is represented by the
observed alpha diversity in Figure 15, can also be estimated as the F/B ratio. Both anti-IL-22
groups have a smaller portion of Bacteroidetes and a larger portion of Firmicutes in com-
parison to isotype (Figure 16). This leads to a higher F/B estimate of alpha diversity. Thus,
the relative abundance pie charts correspond well with the calculated higher biodiversity of
both anti-IL-22 groups (Figure 15). Taken together, we observed structural similarity —
though not significant — among the switched and throughout neutralized IL-22 groups in

contrast to the isotype group.
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Figure 15: Comparison of the three experimental groups (isotype, isotype = anti-1L-22,
anti-IL-22) at the end of colitis. 16s rRNA sequencing, observed alpha diversity.
Isotype (throughout) n = 3, isotype, then anti-IL-22 n = 4, anti-IL-22 (throughout) n =5,
all Mb2 microbiota.
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Figure 16: Comparison of the three experimental groups (isotype, isotype = anti-1L-22,
anti-1L-22) at the end of colitis. 16S rRNA sequencing, relative abundances. The second
row of pie charts shows the family abundances corresponding to the phy/um abundances
in the top row. Isotype (throughout) n=3, isotype, then anti-IL-22 n=4, anti-
IL-22 (throughout) n = 5, all Mb2 microbiota.
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Next, we asked ourselves to what extent the microbiota is changed during colitis. We
compared relative abundances of baseline Mb2 microbiota (Figure 3 A) with the isotype
group after colitis (Figure 16 A). For better comparison, both are depicted next to each other
in Figure 17 A and B. Limitations to this comparison are that the measurements come from
different experimental groups and that Mb2 baseline only measured n = 1 mouse. Neverthe-
less, one structural trend might become apparent: On phylum level Bacteroidetes are reduced
after colitis, while Actinobacteria are increased. On family level it can be observed that the
decrease in Bacteroidetes is mainly balanced out by an increase in Bifidobacteriaceae and
Enterobacteriaceae. So, colitis appears to be accompanied by a decline in Bacteroidetes,
probably Bacteroides, which is a priori the most common commensal genus. Taken together,

we observed some structural changes that are possibly caused by colitis pathology.
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from (A) baseline microbiota (n=1) and (B) the isotype group from the long-term
neutralization experiment (n = 3), all Mb2. 16S rRNA sequencing, relative abundances.
The second row of pie charts shows the family abundances corresponding to the phylum

abundances in the top row.
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We also aimed at investigating how far the microbiota of the group that received isotype
during the four weeks of engraftment and anti-IL-22 during the four weeks of colitis changes
during this course. Based on our evidence that microbiota changes both depending on
IL-22 (Figure 16) and, possibly, depending on colitis (Figure 17), we supposed to observe
an effect in comparing the isotype = anti-IL-22 group before and after colitis. To that end,
we compared 16S rRNA sequencing of two timepoints: Fecal samples were taken on the day
of colitis induction (before injection of anti-IL-22 or CD45RB" cells) (Figure 18 A) and at
the end of the experiment (i.e., after anti-IL-22 had been injected for four weeks during co-
litis) (Figure 18 B). Indeed, we observed structural differences, although these were not sta-
tistically significant. On phylum level we saw a reduction in Bacteroidetes, while on family
level we additionally observed higher biodiversity among Firmicutes. These two findings
were consistent with our observations due to anti-IL-22 or due to colitis on its own. At this
point it is hard to tell if these changes are more due to the anti-IL-22 treatment or due to the
colitis. However, we observed typical changes (lower Bacteroidetes; higher diversity of Fir-
micutes) after colitis and anti-IL-22 treatment which were consistent with our other find-

ings (Figures 16 and 17).
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Figure 18: Comparison of microbiota before and after colitis. The mice received isotype
for four weeks of Mb2 engraftment followed by a four-week course of T cell colitis with
anti-IL-22 (n=4). 16S rRNA sequencing, relative abundances. The second row of pie
charts shows the family abundances corresponding to the phylum abundances in the top
TOW.
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Our main hypothesis from the long-term experiment was that our experimental
groups (Figure 14 A) differed in microbiota before the induction of colitis. The group that
received anti-IL-22 could have a more colitogenic microbiota than the isotype groups. There-
fore, later anti-IL-22 treatment in the short-term anti-IL-22 group would have no effect on
colitis since the microbiota was already less colitogenic and would not require further IL-22.
So, we compared the microbiota of mice after four weeks of engraftment. We performed a
comprehensive metagenomic sequencing. We chose ten mice, five of which had received
anti-IL-22 from the start of FMT, five of which had so far received isotype. Downstream
analyses of metabolic pathways or gene expression did not appear reliable — owing to low n.
However, Figure 19 provides results of alpha and beta diversity calculations, which is the
most robust read out for our question (were there differences between isotype and anti-I1L-22
treated mice before colitis?). Indeed, a lower alpha diversity is observed in the anti-IL-22
group compared to isotype (p = 0.0093, Mann-Whitney test). Curiously, this opposes our
16S rRNA sequencing-based observation of trends towards a higher alpha diversity in our
colitogenic microbiotas (e.g., Mb2 vs. Mbl or anti-IL-22 treated vs. isotype groups; Fig-
ures 3 A and 15). It should be kept in mind that these are all trends without statistical signif-
icance. Moreover, Figure 19 provides a more in-depth sequencing which cannot be easily
compared to the 16s rRNA sequencing data, particularly, because different mice were ana-
lyzed. To more thoroughly examine if the two microbiotas, isotype treated and anti-I1L-22
treated, were different, we performed an analysis of dissimilarity (beta diversity). To this
end, the ten samples underwent a principal coordinate analysis (Figure 19 B). Indeed, a trend
towards clustering dissimilarly along the first principal coordinate axis (comprising 32.8%
of the variation of the data), can be seen. However, also along the second axis differences
can be seen which do not refer to differences in antibody treatment. Therefore, beta diversity
does provide clear evidence that anti-IL-22 treatment changes the microbiota, but it would

need a reexamination with a larger n.

Taken together, we provide insights that make it likely that anti-IL-22 treatment altered the

microbiota during the engraftment phase before colitis induction.

80



Mb2
D % %k
c
O 500-
(72]
o
o
> I
z) 450
)
2
© -
© 400 e
e
e
© 350 I .
isotype anti-IL-22
B
Mb2
0.4 © o isotype
8 () ® anti-IL-22
AN
n O 0.2
X = 0.2
< g
§ 2
o 3 0.0-
AN @ @) o
o o
1 1 1 1 1
-0.4 -0.2 0.0 0.2 0.4
PCoa axis 1

(32.8%variance)

Figure 19 Comparison of differentially treated mice after Mb2 FMT into treatment-naive
recipients. During the four weeks of engraftment, n = 5 mice received isotype, and n =5
mice received anti-IL-22. Shotgun metagenomic sequencing, alpha diversity (observed)
and beta diversity (Bray-Curtis dissimilarity) as principal coordinate analysis.
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Summing up our experimental results, three potentially colitogenic microbiotas (Mb2,
anti-IL-22 microbiota, and microbiota after colitis) shared similarities. Short-term neutrali-
zation of IL-22 did not affect colitis severity in a microbiota setting that needs 1L-22 for
protection from colitis (Mb2). Then again, long-term neutralization aggravated disease. So,
presence of IL-22 before colitis induction is sufficient to ensure its protective function. We
assume this to be due to a direct impact of IL-22 on the microbiota. After the engraftment
period, we found differences in Mb2 depending on IL-22. Here, 16S rRNA sequencing
showed lower Bacteroidetes and higher biodiversity among Firmicutes in anti-1L-22 treated
mice. A confirmatory metagenomic sequencing substantiated the notion of differences de-
pending on IL-22 as seen by somewhat separate clustering in a beta diversity principal co-
ordinate analysis. These differences in microbiota could correspond to phenotypical conse-
quences during colitis. This means if [L-22 is present during the microbiota engraftment, the

microbiota is ameliorated, and later IL-22 is dispensable.
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5. Discussion

Previously, IL-22 has been found to protect from DSS-mediated and from T cell transfer
colitis (160—164). Previous experiments from our laboratory have shown that under certain
microbiota conditions, IL-22 does not significantly impact colitis susceptibility. While the
mechanism of IL-22-mediated protection remains yet to be elucidated, IL-22 has been
shown to influence the gastrointestinal microbiota composition. Here, we confirm that the
presence of IL-22 ameliorates disease, and we provide further insight into the effect of
IL-22 on the microbiota. Interestingly, we find IL-22-mediated protection does not require
active IL-22 production after colitis onset, pointing to an anti-colitogenic effect that
happens prior to the induction of colitis. Our adoptive transfer colitis model suggests that
already produced IL-22 induces changes in the microbiome that protect from colitis even
in the absence of IL-22 later on. Taken together, our research connects the complex picture

of IL-22-dependent pro-tection from colitis with its containment of microbiota.

5.1. Importance of quality controls during FMT

Essentially, mice within one hygienic barrier (in our case within an individually venti-
lated cage) harbor very similar intestinal microbiotas. This cage effect is natural because
mice ingest fecal material via coprophagy or contamination of feed within in the cage.
Thereby, different microbiotas of mice put together into one cage will eventually adjust
within two to four weeks. This phenomenon is the basis for cohousing experiments. (213) A
key question is what the resulting microbiota would be after merging of two microbiotas.
The first possibility would be that both microbiotas become more similar to one another, so
that the resulting microbiota is “in between” the two original ones. In the Bray-Curtis dis-
similarity this would mean clustering of the merged microbiota right between the original
microbiotas. This mostly symmetric merging occurs if the two merged microbiotas are quite
similar (213). Another possibility would be that one microbiota outgrows the other, so that
the resulting microbiota is similar to only one of the original microbiotas. So, one microbiota
would be dominant over the other. In fact, exactly this is observable with our colito-
genic/dysbiotic microbiotas. Via FMT Mb2 engrafted very efficiently into mice that initially
harbored Mb1. So, Mb2 is dominant over Mb1. Hence, neither antibiotic pre-treatment of
the recipients nor multiple Mb2 donations were needed. Moreover, some experimental

groups that had received Mb1 still developed an Mb2 microbiota — probably via minor
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contaminations during the FMT process. This confirms the dominance of Mb2 over Mbl.
Mbl is a simple, very hygienic microbiota of low observed alpha diversity. On the other
hand, Mb2 includes pathobionts that are absent in Mb1. Therefore, these Mb2 signature bac-
teria probably easily find a biological niche (“a vacant spot”) in the simple microbiota of
Mbl1 harboring mice. Similarly, it has been shown that cohousing of w¢ mice with mice har-
boring a dysbiotic microbiota leads to both predominance of the dysbiotic microbiota after
some engraftment time and transmission of the colitogenic effect of the dysbiotic microbiota
onto the wt mice (100, 101). This fosters our view that more colitogenic microbiotas are also
more dominant when it comes to FMT or cohousing. A key limitation of these models is that
laboratory mice (particularly, in SPF conditions) have a simple microbiota compared to
physiological microbiota of wild mice (214). Within a more complex microbiota it might be
far more difficult for faxa from the dysbiotic microbiota to find a biological niche, i.e., “all
spots are already taken”. Therefore, it remains questionable if dysbiotic microbiotas are gen-
erally dominant over healthy ones, for example in the setting of physiological (i.e., wild)
murine microbiota or human microbiota. Taken together, we deem quality controls, such as
PCR, following FMT very important to validate correct engraftment since microbiotas can

be exceptionally dominant.

5.2. Short-term IL-22 blockade has no effect on T cell transfer coli-

tis

As known from experiments with /227~ mice, IL-22 protects mice from colitis in certain
microbiota settings — but not in the setting of very hygienic laboratory microbiota (190). In
parallel, others have found a similar relation with the proinflammatory Tyl transcription
factor T-bet: In some microbiotas, T-bet is required for induction of adoptive T cell colitis.
With another microbiota the proinflammatory action of T-bet was not needed to induce co-
litis. (215) Interestingly, this microbiota was more biodiverse and included pathobionts, sim-
ilar to our Mb2 microbiota. Consequently, the concept that some molecules of the immune
system might only be important in certain microbial surroundings had already been devel-
oped. We found that neutralizing IL-22 during the course of T cell colitis has no effect on
colitis severity. This was true in both of our microbiota conditions, Mb1 and Mb2, respec-
tively. Mb2 was derived in vivo from the mouse colonies used by Zenewicz et al. (101, 162).
However, one has to point out the experiments by Zenewicz et al. were done more than ten

years ago, so that microbiota changes have likely occurred during this time and prior to the
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import to Hamburg. During transfer and breeding of multiple generations of mice in Ham-
burg, our Mb2 has probably developed also some unique characteristics. However, in this
microbiota (essentially, our Mb2 source) Zenewicz et al. have shown that IL-22 is protective
in two colitis models (DSS and T cell colitis) (162). So, initially, it was surprising that short-
term IL-22 blockade had no effect — even in this Mb2 setting. However, Zenewicz ef al. had
shown that host-derived IL-22 is sufficient to carry out the IL-22-dependent tissue protec-
tion. This was observed by two different transfer experiments. Transferring either wt or
11227- CD45RB" T cells into 7/227- Ragl”- mice showed more severe colitis in those mice
that received /227~ CD45RB" T cells. On the other hand, when transferring either wt or
11227- CD45RB" T cells into Ragl™" (i.e., single knockout) mice there was no difference in
colitis phenotype between those that received wr vs. those that received 11227~ T cells. Thus,
IL-22 produced by immune cells of the host is sufficient for carrying out the protective func-
tion of IL-22. Because host mice were Rag!/ deficient, this IL-22 must be derived from the
innate compartment. Zenewicz et al. argue that it is probably produced by NK cells. One
might now think that our short-term neutralization had no effect because of host-derived
IL-22 just as in this transfer experiment from Zenewicz et al. However, with our short-term
blockade during the colitis also the host-derived IL-22 was neutralized. Therefore, it follows
that host-derived IL-22 that is secreted before initiation of the neutralization (i.e., during the
weeks from birth of the mice until induction of colitis) is sufficient to carry out the effect of
IL-22. This might be true then even for future episodes of colitis. Prerequisites for this would
be, firstly, that [L-22 acts on the intestinal mucosa and, secondly, that this early host-derived
IL-22 has a lasting effect. This lasting effect must be at least four weeks long because we
did not observe more severe colitis in the anti-IL-22 group for this duration. However, it
might well be that this effect does not hold forever. Firstly, our data indicate that at week
four there is a slight trend towards more colitis severity in the anti-IL-22 group. Secondly,
our adoptive model could not run longer because of the burden of the mice, but it might be
possible that after a longer duration of disease the protective effect of the early host-derived
IL-22 wears off. Therefore, one sensible follow-up experiment would be to choose an even
longer model of colitis. This could be carried out with a chronic DSS model with low doses
and numerous rounds of DSS in the drinking water. Another option would be to use our
adoptive model of colitis but inject fewer CD45RB" T cells as colitis induction. The next
question we asked ourselves was how IL-22 might act on the intestinal mucosa to produce

this lasting effect. Sugimoto et al. showed that local injection of an IL-22 gene delivery
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system led to swift activation of IL-22 downstream genes, such as MUC1 and MUC3, and
diminished local inflammation in a genetic model of colitis (160). However, due to the rapid
turnover of IECs and mucus, there must be an additional mechanism how this might lead to
a long-term effect. We proposed that changes in the IECs subsequently act on the microbiota.
This altered microbiota might then be functionally stable for some weeks and convey the
protective effect of IL-22 during future episodes of colitis. And, lastly, this would open up a
concept that (at least part of) the effect of IL-22 on colitis is carried out in an indirect way
via the microbiota: IL-22 = IL-22-dependent gene transcription = change in the microbi-
ota = less inflammation. The logical follow-up experiment was carried out, and it is dis-

cussed in the next paragraph.

5.3. Long-term IL-22 blockade aggravates T cell transfer colitis in

Mb2 microbiota

The follow-up experiment was to perform long-term blockade of IL-22. Increased colitis
severity in this long-term group would also be more similar to the knockout experiments,
and we expected to see an effect on colitis here. Following our hypothesis that IL-22 acts
via a change of the microbiota, we took young mice (four weeks old) and chose to perform
long-term blockade during colitis and prior to colitis induction (during engraftment of Mb2).
This was compared with short-term blockade and isotype. We found that long-term blockade
of IL-22 leads to increased colitis severity, which bolsters the concept that endogenous 1L-22
plays a protective role and IL-22 during colitis is per se dispensable. These findings are in
line with the results from Zenewicz et al., who used a transfer experiment to prove that host-
derived innate IL-22 leads to sufficient IL.-22 action and protection from colitis sever-
ity (162). Our experiment adds a new perspective to this with respect to two aspects: First,
we used therapeutic antibodies instead of germline knockout mice to confirm the concept of
innate-derived IL-22 being sufficient. Second, we add new insights into the role of the mi-
crobiota (discussed in the next paragraph). Based on our observations, one follow-up exper-
iment would be of particular interest. In our long-term experiment we included three treat-
ment groups ((D isotype, (2) anti-IL-22, (3) isotype = anti-IL-22). It would be useful to add
a fourth group (@ anti-IL-22 = isotype). In this group, IL-22 would be neutralized only
during the engraftment phase (four weeks) of Mb2. This could answer the question if early

IL-22 is more important than IL-22 during the colitis. From our experiments it is already
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clear that early IL-22 is sufficient, i.e., its lack leads to colitis aggravation. However, it re-
mains elusive if the presence of IL-22 exclusively during the course of colitis can compen-

sate for blockade of the early host-derived IL-22.

5.4. The protective effect of IL-22 is at least partly mediated by al-

teration of the microbiota

We found that microbiota from mice treated with an anti-IL-22 antibody during the en-
graftment of Mb2 was altered and potentially more colitogenic. To sufficiently prove our
deduction that this altered microbiota leads to aggravated colitis, two more experiments
would be needed. Firstly, the experiment should be repeated with a fourth group that only
receives anti-IL-22 during engraftment but regains IL-22 competency after that (as explained
above). The second experiment to provide more evidence for this hypothesis would be to
isolate feces from isotype treated and anti-IL-22 treated mice and transfer these to germ free
mice. This gnotobiotic approach could ultimately show if the changes in colitis phenotype
which we observed during our long-term blockade experiment were due to the microbiota.
Gnotobiotic experiments have the highest value in establishing causality in microbiota re-
search because all other confounding factors are deleted. There, a specifically transferred
microbiota is the only difference between the experimental groups. We think that this would
be quite promising as earlier work has already provided evidence that IL-22 prohibits dysbio-

sis and this might carry out the effect of IL-22 on colitis (101, 216, 217).

In 2013, Zenewicz et al. showed that microbiota is altered in /227" mice (101). This
study from Zenewicz et al. has been criticized since no litter mate controls were being
used (218). However, we believe the effect of IL-22 on dysbiosis to be very robust: First, it
corresponds to our observations depending on anti-IL-22 treatment. Second, the impact of
IL-22 on the microbiota might only be observable in already slightly dysbiotic microbiotas,
i.e., when it is required for containment of pathobionts (219). Furthermore, in the 2013 study
from Zenewicz et al. the dysbiotic microbiota of 11227 mice was transmissible and passed
on the colitogenic phenotype onto wf mice. Thereby, these wf mice were more susceptible
to DSS colitis. Even though this has been shown in another model of colitis and with large
variability in phenotype, this is a good basis for our hypothesis that IL-22-dependent micro-
biota change renders mice susceptible to colitis. Zenewicz et al. measured the effect of [L-22

on the microbiota by performing analysis of alpha diversity, beta diversity (between wt and
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1122~ mice), and comparisons of relative abundances using 16S rRNA sequencing. In these
studies, alpha diversity was found to be increased in //22”- mice. This only corresponds well
with a part of our results. We show by 16S rRNA sequencing that alpha diversity was (as
general trend) increased in the long-term anti-IL-22 group after colitis. However, our meta-
genomic sequencing displays a decrease in alpha diversity in mice that received anti-1L-22.
This might be due to low n and because different mice are being compared. Interestingly,
observed alpha diversity as examined by number of species was higher in Mb2 compared to
Mbl. So, in the laboratory setting (where “normal” microbiota is extremely low complex
and free of many taxa due to strictly hygienic animal facilities), one might argue that higher
alpha diversity tends to be typical for more colitogenic microbiota. This is probably no effect
of alpha diversity as such because wild caught mice typically have a much more divers mi-
crobiota with high alpha diversity (220). Rather, Mb2 and //22”- microbiota might be colito-
genic due to the presence of pathobionts that are not balanced out by the rest of the faxa.
Another variable analyzed by Zenewicz et al. was beta diversity. With respect to this data,
wt and 1/227- microbiotas differed significantly. This is partly supported by our metagenomic
results as there was some differential clustering in the Bray-Curtis dissimilarity. Next, Ze-
newicz et al. examined relative abundances on different levels of depth. On family
level (which is the one most suitable to compare) there were starkly reduced Bacteroidaceae
and Lactobacillaceae. This was balanced out by an enrichment in potential pathobiont fam-
ilies: Prevotellaceae and Helicobacteraceae. Our data (albeit providing only a general trend)
fit well into this picture. After colitis, anti-IL-22 treated groups had reduced Bacteroidaceae
and slightly increased Prevotellaceae and Helicobacteraceae. However, Lactobacillaceae
were not reduced by anti-IL-22 treatment. Comparing the microbiota changes caused by
adoptive T cell colitis with the microbiota changes caused by anti-IL-22 treatment, it be-
comes clear that these two types of dysbiosis share similarities. In both cases we observed a
shift of relative abundances from Bacteroidetes to Firmicutes alongside a reduced alpha di-
versity (in our 16S rRNA data). Peculiarly, this is opposite to the typical dysbiotic changes
observed in human IBD patients (see, introduction). One possibility is that there is a very
different “normal” cohort to compare the dysbiotic changes to. Whilst our murine microbiota
was compared to a rather low complex microbiota, the human IBD cohorts were compared
to healthy individuals with massive complexity and biodiversity. Therefore, we might ob-
serve an increase in alpha diversity (alongside a B = F shift) because our baseline microbi-

ota is simpler than a physiologic gut microbiome. This hypothesis is fostered by the fact that
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an enrichment in potentially pathological taxa is seen both in our experiments and in human
IBD patients. Both the murine dysbiosis and human IBD dysbiosis are characterized by en-

richment in Prevotellaceae and Helicobacteraceae.

5.5. Outlook

5.5.1. Future studies

Three experiments can be carried out to further consolidate our hypothesis. First, a gno-
tobiotic colitis experiment: Fecal recipients should be Mb1 Ragl- that receive Mb2 via FMT
from w¢ mice that have been treated with isotype or anti-IL-22 treatment four weeks prior to
the stool donation. Second, addition of a fourth experimental group to our long-term neu-
tralization experiment (group (4) anti-IL-22 during engraftment = isotype during colitis).
Third, a specific metagenomic analysis of microbiota engraftment: Mb1 Ragl”~ should re-
ceive Mb1 or Mb2 simultaneous with either isotype or anti-IL-22 treatment during engraft-
ment. Then, microbiota should be analyzed after four weeks. This would function as a test
to verify that IL-22 does not affect Mb1. Our hypothesis is that IL-22 is not needed in Mbl1
settings because there are essentially no pathobionts which would need to be contained by
IL-22. Therefore, the above-mentioned experiment would be suitable to closely observe if

there are any effects of IL-22 on this less colitogenic microbiota.

5.5.2. Possible therapeutic potential

Since IL-22 protects from colitis and from IBD, some pharmacologic interventions for
promoting IL-22 have been proposed and even tested in phase I or II clinical trials. For ex-
ample, small molecules that induce IL-22 have been suggested, and IL-22 fusion proteins
have been tested for ulcerative colitis. So far, none of these attempts has been successful.
Moreover, IL-22 can have negative effects, namely it can foster inflammation or promote
tumor development. IL-22 driven inflammation occurs in the skin or at joints. (221, 222) A
function in promoting tumor growth has been debated regarding colon cancer: On the one
hand, IL-22 can secure a physiologic apoptotic reaction of IEC in response to carcinogenic
mutagens (43). On the other hand, unregulated IL-22 (i.e., due to loss of the physiologic
negative regulation by IL22BP) can promote tumor development (166, 167). Thus, pharma-
cological promotion of IL-22 should be studied under careful observation, and probably the
cancer risk needs to be further investigated and precluded before clinical studies can be con-

sidered safe enough. Our results propose another way of using such pharmacological
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concepts, which is to choose pharmacological treatments depending on a patient’s gut mi-
crobiota. This personalized approach has already been proposed in other disease contexts,
such as melanoma (189). Regarding pro-IL-22 treatment for IBD patients, it could also be
valuable: It is known that the extent of dysbiosis differs vastly among IBD patients (148),
and we provided evidence that the protective function of IL-22 on colitis is largely due to
amelioration of dysbiotic microbiotas. On that account, future trials of pro-IL-22 drugs could
be conducted in highly dysbiotic IBD patients. Such a specific approach for dysbiotic IBD
patients might improve effectiveness and tolerability and could be an example of more per-

sonalized medicine.
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6. Summary

Inflammatory bowel disease (IBD) affects circa half a percent of the Western world pop-
ulation. IBD is characterized by recurring flares of abdominal and, in some cases, systemic
symptoms. While the causes for IBD remain unknown, different cytokines have been as-
signed a central role for IBD pathogenesis. Interestingly, during intestinal inflammation, cy-
tokine effects appear to differ among individuals. For example, IL-22 protects from IBD and
murine colitis in most settings but not all. In the presence of certain microbiotas, e.g., Mb2,
IL-22 is protective, while in others, e.g., in Mbl, it has no effect on colitis. We hypothesized
that IL-22 ameliorates colitis in mice by correcting a colitogenic microbiota. Consequently,
we expected IL-22 to fail to alleviate colitis in mouse models with an a priori less colitogenic
microbiota. To test our hypothesis, we used mice with defined and distinct microbiotas (fecal
microbiota transplant of Mb1 and Mb2, respectively) and a murine colitis model (CD45RB"
T cell transfer). For neutralizing IL-22, we intraperitoneally injected a monoclonal
anti-IL-22 antibody. 16S rRNA sequencing revealed structural differences among Mb1 and
Mb2 microbiotas. Some taxa were exclusively present in Mb2 microbiota, e.g., the notori-
ously colitogenic Prevotella spp. and H. typhlonius. Mb2 microbiota rendered mice more
susceptible to T cell transfer colitis. Unexpectedly, short-term blockade of IL-22 after
CD45RB" T cell transfer into Ragl”~ did not affect colitis severity. This was independent of
the microbiota (Mb1 or Mb2). In comparison to short-term blockade, IL-22 long-term neu-
tralization aggravated colitis in Mb2. Long-term neutralization was initiated at the time of
fecal microbiota transplant, and it was continued throughout the engraftment and the later
colitis phase. These findings indicate that IL-22 that is released from innate immune cells
during the engraftment affects the mucosal homeostasis, i.e., the microbiota, which in turn
protects from later episodes of colitis. In accordance with our hypothesis, metagenomic anal-
ysis unveiled differential engraftment of Mb2 microbiota depending on IL-22 presence or
absence. We show alterations in the microbiota of IL-22 neutralized mice, which might be
indicative of a higher colitogenic potential. However, in order to fully establish this causal

link, further gnotobiotic experiments are necessary.

Taken together, we provide evidence that in an IBD model system IL-22 confines a co-
litogenic microbiota and that the protective effect of IL-22 on colitis is at least partly via this

modulation of the microbiota.
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7. Zusammenfassung

Etwa ein halbes Prozent der westlichen Weltbevolkerung leidet an einer chronisch-ent-
ziindlichen Darmerkrankung (CED). Gekennzeichnet sind CED durch wiederkehrende ab-
dominelle Beschwerden, etwa Diarrhden und Bauchkrdmpfe, und teils durch systemische
Symptome, zum Beispiel Fatigue oder Gewichtsverlust. Wahrend die Ursachen fiir CED
unbekannt sind, wird Zytokinen des Immunsystems eine zentrale Rolle fiir die Pathogenese

zugeschrieben.

Interessanterweise gibt es Hinweise, dass sich die Wirkungen einzelner Zytokine wih-
rend einer Darmentziindung je nach Situation unterscheiden. Beispielsweise schiitzt Inter-
leukin (IL)-22 in Gegenwart bestimmter Mikrobiome, zum Beispiel Mb2, vor muriner Ko-
litis, wiahrend es zum Beispiel in Mb1 keine Wirkung auf den Verlauf der Kolitis hat. Wir
stellten die Hypothese auf, dass IL-22 murine Kolitis abmildert, indem es kolitogene Mik-
robiome korrigiert. Folglich erwarteten wir, dass IL-22 die Kolitis in Madusen mit einem a
priori nicht kolitogenen Mikrobiom nicht lindern wiirde. Um unsere Hypothese zu priifen,
untersuchten wir Miuse mit definierten Mikrobiomen (durch Stuhltransplantation von Mbl
bzw. von Mb2) in einem Kolitismodell (CD45RB" T-Zell Transferkolitis). Um IL-22 zu

neutralisieren, injizierten wir einen monoklonalen anti-IL-22-Antikdrper intraperitoneal.

Eine 16S-rRNA-Sequenzierung zeigte strukturelle Unterschiede zwischen Mb1 und Mb2
auf. Einige taxa waren ausschlieBlich im Mb2 Mikrobiom vorhanden, wie etwa die als koli-
togen bekannten genera Prevotella spp. und H. typhlonius. Dazu passend waren Méuse mit
dem Mb2 Mikrobiom anfilliger flir T-Zell Transferkolitis als solche mit Mbl. Anders als
erwartet hatte die kurzfristige Blockade von IL-22 nach CD45RB" T-Zell Transfer in
Ragl”~ Méusen keinen Einfluss auf die Schwere der Kolitis. Dies war unabhingig vom Mik-
robiom (Mb1 oder Mb2). Im Vergleich zur kurzzeitigen Blockade fiihrte eine ldngerfristige
IL-22 Neutralisation zu einem schwereren Verlauf der Kolitis in Mb2. Diese ldngerfristige
IL-22 Neutralisation wurde zum Zeitpunkt der Stuhltransplantation eingeleitet und sowohl
in den nachfolgenden Wochen (Einwachsen des Transplantates) als auch in der spéteren Ko-
litisphase fortgesetzt. Diese Ergebnisse weisen darauf hin, dass IL-22 wihrend der Zeit des
Einwachsens des Stuhltransplantates durch Zellen des angeborenen Immunsystems freige-
setzt wird und die Schleimhauthomoostase, insbesondere das Mikrobiom, beeinflusst und

dadurch vor spiteren Kolitis-Episoden schiitzt. In Ubereinstimmung mit unserer Hypothese
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enthiillte eine metagenomische Sequenzierung ein unterschiedliches Einwachsen des
Mb2 Mikrobioms in Abhéngigkeit von der Anwesenheit oder Abwesenheit von IL-22. Un-
sere Analysen zeigten Verdnderungen im Mikrobiom von IL-22 neutralisierten Méusen, die
auf ein hoheres kolitogenes Potenzial hinweisen konnten. Um diesen kausalen Zusammen-
hang vollstindig nachzuweisen, wiren jedoch weitere, gnotobiotische Experimente notwen-
dig.

Zusammenfassend liefern wir Beweise dafiir, dass IL-22 in einem Modellsystem fiir
CED ein kolitogenes Mikrobiom abmildert und, dass die Schutzwirkung von IL-22 weitge-
hend iiber diese Modulation des Mikrobioms erfolgt.
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8. Abbreviations

Where appropriate, abbreviations or acronyms were used (introduced when a term is

used initially). We generally used murine orthologs (e.g., REGIIIy instead of REGIIIa).

Abbreviation used Meaning

[...]-H [...] signal height

[...]'W [...] signal width

[...]F-A [...] signal area

ACK ammonium-chloride-potassium
APRIL a proliferation-inducing ligand
ASCA anti-saccharomyces cerevisiae antibodies
ATGI6LI autophagy related 16 like 1

B. Bacteroides

BAFF B cell-activating factor

BHI Brain Heart Infusion

bzw. Beziehungsweise

C. Clostridium

Cbirl anti-Cbirl flagellin antibody
CCL CC-chemokine ligand

CCR chemokine receptor
CD[number] cluster of differentiation]...]
CD Crohn’s disease

CED chronisch-entziindliche Darmerkrankung(en)
CXCR C-X-C chemokine receptor
DAG diacylglycerol



DEGS

DNA

DSS

DTT

e.g.
EDTA
et al.

etc.

FACS

FBS

FMT

FOXP3

FSC

GALT

GWAS

HBSS

H&E

ie.

IBD

IEC

IECs

IELs

differentially expressed genes
deoxyribonucleic acid

dextran sulfate sodium
dithiothreitol

Escherichia

exempli gratia
ethylenediaminetetraacetic acid
et alii

et cetera

Faecalibacterium

fluorescence activated cell sorting

fetal bovine serum

fecal microbiota transplant
forkhead box P3

forward scatter

gut-associated lymphoid tissue
genome-wide association studies
Helicobacter

Hank's balanced salt solution
hematoxylin and eosin

id est

inflammatory bowel disase
intestinal epitehlial cell
intestinal epitehlial cells

intraepithelial lymphocyte(s)
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IFN
Ig

IL
IL10RB
1227
IL22RA1
IL22BP
ILC

IPEX

IVC

[n.

Inn.

LTi cell
Ly6C
Ly6G
M cell
MACS
MAIT cell
MATE
Mb

min
mTNF

MUC

interferon

immunoglobulin

interleukin

IL-10 receptor beta subunit
IL-22 deficient

interleukin-22 receptor, alpha 1
IL-22 binding protein

innate lymphoid cell

immune-dysregulation polyendocrinopathy

linked

individually ventilated cage
lymphonodus

lymphonodi

lymphoid tissue inducer cell
lymphocyte antigen 6 complex, locus C
lymphocyte antigen 6 complex, locus G
microfold cell

magnetic-activated cell sorting
mucosal associated invariant T cell
microbial adhesion-triggered endocytosis
microbiota

minutes

memrbane-bound TNF

mucin

number of biological replicates

enteropathy

X-
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N

NFAT
NF-«B
NK cell
NKT cell
NLRP6
NOD2
OmpC
OTU
P/C/1
p-ANCA
PBS
PCR
PMA
Rag
RANKL
rcf

Ref.
REGIIIy

RORYy

RT
SCFA
SCID

s.d.

populations size

nuclear factor of activated T cells

nuclear factor kappa-light-chain-enhancer of activated B cells
natural killer cell

natural killer T cell

NOD-like receptor family pyrin domain containing 6
nucleotide-binding oligomerization domain-containing protein 2
anti-E. coli Outer membrane porin C precursor
operational taxonomic unit
phenol/chloroform/isoamyl alcohol

perinuclear antineutrophil cytoplasmic antibodies
phosphate buffered saline

polymerase chain reaction

phorbol 12-myristate 13-acetate

recombinase activating gene

receptor activator of NF-kB ligand

relative centrifugal force

reference

regenerating islet-derived protein 3 gamma
RAR-related orphan receptor gamma

revolutions per minute

room temperature

short-chain fatty acids

severe combined immunodeficiency

standard deviation
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SDS
SFB
SPF
SSC
TCR
TFH
TGFB
Tyl
Tul7
Tr2

Tu22

TVA
TNBS
TNF (TNFa)
TNFR1
Trl
Treg

tris
TRM
TSLP
UuC
UKE
VS.

wt

sodium dodecyl sulfate
segmented filamentous bacteria
specific-pathogen-free conditions
sideward scatter

T cell receptor

T follicular helper cell
transforming growth factor-beta
T helper cell type 1

T helper cell type 17

T helper cell type 2

IL-22 producing T helper cells (term is not mutually exclusive in

regard to other T helper cell subtypes)
Tierversuchsantrag
2,4,6-trinitrobenzenesulfonic acid
tumor necrosis factor alpha

tumor necrosis factor receptor 1

type 1 regulatory T cells

regulatory T cell
tris(hydroxyethyl)aminomethane
tissue-resident memory T cell

thymic stromal lymphopoietin
ulcerative colitis

University Medical Center Hamburg-Eppendorf, Germany
versus

wild type
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XBP1

X-box binding protein 1

99



9. Literature Cited

1. Kaser A, Zeissig S, Blumberg RS. Inflammatory bowel disease. Annu Rev Immunol 2010;
28:573-621.

2. Clevers H. The intestinal crypt, a prototype stem cell compartment. Cell 2013;
154(2):274-84.
3. van der Sluis M, Koning BA de, Bruijn AC de, Velcich A, Meijerink JP, van Goudoever

JB et al. Muc2-Deficient Mice Spontaneously Develop Colitis, Indicating That MUC2 Is
Critical for Colonic Protection. Gastroenterology 2006; 131(1):117-29.

4. Taupin DR, Kinoshita K, Podolsky DK. Intestinal trefoil factor confers colonic epithelial
resistance to apoptosis. Proc Natl Acad Sci U S A 2000; 97(2):799-804.

5. Artis D, Wang ML, Keilbaugh SA, He W, Brenes M, Swain GP et al. RELMbeta/FIZZ2
is a goblet cell-specific immune-effector molecule in the gastrointestinal tract. Proc Natl
Acad Sci U S A 2004; 101(37):13596—600.

6. Propheter DC, Chara AL, Harris TA, Ruhn KA, Hooper LV. Resistin-like molecule beta
is a bactericidal protein that promotes spatial segregation of the microbiota and the colonic
epithelium. Proc Natl Acad Sci U S A 2017; 114(42):11027-33.

7. Li H, Limenitakis JP, Fuhrer T, Geuking MB, Lawson MA, Wyss M et al. The outer
mucus layer hosts a distinct intestinal microbial niche. Nat Commun 2015; 6:8292.

8. Crost EH, Tailford LE, Monestier M, Swarbreck D, Henrissat B, Crossman LC et al. The
mucin-degradation strategy of Ruminococcus gnavus: The importance of intramolecular
trans-sialidases. Gut Microbes 2016; 7(4):302—12.

9. Kaetzel CS, Robinson JK, Chintalacharuvu KR, Vaerman JP, Lamm ME. The polymeric
immunoglobulin receptor (secretory component) mediates transport of immune complexes
across epithelial cells: a local defense function for IgA. Proc Natl Acad Sci U S A 1991;
88(19):8796-800.

10. Brown TA, Russell MW, Kulhavy R, Mestecky J. IgA-mediated elimination of antigens
by the hepatobiliary route. Fed Proc 1983; 42(15):3218-21.

11. Kaser A, Lee A-H, Franke A, Glickman JN, Zeissig S, Tilg H et al. XBP1 links ER stress
to intestinal inflammation and confers genetic risk for human inflammatory bowel disease.
Cell 2008; 134(5):743-56.

12. Adolph TE, Tomczak MF, Niederreiter L, Ko H-J, Bock J, Martinez-Naves E et al. Pan-
eth cells as a site of origin for intestinal inflammation. Nature 2013; 503(7475):272-6.

13. Iwakoshi NN, Pypaert M, Glimcher LH. The transcription factor XBP-1 is essential for
the development and survival of dendritic cells. J Exp Med 2007; 204(10):2267-75.

14. Shaffer AL, Shapiro-Shelef M, Iwakoshi NN, Lee A-H, Qian S-B, Zhao H et al. XBP1,
downstream of Blimp-1, expands the secretory apparatus and other organelles, and increases
protein synthesis in plasma cell differentiation. Immunity 2004; 21(1):81-93.

15. Conway KL, Kuballa P, Song J-H, Patel KK, Castoreno AB, Yilmaz OH et al. Atgl6l1l
is required for autophagy in intestinal epithelial cells and protection of mice from Salmonella
infection. Gastroenterology 2013; 145(6):1347-57.

100



16. Schwitalla S, Fingerle AA, Cammareri P, Nebelsiek T, Goktuna SI, Ziegler PK et al.
Intestinal Tumorigenesis Initiated by Dedifferentiation and Acquisition of Stem-Cell-like
Properties. Cell 2013; 152(1):25-38.

17. Swanson PA2, Kumar A, Samarin S, Vijay-Kumar M, Kundu K, Murthy N et al. Enteric
commensal bacteria potentiate epithelial restitution via reactive oxygen species-mediated
inactivation of focal adhesion kinase phosphatases. Proc Natl Acad Sci U S A 2011;
108(21):8803-8.

18. El-Asady R, Yuan R, Liu K, Wang D, Gress RE, Lucas PJ et al. TGF-{beta}-dependent
CD103 expression by CD8(+) T cells promotes selective destruction of the host intestinal
epithelium during graft-versus-host disease. J Exp Med 2005; 201(10):1647-57.

19. Salazar-Gonzalez RM, Niess JH, Zammit DJ, Ravindran R, Srinivasan A, Maxwell JR
et al. CCR6-mediated dendritic cell activation of pathogen-specific T cells in Peyer's
patches. Immunity 2006; 24(5):623-32.

20. Kunkel EJ, Campbell JJ, Haraldsen G, Pan J, Boisvert J, Roberts Al et al. Lymphocyte
CC chemokine receptor 9 and epithelial thymus-expressed chemokine (TECK) expression
distinguish the small intestinal immune compartment: Epithelial expression of tissue-spe-
cific chemokines as an organizing principle in regional immunity. J Exp Med 2000;
192(5):761-8.

21. Blander JM, Sander LE. Beyond pattern recognition: five immune checkpoints for scal-
ing the microbial threat. Nat Rev Immunol 2012; 12(3):215-25.

22. Gewirtz AT, Navas TA, Lyons S, Godowski PJ, Madara JL. Cutting edge: bacterial fla-
gellin activates basolaterally expressed TLRS to induce epithelial proinflammatory gene ex-
pression. J Immunol 2001; 167(4):1882-5.

23. Izadpanah A, Dwinell MB, Eckmann L, Varki NM, Kagnoff MF. Regulated MIP-3al-
pha/CCL20 production by human intestinal epithelium: mechanism for modulating mucosal
immunity. Am J Physiol Gastrointest Liver Physiol 2001; 280(4):G710-9.

24. McDole JR, Wheeler LW, McDonald KG, Wang B, Konjufca V, Knoop KA et al. Goblet
cells deliver luminal antigen to CD103+ dendritic cells in the small intestine. Nature 2012;
483(7389):345-9.

25. Hase K, Kawano K, Nochi T, Pontes GS, Fukuda S, Ebisawa M et al. Uptake through
glycoprotein 2 of FimH(+) bacteria by M cells initiates mucosal immune response. Nature
2009; 462(7270):226-30.

26. Knoop KA, Kumar N, Butler BR, Sakthivel SK, Taylor RT, Nochi T et al. RANKL is
necessary and sufficient to initiate development of antigen-sampling M cells in the intestinal
epithelium. J Immunol 2009; 183(9):5738-47.

27. Ladinsky MS, Araujo LP, Zhang X, Veltri J, Galan-Diez M, Soualhi S et al. Endocytosis
of commensal antigens by intestinal epithelial cells regulates mucosal T cell homeostasis.
Science 2019; 363(6431).

28. Zeuthen LH, Fink LN, Frokiaer H. Epithelial cells prime the immune response to an
array of gut-derived commensals towards a tolerogenic phenotype through distinct actions
of thymic stromal lymphopoietin and transforming growth factor-beta. Immunology 2008;
123(2):197-208.

101



29. Xu W, He B, Chiu A, Chadburn A, Shan M, Buldys M et al. Epithelial cells trigger
frontline immunoglobulin class switching through a pathway regulated by the inhibitor
SLPI. Nat Immunol 2007; 8(3):294-303.

30. Zaph C, Du Y, Saenz SA, Nair MG, Perrigoue JG, Taylor BC et al. Commensal-depend-
ent expression of IL-25 regulates the IL-23-IL-17 axis in the intestine. J Exp Med 2008;
205(10):2191-8.

31. Macpherson AJ, Uhr T. Induction of protective IgA by intestinal dendritic cells carrying
commensal bacteria. Science 2004; 303(5664):1662-5.

32. Mora JR, Iwata M, Eksteen B, Song S-Y, Junt T, Senman B et al. Generation of gut-
homing IgA-secreting B cells by intestinal dendritic cells. Science 2006; 314(5802):1157—
60.

33. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun C-M, Belkaid Y et al. A
functionally specialized population of mucosal CD103+ DCs induces Foxp3+ regulatory T
cells via a TGF-B— and retinoic acid—dependent mechanism. J Exp Med 2007; 204(8):1757—
64.

34. Sonnenberg GF, Monticelli LA, Alenghat T, Fung TC, Hutnick NA, Kunisawa J et al.
Innate lymphoid cells promote anatomical containment of lymphoid-resident commensal
bacteria. Science 2012; 336(6086):1321-5.

35. Saenz SA, Siracusa MC, Monticelli LA, Ziegler CGK, Kim BS, Brestoff JR et al. IL-25
simultaneously elicits distinct populations of innate lymphoid cells and multipotent progen-
itor type 2 (MPPtype2) cells. J Exp Med 2013; 210(9):1823-37.

36. Liang H, Tsui BY, Ni H, Valentim CCS, Baxter SL, Liu G et al. Evaluation and accurate
diagnoses of pediatric diseases using artificial intelligence. Nat Med 2019.

37.Zhang Z, LiJ, Zheng W, Zhao G, Zhang H, Wang X et al. Peripheral Lymphoid Volume
Expansion and Maintenance Are Controlled by Gut Microbiota via RALDH+ Dendritic
Cells. Immunity 2016; 44(2):330-42.

38. Mowat AM. The regulation of immune responses to dietary protein antigens. Immunol-
ogy Today 1987; 8(3):93-8.

39. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. Recognition
of Commensal Microflora by Toll-Like Receptors Is Required for Intestinal Homeostasis.
Cell 2004; 118(2):229-41.

40. DuPage M, Bluestone JA. Harnessing the plasticity of CD4(+) T cells to treat immune-
mediated disease. Nature reviews. Immunology 2016; 16(3):149-63.

41. Valentine M, Song K, Maresh GA, Mack H, Huaman MC, Polacino P et al. Expression
of the memory marker CD45RO on helper T cells in macaques. PLoS ONE 2013;
8(9):€73969.

42. Verrier T, Satoh-Takayama N, Serafini N, Marie S, Di Santo JP, Vosshenrich CAJ. Phe-
notypic and Functional Plasticity of Murine Intestinal NKp46+ Group 3 Innate Lymphoid
Cells. J Immunol 2016; 196(11):4731-8.

43. Gronke K, Hernandez PP, Zimmermann J, Klose CSN, Kofoed-Branzk M, Guendel F et
al. Interleukin-22 protects intestinal stem cells against genotoxic stress. Nature 2019.

102



44. Bendelac A, Lantz O, Quimby ME, Yewdell JW, Bennink JR, Brutkiewicz RR. CD1
recognition by mouse NK 1+ T lymphocytes. Science 1995; 268(5212):863-5.

45. Corbett AJ, Eckle SBG, Birkinshaw RW, Liu L, Patel O, Mahony J et al. T-cell activation
by transitory neo-antigens derived from distinct microbial pathways. Nature 2014;
509(7500):361-5.

46. Finke D, Acha-Orbea H, Mattis A, Lipp M, Kraehenbuhl J. CD4+CD3— Cells Induce
Peyer's Patch Development. Immunity 2002; 17(3):363—73.

47. Williams JM, Duckworth CA, Burkitt MD, Watson AJM, Campbell BJ, Pritchard DM.
Epithelial cell shedding and barrier function: a matter of life and death at the small intestinal
villus tip. Vet Pathol 2015; 52(3):445-55.

48. CD4+ T cells (mouse) - Mouse cell types - Mouse cells and organs - MACS Handbook
- Resources - Miltenyi Biotec - Deutschland [cited 2019 Dec 9].

49. Cheroutre H, Lambolez F, Mucida D. The light and dark sides of intestinal intraepithelial
lymphocytes. Nat Rev Immunol 2011; 11(7):445-56.

50. Leishman AJ, Naidenko OV, Attinger A, Koning F, Lena CJ, Xiong Y et al. T cell re-
sponses modulated through interaction between CD8alphaalpha and the nonclassical MHC
class I molecule, TL. Science 2001; 294(5548):1936-9.

51. Cheroutre H, Lambolez F. Doubting the TCR coreceptor function of CD8alphaalpha.
Immunity 2008; 28(2):149-59.

52. Madakamutil LT, Christen U, Lena CJ, Wang-Zhu Y, Attinger A, Sundarrajan M et al.
CD8alphaalpha-mediated survival and differentiation of CD8 memory T cell precursors.
Science 2004; 304(5670):590-3.

53. Brandtzaeg P, Karlsson G, Hansson G, Petruson B, Bjorkander J, Hanson LA. The clin-
ical condition of IgA-deficient patients is related to the proportion of IgD- and IgM-produc-
ing cells in their nasal mucosa. Clin Exp Immunol 1987; 67(3):626-36.

54. Bos NA, Bun JC, Popma SH, Cebra ER, Deenen GJ, van der Cammen MJ et al. Mono-
clonal immunoglobulin A derived from peritoneal B cells is encoded by both germ line and

somatically mutated VH genes and is reactive with commensal bacteria. Infect Immun 1996;
64(2):616-23.

55. Bain CC, Bravo-Blas A, Scott CL, Perdiguero EG, Geissmann F, Henri S et al. Constant
replenishment from circulating monocytes maintains the macrophage pool in the intestine of
adult mice. Nat Immunol 2014; 15(10):929-37.

56. Mortha A, Chudnovskiy A, Hashimoto D, Bogunovic M, Spencer SP, Belkaid Y et al.
Microbiota-dependent crosstalk between macrophages and ILC3 promotes intestinal home-
ostasis. Science 2014; 343(6178):1249288.

57. Sender R, Fuchs S, Milo R. Revised Estimates for the Number of Human and Bacteria
Cells in the Body. PLoS Biol 2016; 14(8):e1002533.

58. Swidsinski A, Loening-Baucke V. Spatial organization of intestinal microbiota in health
and disease. In: Post TW, editor. UpToDate. Waltham, MA: UpToDate; .

59. Zimmermann M, Zimmermann-Kogadeeva M, Wegmann R, Goodman AL. Separating
host and microbiome contributions to drug pharmacokinetics and toxicity. Science 2019;
363(6427).

103



60. Costea PI, Hildebrand F, Arumugam M, Béickhed F, Blaser MJ, Bushman FD et al. En-
terotypes in the landscape of gut microbial community composition. Nat Microbiol 2018;
3(1):8-16.

61. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR et al. Enterotypes
of the human gut microbiome. Nature 2011; 473(7346):174-80.

62. Holmes I, Harris K, Quince C. Dirichlet multinomial mixtures: generative models for
microbial metagenomics. PLoS ONE 2012; 7(2):e30126.

63.QinJ, LiY, Cai Z, Li S, Zhu J, Zhang F et al. A metagenome-wide association study of
gut microbiota in type 2 diabetes. Nature 2012; 490(7418):55-60.

64. Structure, function and diversity of the healthy human microbiome. Nature 2012;
486(7402):207-14.

65. Dethlefsen L, McFall-Ngai M, Relman DA. An ecological and evolutionary perspective
on human-microbe mutualism and disease. Nature 2007; 449(7164):811-8.

66. Chang EB, Martinez-Guryn K. Small intestinal microbiota: the neglected stepchild
needed for fat digestion and absorption. Gut Microbes 2019; 10(2):235-40.

67. Ingala MR, Simmons NB, Wultsch C, Krampis K, Speer KA, Perkins SL. Comparing
Microbiome Sampling Methods in a Wild Mammal: Fecal and Intestinal Samples Record
Different Signals of Host Ecology, Evolution. Front. Microbiol. 2018; 9:803.

68. Wostmann BS, Larkin C, Moriarty A, Bruckner-Kardoss E. Dietary intake, energy me-
tabolism, and excretory losses of adult male germfree Wistar rats. Lab Anim Sci 1983;
33(1):46-50.

69. Ley RE, Peterson DA, Gordon JI. Ecological and evolutionary forces shaping microbial
diversity in the human intestine. Cell 2006; 124(4):837-48.

70. Xu J, Bjursell MK, Himrod J, Deng S, Carmichael LK, Chiang HC et al. A genomic
view of the human-Bacteroides thetaiotaomicron symbiosis. Science 2003;
299(5615):2074—6.

71. Harig JM, Soergel KH, Komorowski RA, Wood CM. Treatment of diversion colitis with
short-chain-fatty acid irrigation. N Engl J Med 1989; 320(1):23-8.

72. Russell WR, Gratz SW, Duncan SH, Holtrop G, Ince J, Scobbie L et al. High-protein,
reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be detrimental
to colonic health. Am J Clin Nutr 2011; 93(5):1062—72.

73. Duncan SH, Belenguer A, Holtrop G, Johnstone AM, Flint HJ, Lobley GE. Reduced
dietary intake of carbohydrates by obese subjects results in decreased concentrations of bu-

tyrate and butyrate-producing bacteria in feces. Appl Environ Microbiol 2007; 73(4):1073—
8.

74. Smith E, Macfarlane G. Enumeration of amino acid fermenting bacteria in the human
large intestine: effects of pH and starch on peptide metabolism and dissimilation of amino
acids. FEMS Microbiology Ecology 1998; 25(4):355-68.

75. den Besten G, Lange K, Havinga R, van Dijk TH, Gerding A, van Eunen K et al. Gut-
derived short-chain fatty acids are vividly assimilated into host carbohydrates and lipids. Am
J Physiol Gastrointest Liver Physiol 2013; 305(12):G900-10.

104



76. Vadder F de, Kovatcheva-Datchary P, Zitoun C, Duchampt A, Biackhed F, Mithieux G.
Microbiota-Produced Succinate Improves Glucose Homeostasis via Intestinal Gluconeogen-
esis. Cell Metab 2016; 24(1):151-7.

77. Furie B, Bouchard BA, Furie BC. Vitamin K-dependent biosynthesis of gamma-carbox-
yglutamic acid. Blood 1999; 93(6):1798-808.

78. Eden RE, Coviello JM. Vitamin K Deficiency: StatPearls Publishing; 2019.

79. Ubeda C, Djukovic A, Isaac S. Roles of the intestinal microbiota in pathogen protection.
Clin Transl Immunology 2017; 6(2):e128.

80. Shin R, Suzuki M, Morishita Y. Influence of intestinal anaerobes and organic acids on
the growth of enterohaemorrhagic Escherichia coli O157:H7. J Med Microbiol 2002;
51(3):201-6.

81. Buffie CG, Bucci V, Stein RR, McKenney PT, Ling L, Gobourne A et al. Precision
microbiome reconstitution restores bile acid mediated resistance to Clostridium difficile.
Nature 2015; 517(7533):205-8.

82. Hsiao A, Shamsir Ahmed AM, Subramanian S, Griffin NW, Drewry LL, Petri WA et al.
Members of the human gut microbiota involved in recovery from Vibrio cholerae infection.
Nature 2014; 515(7527):423-6.

83. Di Fan, Coughlin LA, Neubauer MM, Kim J, Kim MS, Zhan X et al. Activation of HIF-
la and LL-37 by commensal bacteria inhibits Candida albicans colonization. Nat Med 2015;
21(7):808-14.

84. Vaishnava S, Behrendt CL, Ismail AS, Eckmann L, Hooper LV. Paneth cells directly
sense gut commensals and maintain homeostasis at the intestinal host-microbial interface.
Proc Natl Acad Sci U S A 2008; 105(52):20858—63.

85. Zelante T, Iannitti RG, Cunha C, Luca A de, Giovannini G, Pieraccini G et al. Trypto-
phan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal
reactivity via interleukin-22. Immunity 2013; 39(2):372-85.

86. Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U et al. Induction of intes-
tinal Th17 cells by segmented filamentous bacteria. Cell 2009; 139(3):485-98.

87. Xu M, Pokrovskii M, Ding Y, Yi R, Au C, Harrison OJ et al. c-MAF-dependent regula-
tory T cells mediate immunological tolerance to a gut pathobiont. Nature 2018;
554(7692):373-7.

88. Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y et al. Induction of
colonic regulatory T cells by indigenous Clostridium species. Science 2011; 331(6015):337—
41.

89. Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M et al. The
microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Sci-
ence 2013; 341(6145):569-73.

90. BAUER H, HOROWITZ RE, LEVENSON SM, POPPER H. The response of the lym-
phatic tissue to the microbial flora. Studies on germfree mice. Am J Pathol 1963; 42:471—
83.

105



91. Inagaki H, Suzuki T, Nomoto K, Yoshikai Y. Increased susceptibility to primary infec-
tion with Listeria monocytogenes in germfree mice may be due to lack of accumulation of
L-selectint CD44+ T cells in sites of inflammation. Infect Immun 1996; 64(8):3280-7.

92. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE et al. A core
gut microbiome in obese and lean twins. Nature 2009; 457(7228):480—4.

93. Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the human
infant intestinal microbiota. PLoS Biol 2007; 5(7):e177.

94. Jakobsson HE, Abrahamsson TR, Jenmalm MC, Harris K, Quince C, Jernberg C et al.
Decreased gut microbiota diversity, delayed Bacteroidetes colonisation and reduced Th1 re-
sponses in infants delivered by caesarean section. Gut 2014; 63(4):559-66.

95. Bjedov I, Tenaillon O, Gérard B, Souza V, Denamur E, Radman M et al. Stress-induced
mutagenesis in bacteria. Science 2003; 300(5624):1404-9.

96. Zhao S, Lieberman TD, Poyet M, Kauffman KM, Gibbons SM, Groussin M et al. Adap-
tive Evolution within Gut Microbiomes of Healthy People. Cell Host Microbe 2019;
25(5):656-667.¢e8.

97. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M et al.
Human gut microbiome viewed across age and geography. Nature 2012; 486(7402):222—7.

98. Suerbaum S, Burchard G-D, Kaufmann SH, Schulz TF, editors. Medizinische Mikrobi-
ologie und Infektiologie. Berlin, Heidelberg: Springer Berlin Heidelberg; 2016. (Springer-
Lehrbuch).

99. Thaiss CA, Zmora N, Levy M, Elinav E. The microbiome and innate immunity. Nature
2016; 535(7610):65-74.

100. Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA, Booth CJ et al. NLRP6 in-
flammasome regulates colonic microbial ecology and risk for colitis. Cell 2011; 145(5):745—
57.

101. Zenewicz LA, Yin X, Wang G, Elinav E, Hao L, Zhao L et al. IL-22 deficiency alters
colonic microbiota to be transmissible and colitogenic. J Immunol 2013; 190(10):5306—12.

102. Yamada T, Hino S, Iijima H, Genda T, Aoki R, Nagata R et al. Mucin O-glycans facil-
itate symbiosynthesis to maintain gut immune homeostasis. EBioMedicine 2019; 48:513—
25.

103. Islam KBMS, Fukiya S, Hagio M, Fujii N, Ishizuka S, Ooka T et al. Bile acid is a host
factor that regulates the composition of the cecal microbiota in rats. Gastroenterology 2011;
141(5):1773-81.

104. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE et al. Diet
rapidly and reproducibly alters the human gut microbiome. Nature 2014; 505(7484):559—
63.

105. Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, Wingreen NS, Sonnenburg
JL. Diet-induced extinctions in the gut microbiota compound over generations. Nature 2016;
529(7585):212-5.

106. Yu Z-T, Nanthakumar NN, Newburg DS. The Human Milk Oligosaccharide 2'-Fuco-
syllactose Quenches Campylobacter jejuni-Induced Inflammation in Human Epithelial Cells
HEp-2 and HT-29 and in Mouse Intestinal Mucosa. J Nutr 2016; 146(10):1980-90.

106



107. Maurice CF, Haiser HJ, Turnbaugh PJ. Xenobiotics shape the physiology and gene
expression of the active human gut microbiome. Cell 2013; 152(1-2):39-50.

108. Suez J, Zmora N, Zilberman-Schapira G, Mor U, Dori-Bachash M, Bashiardes S et al.
Post-Antibiotic Gut Mucosal Microbiome Reconstitution Is Impaired by Probiotics and Im-
proved by Autologous FMT. Cell 2018; 174(6):1406-1423.e16.

109. Biedermann L, Zeitz J, Mwinyi J, Sutter-Minder E, Rehman A, Ott SJ et al. Smoking
cessation induces profound changes in the composition of the intestinal microbiota in hu-
mans. PLoS ONE 2013; 8(3):59260.

110. Tyakht AV, Kostryukova ES, Popenko AS, Belenikin MS, Pavlenko AV, Larin AK et
al. Human gut microbiota community structures in urban and rural populations in Russia.
Nat Commun 2013; 4:2469.

111. Duncan SH, Louis P, Thomson JM, Flint HJ. The role of pH in determining the species
composition of the human colonic microbiota. Environ Microbiol 2009; 11(8):2112-22.

112. Smith NW, Shorten PR, Altermann E, Roy NC, McNabb WC. The Classification and
Evolution of Bacterial Cross-Feeding. Front. Ecol. Evol. 2019; 7:1706.

113. Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A et al. Personalized
Nutrition by Prediction of Glycemic Responses. Cell 2015; 163(5):1079-94.

114. Thaiss CA, Zeevi D, Levy M, Zilberman-Schapira G, Suez J, Tengeler AC et al. Tran-
skingdom control of microbiota diurnal oscillations promotes metabolic homeostasis. Cell
2014; 159(3):514-29.

115. NiJ, Wu GD, Albenberg L, Tomov VT. Gut microbiota and IBD: causation or correla-
tion? Nat Rev Gastroenterol Hepatol 2017; 14(10):573—84.

116. Imdad A, Nicholson MR, Tanner - Smith EE, Zackular JP, Gomez - Duarte OG, Beau-
lieu DB et al. Fecal transplantation for treatment of inflammatory bowel disease. Cochrane
Database of Systematic Reviews 2018; (11).

117. Shivashankar R, Tremaine WJ, Harmsen WS, Loftus EV. Incidence and Prevalence of
Crohn's Disease and Ulcerative Colitis in Olmsted County, Minnesota From 1970 Through
2010. Clin Gastroenterol Hepatol 2017; 15(6):857-63.

118. Satsangi J, Silverberg MS, Vermeire S, Colombel J-F. The Montreal classification of
inflammatory bowel disease: controversies, consensus, and implications. Gut 2006;
55(6):749-53.

119. Silverberg MS, Satsangi J, Ahmad T, Arnott IDR, Bernstein CN, Brant SR et al. Toward
an integrated clinical, molecular and serological classification of inflammatory bowel dis-
ease: report of a Working Party of the 2005 Montreal World Congress of Gastroenterology.
Can J Gastroenterol 2005; 19 Suppl A:5A-36A.

120. Borren NZ, Woude, C. Janneke van der, Ananthakrishnan AN. Fatigue in IBD: epide-
miology, pathophysiology and management. Nat Rev Gastroenterol Hepatol 2019;
16(4):247-59.

121. Danovitch SH. Fulminant colitis and toxic megacolon. Gastroenterol Clin North Am
1989; 18(1):73-82.

122. Allison J, Herrinton LJ, Liu L, Yu J, Lowder J. Natural history of severe ulcerative
colitis in a community-based health plan. Clin Gastroenterol Hepatol 2008; 6(9):999-1003.

107



123. Schroeder KW, Tremaine W1J, Ilstrup DM. Coated oral 5-aminosalicylic acid therapy
for mildly to moderately active ulcerative colitis. A randomized study. N Engl J Med 1987;
317(26):1625-9.

124. Laharie D, Debeugny S, Peeters M, van Gossum A, Gower-Rousseau C, Belaiche J et
al. Inflammatory bowel disease in spouses and their offspring. Gastroenterology 2001;
120(4):816-9.

125. Halfvarson J, Bodin L, Tysk C, Lindberg E, Jarnerot G. Inflammatory bowel disease in
a Swedish twin cohort: a long-term follow-up of concordance and clinical characteristics.
Gastroenterology 2003; 124(7):1767-73.

126. Uhlig HH, Muise AM. Clinical Genomics in Inflammatory Bowel Disease. Trends
Genet 2017; 33(9):629-41.

127. Venema WTU, Voskuil MD, Dijkstra G, Weersma RK, Am Festen E. The genetic
background of inflammatory bowel disease: from correlation to causality. The Journal of
Pathology 2017; 241(2):146-58.

128. Barrett JC, Hansoul S, Nicolae DL, Cho JH, Duerr RH, Rioux JD et al. Genome-wide
association defines more than 30 distinct susceptibility loci for Crohn's disease. Nat Genet
2008; 40(8):955-62.

129. Cleynen I, Boucher G, Jostins L, Schumm LP, Zeissig S, Ahmad T et al. Inherited
determinants of Crohn's disease and ulcerative colitis phenotypes: a genetic association
study. The Lancet 2016; 387(10014):156—67.

130. Loftus EV, Silverstein MD, Sandborn WJ, Tremaine WJ, Harmsen WS, Zinsmeister
AR. Ulcerative colitis in Olmsted County, Minnesota, 1940-1993: incidence, prevalence,
and survival. Gut 2000; 46(3):336—43.

131. Khalili H, Higuchi LM, Ananthakrishnan AN, Manson JE, Feskanich D, Richter JM et
al. Hormone therapy increases risk of ulcerative colitis but not Crohn's disease. Gastroenter-
ology 2012; 143(5):1199-206.

132. Higuchi LM, Khalili H, Chan AT, Richter JM, Bousvaros A, Fuchs CS. A prospective
study of cigarette smoking and the risk of inflammatory bowel disease in women. Am J
Gastroenterol 2012; 107(9):1399—-406.

133. Beaugerie L, Massot N, Carbonnel F, Cattan S, Gendre JP, Cosnes J. Impact of cessa-
tion of smoking on the course of ulcerative colitis. Am J Gastroenterol 2001; 96(7):2113—6.

134. Khalili H, Ananthakrishnan AN, Konijeti GG, Liao X, Higuchi LM, Fuchs CS et al.
Physical activity and risk of inflammatory bowel disease: prospective study from the Nurses'
Health Study cohorts. BMJ 2013; 347:f6633.

135. Ananthakrishnan AN, Khalili H, Higuchi LM, Bao Y, Korzenik JR, Giovannucci EL et
al. Higher predicted vitamin D status is associated with reduced risk of Crohn's disease.
Gastroenterology 2012; 142(3):482-9.

136. Ananthakrishnan AN, Cagan A, Gainer VS, Cai T, Cheng S-C, Savova G et al. Nor-
malization of plasma 25-hydroxy vitamin D is associated with reduced risk of surgery in
Crohn's disease. Inflamm Bowel Dis 2013; 19(9):1921-7.

137. Owczarek D, Rodacki T, Domagata-Rodacka R, Cibor D, Mach T. Diet and nutritional
factors in inflammatory bowel diseases. World J Gastroenterol 2016; 22(3):895-905.

108



138. Gradel KO, Nielsen HL, Schenheyder HC, Ejlertsen T, Kristensen B, Nielsen H. In-
creased short- and long-term risk of inflammatory bowel disease after salmonella or cam-
pylobacter gastroenteritis. Gastroenterology 2009; 137(2):495-501.

139. Ungaro R, Bernstein CN, Gearry R, Hviid A, Kolho K-L, Kronman MP et al. Antibiot-
1cs associated with increased risk of new-onset Crohn's disease but not ulcerative colitis: a
meta-analysis. Am J Gastroenterol 2014; 109(11):1728-38.

140. Wang S-L, Wang Z-R, Yang C-Q. Meta-analysis of broad-spectrum antibiotic therapy
in patients with active inflammatory bowel disease. Exp Ther Med 2012; 4(6):1051-6.

141. Ananthakrishnan AN, Higuchi LM, Huang ES, Khalili H, Richter JM, Fuchs CS et al.
Aspirin, nonsteroidal anti-inflammatory drug use, and risk for Crohn disease and ulcerative
colitis: a cohort study. Ann Intern Med 2012; 156(5):350-9.

142. Andersson RE, Olaison G, Tysk C, Ekbom A. Appendectomy and protection against
ulcerative colitis. N Engl J Med 2001; 344(11):808-14.

143. Bitton A, Dobkin PL, Edwardes MD, Sewitch MJ, Meddings JB, Rawal S et al. Pre-
dicting relapse in Crohn's disease: a biopsychosocial model. Gut 2008; 57(10):1386-92.

144. Kiesler P, Fuss 1J, Strober W. Experimental Models of Inflammatory Bowel Diseases.
Cell Mol Gastroenterol Hepatol 2015; 1(2):154-70.

145. Turner JR. Molecular Basis of Epithelial Barrier Regulation: From Basic Mechanisms
to Clinical Application. Am J Pathol 2006; 169(6):1901-9.

146. Wehkamp J, Salzman NH, Porter E, Nuding S, Weichenthal M, Petras RE et al. Re-
duced Paneth cell alpha-defensins in ileal Crohn's disease. Proc Natl Acad Sci U S A 2005;
102(50):18129-34.

147. Wehkamp J, Harder J, Weichenthal M, Schwab M, Schaffeler E, Schlee M et al. NOD?2
(CARD15) mutations in Crohn's disease are associated with diminished mucosal alpha-de-
fensin expression. Gut 2004; 53(11):1658-64.

148. Lloyd-Price J, Arze C, Ananthakrishnan AN, Schirmer M, Avila-Pacheco J, Poon TW
et al. Multi-omics of the gut microbial ecosystem in inflammatory bowel diseases. Nature
2019; 569(7758):655-62.

149. Feagan BG, Sandborn WJ, Gasink C, Jacobstein D, Lang Y, Friedman JR et al. Usteki-
numab as Induction and Maintenance Therapy for Crohn's Disease. N Engl J Med 2016;
375(20):1946-60.

150. Feagan BG, Sandborn WJ, Gasink C, Jacobstein D, Lang Y, Friedman JR et al. Usteki-
numab as Induction and Maintenance Therapy for Crohn's Disease. N Engl J Med 2016;
375(20):1946-60.

151. Neurath MF. Cytokines in inflammatory bowel disease. Nat Rev Immunol 2014;
14(5):329-42.

152. Corazza N, Brunner T, Buri C, Rihs S, Imboden MA, Seibold I et al. Transmembrane
tumor necrosis factor is a potent inducer of colitis even in the absence of its secreted form.
Gastroenterology 2004; 127(3):816-25.

153. Perrier C, Hertogh G de, Cremer J, Vermeire S, Rutgeerts P, van Assche G et al. Neu-
tralization of membrane TNF, but not soluble TNF, is crucial for the treatment of experi-
mental colitis. Inflamm Bowel Dis 2013; 19(2):246-53.

109



154. Atreya R, Zimmer M, Bartsch B, Waldner MJ, Atreya I, Neumann H et al. Antibodies
against tumor necrosis factor (TNF) induce T-cell apoptosis in patients with inflammatory
bowel diseases via TNF receptor 2 and intestinal CD14* macrophages. Gastroenterology
2011; 141(6):2026-38.

155. Atreya R, Neumann H, Neufert C, Waldner MJ, Billmeier U, Zopf Y et al. In vivo
imaging using fluorescent antibodies to tumor necrosis factor predicts therapeutic response
in Crohn's disease. Nat Med 2014; 20(3):313-8.

156. Su L, Nalle SC, Le Shen, Turner ES, Singh G, Breskin LA et al. TNFR2 activates
MLCK-dependent tight junction dysregulation to cause apoptosis-mediated barrier loss and
experimental colitis. Gastroenterology 2013; 145(2):407-15.

157. Giinther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H et al. Caspase-
8 regulates TNF-o-induced epithelial necroptosis and terminal ileitis. Nature 2011;
477(7364):335-9.

158. Zenewicz LA. IL-22: There Is a Gap in Our Knowledge. Immunohorizons 2018;
2(6):198-207.

159. Sabihi M, Béttcher M, Pelczar P, Huber S. Microbiota-Dependent Effects of 1L-22.
Cells 2020; 9(10).

160. Sugimoto K, Ogawa A, Mizoguchi E, Shimomura Y, Andoh A, Bhan AK et al. IL-22
ameliorates intestinal inflammation in a mouse model of ulcerative colitis. J Clin Invest
2008; 118(2):534-44.

161. Murphy K, Weaver CT, Mowat A, Janeway CA, JR. Janeway's immunobiology. 9th
ed. New York, N.Y., London: Garland Science; 2017.

162. Zenewicz LA, Yancopoulos GD, Valenzuela DM, Murphy AJ, Stevens S, Flavell RA.
Innate and adaptive interleukin-22 protects mice from inflammatory bowel disease. Immun-
ity 2008; 29(6):947-57.

163. Silverberg MS, Cho JH, Rioux JD, McGovern DPB, Wu J, Annese V et al. Ulcerative
colitis-risk loci on chromosomes 1p36 and 12q15 found by genome-wide association study.
Nat Genet 2009; 41(2):216-20.

164. Glocker E-O, Kotlarz D, Boztug K, Gertz EM, Schiffer AA, Noyan F et al. Inflamma-
tory bowel disease and mutations affecting the interleukin-10 receptor. N Engl J Med 2009;
361(21):2033-45.

165. Zenewicz LA, Flavell RA. Recent advances in IL-22 biology. Int Immunol 2011;
23(3):159-63.

166. Huber S, Gagliani N, Zenewicz LA, Huber FJ, Bosurgi L, Hu B et al. IL-22BP is regu-
lated by the inflammasome and modulates tumorigenesis in the intestine. Nature 2012;
491(7423):259-63.

167. Perez LG, Kempski J, McGee HM, Pelzcar P, Agalioti T, Giannou A et al. TGF-§
signaling in Th17 cells promotes IL-22 production and colitis-associated colon cancer. Nat
Commun 2020; 11(1):2608.

168. Pelczar P, Witkowski M, Perez LG, Kempski J, Hammel AG, Brockmann L et al. A
pathogenic role for T cell-derived IL-22BP in inflammatory bowel disease. Science 2016;
354(6310):358-62.

110



169. Jhimmy Talbot, Paul Hahn, Lina Kroehling, Henry Nguyen, Dayi Li, Dan R. Littman.
Feeding-dependent VIP neuron—ILC3 circuit regulates the intestinal barrier. Nature 2020:1—
4.

170. Swidsinski A, Weber J, Loening-Baucke V, Hale LP, Lochs H. Spatial organization
and composition of the mucosal flora in patients with inflammatory bowel disease. J Clin
Microbiol 2005; 43(7):3380-9.

171. Rembacken BJ, am Snelling, Hawkey PM, Chalmers DM, Axon AT. Non-pathogenic
Escherichia coli versus mesalazine for the treatment of ulcerative colitis: a randomised trial.
The Lancet 1999; 354(9179):635-9.

172. Clemente JC, Manasson J, Scher JU. The role of the gut microbiome in systemic in-
flammatory disease. BMJ 2018; 360:j5145.

173. Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, Ward DV et al. Dysfunction
of the intestinal microbiome in inflammatory bowel disease and treatment. Genome Biol
2012; 13(9):R79.

174. Gevers D, Kugathasan S, Denson LA, Vazquez-Baeza Y, van Treuren W, Ren B et al.
The treatment-naive microbiome in new-onset Crohn's disease. Cell Host Microbe 2014;
15(3):382-92.

175. Cao Y, Shen J, Ran ZH. Association between Faecalibacterium prausnitzii Reduction
and Inflammatory Bowel Disease: A Meta-Analysis and Systematic Review of the Litera-
ture. Gastroenterol Res Pract 2014; 2014:872725.

176. Palmela C, Chevarin C, Xu Z, Torres J, Sevrin G, Hirten R et al. Adherent-invasive
Escherichia coli in inflammatory bowel disease. Gut 2018; 67(3):574-87.

177. Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran sulfate sodium
(DSS)-induced colitis in mice. Curr Protoc Immunol 2014; 104:Unit 15.25.

178. Powrie F, Leach MW, Mauze S, Caddle LB, Coffman RL. Phenotypically distinct sub-
sets of CD4+ T cells induce or protect from chronic intestinal inflammation in C. B-17 scid
mice. Int Immunol 1993; 5(11):1461-71.

179. Aranda R, Sydora BC, McAllister PL, Binder SW, Yang HY, Targan SR et al. Analysis
of intestinal lymphocytes in mouse colitis mediated by transfer of CD4+, CD45RBhigh T
cells to SCID recipients. J Immunol 1997; 158(7):3464-73.

180. Matsuda JL, Gapin L, Sydora BC, Byrne F, Binder S, Kronenberg M et al. Systemic
activation and antigen-driven oligoclonal expansion of T cells in a mouse model of colitis. J
Immunol 2000; 164(5):2797-806.

181. Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents intestinal
inflammatory disease. Nature 2008; 453(7195):620-5.

182. Ostanin DV, Pavlick KP, Bharwani S, D'Souza D, Furr KL, Brown CM et al. T cell-
induced inflammation of the small and large intestine in immunodeficient mice. Am J Phys-
iol Gastrointest Liver Physiol 2006; 290(1):G109-19.

183. Mikami Y, Kanai T, Sujino T, Ono Y, Hayashi A, Okazawa A et al. Competition be-
tween colitogenic Th1 and Th17 cells contributes to the amelioration of colitis. Eur J Immu-
nol 2010; 40(9):2409-22.

111



184. Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ, McKenzie BS et al. Interleukin-
23 drives innate and T cell-mediated intestinal inflammation. J Exp Med 2006;
203(11):2473-83.

185. Brimnes J, Reimann J, Nissen MH, Claesson MH. Enteric bacterial antigens activate
CD4+ T cells fromscid mice with inflammatory bowel disease. Eur J Immunol 2001;
31(1):23-31.

186. Elson CO, Cong Y, McCracken VJ, Dimmitt RA, Lorenz RG, Weaver CT. Experi-
mental models of inflammatory bowel disease reveal innate, adaptive, and regulatory mech-
anisms of host dialogue with the microbiota. Immunol Rev 2005; 206:260-76.

187. Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO et al. Late developmen-
tal plasticity in the T helper 17 lineage. Immunity 2009; 30(1):92—-107.

188. Ostanin DV, Bao J, Koboziev I, Gray L, Robinson-Jackson SA, Kosloski-Davidson M
etal. T cell transfer model of chronic colitis: concepts, considerations, and tricks of the trade.
Am J Physiol Gastrointest Liver Physiol 2009; 296(2):G135-46.

189. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets TV et al.
Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma patients.
Science 2018; 359(6371):97-103.

190. Said M. Microbiota Dependent Effects of IL-22 in Colitis: Mikrobiom abhéngige
Effekte von IL-22 in Kolitis [Master thesis]. Liibeck: Universitdt zu Liibeck; 2017.

191. Smith WA, Oakeson KF, Johnson KP, Reed DL, Carter T, Smith KL et al. Phylogenetic
analysis of symbionts in feather-feeding lice of the genus Columbicola: evidence for re-
peated symbiont replacements. BMC Evol Biol 2013; 13:1009.

192. Tljazovic A. Modulation of intestinal homeostasis and inflammation by Prevotella in-
testinalis (nov. sp.) [Dissertation]. Braunschweig, Germany: Technische Universitit Carolo-
Wilhelmina zu Braunschweig; 2019.

193. Shames B, Fox JG, Dewhirst F, Yan L, Shen Z, Taylor NS. Identification of widespread
Helicobacter hepaticus infection in feces in commercial mouse colonies by culture and PCR
assay. J Clin Microbiol 1995; 33(11):2968-72.

194. Zhang Y, Cheng TC, Huang G, Lu Q, Surleac MD, Mandell JD et al. Transposon mo-
lecular domestication and the evolution of the RAG recombinase. Nature 2019;
569(7754):79-84.

195. Schatz DG, Oettinger MA, Baltimore D. The V(D)J recombination activating gene,
RAG-1. Cell 1989; 59(6):1035-48.

196. Baker DG. Natural pathogens of laboratory mice, rats, and rabbits and their effects on
research. Clin Microbiol Rev 1998; 11(2):231-66.

197. Baumans V, Schlingmann F, Vonck M, van Lith HA. Individually ventilated cages:
beneficial for mice and men? Contemp Top Lab Anim Sci 2002; 41(1):13-9.

198. Kleinschmidt D, Giannou AD, McGee HM, Kempski J, Steglich B, Huber FJ et al. A
Protective Function of IL-22BP in Ischemia Reperfusion and Acetaminophen-Induced Liver
Injury. J Immunol 2017; 199(12):4078-90.

112



199. Thiemann S, Smit N, Roy U, Lesker TR, Galvez EJC, Helmecke J et al. Enhancement
of IFNy Production by Distinct Commensals Ameliorates Salmonella-Induced Disease. Cell
Host Microbe 2017; 21(6):682-694.¢5.

200. Turner PV, Brabb T, Pekow C, Vasbinder MA. Administration of substances to labor-
atory animals: routes of administration and factors to consider. ] Am Assoc Lab Anim Sci
2011; 50(5):600-13.

201. Roy U, Galvez EJC, Iljazovic A, Lesker TR, Btazejewski AJ, Pils MC et al. Distinct
Microbial Communities Trigger Colitis Development upon Intestinal Barrier Damage via
Innate or Adaptive Immune Cells. Cell Rep 2017; 21(4):994—-1008.

202. Knight R, Vrbanac A, Taylor BC, Aksenov A, Callewaert C, Debelius J et al. Best
practices for analysing microbiomes. Nat Rev Microbiol 2018; 16(7):410-22.

203. Scholz M, Ward DV, Pasolli E, Tolio T, Zolfo M, Asnicar F et al. Strain-level microbial
epidemiology and population genomics from shotgun metagenomics. Nat Methods 2016;
13(5):435-8.

204. Lesker TR, Durairaj AC, Galvez EJC, Lagkouvardos I, Baines JF, Clavel T et al. An
Integrated Metagenome Catalog Reveals New Insights into the Murine Gut Microbiome.
Cell Rep 2020; 30(9):2909-2922.¢6.

205. Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llordella M, Ashby
M et al. Instability of the transcription factor Foxp3 leads to the generation of pathogenic
memory T cells in vivo. Nat Immunol 2009; 10(9):1000-7.

206. Miltenyi S, Miiller W, Weichel W, Radbruch A. High gradient magnetic cell separation
with MACS. Cytometry 1990; 11(2):231-8.

207. Bowcutt R, Malter LB, Chen LA, Wolff MJ, Robertson I, Rifkin DB et al. Isolation and
cytokine analysis of lamina propria lymphocytes from mucosal biopsies of the human colon.
J Immunol Methods 2015; 421:27-35.

208. Becker C, Fantini MC, Neurath MF. High resolution colonoscopy in live mice. Nat
Protoc 2006; 1(6):2900—4.

209. Becker C, Fantini MC, Wirtz S, Nikolaev A, Kiesslich R, Lehr HA et al. In vivo imag-
ing of colitis and colon cancer development in mice using high resolution chromoendoscopy.
Gut 2005; 54(7):950-4.

210. Huber S, Schramm C, Lehr HA, Mann A, Schmitt S, Becker C et al. Cutting edge: TGF-
beta signaling is required for the in vivo expansion and immunosuppressive capacity of reg-
ulatory CD4+CD25+ T cells. J Immunol 2004; 173(11):6526-31.

211. Lee PY, Wang J-X, Parisini E, Dascher CC, Nigrovic PA. Ly6 family proteins in neu-
trophil biology. J Leukoc Biol 2013; 94(4):585-94.

212. Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, Kayal S et al. Monitoring of
blood vessels and tissues by a population of monocytes with patrolling behavior. Science
2007; 317(5838):666-70.

213. Caruso R, Ono M, Bunker ME, Nufiez G, Inohara N. Dynamic and Asymmetric
Changes of the Microbial Communities after Cohousing in Laboratory Mice. Cell Rep 2019;
27(11):3401-3412.e3.

113



214. Rosshart SP, Herz J, Vassallo BG, Hunter A, Wall MK, Badger JH et al. Laboratory
mice born to wild mice have natural microbiota and model human immune responses. Sci-
ence 2019; 365(6452).

215. Zimmermann J, Durek P, Kiihl AA, Schattenberg F, Maschmeyer P, Siracusa F et al.
The intestinal microbiota determines the colitis-inducing potential of T-bet-deficient Th cells
in mice. Eur J Immunol 2018; 48(1):161-7.

216. Fatkhullina AR, Peshkova 10, Dzutsev A, Aghayev T, McCulloch JA, Thovarai V et
al. An Interleukin-23-Interleukin-22 Axis Regulates Intestinal Microbial Homeostasis to
Protect from Diet-Induced Atherosclerosis. Immunity 2018; 49(5):943-957.¢9.

217. Nagao-Kitamoto H, Leslie JL, Kitamoto S, Jin C, Thomsson KA, Gillilland MG et al.
Interleukin-22-mediated host glycosylation prevents Clostridioides difficile infection by
modulating the metabolic activity of the gut microbiota. Nat Med 2020; 26(4):608—17.

218. Mamantopoulos M, Ronchi F, van Hauwermeiren F, Vieira-Silva S, Yilmaz B, Martens
L et al. NIrp6- and ASC-Dependent Inflammasomes Do Not Shape the Commensal Gut Mi-
crobiota Composition. Immunity 2017; 47(2):339-348.¢4.

219. Galvez EJC, Iljazovic A, Gronow A, Flavell R, Strowig T. Shaping of Intestinal Mi-
crobiota in Nlrp6- and Rag2-Deficient Mice Depends on Community Structure. Cell Rep
2017; 21(13):3914-26.

220. Weldon L, Abolins S, Lenzi L, Bourne C, Riley EM, Viney M. The Gut Microbiota of
Wild Mice. PLoS ONE 2015; 10(8):¢0134643.

221. Sabat R, Ouyang W, Wolk K. Therapeutic opportunities of the IL-22-IL-22R1 system.
Nat Rev Drug Discov 2014; 13(1):21-38.

222. Ouyang W, O'Garra A. IL-10 Family Cytokines IL-10 and IL-22: from Basic Science
to Clinical Translation. Immunity 2019; 50(4):871-91.

114



10. Acknowledgements

This thesis project would not have been possible without the unparalleled support and
encouragement of numerous people. First, I want to heartfully thank Prof. Dr. Samuel Huber
for giving me the opportunity to join his research team and to write this thesis under his
supervision. I very much appreciate your trust, mentorship, and guidance during this en-
deavor. I want to extend my sincere thanks to Dr. Penelope Pelczar for tirelessly teaching
me laboratory methods, for steady day-to-day supervision, and for her constructive scientific
guidance. I thank Dr. Penelope Pelzcar for contributing to this research with conducting
endoscopic scoring of the mice, helping design the experimental cohorts, verifying my cal-
culations and practical plans for the experiments, helping to assess animal burdens, helping
to score the mice, and helping with cell sorting. I also want to thank Prof. Dr. Nicola Gagliani
for excellent discussions and scientific guidance throughout this project, which allowed me
to re-think and optimize my experimental approaches. I am extremely grateful to all mem-
bers of the laboratories of Prof. Dr. Samuel Huber and Prof. Dr. Nicola Gagliani for their
kind and ready assistance that I knew I could rely on throughout the entire project. Special
thanks to Jaana Hellmuth and Dr. Francis Huber for their swift support with numerous ad-
ministrative responsibilities and to Mikolaj Nawrocki for insightful discussions that helped
me apply the scientific knowledge to my following experiments. I thank Mikolaj Nawrocki
for contributing to this research with helping conduct the long-term neutralizing experiment
in the last week of that experiment and obtaining weight and colon length measurements.
Also, I thank Dr. Tanja Bedke and Joran Liicke for helping with the flow cytometric staining
and analysis of the short-term neutralization experiment. Thanks should also go to everyone
from the FACS core facility who allowed me flexibility in scheduling the experiments and
provided excellent service in sorting of CD45RB" T cells according to the gating strategies
we set. [ also had the great pleasure of working with the group of Prof. Dr. Till Strowig who
I would like to recognize for carrying out the microbiota sequencing and its analysis, so that
I was able to produce scientific figures and calculate statistics of pre-analyzed data. I would
like to point out the great help from Dr. Aida Iljazovic and from Dr. Robin Lesker by ana-
lyzing data sets in R, which enabled me to design the microbiota figures. I gratefully
acknowledge the assistance of Dr. Robin Lesker, who provided invaluable conceptual help

and explanations.

115



Particularly helpful to me during this time were my friends and family who continuously
supported my efforts from the beginning up to finishing this project. I am extremely grateful
for their profound belief in my work that fueled my enthusiasm during challenging parts of
the project. I would especially like to thank my sister, Noemi Linden, for her unwavering
support during the writing and redaction process. Lastly, I am most grateful for the funding
and advice that I received from the Else Kroner-Fresenius Foundation, the UKE-iPRIME
program, the UKE-Exzellenzmentoring, and the Studienstiftung (German Academic Schol-

arship Foundation) to undertake my medical dissertation.

116



11. Curriculum Vitae

Der Lebenslauf entféllt aus datenschutzrechtlichen Griinden.

117



12. Eidesstattliche Versicherung

Ich versichere ausdriicklich, dass ich die Arbeit selbstdndig und ohne fremde Hilfe ver-
fasst, andere als die von mir angegebenen Quellen und Hilfsmittel nicht benutzt und die aus
den benutzten Werken wortlich oder inhaltlich entnommenen Stellen einzeln nach Aus-
gabe (Auflage und Jahr des Erscheinens), Band und Seite des benutzten Werkes kenntlich
gemacht habe.

Ferner versichere ich, dass ich die Dissertation bisher nicht einem Fachvertreter an einer
anderen Hochschule zur Uberpriifung vorgelegt oder mich anderweitig um Zulassung zur

Promotion beworben habe.

Ich erkldre mich einverstanden, dass meine Dissertation vom Dekanat der Medizinischen

Fakultdt mit einer gingigen Software zur Erkennung von Plagiaten iberpriift werden kann.

UNEETSCIIITT: oo

118





