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Abstract
Immune mediated food sensitivities such as food allergies and celiac disease are a
major public health concern affecting around 10% of the population worldwide. Immune mediated food sensitivities are characterized by a loss of oral tolerance towards a normally harmless dietary antigen. Usually oral tolerance is initiated by dendritic cells in the lamina propria
encountering the antigen in the lumen. Those cells then migrate to the mesenteric lymph nodes
where they present the antigen to naïve T cells. Upon encounter of the harmless dietary antigen the naïve T cells differentiate into regulatory T cells. The Tregs then migrate back to the
lamina propria and induce oral tolerance or in other words suppress an unwanted immune
response to a harmless dietary antigen. Several different environmental and genetic factors
can interplay and lead to a loss of oral tolerance which results in the immune system reacting
to an antigen and the host mounting an immune response. Food allergies are characterized
by a Th2 immune response to dietary antigens (e.g. peanuts, shellfish) and celiac disease is
characterized by a Th1 immune response to dietary gluten.
Different members of the gut microbiome have been shown to play a role in many different diseases and syndromes in the human host including immune mediated food sensitivities. Infection with reovirus T1L, for example, has been shown to cause loss of oral tolerance
which leads to the development of celiac disease in genetically predisposed people. Different
viral and bacterial gastrointestinal infections have been shown to disturb the generation of
regulatory T cells and therefore interfere with the development of oral tolerance in food allergies. Protozoa are common pathogenic or commensal single-celled members of the human
and mouse gut microbiome. Their colonization is widespread and a lot is known about pathogenic members of this family. Yet the impact of non-disease causing commensal protozoa on
the host immune response remains severely understudied. Recent papers have shown that
the commensal mouse gut protozoa Tritrichomonas muris is capable of inducing a succinatemediated ILC2-IL-25 innate immune pathway in the small intestine which leads to a type 2
immune response in the host.
This thesis aims to provide further insight into oral tolerance induction and the prevention of loss of oral tolerance, more specifically, how oral tolerance is impacted by the presence
of Tritrichomonas muris in the intestine. To answer this, T cell conversion assays were performed to generate an oral tolerance mouse model. We were able to show that the presence
of Tritrichomonas muris in mice leads to an increase in the differentiation of regulatory T cells
in the mesenteric lymph nodes. We therefore conclude that Tritrichomonas muris are capable
of promoting oral tolerance. Additionally, we tested if Tritrichomonas muris are capable to prevent reovirus T1L-induced loss of oral tolerance. Our results show that the presence of those
protozoa is enough to ameliorate the loss of oral tolerance and reduce the viral induced Th1
immune response in dietary antigen specific T cells. We were also able to repeat those
5
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experiments in an established classic oral tolerance assay. T1L infection is known to increase
dendritic cell activation and lead to more pro-inflammatory IL-12 secretion. In mice that were
both colonized with Tritrichomonas and infected with T1L both the dendritic cell activation and
IL-12 production were decreased. This suggests that the protozoa can somehow inhibit the
virus from activating dendritic cells. Further experiments have shown that both intra peritoneal
rIL-25 treatment and succinate given in drinking water are not sufficient to induce increased
Treg differentiation. Preliminary experiments in a IL-17RB KO mouse line that do not carry the
receptor for IL-25 indicate that the ILC2-IL-25 circuit might however still be required. Further
testing is needed. We were also able to show that the increased Treg differentiation in mice
with Tritrichomonas muris is not due to an increased retinoic acid production by dendritic cells.
Finally, in vitro experiments indicate that the Treg promotion ability of Tritrichomonas muris
and its human analog Pentatrichomonas hominis is not lost once the protozoa are dead.
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Zusammenfassung
Immunvermittelte Nahrungsmittelunverträglichkeiten wie Nahrungsmittelallergien und
Zöliakie sind ein großes öffentliches Gesundheitsproblem, von dem etwa 10 % der Bevölkerung weltweit betroffen sind. Solche Unverträglichkeiten sind durch einen Verlust der oralen
Toleranz gegenüber einem normalerweise harmlosen Nahrungsmittelantigen gekennzeichnet.
In der Regel wird die orale Toleranz durch den Kontakt zwischen dendritischen Zellen in der
Lamina propria mit dem Antigen im Dünndarmlumen ausgelöst. Die Zellen wandern dann zu
den mesenterialen Lymphknoten, wo sie das Antigen naiven T-Zellen präsentieren. Bei Begegnung mit dem harmlosen Antigen differenzieren sich die naiven T-Zellen zu regulatorischen
T-Zellen (Tregs). Diese Tregs wandern dann zurück in die Lamina propria und induzieren dort
eine orale Toleranz oder, mit anderen Worten, sie unterdrücken eine unerwünschte Immunantwort auf ein harmloses Nahrungsmittelantigen. Mehrere verschiedene Umwelt- und genetische Faktoren können zusammenwirken und zu einem Verlust der oralen Toleranz führen.
Das führt dazu, dass das Immunsystem aktiv auf ein Antigen reagiert und im Wirt eine Immunantwort auslöst wird. Nahrungsmittelallergien sind durch eine Th2-Immunreaktion auf Antigene
(z. B. in Erdnüssen, Schalentieren) und Zöliakie durch eine Th1-Immunreaktion auf Gluten
gekennzeichnet.
Mehrere Studien haben gezeigt, dass verschiedene Bestandteile des Darmmikrobioms
bei unterschiedlichen Krankheiten und Syndromen im menschlichen Wirt eine Rolle spielen,
einschließlich immunvermittelter Nahrungsempfindlichkeiten. Eine Infektion mit dem Reovirus
T1L zum Beispiel führt nachweislich zum Verlust der oralen Toleranz, was bei genetisch prädisponierten Menschen zur Entwicklung von Zöliakie führt. Verschiedene virale und bakterielle
gastrointestinale Infektionen stören nachweislich die Bildung von regulatorischen T-Zellen und
beeinflussen somit die Entwicklung der oralen Toleranz bei Nahrungsmittelallergien negativ.
Protozoen sind häufige pathogene oder kommensale einzellige Mitglieder des Darm-Mikrobiom der Maus und des Menschen. Sie sind weit verbreitet und es ist viel über die pathogenen
Mitglieder dieser Familie bekannt. Die Auswirkungen der nicht krankheitsverursachenden
kommensalen Protozoen auf die Immunantwort eines Wirts sind jedoch noch kaum untersucht.
In den letzten Jahren publizierte Daten haben gezeigt, dass ein Mitglied der kommensalen
Darmprotozoen der Maus namens Tritrichomonas muris in der Lage ist, einen Succinat-vermittelten ILC2-IL-25 Immunsignalweg im Dünndarm zu induzieren, der im Wirt zu einer Typ-2Immunantwort führt.
Diese Masterarbeit befasst sich mit der Induktion der oralen Toleranz und der Verhinderung des Verlusts der oralen Toleranz. Es geht darum, wie die orale Toleranz durch das
Vorhandensein von Tritrichomonas muris im Darm von Mäusen beeinflusst wird. Zur Beantwortung dieser Frage, wurden T-Zell-Konversions-Assays durchgeführt, um ein orales Toleranz-Mausmodell zu erstellen. Wir konnten zeigen, dass das Vorhandensein von
7
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Tritrichomonas muris bei Mäusen zu einer verstärkten Differenzierung von regulatorischen TZellen in den mes-enterischen Lymphknoten führt. Daraus schließen wir, dass Tritrichomonas
muris in der Lage ist, die orale Toleranz zu fördern. Zusätzlich haben wir getestet, ob Tritrichomonas muris fähig ist, den durch das Reovirus T1L induzierten Verlust der oralen Toleranz zu
verhindern. Unsere Ergebnisse zeigen, dass die Anwesenheit dieser Einzeller ausreicht, um
den Verlust der oralen Toleranz zu verhindern und die viral induzierte Th1-Immunreaktion in
antigenspezifischen T-Zellen zu reduzieren. Wir konnten diese Resultate auch durch die
Durchführung eines etablierten klassischen oralen Toleranz-Test wiederholen. Die Forschungsliteratur besagt, dass eine T1L-Infektion die Aktivität der dendritischen Zellen erhöht
und zu einer erhöhten Sekretion des Zytokins IL-12- führt. Bei Mäusen, die sowohl mit Tritrichomonas kolonisiert als auch mit T1L infiziert worden sind, sind sowohl die Aktivierung der
dendritischen Zellen als auch die IL-12-Produktion vermindert. Dies deutet darauf hin, dass
Tritrichomonas muris das Virus daran hindern kann, dendritische Zellen zu aktivieren. Weitere
Experimente haben gezeigt, dass sowohl die intraperitoneale rIL-25-Behandlung als auch das
im Trinkwasser verabreichte Succinat nicht ausreichen, um eine erhöhte Treg-Differenzierung
zu induzieren. Vorläufer-Experimente an einer IL-17RB KO-Mauslinie, der der Rezeptor für IL25 fehlt, deuten darauf hin, dass der ILC2-IL-25-Kreislauf dennoch erforderlich sein könnte.
Weitere Tests sind erforderlich. Wir konnten außerdem zeigen, dass die erhöhte Treg-Differenzierung bei Mäusen mit Tritrichomonas muris nicht auf eine erhöhte Retinolsäure-Produktion durch dendritische Zellen zurückzuführen ist. In-vitro-Experimente ergeben, dass die von
Tritrichomonas muris und seinem menschlichen Analogon Pentatrichomonas hominis ausgelöste Treg-Aktivierung nicht verloren geht, wenn die Einzeller tot sind.
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1. Immune mediated food sensitivities
Adverse reactions like food sensitivities and food intolerances like food allergies and
celiac disease are on the rise worldwide (Caminero, Meisel, Jabri, & Verdu, 2019). Millions of
people are affected by different kinds of food allergies (Boyce et al., 2010; Satitsuksanoa,
Jansen, Głobińska, van de Veen, & Akdis, 2018) while about 1% of the human population
develops celiac disease (Lebwohl, Sanders, & Green, 2018). In food allergy and celiac disease
oral tolerance is lost in response to unknown environmental factors. This leads to the development of immune responses to otherwise harmless antigens that have been taken up orally, like
gluten in celiac disease or egg, shellfish or peanut as examples for food allergies (Boyce et
al., 2010; Devdas, Mckie, Fox, & Ratageri, 2018; Iweala & Burks, 2016; Iweala & Nagler, 2019;
Lebwohl et al., 2018). Although those adverse reactions towards dietary antigens are all based
on a loss of oral tolerance, they show differences in their manifestation. This thesis focuses on
oral tolerance induction and loss of oral tolerance prevention. Loss of oral tolerance are the
initiation events for food allergies and celiac disease. It is therefore of great interest to understand the pathways that are implicated in loss of oral tolerance and to find countermeasures
to prevent loss of oral tolerance. This thesis will not focus on the pathophysiological events
that occur in food allergy and celiac disease after oral tolerance is lost.
Food allergies are a major public health concern that affect millions of people of all
age groups worldwide, with an increasing prevalence particularly in developed countries
(Boyce et al., 2010; Jones & Burks, 2017; Satitsuksanoa et al., 2018). They typically develop
within the first few years of life, possibly due to developmental immaturity of the gut barrier and
immune systems in infants and young children, but can also spontaneously occur later on in
adolescence or adulthood (Abdel-Gadir et al., 2019; Devdas et al., 2018; Iweala & Nagler,
2019; National Academies of Sciences, Engineering, 2017). Food allergy is an immune based
disease and is defined as “an adverse health effect arising from a specific immune response
that occurs reproducibly on exposure to a given food” (Boyce et al., 2010). The allergic reaction
caused by the food antigen can be mediated by IgE antibodies (Boyce et al., 2010; Iweala &
Burks, 2016), be non-IgE mediated or be a combination of both (Caminero et al., 2019). The
symptoms range from urticaria, skin rash leading to red hives, to respiratory or gastrointestinal
reactions and life-threatening anaphylaxis in a fraction of the population. Those symptoms can
majorly negatively impact the lives of affected patients. (Iweala & Burks, 2016; Iweala & Nagler,
2019; Kim et al., 2016; National Academies of Sciences, Engineering, 2017)
The Th2 immune response, characterized by a production of IgE antibodies, and inflammation in food allergy are very similar and resemble inflammations caused by immune
responses to infections with enteric helminths or bites of ectoparasites like ticks (Galli, Tsai, &
Piliponsky, 2008). Why the immune responses to very small antigens are the same as those
against meter long helminths is unknown (Lloyd & Snelgrove, 2018). Those similarities gave
9
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rise to the idea, that the immune system is somehow tricked into reacting to harmless antigens
in the same way as it does when it encounters signals derived from helminths or ectoparasites.
(Galli et al., 2008)
Celiac disease is defined as an autoimmune disorder of the small intestine (Shan et
al., 2002) whose chronic inflammatory response progressively leads to small intestinal atrophy
(Pinto-Sánchez et al., 2016). It occurs in genetically predisposed individuals that develop an
abnormal immune reaction to gluten-derived peptides called gliadins (Matysiak-Budnik et al.,
2008). It is a classic example of a multifactorial disease as both genetic and environmental
factors are needed for a successful development of the disease (Lundin & Wijmenga, 2015).
Only those individuals that carry the class II HLA-DQ2/8 molecules, can develop celiac disease. Those genes are highly polymorphic and different combinations of HLA-DQ haplotypes
influence the risk of disease. Of those genetically predisposed individuals only around 10%
actually develop the disease at some point in their life. This suggests the need of a strong
environmental trigger additionally to the genetic predisposition. (Visser, Rozing, Sapone,
Lammers, & Fasano, 2009)
Gluten is the term for prolamin storage proteins of grains like wheat, rye and barley and
is the dietary antigen and causative agent in celiac disease. The protein does not get fully
digested by intestinal proteases due to their high proline content. The partial digestion leaves
behind large proteins that bind to HLA-DQ2 and DQ8. This leads to an immune response mediated by Th1 cytokines. (Lebwohl et al., 2018; Matysiak-Budnik et al., 2008; Shan et al., 2002)
Even though the disease primarily affects the small intestine, clinical manifestations are
broad. Both intestinal and extra-intestinal symptoms are common. Celiac disease can first
manifest itself at any age following the introduction of gluten in the diet, although commonly in
early childhood, and occurs with a wide spectrum of possible clinical presentations that can
include chronic diarrhea, abdominal distension, fatigue, weight loss, anemia, dermatitis herpetiformis and gluten ataxia and leads to the atrophy of villous structures in the intestine. Active
celiac disease is associated with higher concentrations of anti-gliadin IgA antibodies in the
intestinal lumen. Celiac disease cannot be cured and if untreated can lead to increased morbidity and mortality. As of now, the only effective therapy is abstinence from foods that contain
the causative antigen gluten. (Abadie, Sollid, Barreiro, & Jabri, 2011; Lebwohl et al., 2018;
Matysiak-Budnik et al., 2008; Shan et al., 2002)
Estimations claim that nearly one fifth of the population worldwide experiences adverse
reactions to dietary antigens (Caminero et al., 2019). This includes both food hypersensitivity
with food allergies and celiac disease as well as food intolerances. It is important to understand
the difference between celiac disease and an allergy to wheat as they manifest in completely
different ways. Additionally, food intolerances are non-immunologic adverse reactions that
10
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include: toxic, like microbial contamination, pharmacologic, like caffeine or tyramine, metabolic,
like lactose or gluten, and other as of yet undefined mechanisms (Devdas et al., 2018;
Wawrzyniak, ÓMahony, & Akdis, 2017). One example for the differences is the allergy against
cow’s milk and lactose intolerance. A person can be allergic to cow’s milk due to an immunological reaction to the milk protein. Or that individual can be intolerant to milk because he or
she lacks the ability to digest the milk sugar lactose owing to primary or secondary deficiency
of -galactosidase. This leads to an excessive fluid production in the gastrointestinal tract, resulting in diarrhea and abdominal pain. Undigested lactose reaches the colon and is here fermented by gut microbiota which leads to gas production and bloating. Those are also symptoms that can occur in food allergy but since the response is not immune based but due to a
dysfunction in the metabolism it is not considered an allergic reaction. (Boyce et al., 2010;
Caminero et al., 2019)
Even though a lot of research has been done focused on finding out more about these
complex diseases, many fundamental questions still remain. Researches are still struggling to
identify factors that could lead to the onset of allergies and celiac disease. This leads to difficulties in developing strategies for disease prevention and management. (National Academies
of Sciences, Engineering, 2017)

1.1. Mechanisms behind celiac disease and food allergy
The gut sets the scene for a complex interplay between a multitude of factors including
the intestinal epithelial barrier, food antigens in the lumen and the more than 1014 commensal
microbes making up the gut microbiota (Iweala & Nagler, 2006, 2019). The intestinal tract is
responsible for the breakdown and uptake of essential nutrients as well as the absorption of
electrolytes and water; at the same time it represents a crucial component of the body’s defense system against the external environment (Samadi, Klems, & Untersmayr, 2018). The
gastrointestinal tract is the largest interface between the body and the outside world
(Chinthrajah, Hernandez, Boyd, Galli, & Nadeau, 2016; Devdas et al., 2018).
The mucosal barriers that make up the intestines are thin, only consisting of a single
layer of cells and are very vulnerable to pathogenic infection (Pabst & Mowat, 2012; Samadi
et al., 2018). The gut and gut-associated lymphoid tissue (GALT) comprise a complex immunological network. They are a region within the body where the immune system continually
encounters a large number of cells, microbes and antigens that are foreign and can be either
pathogenic or non-pathogenic. This can be dietary antigens, members of the commensal gut
flora, pathogenic microbes etc. (Iweala & Nagler, 2006)
The cells making up the GALT have a multitude of jobs: inflammatory responses to the
microbiota and food antigens need to be limited, microbes need to be confined in the gut and
pathogens that can cause tissue injury or disease need to be recognized (Chinthrajah et al.,
11
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2016). It is therefore of high importance that immunoregulatory mechanisms, carried out by
the large number of immune cells residing underneath the intestinal epithelial cells in the lamina propria, can discriminate self from non-self. They provide both protection from pathogenic
microbial assault and suppress immune responses that target non-pathogenic stimuli. In short,
the upkeep of gut homeostasis is essential. (Berin & Shreffler, 2016; Chinthrajah et al., 2016;
Esterházy et al., 2016; Iweala & Nagler, 2006; Pabst & Mowat, 2012; Samadi et al., 2018)
Failure to achieve an appropriate balance can lead to loss of oral tolerance and to an
active immune responses against part of the microbiota or antigens taken up with food
(Chinthrajah et al., 2016). An immune response against the microbiota leads to inflammatory
bowel diseases like Crohn’s disease, the failure to suppress immune responses to dietary antigens leads to food allergies and celiac disease. (Pabst & Mowat, 2012)

1.2. Oral tolerance
The suppression of unwanted immune responses is called oral tolerance which is defined as the “establishment of peripheral immune tolerance through oral administration of antigen” (Curotto de Lafaille & Lafaille, 2009). The term was first coined in 1911 by Wells and
Osborne describing their studies of anaphylaxis in guinea pigs (Berin & Shreffler, 2016) and
refers to the specific downregulation of cellular and humoral immune responses to an antigen
after it has been previously introduced to the host orally (Iweala & Nagler, 2006). It is the state
of local and systemic immune unresponsiveness induced by oral administration of food proteins and other harmless antigens (Caminero et al., 2019; Pabst & Mowat, 2012) that are essential or at least not harmful to the human body (Samadi et al., 2018). The immunoquiescence
to dietary antigens is facilitated by diverse immunoregulatory cells, like regulatory T cells and
dendritic cells, that are capable of actively suppressing effector immune responses and are
needed for the development of oral tolerance (Devdas et al., 2018; Iweala & Nagler, 2006).
Several different subgroups of peripheral regulatory Foxp3+ T cells have been shown to play
a role in this (Curotto de Lafaille & Lafaille, 2009; Esterházy et al., 2016). Foxp3 is essential
for the development of Tregs and is understood as their central regulator (Wang, Su, & Wan,
2011). Patients with immunodysregulation polyendocrinopathy enteropathy X-linked syndrome
(IPEX syndrome) have no functional transcription factor Foxp3. There is an increased prevalence of food allergies in these patients, additionally this can also lead to severe autoimmunity.
(Berin & Shreffler, 2016; Chinthrajah et al., 2016; Wawrzyniak et al., 2017)
The induction of oral tolerance is of high importance. During the early stages in the
lymphocyte differentiation an unlimited number of different B- and T-cell receptors is generated. Altogether, those can recognize a multitude of different antigens. While most of the selfreactive B- and T-cells are negatively selected for, the same mechanisms do not function for
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receptors that recognize foreign but harmless antigens, like dietary proteins. (Pabst & Mowat,
2012)

1.2.1. Induction of oral tolerance in healthy individuals
Dendritic cells (DC) are an integral part of the immune system: they can express tightjunction proteins which allow them to penetrate gut epithelial monolayers (Iweala & Nagler,
2006). They are required to establish oral tolerance and for the generation of peripheral Treg
cells (Esterházy et al., 2016). Dendritic cells can sample bacteria, food antigens that have
survived being degraded by digestion in the gut and other molecules present in the intestinal
lumen without disturbing the integrity of the intestinal barrier. In oral tolerance, a subset of DCs,
which are CD103+, can then function as antigen-presenting cells (APC) and display those sampled antigens to naïve CD4+ T cells that carry the T-cell receptor that recognizes this antigen
(Chinthrajah et al., 2016; Curotto de Lafaille & Lafaille, 2009; Esterházy et al., 2016; Iweala &
Burks, 2016; Pabst & Mowat, 2012; Satitsuksanoa et al., 2018). This drives the differentiation
of naïve CD4+ T cells into either effector or regulatory T cells (Iweala & Nagler, 2006).
In a healthy human being the presentation of dietary antigens by antigen-presenting
cells like dendritic cells leads to the differentiation of naïve T cells into adaptive peripheral
Foxp3+ regulatory T cells (Curotto de Lafaille & Lafaille, 2009). Those cells are also called
peripheral induced regulatory T cells (pTregs) as they do not originate in the thymus and are
capable of suppressing immune responses (Yang et al., 2016). They require TGF- and IL-2
for their differentiation, generally display low proliferation but produce large amounts of immunosuppressive cytokines like IL-10 that can directly inhibit the Th1 cytokine IFN and Th2cytokine secretion by different cells (Curotto de Lafaille & Lafaille, 2009; Esterházy et al., 2016;
Hadis et al., 2011; Iweala & Nagler, 2006; Wawrzyniak et al., 2017). Tregs are also capable of
inhibiting APCs by the inhibitory co-stimulators programmed cell death protein 1 (PD-1) and
cytotoxic T-lymphocyte associated protein 4 (CTLA4); as well as producing granzyme A and
B which leads to effector cells being lysed (Satitsuksanoa et al., 2018). This pTreg-mediated
immunosuppression leads to oral tolerance to the food antigen and gut homeostasis (Curotto
de Lafaille & Lafaille, 2009; Esterházy et al., 2016; Iweala & Nagler, 2006; Sampson et al.,
2018). Therefore, oral tolerance mediated by regulatory T cells is an active regulatory immune
response, rather than like previously thought only caused by the deletion or inactivation of
antigen-specific cells (Berin & Shreffler, 2016).

1.2.1.1. Regulatory T cells in the intestine
The differentiation of pTregs in the gut associated lymphoid tissues (GALT) can be
influenced by several microenvironmental factors. In addition to TGF-, retinoic acid (RA) can
suppress the inflammatory cytokine-mediated inhibition of Treg development. RA can be produced by CD103+ dendritic cells. Those cells mediate the differentiation of naïve T cells into
Foxp3+ Tregs. The production of IL-10 and TGF- by Tregs also drives Treg development in a
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feed-forward loop. (Berin & Shreffler, 2016; Chinthrajah et al., 2016; Curotto de Lafaille &
Lafaille, 2009; Esterházy et al., 2016; Kim et al., 2016; Wawrzyniak et al., 2017)
The Treg cell population is also strongly influenced by the microbiota. Butyrate, which
is a short chain fatty acid produced by bacteria in the microbiota during starch fermentation,
has been shown to contribute to pTreg differentiation (Arpaia et al., 2013). It is able to enhance
the regulatory activity of dendritic cells which leads to the induction of regulatory T cells and
more secretion of IL-10 (Satitsuksanoa et al., 2018).
Recent studies have led to the identification of different Treg subpopulations that display different functions and are called effector Tregs (Yang et al., 2016). T-bet, IRF4 and
STAT3 expression in Tregs contribute to their capacity to control the differentiation of proinflammatory cells and Th1, Th2 and Th17 immune responses (Wang et al., 2011). This way,
Tregs can mimic the phenotype of effector cells and for example contribute to tissue damage,
this could allow them to finely hone a multitude of factors (Wohlfert et al., 2011).
Homeostasis of Tregs is of high importance in the development of autoimmune and
inflammatory diseases (Wohlfert et al., 2011). Tregs control a large array of important immune
responses (Boyce et al., 2010). Maintenance of regulatory T cell homeostasis relies on their
capacity to adapt to settings and maintaining their regulatory activity (Wohlfert et al., 2011).
The expression of the canonical Th2 master regulator and transcription factor GATA3 on Tregs
after TCR engagement plays a crucial role in regulatory T cell physiology (Wang et al., 2011;
Yang et al., 2016). It leads to the prevention of excessive polarization toward an effector phenotype, sustains high levels of Foxp3 expression, restrains inflammatory cytokine production
and enhances Treg capacity to accumulate within inflamed tissues (Wohlfert et al., 2011). Additionally, GATA3 is also needed for T cell development and the function of natural killer cells
(Wang et al., 2011). While GATA3 may not be needed for Treg survival under homeostatic
conditions, mice that are GATA3 deficient fail to accumulate Tregs in tissues. Those mice also
showed defects in peripheral homeostasis and developed a spontaneous inflammatory disorder (Wang et al., 2011; Yang et al., 2016). GATA3 expression seems to be a marker of Treg
activation and is independent of Th2-associated cytokines. Nearly a third of all Tregs in the
small and large intestinal lamina propria express GATA3 additionally to Foxp3. In other locations that exhibit constitutive low-level inflammation, especially barrier sites like the dermis,
those numbers can increase up to 80%. (Wohlfert et al., 2011)
CD4+ T cells that express the transcription factor retinoic acid-related orphan receptort,

RORt which is essential for Th17 immune responses, simultaneously to Foxp3 have been

shown to represent a stable Treg lineage with a highly suppressive phenotype in vivo (Yang
et al., 2016). Studies have shown that in mice that harbor a complex microbiota, a high percentage of Foxp3+ Tregs in the intestine, more specifically the lamina propria, also express
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RORt (Wohlfert et al., 2011). Their gene expression pattern showed that although they can
express a multitude of Th17-associated genes, they show a closer relationship to Foxp3+
Tregs. This subtype of regulatory T cells also shows a strong suppressive capacity towards
gut specific inflammatory responses; they have, for example, a regulatory function during autoimmune diabetes. (Yang et al., 2016)

1.2.2. Induction and effector sites of oral tolerance
The intestinal immune system can be divided into inductive or effector sites to emphasize the particular functions of both compartments (Pabst & Mowat, 2012; Worbs et al., 2006).
The sites of induction of oral tolerance are not yet firmly established. Different structures and
cell types in the gut-associated lymphoid tissue have been implicated.

1.2.2.1. Peyer’s patches

Peyer’s patches (PP) are aggregates of B-cell follicles with intervening T-cell areas
found on the outer wall of the small intestine (Berin & Shreffler, 2016). Once certain signals
are sent out, B cells migrate from the Peyer’s patches to the mesenteric lymph nodes (mLN)
(Iweala & Nagler, 2006). Such signals can be for example from a viral infection as Peyer’s
patches are the site at which protective immunity against reoviruses is induced (Fleeton et al.,
2004). Once arrived in the mesenteric lymph nodes they differentiate into plasma cells and
then migrate to the intestinal lamina propria (LP) where they secrete those antibodies. (Berin
& Shreffler, 2016; Iweala & Nagler, 2006)
Peyer’s patches also contain specialized epithelial cells called microfold (M) cells that
can transport food antigens from the lumen to the mucosa, which can contribute to the development of oral tolerance. Studies in knockout mice that do not have Peyer’s patches have
shown that M cells are not required and that PP are dispensable for establishing oral tolerance.
M cells do not express major histocompatibility complex (MHC) class II molecules. Their only
role is to transport antigens to antigen presenting dendritic cells. They themselves do not present antigens. Dendritic cells alone are also capable of sampling directly in the intestinal lumens. (Berin & Shreffler, 2016; Iweala & Nagler, 2006; Pabst & Mowat, 2012)
Other studies claim that the Peyer’s patches and gut-draining mesenteric lymph nodes
together make up the inductive sites. The lamina propria and the epithelium on the other hand
are the main effector sites as they contain large numbers of activated T cells and antibodysecreting plasma cells. The lamina propria may also contribute to the induction of oral tolerance. It is a site of antigen uptake where migratory dendritic cells are loaded with antigens and
then move to the mLNs where they encounter naïve T cells. (Pabst & Mowat, 2012)

1.2.2.2. Mesenteric lymph nodes
Other reports show that mLNs are the critical site for the induction of oral tolerance.
mLNs are the largest lymph nodes in the body and drain the intestine via lymphatics.
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Proliferating antigen-specific T cells can be detected in the mLNs two days after oral antigen
delivery. This is a stark contrast to the spleen and other peripheral lymphoid tissues where
they cannot be seen until four days after feeding. The same report also showed that the induction of oral tolerance is dependent on the dendritic cell (DC)-mediated transport of orally delivered dietary antigens to the mLNs. (Berin & Shreffler, 2016; Esterházy et al., 2019; Hadis et
al., 2011; Iweala & Nagler, 2006; Worbs et al., 2006) Studies in mice were mesenteric lymph
nodes had been surgically removed showed that they are required for the induction of oral
tolerance (Berin & Shreffler, 2016; Iweala & Nagler, 2006; Pabst & Mowat, 2012).
Regardless, the gut draining lymph nodes are key sites for orchestrating adaptive immunity to intestinal perturbations, both in the case of regulatory or effector responses to microbiota, pathogens or dietary antigens. They are immunologically specific to the functional gut
segment that is drained by them. Esterházy et al. (2019) have shown that the lymph nodes,
that drain the proximal small intestine, like the duodenum, preferentially give rise to tolerogenic
responses, that lead to tolerance, while the distal gut draining lymph nodes in the colon rather
induce pro-inflammatory T cell responses. These findings explain how the conflict between
those two very different immune responses can be resolved by anatomical segregation of
those reactions into functionally different lymph nodes. Each mLN seems to be perfectly poised
to mount immune responses fitting to the environment of the intestinal environment it drains,
in the presence of pathogens this compartmentalization might help to contain tissue damage.
Esterházy et al. (2019) further show that under homeostatic conditions the duodenum draining
lymph nodes are the primary sites for induction of regulatory T cells to dietary antigen, while
distal mLNs lean more towards induction of a Th17 immune response. Duodenal-mLN DC are
less pro-inflammatory than their colonic counterparts, those however express chemokines associated with migration of Treg cells and RALDH2, a Treg promoting factor. (Esterházy et al.,
2019)

1.2.2.3. Dendritic cells in the lamina propria
The lamina propria is a very thin layer of connective tissue. It lies underneath the gut
epithelium and hosts a multitude of immune cells. It is a key place for the development of
immune responses and hosts dendritic cells. The lamina propria is the setting for the luminal
antigen sampling by dendritic cells.(Esterházy et al., 2016; Worbs et al., 2006)
Dendritic cells are required for the priming of naïve T cells throughout the body, as well
as the generation of pTreg cells and oral tolerance (Berin & Shreffler, 2016). Although, there
seem to be different subtypes of dendritic cells playing different, partially redundant, roles in
immunotolerance and protective immunity. Migratory dendritic cells expressing the integrin
CD103 use their pattern recognition receptors to sample antigens in the lamina propria and
migrate to mLNs, where they present antigens via the MHC to T cells (Caminero et al., 2019;
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Esterházy et al., 2019, 2016; Hinterleitner & Jabri, 2016). Those DCs require the expression
of the chemokine receptor CCR7, a G-protein coupled receptor (Sharma, Benechet,
Lefrançois, & Khanna, 2015), in order to migrate. Studies have shown that if this receptor is
deleted, oral tolerance is lost (Berin & Shreffler, 2016). CCR7 regulates T cell trafficking and
their compartmentalization within secondary lymphoid organs (Sharma et al., 2015). CD103
expressing dendritic cells produce large quantities of retinoic acid, indoleamine 2,3-dioxygenase (IDO) and TGF- and promote the conversion of naïve T cells into peripheral regulatory T
cells under homeostatic conditions (Esterházy et al., 2016; Hinterleitner & Jabri, 2016; Iweala
& Nagler, 2019), but are also capable to induce a pro-inflammatory Th1 or Th2 immune response if an infection is present (Caminero et al., 2019). TGF- is crucial for the regulation of
both cellular and humoral immunity (Iweala & Nagler, 2019). There are several subsets of
dendritic cells found in the lamina propria that can be CD11b, which is also called integrin
alpha M and is a receptor expressed on leukocytes that mediates inflammation (Solovjov,
Pluskota, & Plow, 2005), positive or negative (Berin & Shreffler, 2016). One of those subgroups, the mucosal interferon regulatory factor (IRF8)-dependent CD103+ CD11b- DCs, display the most potent tolerogenic gene expression patterns, characterized by a high expression
of TGF-, the Th1 stimulating cytokine IL12p40 and RALDH2, which is the retinoic acid catalyzing enzyme (Caminero et al., 2019; Esterházy et al., 2016; Hinterleitner & Jabri, 2016) that
facilitates the production of RA from vitamin A (Berin & Shreffler, 2016). The CD103+ CD11b+
DC subset might have a compensatory role and is able to induce peripheral regulatory T cells
and oral tolerance if the CD103+ CD11b- DC subset is not present (Esterházy et al., 2016;
Hinterleitner & Jabri, 2016). Other studies have also implicated this subgroup as being involved
in pro-inflammatory responses (Esterházy et al., 2019). This subset expresses TGF- and
RALDH2, although to a lesser extent than the previously mentioned DC group (Esterházy et
al., 2016; Hinterleitner & Jabri, 2016). Both of those subsets of dendritic cells showed metabolic and immunological differences according to their location in gut draining lymph nodes
(Esterházy et al., 2019). The different DC subtypes also present different recognition specificities as they express different receptors that recognize different characteristics on their surfaces (Esterházy et al., 2016; Hinterleitner & Jabri, 2016).

1.2.3. Induction of oral tolerance

Taken together all of this data seems to indicate that while Peyer’s patches might play
a small role in sampling antigens from the lumen, they are not necessary for the induction of
oral tolerance. The more important regions of the intestine are mesenteric lymph nodes (mLN)
and the lamina propria. The induction of oral tolerance can be seen Figure 1. In a first step,
specialized cells, including dendritic cells located in the lamina propria, mononuclear phagocytes and M cells located in the Peyer’s patches (Iweala & Nagler, 2019), sample antigens
from the luminal compartment exposed to the external environment (Lloyd & Snelgrove, 2018).
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The dendritic cells then migrate in a CCR7 dependent process to the gut draining mLNs where
they function as antigen-presenting cells and present dietary antigens to naïve CD4+ T cells
(Hadis et al., 2011; Worbs et al., 2006). As already mentioned, these migratory dendritic cells
are characterized by their expression of CD103 and have the ability to produce retinoic acid
(Esterházy et al., 2016; Hadis et al., 2011; Hinterleitner & Jabri, 2016; Stefka et al., 2014).

Figure 1: Induction of oral tolerance in a healthy person (created with Biorender.com)

Once the dendritic cells have arrived in the mLNs a unique environment is created by
them expressing retinoic acid and other Treg promoting factors. Upon antigen contact those
naïve CD4+ cells then differentiate to regulatory T cells (Sampson et al., 2018; Wawrzyniak et
al., 2017). While proliferating in the mLNs, Tregs gradually increase their ITGB7 expression
(Hadis et al., 2011). An interaction between ITGB7 and MADCAm1 present on intestinal venules is essential for homing back to the gut, the second step in the development of oral tolerance (Hadis et al., 2011; Worbs et al., 2006). Additionally, the Tregs primed in the mLNs express gut homing molecules like 47 CCR9 which guides them back to the lamina propria,
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where they are expanded locally to maintain tolerance to dietary antigen (Berin & Shreffler,
2016; Esterházy et al., 2016; Hadis et al., 2011; Iweala & Nagler, 2019; Sampson et al., 2018;
Stefka et al., 2014; Wawrzyniak et al., 2017). The process of gut-homing seems to be necessary for the upkeep of oral tolerance as a study in mice with gut-homing defects shows abrogated oral tolerance. The proliferation of regulatory Foxp3+ T cells in the lamina propria requires the existence of local gut-resident antigen-presenting cells and a cytokine environment
that supports their proliferation. (Hadis et al., 2011)

1.2.4. Loss of oral tolerance
Due to as of yet unknown perturbations of this complex immunoregulatory pathway in
possibly genetically predisposed individuals a loss of oral tolerance to food antigens or a failure
to develop it in the first place can occur. In the case of celiac disease genetically predisposing
factors in the form of the HLA-DQ2/8 haplotypes are known, as well as different environmental
factors that can cause a loss of oral tolerance. (Bouziat et al., 2018, 2017; Fleeton et al., 2004;
Matysiak-Budnik et al., 2008)
Loss of oral tolerance can be seen in Figure 2. Factors like enteric pathobionts, tissue
distress, for example an impaired skin barrier, or a virus-mediated inflammatory process, can
influence the development of oral tolerance. This can lead to a Th2 immune response, which
is typical for food allergies, or a Th1 immune response, like in celiac disease. (Berin & Shreffler,
2016; Caminero et al., 2019; Chinthrajah et al., 2016; Iweala & Nagler, 2006; Samadi et al.,
2018; Sampson et al., 2018)
It is still unknown why some people react in such a way to dietary antigens and develop
allergies and celiac disease. Patients with food hypersensitivities have been shown to have an
increased gut permeability at base level. This might increase the number of food antigens that
cross the epithelial barrier by diffusion and increase the chances of an unfavorable immune
reaction (Abadie et al., 2011; Chinthrajah et al., 2016). Other publications claim that there are
several risk factors in food allergies, like a family history of atopy, non-Hispanic black or Asian
ethnicity, vitamin D insufficiency, male sex in children and increased hygiene. This suggests a
genetic predisposition, but which genetic determinants can cause or influence food allergy are
largely undefined. (Devdas et al., 2018; Savage & Johns, 2015; Sicherer & Sampson, 2014)
In the case of celiac disease factors like viral infections have already been shown to be capable
to lead to a loss of oral tolerance that is necessary for the development of celiac disease
(Abadie et al., 2011; Bouziat et al., 2018, 2017). Nevertheless, every individual displays different combinations of genetic factors, biological development, exposures to antigens and environmental factors. All of those factors might influence an individual’s chances of developing
food hypersensitivities. (National Academies of Sciences, Engineering, 2017)
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Figure 2: Loss of oral tolerance in food allergy or celiac disease (created with Biorender.com)

1.2.4.1. Loss of oral tolerance in food allergies
Patients suffering from food allergies might have a defect in one or multiple components
of the intestinal immune system (Samadi et al., 2018). In individuals with injury or inflammation
the cytokines IL-25, IL-33 as well as TSLP, thymic stromal lymphopoietin, are produced by
epithelial cells; these stimulate type 2 innate lymphoid cells (ILC2s), promote Th2 inflammation
and might skewer the immune system towards an effector response (Chinthrajah et al., 2016;
Devdas et al., 2018; Iweala & Nagler, 2019; Lloyd & Snelgrove, 2018). If those individuals
encounter a specific dietary antigen their immune system mounts a CD4+ Gata3+ T helper 2
(Th2) immune response (Iweala & Burks, 2016) which can be seen in Figure 3, following the
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innate Th2 immune response mediated by group 2 innate lymphoid cells (ILC2s) that produce
type 2 cytokine long before an adaptive response can be started (Lloyd & Snelgrove, 2018).

Figure 3: Sensitization in food allergy (created with Biorender.com)

This triggers the production of Th2 typical cytokines like IL-4, IL-5 and IL-13 and an
increase in cells that express GATA binding protein 3 (GATA3) (Wawrzyniak et al., 2017).
Furthermore, this leads to basophil, mast cell and eosinophil activation as well as the activation
and class-switching of B cells that generate food antigen specific IgE antibodies (Devdas et
al., 2018; Iweala & Burks, 2016; Iweala & Nagler, 2019; Lloyd & Snelgrove, 2018).
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Figure 4: Re-exposure to dietary antigen in food allergy (created with Biorender.com)

Those antibodies are secreted and bind to FcRI receptors, which are also called highaffinity IgE receptors, on the surface of basophils and mast cells. This process is called sensitization and it must precede the manifestation of the full reaction. Is the system exposed to the
same food antigen a second time, the IgE antibodies bind to the specific allergenic epitopes,
which are fragments of the antigen. This crosslinking of receptors triggers an intense inflammatory reaction and leads to the degranulation of innate immune cells. (Galli et al., 2008;
Iweala & Burks, 2016; Iweala & Nagler, 2019; Leyva-Castillo et al., 2019; National Academies
of Sciences, Engineering, 2017; Sampson et al., 2018; Satitsuksanoa et al., 2018) The reexposure to antigen and the following mast cell degranulation can be seen in Figure 4.
Mediators like histamine, prostaglandins, cytokines, growth factors and proteases are
released from the immune cells, which, in combination with IL-5 and IL-13, lead to the
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characteristic symptoms of allergic reactions and structural remodeling changes in the tissue
(Iweala & Burks, 2016; Iweala & Nagler, 2019; Lloyd & Snelgrove, 2018; Sampson et al., 2018).
The response encompasses fast acting chemical mediators as well as the synthesis of additional cytokines and chemokines that facilitate later phase responses in allergic diseases
(Iweala & Nagler, 2019). The expansion of mast cells in the gut is associated with increased
susceptibility to oral anaphylaxis, additionally the amount of IgE bound to the mast cells modulates its severity (Leyva-Castillo et al., 2019).

1.2.4.2. Loss of oral tolerance in celiac disease

Figure 5: Loss of oral tolerance in celiac disease (Verdu & Danska, 2018)

The loss of oral tolerance in celiac disease can be seen in Figure 5. Celiac disease is
a T cell mediated chronic inflammatory disorder located in the intestine with an autoimmune
component. Loss of oral tolerance is necessary and the probable cause (Green & Jabri, 2003).
As already mentioned, the MHC class II human leukocyte antigen (HLA) genotypes DQ2 and
DQ8 play a major predisposing role in the loss of oral tolerance leading to celiac disease, as
those causative genes are found in nearly 100% of patients (Abadie et al., 2011; Lebwohl et
al., 2018). Nearly 95% of affected individuals carry the HLA DQ2 haplotype while the remaining
patients carry the HLA DQ8 molecule (Verdu & Danska, 2018). Those haplotypes are absolutely necessary albeit not sufficient for disease development (Lundin & Wijmenga, 2015). Still,
not all individuals carrying these genotypes end up developing celiac disease, indicating that
environmental factors early in life are implicated as well (Matysiak-Budnik et al., 2008). Such
environmental effects include for example recurring or chronic infections with the reovirus T1L.
Those viruses, as well as noroviruses, can elicit pathological processes leading to the initiation
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of Th1 immunity against dietary gluten and celiac disease by leading to a higher activity of
dendritic cells, more expression of the pro-inflammatory cytokine IL-12 and an increased expression of type-1 interferon genes. (Bouziat et al., 2017)
Gluten is a protein with many repetitive sequences enriched in glutamines and prolines.
Due to the lack of fitting human gastric and pancreatic peptidases that can catalyze such sequences, the protein is not fully digested by bacterial proteases of the gut microbiome. This
leaves behind large peptides, called gliadins, that can be up to 33 amino acids long. Those
proteins are transported across the intestinal epithelium and into the lamina propria by transcellular routes as gut permeability is enhanced in celiac disease. This transport includes a
binding of gliadins to the transferrin receptor CD71. Once in the lamina propria, the anti-gluten
immune response can be initiated by a specific ability hidden in the binding pocket of HLADQ8. Due to a polymorphism at position 57 the molecule is capable of binding the positively
charged gliadins, even though it usually prefers negatively charged substrates. Once this has
happened, the response can be amplified. Gliadins can function as substrates of the calcium
dependent ubiquitous enzyme tissue transglutaminase 2 (TG2) which facilitates a deamination
of gliadins. This leads to a conversion of the positively charged abundant glutamine residues
at proteolytic-resistant sequences into negatively charged glutamate residues which leads to
an increase in their immunogenicity as gliadins are now in a form where they can preferentially
be bound by HLA-DQ2 and HLA-DQ8 heterotrimeric molecules on antigen presenting cells.
The transglutaminase 2 can also be activated by environmental factors like inflammation and
tissue damage caused viral infections by reo- or noroviruses that have been shown to lead to
the loss of oral tolerance. In particular, this may be the case in HLA-DQ2 individuals, as those
molecules do not have the ability to bind positively charged gliadins. Once the gliadins are
bound to the HLA molecules, they can be presented to naïve CD4+ T cells which under proinflammatory conditions, such as those during a viral infection, facilitate a Th1 immune response
that leads to the development of celiac disease. (Abadie et al., 2011; Bouziat et al., 2018, 2017;
Green & Jabri, 2003; Lebwohl et al., 2018; Lundin & Wijmenga, 2015; Matysiak-Budnik et al.,
2008; Sabatino & Corazza, 2009; Shan et al., 2002; Verdu & Danska, 2018)
Gluten-specific CD4+ T cells are central to all aspects of celiac disease pathogenesis.
They assist the induction of anti-TG2 antibodies by activating anti-TG2 B cells and lead to the
generation of anti-gluten antibodies as well. The role of those antibodies still remains undefined. Those CD4+ T cells also lead to tissue remodeling via the production of the Th1 inflammatory cytokine IFN that leads to an increased secretion of tissue-damaging metalloproteinases and lead to a massive plasmacytosis in the lamina propria with dominance of immunoglobulin A plasma cells. The enteropathy of celiac disease is characterized by pathological
changes in the duodenal mucosa which includes villous atrophy, crypt hypertrophy and
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intraepithelial lymphocytosis to which the gluten-specific CD4+ T cells are central (Abadie et
al., 2011; Sabatino & Corazza, 2009; Verdu & Danska, 2018)
The synthesis of IL-15 is also stimulated by gluten-specific CD4+ T cells; this is a proinflammatory cytokine that can promote adaptive immune responses dependent on CD4+ cells
and also activated cytotoxic activity as well as IFN production in intraepithelial lymphocytes
(Matysiak-Budnik et al., 2008). IL-21 is also believed to be produced by CD4+ T cells that are
gluten specific. This cytokine promotes natural killer cell-like activity in cytotoxic T lymphocytes
(Abadie et al., 2011). Additionally to the already mentioned factors IFNa, TNF, IL-4, IL-6, IL-18
and IL-5 are also produced, some of those factors have the capacity to damage tissues and
their effect on immune and non-immunogenic cells leads to inflammatory responses. (Lundin
& Wijmenga, 2015; Sabatino & Corazza, 2009)
In celiac disease patients an expansion of cytotoxic IELs expressing activating NK receptors, which recognize stress- and inflammation-induced nonclassical MHC class I molecules is visible. These receptors mediate epithelial cell destruction by lowering the TCR-activation threshold of intestinal epithelial cells or by mediating TCR-independent killing. (Abadie
et al., 2011; Sabatino & Corazza, 2009)

1.3. Diagnosis of food allergies and celiac disease
As of right now there is no simple laboratory test that can be used to diagnose food
allergies. Therefore, the presence and quantity of allergen-specific IgE antibodies combined
with a thorough clinical history of the patient is a key metric in diagnosis. Unfortunately, the
antibody quantity ranges widely within different patients. Not every individual that displays levels of IgE specific for different dietary antigens exhibit clinical signs and symptoms of allergy
upon ingestion of the food in question. This means while IgE antibodies are required for an
individual to show allergic reactions to dietary antigens, their presence alone is not sufficient
to induce those reactions. A more specific test is needed to diagnose food allergy. (Devdas et
al., 2018; Leyva-Castillo et al., 2019; National Academies of Sciences, Engineering, 2017)
The gold-standard for diagnosis of food allergies is the double-blind, placebo-controlled
oral food challenge. This is a time consuming and expensive process, especially if used in
large population-based studies, that can lead to adverse reactions to the ingested food allergen. (Iweala & Burks, 2016)
The diagnosis of celiac disease is difficult due to its broad range of symptoms and
variations in its clinical representation (Lundin & Wijmenga, 2015). Still, currently celiac disease is diagnosed based on the presence of anti-transglutaminase 2 antibodies and intestinal
villous atrophy (Abadie et al., 2011). The current British Society of Gastroenterology, American
College of Gastroenterology and NICE guidelines recommend the testing of high risk adults
with celiac serology (Lebwohl et al., 2018). High levels of anti-TG2 IgA antibodies can be
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detected by serological screening that has high specificity and sensitivity and is comparatively
less expensive (Abadie et al., 2011). Some evidence suggest that the detection of antibodies
against deaminated gliadin peptide might allow recognition of some cases of celiac disease
that have not been detected by the established serological tests (Lebwohl et al., 2018). The
serological tests allow for an estimation of prevalence in the population and lend support to a
diagnosis but they are not essential (Green & Jabri, 2003). For a definite diagnosis damage to
the small intestine in the form of villous atrophy needs to be detected by performing a gastroduodenoscopy or intestinal biopsies. A diagnosis based solely on clinical symptoms is very
difficult due to the disease heterogeneity and clinical presentation differences in children and
adults. Additionally, the absence of HLA-DQ2 and DQ8 haplotypes is a reliable negative predictor of disease development. (Green & Jabri, 2003; Lebwohl et al., 2018; Lundin & Wijmenga,
2015)

1.4. Prevalence of food allergies and celiac disease
It is complicated to determine true prevalence of food hypersensitivities as most data
sets are insufficient, inconsistent or can simply not be compared as they use variable methodologies, definitions, populations or are based on different geographical areas (National
Academies of Sciences, Engineering, 2017; Savage & Johns, 2015; Sicherer & Sampson,
2014). The most common source of statistical incidence in food allergies and celiac disease
comes from self-reported cases (Iweala & Burks, 2016). Those values are often wrongly
funded as many people do not know or recognize the difference between a true food allergy
and food intolerances like celiac disease and lactose intolerance (Branum & Lukacs, 2009).
This leads to skewed numbers of prevalence ranging from ten to 30 percent of the population,
also depending on the used questionnaire (National Academies of Sciences, Engineering,
2017).
Celiac disease affects about one in every 100 individuals in Europe and the United
States (Lebwohl et al., 2018; Matysiak-Budnik et al., 2008). There are differences in the prevalence that cannot be explained by genetic and environmental risk factors. For example, Germany has a lower prevalence than countries like Sweden and Finland that show the highest
prevalence’s. Studies have shown that the prevalence is lower in individuals of African-American ancestry than those of Caucasian background. Celiac disease is very common in northern
Indian territories that also show a high rate of wheat consumption. (Lebwohl et al., 2018) The
incidence of celiac disease in Burkina Faso is zero, this is probably due to a very low frequency
of HLA-DQ2 and DQ8 genes additionally to low levels of wheat consumption. The fact that
other environmental factors like virus infections are involved in the development of celiac disease can be seen in the following example. The frequency of HLA DQ2 and DQ8 as well as
wheat consumption, due to the fact that wheat and barley are major staple foods, are similar
in the neighboring countries of Algeria and Tunisia. However, the prevalence of celiac disease
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in Algeria is with 5.6% the highest worldwide while Tunisia remains one of the countries with
the lowest prevalence of 0.28%. (Verdu & Danska, 2018)
As already mentioned, all found patients suffering from celiac disease have either the
HLA DQ2 or DQ8 haplotype. This genetic factor means that the immediate family of an affected
induvial automatically also has a higher chance of developing the autoimmune disease and
needs to be screened. (Lundin & Wijmenga, 2015; Verdu & Danska, 2018)
Serological screening has been used in extensive studies leading to evidence for still
undiagnosed cases of celiac disease in 0.5%-2% of the European population. The proportion
of undiagnosed patients differs from country to country and varies between 60% and 80%.
(Lundin & Wijmenga, 2015)
Food allergies are most common in children but can also affect adults at later stages in
life (Boyce et al., 2010). The percentages of reported food allergies in children and adults differ
from study to study, from publication to publication. Gupta et al. (2011) mentions a frequently
cited study by Bock, conducted in the 1980s, which claims that between 6 to 8% of children
are afflicted by food allergies, while the results of their own study put those numbers to around
8%. 30.4% of those children reported multiple food allergies (Gupta et al., 2011). Sicherer and
Sampson (2014) throw a very wide net and say that food allergy affects more than 1-2% but
less than 10% of the population. Jones and Burks (2017) estimate that around 4% of children
and 1% of all adults are affected. They admit that those rates are uncertain as they mostly rely
on self-report of patients. Boyce et al. (2010) claim that 5% of children under the age of five
and 4% of teens and adults are affected by food allergies. Iweala and Nagler (2006) mention
percentages between the numbers of six and eight for children and two to four in adult populations. Branum and Lukacs (2009) report that based on a self-report 3.9% of children between
the ages of zero to 17 in 2007 reported a food sensitivity in the last twelve months. Samadi et
al. (2018) claim that up to 10% of the population are affected by food allergies. Wawrzyniak,
O’Mahony and Akdis (2017) as well as Devdas et al. (2018) report that food allergies affect on
average four to 8% of children and 5% of adults worldwide. Savage and Johns (2015) say that
prevalence estimates in the developing world can be as low as 1% or approach a peak of 10%.
Iweala and Nagler (2010) mention multiple studies showing that the prevalence of self-reported
food allergies in adults increased 1.5fold from 9% in 2001 to 13% in 2010. The same study
also showed that the incidence of food allergy that was diagnosed by a physician in the same
cohort was at 5.3% in 2001 and 6.5% in 2010.
Even though the actual numbers are not known as there are few data sources available
that can be used to make statistically reliable estimates of food hypersensitivity prevalence,
everyone agrees that the rates of both self-reported and diagnosed food allergies and celiac
disease seem to have increased over the last two decades in children and adults worldwide
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(Boyce et al., 2010; Branum & Lukacs, 2009; Fleischer, Conover-Walker, Christie, Burks, &
Wood, 2003; Gupta et al., 2011; Iweala & Burks, 2016; Lebwohl et al., 2018; National
Academies of Sciences, Engineering, 2017; Sampson et al., 2018; Savage & Johns, 2015;
Wawrzyniak et al., 2017; Worbs et al., 2006). This increase cannot simply be described by
genetic drift, which suggests a critical role of environmental factors (Caminero et al., 2019)
Food hypersensitivities rise independently of an individual’s origin, age, gender or race and
ethnicity (Branum & Lukacs, 2009), although there seem to be some differences between social groups (Gupta et al., 2011). Despite this, the constraint food allergies and celiac disease
put on an affected person’s life and family and the risk of severe allergic reactions and even
death, there is no current treatment for either of them available. The only available options are
avoidance of the causative food and treatment of symptoms. (Boyce et al., 2010; Jones &
Burks, 2017; Matysiak-Budnik et al., 2008; Shan et al., 2002; Worbs et al., 2006)
It is not clear why food hypersensitivities are on the rise, although the increase seems
to follow an earlier rise in asthma and other allergic diseases in heavily industrialized nations
(Iweala & Nagler, 2019). There have been multiple hypothesis formed that see a cause in
different potential genetic, epigenetic and environmental factors like misuse of antibiotics and
an increase in both cesarean sections and formula feeding of babies (Abdel-Gadir et al., 2019;
Devdas et al., 2018; Feehley et al., 2019; National Academies of Sciences, Engineering, 2017).

1.4.1. Hygiene hypothesis
The hygiene hypothesis linkes the environment to an allergic disease (Iweala & Nagler,
2019) as well as other immune-mediated or autoimmune disorders like celiac disease, multiple
sclerosis and inflammatory bowel disease whose prevalence has risen in the last few decades
(Helmby, 2015; Verdu & Danska, 2018). The proposed cause of the increased prevalence is
the reduced exposure to parasitic, viral or bacterial infections and other microorganisms like
helminths due to an increase in living standards like improved cleanliness, increased vaccinations and decreased family size (Bashir, Andersen, Fuss, Shi, & Nagler-Anderson, 2002;
Helmby, 2015). The correct development of immune responses relies on those interactions
(Galli et al., 2008) as they provide the immune system the immunoregulatory stimulation necessary for the protection against food allergies and other diseases (Stefka et al., 2014). Environmental as well as dietary and lifestyle changes in Westernized countries have altered the
diversity of the gut and skin microbiome (Iweala & Nagler, 2019).
Studies see a lower prevalence of food allergies in populations where parasitic helminth
infections are endemic and more common compared to populations where helminths have
been all but eradicated (Bashir et al., 2002; Iweala & Nagler, 2019). While people encounter
less parasites, they consume more medications and highly processed foods (Galli et al., 2008;
Iweala & Nagler, 2019). Studies in rural areas where the exposure to microbes is higher have
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shown that a higher biodiversity contributes to a certain kind of protection against diseases
(Iweala & Nagler, 2019). Additionally, the exposure to certain harmless environmental allergens has increased. This might lead to more genetically predisposed individuals to develop
food allergies. (Galli et al., 2008)

1.5. Allergens in food allergies and celiac disease
Dietary allergens are specific components or ingredients within food that can be recognized by allergen-specific immune cells (Boyce et al., 2010). They are derived from common
naturally occurring food proteins of plant- and animal origin; the proteins contained in the food
are initially broken down by hydrolytic enzymes in the gastrointestinal tract during digestion
(Satitsuksanoa et al., 2018). Most often they are glycoproteins that lead to specific immune
reactions that result in characteristic symptoms (National Academies of Sciences, Engineering,
2017). It is unclear why some ingested food proteins can cause allergic immune responses
and others do not (Satitsuksanoa et al., 2018). Generally, all proteins found in foods have the
potential to cause an allergic response (National Academies of Sciences, Engineering, 2017),
but only some are immunologically active and can be presented by antigen-presenting cells
(Berin & Shreffler, 2016).
More than 170 foods have been reported to cause IgE-mediated allergic reactions in
people (Boyce et al., 2010). The most common antigens that have been recognized as major
allergens, are found in milk, eggs, peanuts, tree nuts, soy, wheat, fish and shellfish (Boyce et
al., 2010; Jones & Burks, 2017; National Academies of Sciences, Engineering, 2017). Out of
those some like milk, wheat, soy and egg allergy can be outgrown over time in roughly 70-80%
of all cases, others like peanut and tree nut allergy typically are persistent and rarely resolve;
they last the whole life for the majority of affected individuals (Boyce et al., 2010; Devdas et
al., 2018; Fleischer et al., 2003; Iweala & Burks, 2016; Jones & Burks, 2017). Depending on
the geographical region different allergens dominate in food allergy. India, for example, has a
high prevalence for allergy to chickpeas, as they are used a lot in the diet (Devdas et al., 2018).
For some allergens like peanuts the allergenicity can be reduced by boiling or frying them,
which alters their structure. Others, like shellfish, display a higher level of allergenicity after
cooking. (Satitsuksanoa et al., 2018)
Exposure to the antigen can occur via ingestion, skin contact or exposure to air-borne
particles (National Academies of Sciences, Engineering, 2017). The dual allergen exposure
hypothesis indicates that while oral ingestion of food rather promotes immune tolerance to food
allergens, epicutaneous exposure, for example as a component in skin oils or household dust,
rather promotes allergic sensitization (Leyva-Castillo et al., 2019). This is founded on the idea
that allergen exposure through the skin epithelial barrier should not be possible and is therefore
treated as pathogenic and induces a tolerogenic response. This would fit the observation that
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allergies are far more common in children with atopic dermatitis and eczematous skin. Nearly
half of those children have a mutation in filaggrin (FLG), a protein modulating the integrity of
the skin and regulating its permeability. Studies have found an increased risk of allergies, especially against peanuts, in children with mutations in their FLG gene. (Iweala & Nagler, 2019)
Gluten, storage proteins, and gluten-related proteins present in wheat and other cereals
like rye and barley are the causative antigens of celiac disease (Abadie et al., 2011;
Schumann, Siegmund, Schulzke, & Fromm, 2017). The term gluten encompasses a mix of
gliadin, alcohol-soluble fractions that carry most of the glutens antigenic properties, and
glutenin proteins (Lundin & Wijmenga, 2015; Schumann et al., 2017). A common feature of all
of them is a high content in glutamine, more than 30%, and proline, more than 15%. Different
aspects of gluten intake may influence the risk of celiac disease occurrence. This includes the
amount of ingested gluten, the higher the amount of intake, the higher the risk, the quality of
ingested gluten as some grains contain more toxic epitopes than others, and the pattern and
timing of infant feeding. (Visser et al., 2009)
Gluten cannot be successfully digested by gastric and pancreatic peptidases. This
leaves behind large peptides that can be up to 33 amino acids long. Once those peptides,
called gliadins, are transported across the epithelial barrier they function as substrates for the
enzyme transglutaminase 2. This enzyme is capable of deaminating the peptides and leads to
the change of the positively charged glutamine to the negatively charged glutamate which can
be bound by HLA DQ2 and DQ8 molecules on antigen presenting cells. Those cells than present the antigen to CD4+ T cells. (Lebwohl et al., 2018)

1.6. Symptoms in food hypersensitivities and anaphylaxis in food allergies
Food allergies mostly show themselves in gastrointestinal, respiratory and skin reactions (Jones & Burks, 2017; National Academies of Sciences, Engineering, 2017). The symptoms of the disease can range from mild skin rashes and tissue swelling to more severe symptoms like circulatory collapse, nausea and even death (Boyce et al., 2010; National Academies
of Sciences, Engineering, 2017). In rare cases of food allergy anaphylaxis can be triggered
(Boyce et al., 2010; Jones & Burks, 2017). That is a serious systemic allergic reaction, rapid
in onset after the contact with an allergy-causing substance, that can lead to the death of the
affected person. (Jones & Burks, 2017; Sampson et al., 2006)
Anaphylaxis due to a food allergen is an IgE-mediated reaction. The immune response
triggered by the ingestion of food allergens in sensitized people is typically rapid and occurs
within five to 60 minutes after exposure to the food. It involves systemic mediator release from
sensitized mast cells and basophils. Typically, anaphylaxis can involve any organ system and
most often involves more than one of them. The skin and mucosal tissues are involved in most
reported cases. The respiratory system can be compromised, leading to people having
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difficulty breathing. The blood pressure can also be reduced and other symptoms of hypotension can be observed. The gastrointestinal tract is sometimes also involved, leading to its
cramping and the induction of vomiting. One refers to anaphylactic shock when patients show
signs of anaphylaxis and critical organ hypoperfusion. (Boyce et al., 2010; Iweala & Burks,
2016; Jones & Burks, 2017; National Academies of Sciences, Engineering, 2017; Sampson et
al., 2006)
Celiac disease is a disorder mainly of the proximal small intestine, although it can also
involve the entire small intestine in some individuals (Green & Jabri, 2003). The typical villous
atrophy can be found in tissue biopsies. The histological lesions are characterized by the presence of crypt hyperplasia, intraepithelial lymphocytosis and destruction of the surface epithelial
lining of the small intestine. (Verdu & Danska, 2018). The disease can lead to malabsorption
of iron, calcium, folic acid and fat-soluble vitamins. This results in iron and folate deficiency as
well as reduced bone density which are very characteristic presentations of celiac disease
(Verdu & Danska, 2018). A hallmark of symptomatic celiac disease is diarrhea due to the progression of the disease into the distal small bowel. Usually, there is no diarrhea observed if
only the proximal small intestine is involved. Infants and young children can also show symptoms like abdominal distention and failure to thrive as well as vomiting, irritability, bloating,
abdominal pain and constipation. Non-gastrointestinal manifestations like chronic fatigue,
weight loss, osteoporosis and anemia are also common. Those can also include dermatitis
herpetiformis which is a vesicular rash anywhere on the body, and gluten ataxia. Neurological
symptoms such as peripheral neuropathy, ataxia or epilepsy can also occur. Less common
presentations include arthritis, and dental enamel defects. (Abadie et al., 2011; Green & Jabri,
2003; Lebwohl et al., 2018; Lundin & Wijmenga, 2015; Shan et al., 2002)

1.7. Current management of food allergies and celiac disease
As of now the only working method to stop celiac disease is a strict adherence to a
gluten-free diet, which correlates with the receding of clinical symptoms of the disease as soon
as days or weeks after elimination of gluten, as well as normalization of anti-TG2 antibodies
and reduction of villous atrophy and healing of the small intestinal architectural defects within
months (Abadie et al., 2011; Lebwohl et al., 2018; Schumann et al., 2017), but it has also been
recognized as an imperfect therapy (Verdu & Danska, 2018). Patients with low incomes have
difficulty adhering to a gluten-free diet as substitute foods are substantially more expensive;
additionally, confusing sets of information can be found in multiple sources online which can
lead to mistrust and misunderstanding in patients. Exposure to gluten is always a possibility
when travelling, taking medications or eating in restaurants which can be a source of anxiety
and severely negatively impact quality of life. One very important step after diagnosis to ensure
an adequate treatment of celiac disease is the development of a food plan by a dietitian as
inadvertent gluten exposure can happen very easily to lay-people. Additionally, if celiac
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disease leads to deficiency in certain minerals, those need to be supplemented. (Green &
Jabri, 2003; Lebwohl et al., 2018; Sabatino & Corazza, 2009)
The current gold-standard in the management of food allergies is strict avoidance of
the causative food (Jones & Burks, 2017) and provision of affected patients with emergency
medications like epinephrine auto-injectors (Devdas et al., 2018). Avoiding of dietary allergens
can be very difficult, because even if the food in question is sidestepped there is still always a
risk of cross-contamination that results in a given food product containing a hidden allergen
that does not appear on the label (National Academies of Sciences, Engineering, 2017).
In the case of anaphylaxis, medical intervention occurs mainly through the administration of epinephrine, the initial drug of choice for the treatment of anaphylaxis. It is the most
effective way to prevent anaphylaxis induced death in patients. (Jones & Burks, 2017)
Usually, epinephrine, also known as the hormone adrenaline, is administered intramuscularly into the thigh, as that leads to a higher absorption rate than other ways of injection, in
an aqueous form at a dosage of 0.01mg/kg body weight (Sampson et al., 2006). Unfortunately,
it has a very short half-life of only minutes, this means a second dose is often required (Jones
& Burks, 2017). The patient therefore needs to be transported to an emergency facility as fast
as possible, where he or she receives a second dose and is put under observation for the next
few hours (Boyce et al., 2010). If patients remain unresponsive to intramuscular doses of epinephrine and show severe hypotension or cardiac arrest, intravenous administration of epinephrine is an option (Sampson et al., 2006).
Epinephrine is vastly under-prescribed and underutilized as well as overpriced. Antihistamines, glucocorticoids and inhaled beta-agonists on the other hand are commonly overused,
even though they mostly reduce symptoms and should not be the first line of defense against
anaphylaxis. (Jones & Burks, 2017)
Very limited scientific evidence supports the use of those medications in the emergency
treatment of anaphylaxis (Boyce et al., 2010). They are more useful for relieving itching and
uticaria and are considered a second-line treatment as they do not have an effect on blood
pressure for example (Sampson et al., 2006).
Considerable interest is put into research regarding the prevention of the development
of food allergies. Two decades ago the common guidelines for the upbringing of children was
to not introduce allergenic foods like peanuts, tree nuts, eggs and strawberries for example
until the children were two to three years old. This has been shown to not lead to the prevention
of allergies, contradictorily, the numbers of children affected by allergies seem to have increased. Rather studies have shown that it might be beneficial to introduce them at earlier time
points. (Devdas et al., 2018; Iweala & Burks, 2016)
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1.8. Potential therapies of celiac disease
Since threat of unwanted exposure to gluten remains even if the causative agent contained in wheat, barley and rye is excluded from the diet for life, many patients are not satisfied
with the current treatment standard. Interest in alternative, non-dietary therapies that use drugs
as either a substitute or addition to gluten-free diet has therefore risen in the past. Several
drugs are being tested at different stages of development. Those target for example the passage of gliadin into the mucosa, can lead to an inactivation of toxic peptides or the enzyme
transglutaminase 2 which reduces affinity of gliadin peptides for T cells, aim to re-induce oral
tolerance to gluten or inactivate the immune processes happening in the lamina propria. One
of those potential new drugs is Larazotide acetate. This is an oral peptide that modulates and
stabilizes tight junctions and should therefore ideally prevent the passage of gliadin peptides
across the epithelial barrier A potential vaccine that contains epitopes of gluten-specific CD4+
T cells is also being tested in clinical trials. (Lebwohl et al., 2018; Schumann et al., 2017)

1.9. Potential therapies of food allergy
As of right now there is no proactive specific treatment available for people with food
allergy. During the past decade progress has been made in the research and development of
immunotherapies that are allergen-specific, especially for peanut allergies. (Sampson et al.,
2006)
This research has focused on three major forms of treatment: oral, sublingual and epicutaneous immunotherapy. Each of those targets a specific aspect of the mucosal surface.
The efficacy of those therapies is measured in their ability to induce desensitization and later
on lead to sustained unresponsiveness. Both sublingual and epicutaneous therapies have until
now not lead to a long-term betterment of food therapies. (Chinthrajah et al., 2016; Jones &
Burks, 2017; Sampson et al., 2018)
Desensitization is defined as an increase in the reaction threshold to a food allergen
during active therapy. This increase then provides some level of protection from ingestion of
the food allergen. Desensitization can be achieved after only months of treatment. (National
Academies of Sciences, Engineering, 2017)
Sustained unresponsiveness or long-term tolerance on the other hand usually requires
years of treatment (Varshney et al., 2013). It is defined as a lack of clinical reaction to a food
allergen after active therapy has been stopped. Generally, only a small subgroup of people in
a variety of different studies have been shown to achieve sustained unresponsiveness. (Jones
& Burks, 2017)
The ultimate goal of all different forms of immunotherapy is the induction of clinical
tolerance. This is defined as the long-term, established absence of allergic symptoms after
allergen exposure. In most of the cases only those patients that are still receiving maintenance
33

Immune mediated food sensitivities

doses do not develop reactions. This means, rather than the aspired tolerance, only desensitization is achieved. (Iweala & Nagler, 2019; Wawrzyniak et al., 2017)
Oral immunotherapy requires daily ingestion of an allergen powder mixed with another
food. Studies have been focused on its use in the treatment of peanut, milk and egg allergies.
The initial dose is low (g), but over time it is increased and, for example in the case of peanut
allergy, it can reach 4000mg after a few years. (Jones & Burks, 2017)
This form of therapy has resulted in the highest rates of desensitization and immunological changes leading to sustained unresponsiveness out of all three different forms
(Varshney et al., 2013). Nevertheless, it is not yet approved or recommended for clinical use
(Devdas et al., 2018). OIT has shown that this kind of therapy increases Treg cell function,
hypomethylation of Foxp3 and the number of Foxp3 positive cells (Satitsuksanoa et al., 2018).
Unfortunately, it is also associated with a high risk of developing severe adverse events, mainly
focused on the gastrointestinal tract (Chinthrajah et al., 2016; Jones & Burks, 2017). One reason for this might be the fact that the vast majority of doses are administered at home
(Varshney et al., 2013). A combination therapy with the monoclonal anti-IgE antibody omalizumab during the early stages of treatment has been shown to be beneficial in reducing side
effects (Jones & Burks, 2017) and leading to faster desensitization rates to milk, peanut or
multiple foods simultaneously (Chinthrajah et al., 2016). Another possible combination therapy
of peanut proteins with Lactobacillus strains has been proposed and tested in a small cohort
of children (Caminero et al., 2019).
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2. Gut microbiome
The gut microbiome is a component of the gastrointestinal tract that has gained in importance over the past few years (Cresci & Bawden, 2015; Satitsuksanoa et al., 2018). It is a
diverse consortium of beneficial prokaryotic bacteria, viruses, archaea, fungi, eukaryotic organisms like protozoa and parasites residing in the lumen and mucosal surface of the intestine
(Barko, McMichael, Swanson, & Williams, 2018; Chudnovskiy et al., 2016; Howitt et al., 2016;
Sidhu & Van Der Poorten, 2017) which have coevolved with their human hosts for millions of
years (Iweala & Nagler, 2019; Negi, Das, Pahari, Nadeem, & Agrewala, 2019; Rajagopala et
al., 2017). The members of the gut microbiome are referred to as being commensal, meaning
one partner, the microbes, benefits, while the other partner, the host, has no ill effects (Iweala
& Nagler, 2006), generally the relationship tends to be mutually beneficial for both parties (Shi,
Li, Duan, & Niu, 2017). It makes up more than half of the cells found in the human body and
has been implicated in a multitude of studies covering issues from obesity all the way to neurological disorders (Sidhu & Van Der Poorten, 2017). Additionally, its vital involvement in its
hosts health, including both innate and adaptive immunologic activity, homeostasis and metabolism has also been shown (Barko et al., 2018; Cresci & Bawden, 2015; Negi et al., 2019).
It can therefore be referred to as a microbial organ, sensitive to environmental, dietary and
host factors and functions that are intrinsically intertwined with host physiology and pathophysiology (Maruvada, Leone, Kaplan, & Chang, 2017). Another important facet of the gut microbiota is its crosstalk, via pattern recognition receptors expressed on macrophages and dendritic
cells and heterotrimeric guanine nucleotide-binding protein (G-protein) coupled receptors
(Howitt et al., 2016; Negi et al., 2019), with both innate and adaptive immune cells that regulates the balance between immune tolerance and inflammation (Sampson et al., 2018). Trillions of microbes inhabit the typical healthy human. They are sequestered from interior tissue
by just one single layer of epithelial cells lining the gut (Howitt et al., 2016). Gut microbiota
confer metabolic capabilities that far surpass those of the host organism alone. This makes
the gut microbiome an active participant in host physiology (Barko et al., 2018).
Changes in the gastrointestinal microbiome have been associated with diseases in humans and animals, including asthma, obesity, metabolic syndrome, neurological development,
inflammatory bowel syndrome, cardiovascular disease and different immune-mediated conditions (Barko et al., 2018). There is no such thing as a defined healthy microbiome (Schmidt,
Raes, & Bork, 2018). Generally, high levels of diversity, redundancy of metabolic pathways,
stability and resistance to stress-related change like antibiotics, infections or suppression of
the immune system are of high importance and define a microbiome (Sidhu & Van Der Poorten,
2017). Gut microbiota include 1.000 to 1.500 bacterial species alone, one individual however
only carries approximately 160 different bacterial species in their gut microbiome (Shi et al.,
2017). Some studies suggest that the “usual” gut microbiome of a healthy individual is
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dominated by bacterial species from the phyla Bacteroidetes and Firmicutes like Proteobacteria, Actinobacteria and Verrucomicrobia (Hall, Tolonen, & Xavier, 2017). Nevertheless, there
are considerable differences between the microbiota of any two given people, as the microbiota is strongly influenced by different factors (Schmidt et al., 2018): the way of delivery, how
people grow up, what foods they eat, where they live, exercise, smoking and alcohol usage,
what kinds of diseases they had during their lifetime, what medications they took and for how
long, etc. (Chinthrajah et al., 2016; Cresci & Bawden, 2015; Schmidt et al., 2018). Vaginally
delivered babies are colonized with microbial communities dominated by protective microbes
like Lactobacillus spp. and Bifidobacterium spp, similar to the mothers vaginal tract (Sidhu &
Van Der Poorten, 2017). If a baby gets delivered via cesarean section, it is mostly colonized
by microbial communities composed of common skin or hospital microbes with Staphylococcus
as the predominant genus (Barko et al., 2018). This leads to an initial microbiome that has
been called “less diverse and less healthy” (Sidhu & Van Der Poorten, 2017). The mature
microbiome is established between the ages of one and three years. Afterwards it is relatively
stable and is primarily made up of anaerobic bacteria (Sidhu & Van Der Poorten, 2017). The
microbiome transitions gradually with age as diversity increases and shifts occur during late
childhood, adolescence and adulthood. Elderly people display loss of diversity, decreased stability and more shifts that are associated with general health changes, a more constrained
lifestyle and an increased intake of medication like antibiotics, metformin and anti-psychotics.
(Schmidt et al., 2018)

2.1. Normal functions
The interactions between the host and the gut microbiome are strictly controlled. The
host regulates the composition of the microbiome through Toll-like and Nod-like receptors that
stimulate the immune system which then in turn leads to regulatory T cell responses and immune cells secreting immunoglobulin A (IgA), antimicrobial peptides from Paneth cells in the
epithelial cell membrane of the small intestine and microRNAs to keep microbes in check
(Escalante et al., 2016; Hall et al., 2017; Stefka et al., 2014). The gut microbiota is considered
to be a metabolic organ that is needed to complement the host’s own metabolic activities and
functions (Caminero et al., 2019). Nearly all aspects of mammalian physiology are influenced
by the microbiome; those effects can be local or systemic and have both positive and negative
influences in homeostasis and in disease (Stappenbeck & Virgin, 2016). The human body depends on a number of vital metabolic and signaling functions for which the microbiome is responsible; this includes the synthesis of vitamin B and vitamin K (Sidhu & Van Der Poorten,
2017). The microbiome processes food and otherwise for the host indigestible complex polysaccharides like starches and cellulose (Schmidt et al., 2018) and generates short-chain fatty
acids like butyrate and propionate (Berin & Shreffler, 2016), which is a sign of a healthy microbiome (Meisel et al., 2017), as well as essential amino acids (Barko et al., 2018). Short-chain
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fatty acids can function both as energy source for anaerobic bacteria and as anti-inflammatory
molecules (Barko et al., 2018; Schmidt et al., 2018). The microbiome also communicates with
the central nervous system; this includes pathways that influence the production of neurotransmitters or their precursors, like serotonin, tryptophan, dopamine, L-dopa and noradrenaline
and hormones like cortisol and leptin (Sidhu & Van Der Poorten, 2017).
An essential role in maintaining a tolerogenic gut environment by preventing an inflammatory response against foreign antigens is played by the intestinal microbiota (Caminero et
al., 2019). Through the so called barrier effect the microbiome keeps pathogens from colonizing the gut (Sidhu & Van Der Poorten, 2017). They produce metabolites and dietary substrates that function as antimicrobial compounds and interact with the hosts immune system
(Caminero et al., 2019). They are needed for the mucosal innate immune system to develop
as they directly interact with epithelial cells. Theories suggest that an early exposure to a variety of bacteria provides a kind of training for the immune system. This leads to normal protective reactions to commensals and inflammatory responses to pathogens. In cases where there
was no or limited exposure early in life, the microbiota is reduced, both in number and diversity,
and the immune system overreacts to antigens which predisposes the host to autoimmune or
allergic diseases. (Sidhu & Van Der Poorten, 2017)

2.2. Microbiome and disease
Several studies have suggested or shown that there is a correlation between various
diseases like metabolic disorders, gastrointestinal complexities and infectious diseases and
the human microbiome (Rajagopala et al., 2017). The gut microbiome is essential for the upkeep of gut mucosal homeostasis, a tipping of the balance in the microbiome can lead to intestinal diseases (Shi et al., 2017). Dysbiosis, an imbalance or maladaptive state of the microbiome, is found in many gastrointestinal diseases, like metabolic disorders, liver disease, arthritis, immunological diseases as well as neurological disorders like multiple sclerosis (Meisel
et al., 2017; Sidhu & Van Der Poorten, 2017). Whether this is the cause or an effect of the
disease or it is being caused by a third factor entirely has not been established (Schmidt et al.,
2018; Sidhu & Van Der Poorten, 2017). Some disease states like inflammatory bowel diseases
or obesity are marked by shifts in the gut microbiome like a reduction of diversity or richness
in the overall composition (Schmidt et al., 2018). Different studies suggest that autoimmune
diseases like systemic lupus erythematosus and rheumatoid arthritis may be initiated by gut
microbiome challenges (Shi et al., 2017).
Several animal studies have shown that members of the gut microbiota influence adiposity and weight gain by affecting host gene expression. Additionally, they can also impact
metabolic and inflammatory pathways as well as the gut-brain axis. (Maruvada et al., 2017)
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The gut microbiome has also been implicated in the development of different cancers.
Some studies have shown that the release of genotoxins from the microbiota can damage host
DNA which in turn can induce carcinogenesis. Additionally, bacterial toxins and metabolites
with tumor-promoting abilities can lead to chronic inflammation and tissue damage which may
increase the chances of tumor development. For example, Helicobacter pylori has been specified as carcinogenic to humans as it colonizes the gastric mucosa and induces chronic gastric
inflammation that might progress to gastric carcinoma. (Rajagopala et al., 2017)
Chronic inflammatory conditions like Crohn’s disease, for example, rely on multiple
causing factors, like genetic, environmental and microbial factors (Shi et al., 2017). There
seems to be a genetic predisposition, as well as specific environmental triggers needed in
order for people to develop the disease (Sidhu & Van Der Poorten, 2017). The immune system
reacts differently to the gut microbiome as patients are characterized with a higher ratio of
pathogenic to commensal bacteria (Schmidt et al., 2018). The different symptoms typical for
irritable bowel syndrome, diarrhea or constipation, are very likely caused by the different composition of the gut microbiome as patients with more diarrhea have lower number of Clostridium thermosuccinogenes phylotype expression. People suffering from non-alcoholic steatohepatitis are associated with bacterial translocation which leads to an increased delivery of
lipopolysaccharides and free fatty acids directly to the liver from the portal vein. Additionally,
they display greater numbers of members of the Escherichia family. This group ferments carbohydrates and therefore produces alcohol. (Sidhu & Van Der Poorten, 2017)
Bacterial supplements in the form of probiotics have been used for more than a century
as a way to promote health. Different studies have shown different results regarding the efficacy of those treatments. One of the oldest interventions in humans that is based on the microbiome is called fecal microbial transplant or FMT. Studies have shown that transferring a
healthy fecal microbiome to patients suffering from for example consistent Clostridium difficile
infections decreased the rate of their re-infections. Other studies have also looked at FMT in
the context of inflammatory bowel disease or cardiometabolic diseases. (Zmora, Soffer, &
Elinav, 2019)
Bacterial metabolism of food is of high importance. Studies have shown that specific
bacteria are needed to completely digest gluten, which is a mix of proteins that cannot be
digested by mammalian enzymes alone. If those bacteria, like Rothia spp. and Lactobacillus
spp., are missing, gluten is not degraded and can bind to antigen presenting cells which can
activate a T cell response characteristic for coeliac disease. This can also take place in different food allergies as mammals lack the proteases needed to digest egg and peanut proteins.
On the other hand, some bacteria degrade food peptides in such a way that their immunogenicity is increased. Those can then easier translocate through the epithelial barrier. This might
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facilitate interaction between the immune system and the food antigen. Taken together, this
means that complex and sequential metabolic events exist where bacteria and the mammalian
host synergize to produce a variety of peptides that have different immunogenic capacity.
(Caminero et al., 2019)

2.2.1. Gut microbiome in celiac disease
Studies have shown that an increased frequency of rotavirus infections, generally affecting the small intestine and leading to a transient increased gut permeability, predict increased risk of celiac disease in those individuals that carry HLA risk alleles and are at increased risk for celiac disease and type 1 diabetes mellitus. Rotavirus infections are also implicated in the autoimmunity leading to type 1 diabetes mellitus (T1DM). (Caminero et al., 2019)
Reoviruses are segmented double-stranded RNA viruses that frequently infect humans
throughout their lifetime. Enteric infections with the reovirus type 1 strain Lang (T1L) do not
lead to intestinal damage but can disrupt intestinal homeostasis and induce pro-inflammatory
IL-12 cytokine expression by mucosal CD103+CD11b- dendritic cells. This drives Th1 immune
responses and leads to loss of oral tolerance to the dietary antigen gluten in celiac disease in
an interferon regulatory factor 1 (IRF1) dependent manner in genetically susceptible individuals expressing HLA DQ2 or DQ8 molecules. The study further showed an abrogated regulatory
T cell response through type 1 interferon-mediated pathways resulting in pathogenic Th1 immune responses to gluten characterized by IFN+ producing Tbet+ CD4+ T cells. This loss of
oral tolerance is induced through the manipulation of tolerogenic dendritic cells that present
dietary antigens and has also shown to be able to induce transglutaminase 2 activation in HLA
DQ8 mice. (Bouziat et al., 2017)
Further studies conducted by the same group have also implicated the acute CW3
strain of murine norovirus, a positive-sense RNA virus from the Caliciviridae family, capable of
inducing Th1 immunity and loss of oral tolerance to dietary antigen. This property of the virus
depends on its major capsid protein, which is a virulence determinant. (Bouziat et al., 2018)
Microbial triggers can also lead to an upregulation of IL-15, a pro-inflammatory cytokine
known to induce loss of oral tolerance that is upregulated under conditions of tissue stress and
during infection (Meisel et al., 2017). It is upregulated upon stimulation with lipopolysaccharides produced by members of the microbiome or double-stranded RNA. Upregulation of IL-15
in the lamina propria leads to a block pf peripheral Treg differentiation and induces Th1 immune
cell responses to dietary antigens, like in celiac disease. (Caminero et al., 2019)

2.2.2. Gut microbiome in food allergy
An ever-increasing number of studies have implicated the microbiome in the development of food allergies. Commensal microbes seem to have mechanistic effects that are important for antigen uptake and antigen presentation as studies conducted in antibiotic treated
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mice, meaning mice that have a compromised microbiota, have shown, that oral tolerance
cannot be induced (Caminero et al., 2019; Iweala & Nagler, 2019). The microbiota of children
with allergies differ from healthy kids. Firmicutes like Clostridia species, for example Ruminococcaceae and Lachnospiraceae, are enriched in the early infant gut microbiome from kids
that later on developed milk allergies. Increased abundance of Bacteroides species, combined
with a general reduction of strain richness, was found in patients with peanut or tree nut allergies. (Abdel-Gadir et al., 2019; Chinthrajah et al., 2016; Sampson et al., 2018)
To illustrate the importance of the gut microbiome in food allergies Feehley et al. (2019)
colonized germ-free mice with bacteria from healthy infants and infants that were allergic to
cow milk. They found that mice carrying microbiota from healthy infants were protected from
anaphylactic responses to cow milk. The microbiota differed in bacterial composition and also
in their transcriptome signatures. (Feehley et al., 2019)
Iweala and Nagler (2019) claim there is a causal role for the intestinal microbiota for
protection against allergic responses to dietary antigens. They have shown that mono-colonization of germfree mice with one single species, Anaerostipes caccae, a butyrate producing
member of the Clostridium family and common member of the gut microbiome, was enough to
mimic the effect a healthy microbiome and sufficient in protecting against food allergy (Iweala
& Nagler, 2019). Reintroduction of this Clostridia in antibiotically treated mice blocked sensitization to food allergen by inducing IL-22 cytokine production by RORt+ expressing innate lymphoid cells (ILCs) and regulatory T cells in the lamina propria. The cytokine acts to reduce the
uptake of orally ingested dietary antigen into the blood stream and protects therefore against
sensitization. (Stefka et al., 2014)
Viral and bacterial gastrointestinal infections were shown to change and influence the
generation of peripheral regulatory T cells against dietary antigens and subsequently perturb
oral tolerance (Esterházy et al., 2019). Signals from commensal microbiota have been shown
to suppress IgE antibody production and basophil development. Additionally, enteric infections
by for example helminths can act as an adjuvant to the response to dietary antigen as they
lead to intestinal dysbiosis which has been reported in both coeliac disease and food allergies.
It is unknown if intestinal dysbiosis in patients with food sensitivities is the consequence of
consistent inflammation or if it has a causal role in the breakdown of oral tolerance to dietary
food antigens (Caminero et al., 2019).
Whenever studies focusing on the development food allergies are conducted in germ
free mice one has to consider that those mice display a poorly developed mucosal immune
system in the absence of microbes (Berin & Shreffler, 2016). This germ free status may affect
different steps of the tolerance response as these mice are more susceptible to sensitization
against food allergens (Wawrzyniak et al., 2017).
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Indoleamine 2,3-dioxygenase (IDO), produced by dendritic cells, is an enzyme capable
of digesting tryptophan, which is a substrate for bacterial gut microbes (Caminero et al., 2019).
Those can then synthesize serotonin and other metabolically active compounds (Iweala &
Nagler, 2019). Those metabolites can directly regulate mucosal immune functions and the intestinal barrier (Caminero et al., 2019). Reductions in this tryptophan metabolism and a reduced diversity of tryptophan metabolites has been observed in germ free mice compared to
specific pathogen free mice. This may impact IDO expression in dendritic cells and therefore
influence their ability to induce Foxp3+ regulatory T cells. (Iweala & Nagler, 2019)
As already mentioned, gut microbes like bacteria can also have a direct influence on
the development of regulatory T cells as their fermentation products like the short-chain fatty
acid butyrate, made out of not absorbed or metabolized dietary food components, promotes
differentiation of naïve T cells into regulatory Foxp3 positive Tregs and IL-10 secreting T cells
(Caminero et al., 2019; Satitsuksanoa et al., 2018; Wawrzyniak et al., 2017). Some studies
have indicated that this regulation might take place via the epigenetic regulation of Foxp3
(Iweala & Nagler, 2019). Butyrate regulates both the proportions and the functional capabilities
of Foxp3+ Treg cells central to the maintenance of oral tolerance to food allergens (Caminero
et al., 2019). Additionally, some bacterial strains also secrete biogenic amines like histamine
that has wide reaching effects on many immune cell types (Satitsuksanoa et al., 2018).
Different genetic and epigenetic studies have shown that there is an association between viral and bacterial infections and the onset of food allergies and coeliac disease
(Wawrzyniak et al., 2017). This suggests that repeated microbial infections that occur early in
life in individuals with genetic predisposition trigger food sensitivities. (Caminero et al., 2019)
Commensal microbial signaling through IgE modulate the development of allergic effector cells like basophils and the generation of the Th2 cytokine environment. Commensal
bacteria also regulate allergic effector cell numbers at sites of allergic inflammation. (Iweala &
Nagler, 2019; Wawrzyniak et al., 2017)
Clostridia species have been shown to be potent inducers of colonic regulatory T cells
and therefore promote oral tolerance and are capable of suppressing colitis and food allergy
(Berin & Shreffler, 2016; Chinthrajah et al., 2016; Satitsuksanoa et al., 2018). The same has
been seen for Bifidobacterium longum and Bacterioides fragilis. This protection might be possible through pattern recognition receptor, like Toll-like receptor, activation on dendritic cells.
(Iweala & Nagler, 2006; Wawrzyniak et al., 2017)
Several studies focused in areas where helminth infections are endemic have suggested that infections by certain helminths may protect against food allergies (Bashir et al.,
2002; Helmby, 2015). Lately therapies involving Clostridiales or Bacteroidales have been
41

Gut microbiome

shown to prevent food allergies. This bacteriotherapy activated a MyD88-dependent microbialsensing pathway in nascent regulatory T cells that then differentiate into immunosuppressive
RORt+ expressing Tregs. (Abdel-Gadir et al., 2019)
2.3. Protozoa
Most of the studies conducted on the functions and effects of the microbiome have
focused on bacteria. A very understudied part of the microbiome are protozoa, small sometimes anaerobic eukaryotic unicellular microorganisms that are a common occurrence in the
vertebrate gut microbiome (Escalante et al., 2016; Maritz, Land, Carlton, & Hirt, 2014). They
are considered to be amongst the most primitive eukaryotic species (Gookin, Jody, Adam,
John, & Michael, 2020). Most of the known protist are considered pathogens of the mouse and
human intestine, those include Entamoeba histolytica, Toxoplasma gondii, Giardia spp. and
Cryptosporidium spp. Recent findings have shown that commensal protozoa are an important
part of the microbiota and inhibit mammalian intestinal tracts. Those commensals include Pentatrichomonas hominis, Tritrichomonas musculis, Tritrichomonas muris and Dientamoeba fragilis and their impact on the immune system has been practically neglected. (Chudnovskiy et
al., 2016)
Several protozoans have been linked to different kinds of cancers. Tritrichomonas
vaginalis which is a sexually transmitted pathogen, was reported to be associated with cervical
as well as prostate cancers (Zhang et al., 2019). It has been shown that the protozoa Tritrichomonas musculis can colonize the host without causing any pathological injuries. Tritrichomonas musculis activates the host inflammasome in the colonic epithelium, induces IL-18
release and shapes the composition and functional state of the mucosal tissue resident immune system. IL-18 in turn promotes Th1 and Th17 immunity and confers protection from
mucosal bacterial infections. Furthermore, colonization with this particular protozoa also increases the possibility of the development of T-cell driven colitis or colorectal tumors. This
protozoa-host interaction increases mucosal host defenses at the cost of an increased risk of
inflammatory disease. (Chudnovskiy et al., 2016; Zhang et al., 2019)

2.3.1. Tritrichomonas muris
Tritrichomonas muris is a single-celled protozoa belonging to the Trichomonadidae
family, that commonly infects intestinal tissues, like the cecum, colon and small intestine, of
mice and other rodents The protozoa is pear shaped and measures 16 to 26 by 10 to 14 m,
it has three anterior and one posterior flagellates (Baker, 2006) which is the typical morphological characterization of Trichomonads (Gookin et al., 2020). The protozoa can be seen in
Figure 6. The main transition route is oral uptake of pseudocysts from the feces of an infected
host. No environmentally stable cysts are formed. The trophozoites then proliferate in the intestinal lumen without invading the intestinal tissue (Baker, 2006, 2008; Gookin et al., 2020;
Kashiwagi et al., 2009).
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Figure 6: SEM micrograph of protozoa isolated from WT BIH mice (scale bar, 4 μm) (Howitt et al., 2016)

A close relative is Tritrichomonas foetus, a known pathogen that infects reproductive
organs of bovines (Da Costa, Graham, Duncan, Pillai, & Lund, 2019). T. muris on the other
hand has been labeled as commensal and is therefore not considered a pathogen (Baker,
2008). Still, some studies have shown that mice colonized with Tritrichomonas muris express
some immune related proteins differently compared to uninfected mice (Da Costa et al., 2019;
Kashiwagi et al., 2009). Observations suggest that although T. muris does not overtly alter the
murine health, its colonization has the potential to modify immune responses (Escalante et al.,
2016).
Tuft cells are a minor subset of small intestinal epithelial cells; they express tastechemosensory receptors that might allow them to either sense the gut microbiota or transduce
signals to the mucosal immune system. Those cells are characterized by their expression of
doublecortin-like kinase 1 (DCLK1) and are putative quiescent stem cells (Howitt et al., 2016).
They are the main source of constitutively expressed epithelial IL-25, a pro-inflammatory cytokine that promotes proliferation and activation of type 2 innate lymphoid cells. IL-25 secretion
is the starting point for a feed-forward immune signaling circuit that is essential for innate and
possibly also for adaptive type 2 immune responses in the small intestine. This pathway can
be seen in Figure 7.
Those activated ILC2s in the lamina propria then produce IL-13, that in turn leads to an
increase in tuft cell and goblet cell abundance by signaling undifferentiated epithelial progenitors located in underlying crypts. The cells progress up the villi and are sloughed into the lumen
with a turnover of 3-5 days. Those newly differentiated tuft cells will further promote ILC2 activation. This pathway is of high importance in infections with helminths and certain protozoa.
Studies have shown that those organisms lead to a up to 15fold expansion of the normally very
rare tuft cells. (Nadjsombati et al., 2018; Schneider et al., 2018; von Moltke et al., 2016)
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Figure 7: Tuft-cell derived IL-25 regulates an intestinal ILC2-epithelial response circuit (von Moltke, Ji, Liang, &
Locksley, 2016)

Tritrichomonas muris is an understudied but common member of the mouse gut microbiome (Howitt et al., 2016). Studies have shown that the presence of this protozoa leads to an
expansion of tuft cells in mice (Schneider et al., 2018). The protozoa generate the metabolic
substrate succinate during fermentative pyruvate oxidation which can be recognized as a ligand by the extracellular receptor SUCNR1 whose expression is highest in the tuft cells of the
small intestine (Nadjsombati et al., 2018; Schneider et al., 2018).
Additionally, this organism, and other eukaryotic pathosymbionts, can impact heterologous infectious or inflammatory processes due to effects on immune or epithelial tissues. This
gives it the capacity to mediate tissue protection or pathology depending on the conditions.
(Schneider et al., 2018)

2.3.2. Pentatrichomonas hominis
Pentatritrichomonas hominis is a human analog to Tritrichomonas muris. It also belongs to the Trichomonadea of the phylum Parabasalia and can inhabit the digestive tract of
several vertebrates, including but not limited to humans, monkeys, pigs, dogs, cats and rats. It
is an anaerobic flagellated protozoon. While Pentatrichomonas hominis has been previously
considered a commensal protozoon like Tritrichomonas muris, it has now been identified as a
potential zoonotic parasite and a causative agent of diarrhea. Additionally, it has also been
associated with irritable bowel syndrome, rheumatoid arthritis and systemic lupus erythematosus. It has also been shown that P. hominis infections show a high association to
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gastrointestinal cancers and they have been identified as a causative agent of pulmonary trichomoniasis. (Bastos, Brener, Figueiredo, & Leles, 2018; Li et al., 2017; Maritz et al., 2014;
Meloni et al., 2011; Zhang et al., 2019)

2.4. Reovirus
Several studies have implicated different viruses like adenoviruses, rotaviruses and the
hepatitis C virus to be associated with a loss of oral tolerance, especially in onset of Celiac
disease (Plot & Amital, 2009; Stene et al., 2006). Other studies have also shown that reoviruses and noroviruses can lead to a loss of oral tolerance as well (Bouziat et al., 2018, 2017).

Figure 8: Reovirus replication cycle. VI = viral inclusions, ER = endoplasmic reticulum (Tenorio et al., 2019)

Reovirus is an acronym for respiratory enteric orphan virus (Fields, Knipe, & Howley,
2007) Those viruses commonly infect humans, adults but especially during early childhood
(Brown et al., 2018). Most of those infections are thought to be asymptomatic, others are linked
to upper respiratory or gastrointestinal symptoms (Tai et al., 2005). In most cases, only infections in young individuals are associated with disease (Coombs, 2006).
Mammalian orthoreoviruses, further called reoviruses, are members of the family Reoviridae and are non-enveloped viruses (Fields et al., 2007; Kobayashi, Chappell, Danthi, &
Dermody, 2006). They carry a double-stranded RNA genome that contains 10 functionally and
structurally discrete segments including three large (L), three medium (M) and four small (S)
size-class RNA gene segments (Fields et al., 2007) encoding for eleven reovirus proteins,
eight structural and three nonstructural ones (Tenorio et al., 2019). The genome is contained
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within two icosahedral symmetric protein capsid shells (Kobayashi et al., 2006; Tai et al.,
2005). The outer capsid is composed of 200 1-3 hetero-hexamers and a maximum of 12 1
trimers protruding from turrets formed by pentamers of 2 (Fields et al., 2007; Snyder, Wang,
& Danthi, 2018). 1 is encoded by M2 while 3 is encoded by S4 and all of those parts are
required for virus attachment, entry and membrane penetration (Fields et al., 2007). To start
the replication cycle displayed in Figure 8, reoviruses attach to proteinaceous receptors or
glycans and are internalized by receptor-mediated endocytosis (Berard, Severini, & Coombs,
2015). Virions then traffic to late endosomes in a microtubule-dependent manner. Here, aciddependent cathepsin proteases proteolytically disassemble the outer capsid by degrading 3
and cleaving 1 into 1 and . This degradation leads to the generation of infectious subviral
particles. These changes lead to an increase in infectivity relative to the virions This metastable
intermediate gets further disassembled to form a ISVP*, neighboring s1 trimers separate and
1

is cleaved into 1N and  via its autocatalytic activity. (Berard et al., 2012, 2015; Fields et

al., 2007; Snyder et al., 2018)
The autolytic cleavage leads to the delivery of the intact inner capsid to the host cytoplasm (Berard et al., 2015; Snyder et al., 2018). Replication of reoviruses is mainly cytoplasmic. The core particles released by the degradation of the outer capsid contain an active RNAdependent RNA polymerase. This leads to a production of viral mRNAs that are then translated
by highjacked host ribosomes to produce viral proteins. The mRNAs wander to membraneformed viral inclusions, specialized intracellular compartments that form in the cytoplasm of
infected cells due to specific interactions between 2 and NS. Those viral inclusions allow for
a concentration of viral and host factors to ensure a high efficiency of replication and virion
assembly. They lead to a sequestration of viral nucleic acids and proteins which “hides” them
from innate immune responses and are also necessary for the spatial coordination of consecutive replication cycle steps. In the viral inclusions the mRNAs are translated into viral proteins
which then interact with host interferon-regulated proteins which allows them to switch viral
replication functions to the production of progeny virions. Intracellular virions are then released
by cell lysis after recoating of the mature double-shelled virion has occurred inside the cell.
(Berard et al., 2012, 2015; Kobayashi et al., 2006; Tenorio et al., 2019)

2.4.1. Reovirus type 1, strain Lang (T1L)
Using classical neutralization and hemagglutination-inhibition tests three different
mammalian reovirus serotypes have been identified. Each serotype is represented by a prototype strain isolated from children in the 1950s. This includes the type 1 Lang (T1L), type 2
Jones (T2J) and type 3 Dearing (T3D). (Coombs, 2006; Fields et al., 2007)
Reovirus strains show differences in both their replications as well as pathogenic characteristics. The reovirus serotype 1 Lang is known on rare occasions to cause clinical
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myocarditis. T1L also produces higher viral titers than for example the serotype T3D at the
primary site of infection. This is attributed to the reovirus S1 gene. (Berard et al., 2015)
Reovirus T1L infects the intestine after oral inoculation, these kinds of infections proceed nonpathogenic most of the time. But such an infection can also disrupt the host immune
response to food antigen during the development of celiac disease. (Brown et al., 2018) T1L
infection leads to a loss of oral tolerance and promotes instead a Th1 immune response to the
dietary antigen gluten. Even though the virus itself is successfully cleared from the host within
six days after infection, it can still promote immunopathology. (Bouziat et al., 2017) In that
case, T1L transcytoses across M cells in the ileum and disseminates to the underlying intestinal tissue. It can be detected in the mesenteric lymph nodes, spleen and Peyer’s patches. This
indicates a hematogenous dissemination. The intestinal infection leads to and promotes inflammatory responses to dietary antigens. (Brown et al., 2018)
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3. Research questions
As already established in the first part of this thesis, immune mediated food sensitivities
that include food allergies and celiac disease are a major public health concern that needs to
be addressed and researched more fully as we still do not know the exact combination of
causative agents. Multiple studies have shown that the microbiota as a whole and some single
members especially have a huge impact on the development of food allergies and the loss of
oral tolerance. Most of the mentioned studies have been mainly focused on different bacteria
strains as bacteria make up the better part of the gut microbiome. Isolated laboratories have
focused their research on less common or well-known members of the microbiota whose effects on host physiology are often overlooked. One of those mostly ignored members of the
gut microbiota are protozoa. The current state of research about protozoa living in the human
and mouse gut is limited. Most of the current knowledge focusses on members that are considered pathogens. The non-pathogenic protozoan representatives have mostly just been labelled commensal and have then been ignored.
This thesis wants to provide insight into how protozoa, in this case the common murine
microbe Tritrichomonas muris impacts on the immune responses to dietary antigen (oral tolerance) in the broader context of food allergies and celiac disease. This is highly relevant as the
loss of oral tolerance to food is the initiation step for the development of celiac disease and
food allergies. Recent studies (Nadjsombati et al., 2019, 2018; Schneider et al., 2018; von
Moltke et al., 2016) have shown that this protozoa is capable of inducing a local type 2 immunity in the intestine through activation of the ILC2-IL-25 circuit. Since food allergies are also
defined by a type 2 immune response the role of Tritrichomonas muris plays in modulating
mucosal immune responses to dietary antigens needs to be defined. This led us to ask the
following questions.
•

Can the colonization with the protozoa Tritrichomonas muris impact the development of oral tolerance to a dietary antigen?

•

If yes, can Tritrichomonas muris protect from virus mediated loss of oral tolerance?

•

If yes, what is the mechanism behind the promotion of oral tolerance by Tritrichomonas muris? Is the previously mentioned ILC2-IL-25 circuit involved or
not?

•

If yes, what impact, if any can be detected, has Tritrichomonas muris colonization on food antigen presenting dendritic cells and their function?
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4. Methods and materials
4.1. Mouse strains
Specific pathogen free (SPF) C57BL/6J and BALB/c mice were purchased from the
Jackson Laboratory at six weeks old and maintained in the animal facility of the University of
Pittsburgh, School of Medicine in accordance with institutional ethical guidelines for the duration of the experiments. Animal husbandry and experimental procedures were performed in
accordance with Public Health Service policy and approved by the University of Pittsburgh
Institutional Animal Care and Use Committee.
Rag -/- OT-II CD45.1 are transgenic mice on a C57BL/6J background that were bred
and housed in our animal facility. They do not carry a functioning copy of the Rag2 gene that
is involved in the initiation of V(D)J recombination during B and T cell development. The protein
forms a complex with the recombination activation gene 1 that can cleave DNA at conserved
recombination signal sequences (Stelzer et al., 2016). Rag2 knockout mice are not capable of
developing any mature B and T lymphocytes and therefore have no functioning adaptive immune system. These mice also carry the OT-II transgene. The mice express the alpha-chain
and beta-chain T cell receptor that pairs with the CD4 co-receptor and is specific for chicken
ovalbumin 323-339 peptide. Rag -/- OT-II CD45.1 therefore are capable of producing one specific kind of T lymphocyte that recognizes OVA (The Jackson Laboratory, 2019). CD45 is a
common antigen expressed on all leukocytes. Two different alleles exist, CD45.1 and CD45.2,
they are functionally identical. C57BL/6J mice carry the CD45.2 allele (Holmes, 2006). This
makes cells isolated from Rag

-/-

OT-II CD45.1 mice easy to detect when they are transferred

into C57BL/6J wildtype mice. Those mice will be referred to as Rag KO mice.
IL17RB

-/-

are transgenic mice on a C57BL/6J background that were purchased from

the Jackson Laboratory and then bred and housed in our animal facility. These mice do not
carry the gene encoding for the cytokine receptor IL17RB that together with IL17B and IL17E
makes up the receptor for the important pro-inflammatory cytokine IL-25. (Stelzer et al., 2016)
C.Cg-Tg(DO11.10)10Dlo/J are transgenic mice on a BALB/c background that were
purchased from Genentech and then bred and housed in our animal facility. They carry a MHC
class II restricted rearranged T cell receptor transgene on a H2d background that reacts to the
ovalbumin (OVA) peptide antigen. (The Jackson Laboratory, 2019) Those mice will be referred
to as DO11.10 mice.

4.2. Reovirus T1L
The used recombinant reovirus type 1 Lang (T1L) was grown and kindly provided by Dr. Terence Dermody and his laboratory at the University of Pittsburgh, Department of Pediatrics at
the UPMC Children’s Hospital of Pittsburgh. T1L is a stock generated by plasmid-based rescue
from cloned T1L cDNAs. After sample collection and cell isolation, those cells were frozen and
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thawed three times. The virus was isolated by plaque purification using monolayers of L cells.
Viral particles were extracted from infected cell lysates using Vertrel XF (DuPont), layered onto
1.2 to 1.4 g/cm³ CsCl gradients and centrifuged at 62.000g for 16 hours. Bands corresponding
to virions at 1.36g/cm³ were collected and dialyzed in virion storage buffer consisting of 150mM
NaCl, 1mmM MgCl2 and 10mM Tris-HCl at a pH of 7.4. Viral titer was then determined by
plaque assay using L cells. (Bouziat et al., 2017)

4.3. Genotyping mice
4.3.1. Rag -/- OT-II CD45.1 phenotyping
We cannot differentiate by phenotyping (flow cytometry) whether Rag

-/-

OT-II CD45.1

mice are heterozygote or homozygote for the OT-II transgene. Therefore, every Rag

-/-

OT-II

CD45.1 mouse born in our mouse facility needs to be phenotyped in order to be sure, that they
do in fact carry the transgene and are capable of producing ovalbumin specific T cells. This
phenotyping is done via flow cytometry of blood of mice that are at least 6 weeks old.

4.3.1.1. Sample preparation
•

Cheek bleeding is used to collect approximately 30l of blood of a to be genotyped
mouse into a 1.5ml Eppendorf tube containing 10l of the chelating agent ethylenediaminetetraacetic acid (EDTA, Invitrogen UltraPure 0.5M #15575-038) which stops the
blood from coagulating as it strongly binds ions like calcium.
• Cheek bleeding is done with a small 5mm lancet (Goldenrod™
Sterile Animal Lancet, Fisher Scientific #NC9891620). A facial vein
runs from the eye downwards across the cheek of the mouse while
a submandibular vein runs along the jaw. Both of those veins can
be seen in Figure 9 and can be used to acquire the blood needed
for genotyping, although one should take care not to hit the point
where both converge as the blood flow will be stronger and the

Figure 9: Facial and mandibular vein in a mouse (created
with Biorender.com)

•

chance of the animal dying is higher. Blood of a C57BL/6J mouse
is used as a negative control.

10l of blood are then transferred into a 15ml tube (Falcon #352096) containing 2 ml
of lysis buffer. 200l 10x lysis buffer (R&D® Systems Mouse Erythrocyte Lysis Kit,
#WL2000) are diluted in 1.8ml of distilled water (HyClone HyPure™ Molecular Biology
Grade Water, #SH30538.02).

•

A 10 minute long incubation step at room temperature follows. Afterwards 4ml of wash
buffer are added to the tube to stop the lysis reaction. 400l of 10x wash buffer are
diluted in 3.6ml of distilled water.

•

The tubes are now centrifuged for 5 minutes at 1800rpm at 4°C and resuspended in
5ml of sterile PBS.
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•

The supernatant is aspirated off and the pellet is resuspended in 50l of Fc Block. Fc
Block is prepared as a 1:300 dilution of the stock solution (BD Pharmigen™
CD16/CD32 Purified Rat-Anti-Mouse, #553142) in FACS Buffer, which in turn is 2%
heat-inactivated FBS (BioWest #S1620, see section 10.1 in appendix) in PBS (500ml,
either HyClone™ DPBS/Modified #SH30028.02 or self-made – see protocol in section
10.2 in the appendix).

•

The cells are transferred onto a V shaped 96-well plate (Fisher Scientific #07-000140) and then incubated on ice for 5 minutes.

•

50l of antibody solution in FACS buffer is added to each sample. 50l of FACS buffer
are added to unstained and Live/Dead controls. After mixing with a pipette, the cells
are incubated for 20 minutes on ice, protected from light. The antibody panel can be
found in Table 1. Va2 and Vb5 are the alpha- and beta-chains of the T cell receptor
expressed on naïve CD4 positive T cells in Rag KO mice as mentioned in section 4.1.
Table 1: Antibody panel used for Rag-/- OT-II CD45.1 genotyping

•

Antibody

Fluorophore

Final dilution

Vb5

FITC

1:200

Va2

PE

1:800

CD45.1

BV510

1:400

CD4

BV650

1:200

CD19

BV605

1:200

Live/Dead

Zombie NIR

1:2.000

Meanwhile, 50l of the Live/Dead control sample are taken out and transferred into a
1.5ml microtube (Fisher Scientific #05-408-129) and incubated on a 65°C heat block
for 2 minutes to kill the cells. The sample is then transferred back onto ice, where it
cools down for a few minutes until it is put back into the 96-well plate.

•

After the incubation is over, 100l of PBS are added to each sample and the 96-well
plate is spun down at 1800rpm for 5 minutes at 4°C.

•

The supernatant is decanted and the samples and Live/Dead control are resuspended
in 100l of Live/Dead stain (BioLegend Zombie NIR™ Fixable Viability Kit #423106).
The unstained control is resuspended in 100ml of PBS. After mixing with a pipette, the
cells are incubated for 10 minutes on ice, protected from light.

•

After the incubation is over, 100l of FACS buffer are added to each well and the plate
is spun down again at 1800rpm for 5 minutes at 4°C.

•

The supernatant is decanted and the cells are resuspended in 100l of FACS buffer.
After filtering them through filters into FACS tubes (Fisher Scientific, 5ml #14-954-5)
and washing the plate with an additional 100ml of FACS buffer, the samples are ready
for flow cytometry.
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4.3.1.2. Flow cytometry

Figure 10: Genotyping Rag -/- OT-II
CD45.1 (1) (Author)

Figure 11: Genotyping Rag -/- OT-II
CD45.1 (2) (Author)

Figure 12: Genotyping Rag -/- OT-II
CD45.1 (3) (Author)

Figure 13: Genotyping Rag -/- OT-II CD45.1 (4) (Author)

Figure 14: Genotyping Rag -/- OT-II CD45.1 (5) (Author)

Figure 15: Genotyping Rag -/- CD45.1 (1) (Author)

Figure 16: Genotyping Rag -/- CD45.1 (2) (Author)

Flow cytometry is conducted with the Cytek® Aurora, a 5-laser system capable of detecting up to 40 different colors at the same time, according to the gating strategy visible in
Figure 10 to Figure 14. Approximately 500.000 cells are acquired for each sample. The first
drawn gate only includes lymphocytes and excludes cell debris that accumulates at the bottom
left corner when you gate SSC vs FSC (Figure 10). In a second step, plotting FSC-A vs FSCH allows to exclude all eventual cell-doublets and cell-aggregates by gating only on single cells
(Figure 11). When plotting the Live/Dead stain Zombie vs CD45.1 only the alive CD45.1 cells
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are gated on, excluding all dead cells. All present cells should be CD45.1 positive (Figure 12).
Those cells are then further analyzed by plotting CD4 vs CD19. Only CD4+ are gated in this
case (Figure 13). This excludes all B cells, although there should not be any in the first place
as the mice do not develop mature B cells. In the last step the two parts of the OT-II T cell
receptor Vb5 and Va2 are plotted against each other (Figure 14). If there is a population that
is double positive for both of them, the mouse carries the OT-II transgene. Figure 15 and Figure
16 show a Rag KO mouse, that does not carry a OT-II transgene. That mouse has no CD4+
cells and therefore no Va2/Vb5 double positive cells.

4.3.2. IL17RB -/- genotyping
To be sure all mice used for the experiments have the right phenotype the IL17RB KO
mice have to be genotyped as well. In contrast to the Rag KO mice, here DNA from either toes
or tail pieces is used to perform a PCR.

4.3.2.1. DNA preparation
•

A toe or 0.5cm tail piece is cut and put in in house lysis buffer. See appendix section
10.3 for the recipe. For the lysis to take place 2l of Proteinase K (Fisher Scientific
#25-530-049) need to be added and the sample is then incubated overnight at 55°C
on the dry bath.

•

To stop the lysis on the next morning, the dry bath is turned up to 94°C and the samples are incubated at that temperature for 10 minutes. Afterwards, they are centrifuged at 10.000rpm for 10 seconds. The toe lysis is now complete. The samples can
be stored at -20°C indefinitely.

4.3.2.2. PCR
The PCR takes place in a total volume of 10ml in DOT Scientific PCR tubes (#5038PCR). This contains the following reagents:
•

5l Tag (2x Bullseye Master Mix, Fisher Scientific #N00692861)

•

0.5l IL17RB KO primer 1

•

0.5l IL17RB KO primer 2

•

0.5l IL17RB KO primer 3

•

3.5l DNA
The sequences for the three primers used in this PCR and the PCR program the sam-

ples are run on the BioRad thermocycler can be found in section 10.4 in the appendix. All
primers are bought from IDT and used in a 1:10 dilution from the original stock in Hyclone™
water. After the PCR has been completed the samples are run on a gel made up of 2% agarose
(Fisher Scientific #N0800285) diluted in TBE buffer (see appendix section 10.5 for the recipe)
and stained with ethidium bromide (Fisher Scientific #15-585-011), together with a negative, a
wildtype (C57BL/6J mouse), a heterozygote and a homozygote control. Figure 17 shows a
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picture taken from such a gel. The wildtype control has a length of 308bp, the homozygote
control has a length of 288bp and the heterozygote control shows both of those DNA bands.
Band 1 contains the 100bp DNA ladder. The
negative control is in band 2, while the wildtype, heterozygote and homozygote controls are in bands 3, 4
and 5 respectively. The remaining bands contain DNA
from genotyped mice. In this case, the mice in bands
5, 7 and 8 are heterozygote (IL17RB -/+) while the mice
Figure 17: IL17RB -/- genotyping run on a 2%
agarose gel (Author)

whose DNA is in bands 6 and 9 are complete knockouts.

4.4. In vivo T cell conversion assays
Most of the experiments in this thesis are based on in vivo T cell conversion assays
where T cells carrying a receptor against the dietary antigen ovalbumin are isolated from one
mouse strain and then injected into another one. The second mouse strain is then exposed to
the antigen in the form of ovalbumin-containing diet (ENVIGO ‘TD.130362), which induces the
transferred T cells to differentiate. Using CD45.1 Rag KO and CD45.2 wildtype mouse strains
on a C57BL/6J background allows us to detect those transferred T cells in the host mouse by
using flow cytometry. A slightly different version of this experiment is done using BALB/c and
DO11.10 mice, where T cells carrying a receptor against the dietary antigen ovalbumin are
isolated from the second mouse strain and injected into the first one.

4.4.1. OT-II isolation from mouse
OT-II cells are isolated from Rag KO mice. The mice are euthanized using CO2 and
their spleen as well as their axillary and brachial underarm and inguinal lymph nodes are removed.
•

In sterile conditions the spleen and lymph nodes are transferred to a 6-well plate
(Fisher Scientific #08-772-1B) containing 100m cell strainers (Fisher Scientific #14823-434) and 2ml sterile erythrocyte lysis buffer (see section 4.3.1.1).

•

The tissue is mashed through the filter and incubated at room temperature for 10
minutes. Afterwards 3ml sterile erythrocyte wash buffer (see section 4.3.1.1) is added
to the sample to stop the lysis reaction.

•

The single cell suspensions of all individual Rag KO mice are now pooled and are
transferred to a 50ml tube (Falcon #352070) containing a second 100m cell strainer.
The 6-well plate is washed with an additional 1ml of sterile wash buffer that is also
collected in the 50ml tube.

•

The tube is then centrifuged at 1600rpm for 5 minutes at 4°C. The supernatant is
decanted and the pellet is resuspended in 5ml of sterile PBS.
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•

The cell suspension is now ready for the cell count. For this a hemocytometer (Fisher
Scientific #02-671-513) is used. The cell suspension is diluted as seen in Table 2.
Table 2: Dilution for cell count of cell suspension

Cell suspension [l]

Trypan blue [l] (HyClone™ #SV30084.0)

PBS [l]

10

10

80

•

From this dilution 10l are loaded onto the hemocytometer and the cells are counted.
To arrive at the real cell number in 5ml of cell suspension the following formula is
used:
(𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡) ∗ 105 ∗ 5 = (𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟)

4.4.2. OT-II sorting
4.4.2.1. Sample preparation

After the cell isolation is prepared as described in section 4.4.1 the cells need to be
prepared for fluorescence activated cell sorting performed in the Flow Core of the Department
of Immunology, University of Pittsburgh, School of Medicine. Depending on the amount of cells
isolated, different volumes of Fc Block, Live/Dead stain and antibody mix will be used. In the
case of Fc Block and antibody mix, 50l, and in the case of Live/Dead stain, 100l are used for
every 107 cells.
•

The cell suspension is spun down at 1600rpm for 5 minutes at 4°C and then resuspended in the correct volume of Fc Block in a sterile FACS tube.

•

After a 5 minute incubation on ice, the same volume of 2x antibody mix is added to
the sample. The antibody panel can be seen in Table 3. The unstained and Live/Dead
control receive the same volume of FACS buffer. After mixing by pipette, the cells are
incubated on ice for 20 minutes, protected from light.
Table 3: Antibody panel used for OT-II cell sort

•

Antibody

Fluorophore

Final 2x dilution

CD45.1

APC R 700

1:200

CD4

BUV385

1:100

CD62L

PE

1:100

CD44

APC

1:100

CD11b

PE-cy7

1:200

Live/Dead

BV510 (Aqua)

1:50

After the incubation, 1ml of sterile PBS is added to the samples and they are spun
down at 1600rpm for 5 minutes at 4°C. The supernatant is decanted and the cell
suspension and Live/Dead control are resuspended in the correct volume of
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Live/Dead stain. The same volume of PBS is added to the unstained control. After
mixing with pipette the cells are incubated on ice for 10 minutes protected from light.
•

Once the incubation period is over the cells are washed with 1ml of sterile FACS buffer
and again centrifuged at 1600rpm for 5 minutes at 4°C. The supernatant is decanted
and the cells are resuspended in 1ml of FACS buffer per 207 cells.

4.4.2.2. Flow cytometry

Figure 18: Gating strategy for OT-II cell sorting (Author)

Flow cytometry is performed in the sterile Aria 10 cell sorter as it is located in a tissue
culture hood. The used gating strategy can be seen in Figure 18. After gating on lymphocytes
and the two single cell gates, Live/Dead is gated against CD45.1. The live CD45.1 cells are
gated and then further distinguished by looking at CD4 and CD11b. The gate is put on CD4+
CD11b- cells. To sort naïve OT-II T cells CD44 and CD62 surface markers are used. The final
gate is put on CD62L+ and CD44low and this population is being sorted. This gating strategy
isolates all naïve CD4+ T cells but excludes eventual memory cells that are CD62+ CD44high
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and effector cells that are CD62L- and CD44high. The cells are sorted into a 15ml tube containing 4 ml of sterile RPMI+++ consisting of 445ml RPMI (1640 with 1x L-glutamine, Fisher Scientific #MT10-040-CV)), 50ml heat-inactivated FBS and 5ml 100x glutamine/pen-strep (Fisher
Scientific #10-378-016)).

4.4.3. DO11.10 isolation from mouse and sorting

Figure 19: Gating strategy for DO11.10 cell sorting (Author)
Table 4: Antibody panel used for DO11.10 cell sort

Antibody

Fluorophore

Final 2x dilution

CD45

APC R 700

1:400

CD4

FITC

1:200

CD62L

PE

1:100

CD44

APC

1:200

CD11b

BV605

1:200

CD19

BV605

1:200

Live/Dead

BV510 (Aqua)

1:50
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In the case of DO11.10 mice, the cell isolation steps are the same as in section 4.4.1
described for the Rag KO mice. Generally, the preparation for the cell sort is also more or less
the same. They only big differences are in the used antibody panel that can be found in Table
4 and the gating strategy depicted in Figure 19.

4.4.4. Retro-orbital injection
Once the cell suspensions have been sorted and washed twice with PBS, the cells are
resuspended in sterile PBS so that 105 cells are in 100l of cell suspension. In the case of
isolated OT-II cells those cells are then injected into Jackson C57BL/6J wildtype mice. If
DO11.10 cells have been isolated and sorted, the receiving mice are BALB/c mice. In both
cases, 105 cells are retro-orbitally injected in recipient host mice. This type of injection allows
the cells to be immediately injected into a vein and then distributed throughout the new host.
For a successful retro-orbital injection the mice are exposed to isoflurane (Butler
Schein™, #NOC 11695-6776-1) until they are asleep and their heart rate has slowed. Once
they are taken out and are no longer exposed to
continual isoflurane, they wake up within 15 seconds. In this time 100l of the isolated cell suspension are injected retro-orbitally using a 1ml
insulin syringe (Fisher Scientific #14-829-1A)
held at a 20°C angle to the mouse’s head. Figure 20 shows approximatively where to inject
and how to hold the mouse, so that the eye pops
Figure 20: Guide for retro-orbital injection (University
of South Florida, 2014)

out of the socket slightly which makes the actual
injection easier.

One day after the injection of naïve CD4+ T cells specific against ovalbumin the form of
either OT-II or DO11.10 cells, the recipient mice are put on ovalbumin containing diet for the
next six days.

4.5. Tritrichomonas muris gavage of mice
Growing Tritrichomonas muris in culture is not possible. T.muris is anaerobic and constantly needs nutrients and other metabolites contained in so called fecal slur which is isolated
from the cecum contents of mice to maintain it ex-vivo for a limited amount of time. Therefore,
we decided to establish C57BL/6J Tritrichomonas donor mice in our mouse colony. Those
mice were colonized with Tritrichomonas muris and then kept until they were needed for experiments.
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•

When Tritrichomonas are needed to colonize experimental mice, they can be easily
isolated from one or more of our donor mice. The donor mice are sacrificed by using
CO2 and their cecal contents are harvested and transferred into a 100mm cell strainer
on a 50ml Falcon tube.

•

The cecal contents are then mashed through the cell strainer and washed with 30ml
of antibiotic-solution to get rid of bacteria in the contents. Table 5 shows the recipe for
100ml of this antibiotic solution, per Tritrichomonas donor mouse 100ml are needed.
Table 5: Antibiotic mixture for Tritrichomonas muris isolation from cecum contents

PBS

100ml

Amphotericin (Sigma Aldrich, #1397-89-3)

200ml

Gentamicin (Sigma-Aldrich #G1914)

2mg

Streptomycin sulfate salt (Sigma Aldrich,

10mg

#S9137)
Vancomycin hydrochloride (Sigma Aldrich,

5mg

#V2002)
Penicllin G sodium salt (Sigma Aldrich,

6.25

#P3032)
•

The solution is spun down at 1000rpm for 5 minutes at room temperature. The supernatant is discarded and the pellet is washed with another 30ml of antibiotic solution.
This step is repeated a second time, so that each cecal pellet has been washed with
90ml of antibiotic mixture.

•

The cells are spun down at 1000rpm for 5 minutes at room temperature. The pellet is
then resuspended in 1ml of 40% Percoll and added to a 15ml tube containing additional
8ml of 40% Percoll. A 10th ml of Percoll is used to wash the 50ml tube, this is also
collected in the 15ml tube. 40% Percoll is made by diluting the 110% stock solution
(Fisher Scientific #45-001-747) in PBS.

•

The Percoll solution is then centrifuged at 1000g for 15 minutes with both break and
acceleration set to 1.

•

The first 8ml are collected in a 50ml tube. This is then filled up to 30ml with PBS, vortexed vigorously and then centrifuged at 1700rpm for 10 minutes at room temperature.

•

The supernatant is aspirated off until the 5ml mark is reached. The liquid of all cecum
samples are then collected in one 50ml tube and filled up to 40ml with sterile PBS. After
another centrifugation step at 1700rpm for 5 minutes at room temperature the pellet is
resuspended in 5ml of PBS and the Tritrichomonas muris are ready to be counted.

•

After the count has been determined, the protozoa are spun down again and resuspended in PBS so that a concentration of 5x106 per ml is reached.
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•

Using a gavage needle (Fisher Scientific #01-290-2A) and a 1ml syringe (Fisher Scientific #14-955-450) 200l of this suspension can then be gavaged into mice that
should be colonized with the protozoa.

4.6. Viral infection of mice
The virus used for infection experiments in this thesis is the reovirus T1L, as already
described in section 2.4.1. T1L is generously provided to us by the laboratory of Dr. Terence
Dermody. To prepare the virus for infection of mice it just needs to be diluted in sterile PBS at
a concentration of 109 PFU per 200l. Those 200l are then used to gavage the mice as described for the Tritrichomonas in section 4.5.

4.7. Sac day procedure
The main readout for the experiments described in this thesis is most often flow cytometry performed on the Cytek® Aurora in the Flow Core of the Department of Immunology,
University of Pittsburgh. Flow is performed on stained cell isolations from the mesenteric lymph
nodes and Peyer’s patches. Additionally, 0.5cm long pieces of jejunum and colon are taken,
put into RNA stabilizing reagent (RNAlater® Qiagen #1018087) and stored in the 4°C fridge
for 48 hours and then moved to the -80°C freezer until further processing. Pieces for jejunum
and colon are also prepared for histology. They are cut, put into histology cassettes (Fisher
Scientific #22-048-140) and stored in Formalin (Fisher Scientific #SF98-4) for 24 hours until
they are moved to 70% ethanol. Histology slices and the staining are performed by the Histology core of the Department of Pathology Developmental Laboratory of the University of Pittsburgh. The histology slides are stained with PAS which leads to the staining of carbohydrates
that can be found in the gut mucous. This mucous is produced by goblet cells, a cell type that
has been shown to be more frequently expressed under Tritrichomonas muris colonization.
Due to them producing the carbohydrate rich mucous, goblet cells will also appear stained in
these slides. Cecum contents are collected and immediately stored at -80°C to test for the
presence of Tritrichomonas muris in colonized versus non-colonized mice. Pieces of the ileum
as well as colon contents are given to Dr. Terence Dermody’s laboratory and are there used
to look at viral colonization.

4.7.1. FITC dextran intestinal permeability assay
•

This assay is used to determine the intestinal permeability caused by a treatment
given to mice. The mice are starved overnight, for at least 10 hours. Their weight is
recorded to determine the right amount of FITC dextran (Sigma Aldrich, #46944-500F). 60mg of FITC dextran are used per 100g bodyweight of the mouse. The calculated
amount is then gavaged into the mice.

•

After three hours, blood is collected in a microtube filled with 10l of EDTA to inhibit
coagulation of the blood, see section 4.3.1.1. Because FITC dextran is light sensitive
the blood needs to be protected from light and is stored on ice.
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•

The microtubes containing the blood are spun down at 10.000rpm for 10 minutes at
4°C to separate the plasma. The plasma is then transferred into a new microtube.

•

For the plate set-up see Figure 21. The assay is performed in a 96 well round bottom
plate (Fisher Scientific, #07-200-95).

Figure 21: Plate set-up for FITC dextran assay run in plate reader Supermax i3

o

50l of PBS are added to each well in the first four rows except for well 2A and
2B, which are filled with 100l of 1mg/ml FITC dextran.

o

The FITC dextran is then serial diluted by transferring 50l from well 2A and
2B to well 3A and 3B respectively. This is repeated.

o

At the end of the row, 50l of A12 and B12 are transferred to C1 and D1. The
same steps are repeated until the end of the row where the last 50l are discarded. The standard curve is now ready.

o
•

Samples are added in duplicate rows.

The plate is now ready to be read in the Supermax i3 plate reader. Afterwards the
serum can be transferred back into the original microtubes and is stored at -80°C.

4.7.2. mLN and PP cell isolation
•

To isolate cells out of the mLNs the duodenum-draining lymph nodes located next to
the portal vein as well as the 5 remaining mesenteric lymph nodes, which are arranged on a string next to the intestine, are taken out. As much fat surrounding the
lymph nodes as possible is removed.

•

The Peyer’s patches are located along the entire small intestine. To collect them, the
small intestine needs to be taken out and spread on a paper towel. As much fat attached to it as possible is removed. Peyer’s patches are oval or round nodules protruding from the outer wall of the small intestine. They usually are located on the opposite site of the intestine as the fat attached to it and look like bubbles filled with air,
but contrary to them can’t be moved along the intestine. There are normally five to six
along the entire small intestine, more are clustered toward the ileum.

•

Once the mLNs or PPs have been collected, they are transferred into a 15ml tube
filled with 1ml of RPMI+++ (see section 4.4.2.2) containing 1mg of collagenase (from
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Clostridium histolyticum, Type VIII, Sigma-Aldrich #C2139). The tubes are then incubated for 30 minutes in a shaking incubator at 220rpm at 37°C.
•

Once the incubation is over, 10l of EDTA are added to each tube and they are incubated on ice for 5 minutes.

•

The whole liquid and the tissue pieces are then transferred into 6-well plates containing 100mm cell strainers. The tissue is mashed through the strainers. 2ml of PBS are
added to the well and used to wash the strainer.

•

The cell suspension is then transferred to a second 15ml Falcon tube. The 6-well plate
is washed with an additional 2ml of PBS which are then also collected in the Falcon
tube. The tubes are spun down at 1600rpm for 5 minutes at 4°C and the pellet is
resuspended in 4ml of ice cold PBS. The cell suspension is now ready to be counted,
using the same formula as in section 4.4.1.

4.7.3. Myeloid surface staining
The myeloid surface staining and flow at the Cytek® Aurora are always performed on
the day the experimental mice are sacrificed. If possible, 5 million cells are used for this staining. In some cases this cell number is not possible and less cells are stained. Cell isolations
from the Peyer’s patches sometimes yield a low number of cells. In such a case, around
500.000 cells will be used for surface staining and the larger remainder is used for the intracellular staining explained in section 4.7.4.
•

After the cell number of the cell isolations have been counted the appropriate volume
containing the right number of cells is calculated and then transferred into 1.5ml microtubes. The tubes are then spun down for 30 seconds at 10.000rpm at 4°C. The
supernatant is aspirated and the cells are resuspended in 50l of Fc Block. The Fc
Block containing the cells is then transferred onto a v-shaped 96 well plate.

•

After a 5 minute incubation on ice, the same volume of myeloid antibody mix is added
to the samples and the plate is incubated on ice for 20 minutes, protected from light.
The antibody panels can be found in Table 6 and Table 7. Table 6 shows the panel
used for the first few experiments conducted in C57BL/6J and BALB/c mice, afterwards we used the panel in Table 7 for C57BL/6J mice. The same volume of FACS
buffer are added to the Live/Dead and unstained control.

Table 6: First 2x antibody panel used for myeloid surface flow cytometry in C57BL/6J and BALB/c mice
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Antibody

Fluorophore

Final 2x dilution

CD45

BV480

1:800

FcRI

PE

1:50

MHC-II

FITC

1:500

Gr1

PerCP-Cy5.5

1:200
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CD11c

BV421

1:100

CD19

BV605

1:100

CD3

BV605

1:50

Ter119

BV605

1:100

SiglecF

Alex Fluor 700

1:50

CD11b

APCE-eFluor 780

1:800

cKit

APC

1:100

CD103

BV786

1:100

F4-80

PE-Cy5

1:50

CD8a

BV570

1:100

SuperBright Buffer

1:80

Table 7: Second 2x antibody panel used for myeloid surface flow cytometry in C57BL/6J mice

Antibody

Fluorophore

Final 2x dilution

CD45

BV480

1:800

MHC-II

FITC

1:500

Ly-6C

PerCP-Cy5.5

1:200

CD11c

BV421

1:100

CD19

BV605

1:100

CD3

BV605

1:50

Ter119

BV605

1:100

SiglecF

Alex Fluor 700

1:50

CD11b

APCE-eFluor 780

1:800

Ly-6G

BV650

1:200

CD103

BV786

1:100

F4-80

PE-Cy5

1:50

CD8a

BV570

1:100

SuperBright Buffer
•

1:80

After the 20 minute incubation on ice, protected from light, is done, 100l of PBS are
added to all samples and the plate is spun down at 1600rpm for 5 minutes at 4°C.
The supernatant is decanted and the samples and Live/Dead control are resuspended
in 100ml of Live/Dead stain, Zombie NIR with a dilution of 1:2.000. The unstained
control is resuspended in 100l of PBS.

•

After a 10 minute incubation on ice, protected from light, 100l of FACS buffer are
added to all samples and the plate is again spun down at 1600rpm for 5 minutes at
4°C.
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•

The supernatant is aspirated and the pellets are resuspended in 100l of FACS buffer.
The cell suspensions are then transferred through a filter into individual bullet tubes
(Microtiter tubes Fisher Scientific #3487) and the plate is washed with another 100l
of FACS buffer, which are also collected in the bullet tubes. The samples can now be
stored protected from light in a 4°C fridge until flow cytometry is performed. The used
gating strategy can be found in Figure 222 in the appendix in section 10.9.

4.7.4. Intracellular staining
The intracellular staining is performed on the day the experimental mice are sacrificed,
the corresponding flow at the Cytek® Aurora takes place the next day as the cells are fixed.
For this the Invitrogen® eBioscience™ Foxp3/Transcription Factor Fixation/Permeabilization
Buffer Set (#00-5523-00) is used. The dilutions for the Fix/Perm as well as the Perm buffer can
be found in section 10.6 in the appendix.
In general, as many cells as possible are stained for the intracellular staining and acquired in flow cytometry. This is important, because the dietary antigen specific OT-II cells only
make up around 0.5% of all host cells. Therefore, a large number of cells need to be acquired,
to make the readout meaningful. Usually, 10 million cells are stained for mesenteric lymph
nodes, while 5 million cells are stained for Peyer’s patches. Depending on the amount of cells
that need to be stained, different volumes of antibody mixes, Fc Block, Live/Dead stain and
Fix/Perm solution are needed. For 5 million, 50ml of antibody mixes and Fc Block, 100ml of
Live/Dead stain and 200ml of Fix/Perm solution are used. If 10 million cells are to be stained,
those volumes are doubled.
•

After the cell number of the cell isolations have been counted the appropriate volume
containing the right number of cells is calculated and then transferred into a 15ml
Falcon tube. The tubes are spun down at 1600rpm for 5 minutes at 4°C. The supernatant is aspirated and the cells are resuspended in 500l of RPMI+++. They are then
transferred onto a 24 well plate (Corning Costar® TC-treated #CLS3527-100EA).
Every well should only contain 5 million cells, so if 10 million cells per sample should
be stained, two wells are needed.

•

500l of cell stimulation mix in RPMI+++ are added to each well. The recipe and calculations can be found in Table 8. Both PMA and ionomycin are important for T cell
stimulation while Golgi Stop and Golgi Plug inhibit the Golgi apparatus from excreting
cytokines. This leads to an accumulation of cytokines within the cells, which can then
be detected by flow cytometry. After the cell stimulation mix has been added the cells
are put into a 37°C incubator for 3 hours.
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Table 8: Recipe for cell stimulation mix in RPMI+++

Dilutions from stock

e.g. in 10l

1:10.000 from 2x stock

1l

1:1.000 from 2x stock

10l

Golgi Stop (Fisher Scientific #BDB554724)

0.65l/ml from 2x stock

13l

Golgi Plug (Fisher Scientific #BDB555029)

2l/ml from 2x stock

20l

PMA (Sigma Aldrich, #P1585 in DSMO)
Ionomycin (Sigma Aldrich, #10634 in
DSMO)

•

After the three hour incubation is over, the cells are transferred from the 24-well plate
into individual FACS tubes. The same samples from different wells are pooled into
the same FACS tubes. The wells are then washed with 1ml of FACS buffer each,
which is also collected in the FACS tubes.

•

The tubes are spun down at 1600rpm for 5 minutes at 4°C. The supernatant is decanted and the cells are resuspended in 1ml of FACS buffer and again spun down.
After the supernatant has been decanted, the cells are resuspended in the appropriate amount of Fc Block, depending on the cell number within the sample.

•

After a 5 minute incubation on ice, the appropriate volume of 2x surface antibody mix
is added to the samples. Similar as mentioned in section 4.7.3, slightly different antibody panels have been used. For the first few C57BL/6J experiments, the antibody
panel in Table 9 was used, while for follow up experiments we made slight changes
which can be seen in Table 10. If BALB/c mice were used, the used panel can be
found in Table 11. The same volume of FACS buffer are added to the Live/Dead and
unstained control.
Table 9: First 2x surface antibody panel used for intracellular flow cytometry in C57BL/6J mice

Antibody

Fluorophore

Final 2x dilution

CD45.1

BV480

1:100

PD1

BV786

1:100

CD4

BV650

1:100

CD8a

BV570

1:100

MHC-II

APC Fire

1:400

SuperBright Buffer

1:80

Table 10: Second 2x surface antibody panel used for intracellular flow cytometry in C57BL/6J mice

Antibody

Fluorophore

Final 2x dilution

CD45.1

BV480

1:100

PD1

BV786

1:100

CD4

BV650

1:100
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CXCR5

BV711

1:100

CD8a

BV570

1:100

MHC-II

APC Fire

1:400

SuperBright Buffer

1:80

Table 11: 2x surface antibody panel used for intracellular flow cytometry in BALB/c mice

Antibody

Fluorophore

Final 2x dilution

CD45

BV480

1:100

PD1

BV786

1:100

CD4

BV650

1:100

CXCR5

BV711

1:100

CD8a

BV570

1:100

TCR DO11.10

PE-Cy5

1:100

SuperBright Buffer
•

1:80

After the 20 minute incubation on ice, protected from light, is done, 1ml of PBS are
added to all samples and the tubes are spun down at 1600rpm for 5 minutes at 4°C.
The supernatant is decanted and the samples and Live/Dead control are resuspended
in the appropriate volume of Live/Dead stain, Zombie NIR with a dilution of 1:2.000.
The unstained control is resuspended in 1ml of PBS.

•

After the 10 minute incubation on ice, protected from light, the tubes are spun down
at 1600rpmi for 5 minutes at 4°C. The supernatant is decanted and the cells are resuspended in 1ml of FACS buffer and spun down again. After the supernatant is decanted, the cells are resuspended in the appropriate volume of Fix/Perm solution.
Both Live/Dead and unstained control are resuspended in the same volume of Perm
buffer. This is followed by a 45 minute long incubation on ice, protected from light.

•

Afterwards the tubes are spun down at 1800rpm for 5 minutes at 4°C and the pellets
are resuspended in 1ml of Perm buffer for a wash step. This is repeated for a second
time after the tubes have again been spun at 1800rpm for 5 minutes at 4°C.

•

After the second wash step the pellets are resuspended in the appropriate amount of
1x intracellular antibody mix. In contrast to the surface antibody mix this one is not
prepared in normal FACS buffer but instead in Perm buffer. The same intracellular
antibody panel in has been used for all experiments conducted in C57BL/6J and
BALB/c mice. The same volume of Perm buffer are added to the Live/Dead and unstained control.
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Table 12: 1x intracellular antibody panel used for intracellular flow cytometry

•

Antibody

Fluorophore

Final 1x dilution

Tbet

APC

1:100

Foxp3

FITC

1:200

IFN

BV605

1:100

IL-10

BV421

1:100

RORt

PE

1:100

IL-17a

Alexa Fluor 647

1:400

IL-13

PE-Cy7

1:200

Gata3

PerCP-eFluor 710

1:100

After a 30 minute incubation on ice protected from light 1ml of Perm buffer are added
to each sample and the tubes are spun down at 1800rpm for 5 minutes at 4°C. The
supernatant is decanted and this step is repeated a second time.

•

Afterwards the cells are resuspended in 300l of FACS buffer and can be stored in
the 4°C fridge protected from light until flow cytometry is run. Immediately before that,
they are filtered to get rid of eventual cell lumps that could clog the cytometer. The
used gating strategy can be found in Figure 223 and Figure 224 in the appendix in
section 10.9.

4.7.5. Myeloid and dendritic cell activation and IL-12 staining
The protocol followed for myeloid and dendritic cell activation and IL-12 staining is the
same as already described in section 4.7.4 with only a few small differences.
•

The cell stimulation mixed used in this protocol only contains Golgi Plug in the same
concentration as described in Table 8. No PMA, ionomycin or Golgi Stop are added.

•

The incubation in the 37°C incubator takes 6 hours instead of 3.

•

The used 2x surface antibody mix can be seen in Table 13.

Table 13: 2x surface antibody panel used for dendritic cell and myeloid activation intracellular flow cytometry

Antibody

Fluorophore

Final 1x dilution

CD45

BV480

1:800

MHC-II

FITC

1:500

Ly-6C

PerCP-Cy5.5

1:200

CD11c

BV421

1:100

CD19

BV605

1:100

CD3

BV605

1:50

Ter119

BV605

1:100

SiglecF

Alex Fluor 700

1:50
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CD11b

APC-eFluor 780

1:800

Ly-6G

BV650

1:200

CD103

BV786

1:100

F4-80

PE-Cy5

1:50

CD8a

BV570

1:100

CD86

Alexa Fluor 647

1:100

CD40

Pe-Cy7

1:100

SuperBright Buffer
•

1:80

The Cytofix/Cytoperm Fixation/Permeabilization Kit from BD (#554714) is used for
fixation. The Perm buffer is prepared the same way as described in the appendix
section 10.6 for the Foxp3 Fixation Kit. The Fix/Perm solution is already prepared and
can be used like it is provided in the kit. The incubation after adding the Fix/Perm
solution to the samples only lasts for 20 minutes on ice, protected from light.

•

The 1x intracellular antibody mix is again prepared in Perm buffer but consists of only
one antibody, as can be seen in Table 14.

Table 14: 1x intracellular antibody panel used for dendritic cell and myeloid activation intracellular flow cytometry

•

Antibody

Fluorophore

Final 1x dilution

IL-12p40

PE

1:200

The used gating strategy can be found in Figure 226 and Figure 227 in the appendix
in section 10.9.

4.7.6. Aldefluor Assay

The Aldefluor™ fluorescent system by Stemcell™ Technologies can be used to evaluate cells based on their expression of the enzyme aldehyde dehydrogenase (RALDH). This
enzyme is highly expressed in Lin- dendritic cells. RALDH is necessary for the synthesis of
retinoic acid from vitamin A. Retinoic acid is a mediator important for growth and development.
It is also known to be able to induce the promotion of regulatory T cells.
The kit works as follows: The RALDH substrate BAAA (aminoactealdehyde) is taken
up by living cells through passive diffusion. It is then converted by intracellular RALDH into the
negatively charged product BAA- (aminoacetate). This product remains retained in the cells
which causes cells to express high levels of RALDH. This leads to the cells becoming fluorescent. Only cells with an intact membrane can retain the reaction product. Those bright cells
are then detected in the green fluorescence channel of a flow cytometer.
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•

2x106 cells for each sample and controls are resuspended in FACS tubes with a cap
in 2ml of assay buffer each. Needed controls are unstained cells, a Live/Dead control, an Aldefluor single stain control and a negative Aldefluor control.

•

The negative control contains 20l DEAB which is an ALDH enzyme inhibitor. All
other samples and controls receive 20l of 95% ethanol.

•

The samples are quick vortexed and incubated for 30 minutes at 37°C. Afterwards
10l of Aldefluor are added to the samples, negative controls and Aldefluor single
stain control.

•

After another quick vortex the tubes are again transferred into the incubator for 30
minutes at 37°C. Afterwards the cells are centrifuged at 1800rpm for 5 minutes at
4°C. The cells are resuspended in 100l of Fc Block that has been prepared in assay
buffer.

•

After a 5 minute incubation on ice, 100l of antibody mix is added to the samples
which are then incubated on ice for 20 minutes. The antibody panel can be found in
Table 15.
Table 15: 2x surface antibody panel used for Aldefluor assay flow cytometry

Antibody

Fluorophore

Final 2x dilution

MHC-II

APC Fire 750

1:500

CD11c

BV421

1:100

CD11b

PE-Cy7

1:800

CD8a

BV570

1:100

CD103

BV786

1:100

CD45

BV480

1:800

CD19

BV605

1:100

CD3

BV605

1:50

Ter119

BV605

1:100

SiglecF

Alexa Fluor 700

1:50

SuperBright Buffer
•

1:80

After the incubation is over the samples and controls are washed with 1ml of assay
buffer, centrifuged at 1800rpm for 5 minutes at 4°C and then resuspended in 200l of
assay buffer.

•

A DAPI solution is prepared that functions as the Live/Dead stain. A 1:17.000 dilution
from a 5mg/ml stock is prepared. 5l of this dilution are added to each sample immediately before it is quick vortexed and run on the flow cytometer. That leads to a final
DAPI concentration of 0.3g/ml.
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4.8. Downstream sample analysis

4.8.1. DNA isolation and qPCR from feces or cecum samples
4.8.1.1. DNA isolation
For DNA isolation from feces or cecum samples the Qiagen Fast Stool Mini Kit (#51604)
is used. This kit increases the ration form pathogen to host DNA but does not completely exclude host DNA.
•

The feces or cecum samples are kept in microtubes on -80°C until immediately before
the protocol is started. It is very important that the samples do not start thawing.

•

As a first step, 300l of InhibitEX, which has been warmed up in a 70°C water bath,
are added to the samples. Those are then ground using the Waverly tissue disruptor
for 15 seconds until the sample has been well blended. Once this has been done for
all samples, another 700l of InhibitEX are added to the tubes.

•

The microtubes are then incubated in the 70°C water bath for 5 minutes and then
centrifuged at room temperature an 17.000g for 2 minutes.

•

200l of the supernatant are added to a second microtube that already contains 15ml
of proteinase K. 200l of AL buffer are added as well. After the tubes have been vortexed for 15 seconds, they are incubated on a heat block set to 70°C for 10 minutes.

•

200l of ethanol (DSS #200GMP0125) are added to the tubes which are then again
vortexed for 15 seconds. All 600l are then transferred onto a QIAamp spin column
and centrifuged at 17.000g for 1 minute.

•

The column is moved to a new collection tube and washed with 500l of AW1 buffer.
After a 1 minute centrifugation at 17.000g, the column is moved to another new collection tube and washed with 500l of AW2 buffer.

•

After a 3 minute centrifugation at 17.000g the column is moved to another new collection tube and again spun down for 3 minutes to completely drain the column.

•

The dry column is then transferred to a new 1.5ml microtube. 50l of ATE buffer are
added to the column, followed by a 5 minute incubation at room temperature and a 2
minute centrifugation step at 17.000g.

•

The dsDNA concentration is then measured using a Nanodrop.

4.8.1.2. qPCR
Quantitative PCR is performed in duplicates in white 384-well plates (BioRad
#HSP3805) and run on the BioRad CFX384 thermocycler. For every sample a dilution needs
to be made in ATE buffer, so that the DNA concentration reaches 10ng per 4.5l. The qPCR
reaction has a total volume of 10l and contains the reagents listed below.
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•

5l iTaq (Universal SYBR green supermix, BioRad #1725125)

•

0.25l forward primer
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•

0.25l reverse primer

•

4.5l DNA
Three different primers are used in this qPCR setup, always in a 1:10 dilution in distilled

water. IFN is used as a housekeeping gene to compare to 16s and 28s DNA. 16s is bacterial
DNA, while looking at 28s allows us to see Tritrichomonas muris DNA. Primer sequences can
be found in the appendix in section 10.7 in Table 25.

4.8.2. RNA isolation and qPCR from jejunum or colon
4.8.2.1. RNA isolation
For RNA isolation from jejunum or colon samples the Qiagen RNeasy Plus Mini Kit
(#74136) is used.
•

At first, enough RLT+ buffer needs to be prepared. This buffer contains RLT, which is
included in the kit and needs to be completed by adding 2M DTT. For example, 20l
of 2M DTT need to be added to 980l of RLT to make 1ml of RLT+.

•

Additionally, DNase I solution also needs to be prepared. This consists of RDD buffer
and DNase I stock solution. For example, for enough DNAse I working solution for
one sample, 10l DNAse I stock need to be added to 70l of RDD buffer.

•

Once these two working solutions have been prepared, the protocol can be begun.
The samples are transferred from RNAlater into a 2ml microtube (DOT Scientific
#608-GMT) containing 400l of RLT+ buffer. Once they are in solution, a Dremel homogenizer is used to homogenize the tissue. It is important not to overheat the tissue
by homogenizing it too long. If more time is required, the sample needs to be cooled
down on ice in the meantime.

•

Once all samples are homogenized, another 200l of RLT+ are added to the tubes
and they are spun down for 1 minute at full speed at room temperature to pellet the
remaining debris.

•

600l of the lysate are then added to a DNA spin column to get rid of DNA. The column
is centrifuged for 30 seconds at full speed and the column is discarded.

•

600l of 70% ethanol (in distilled water), are added to the flow through and the solution
is mixed by pipetting. 600l are then transferred onto a RNeasy spin column which is
centrifuged for 15 seconds. The flow through is decanted and the remaining 600l of
lysate/ethanol mixture are added to the column and the centrifugation step is repeated.

•

Next, 350l RW1 buffer are added to the column which is again spun down for 15
seconds at full speed. After the flow through has been decanted, 80l of DNase I
solution are added to the column and the column is incubated at room temperature
for 15 minutes. This gets rid of the remaining DNA in the sample.
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•

Once the incubation is over, another 350l of RW1 buffer are added to the column
and it is centrifuged at 15 seconds and full speed.

•

After decanting the flow through the column is treated twice with 500l of RPE buffer.
The first time is followed by a 15 second centrifugation. After adding RPE buffer for
the second time, the column is centrifuged for 2 minutes at full speed. After discarding
the flow through, the column is moved to a new collection tube and again centrifuged
for 1 minute at full speed to completely drain it.

•

The column is now transferred to a 1.5ml microtube and 30l of RNase-free water are
added to it. After a 5 minute incubation at room temperature the column is centrifuged
for 1 minute at full speed and can then be discarded.

•

The RNA concentration is then measured using the Nanodrop. If the sample concentration is above 500ng/l, Hyclone® water can be added in 10l increments to the
sample until the concentration is at or below 500ng/l.

4.8.2.2. cDNA
The in section 4.8.2.1 isolated RNA needs to be converted to cDNA in order to be able
to run a subsequent quantitative PCR reaction. For the cDNA synthesis the BioRad iScript
cDNA Kit (#1708891BUN) is used. For every reaction 500ng of RNA template are needed.
Water is used to fill up the reaction volume to 20l. The complete list of reagents can be found
below.
•

4l iScript Reaction Mix

•

1l iScript Reverse Transcriptase

•

? l RNA template (500ng)

•

? l water, nuclease free
The PCR reaction is run on the iScript PCR program, consisting of a 5 minute long

priming step at 25°C, 20 minutes at 46°C so the reverse transcriptase can rewrite the RNA
into DNA and 1 minute at 95°C to inactivate the enzyme. After the PCR reaction is complete,
80l of nuclease free water are added to the tubes.

4.8.2.3. qPCR
After, like in section 4.8.2.2 described, cDNA has been created, this DNA can then be
used as a template in qPCR. To check for the relative gene expression of specific genes in the
tissues, the iTaq Universal SYBR Green Supermix is used. The qPCR reaction mix can be
found below. The reaction volume is 10ml. the qPCR is run in white 384-well plates on a BioRad CFX384 thermocycler.
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•

5l iTaq

•

0.25l forward primer
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•

0.25l reverse primer

•

2.4l nuclease free water

•

0.1l precision blue
A 3 minute denaturation step at 95°C starts the qPCR reaction of. It is followed by 0.05

seconds at 95°C and 30 seconds at 50°C. Those two steps are repeated 39 times. Afterwards,
a 0.05 second step at 65°C is followed by the last step at 95°C.

4.8.3. RNA isolation and qPCR from mLN samples
After preparing the cell isolations and taking enough cells for both surface and intracellular staining as described in sections 4.7.3 and 4.7.4, the rest of the cells is spun down at
1600rpm for 5 minutes at 4°C and resuspended in 600l of RLT+ buffer. The samples can then
be stored in the -80°C freezer until they are further processed using the Qiagen RNeasy Plus
Mini Kit (#74136). The protocol described in section 4.8.2.1 is very similar but it has been
slightly adjusted.
•

No tissue homogenizer is needed, as there are no tissue pieces and the cell solutions
are completely liquid.

•

No DNase I working solution needs to be prepared as this step is skipped in this
protocol.

Both the creation of cDNA and preparation and run of the qPCR is performed as described
in sections 4.8.2.2 and 4.8.2.3. The primer sequences for the used genes can be found
in section 10.7 Table 25 in the appendix.

4.9. rIL-25 injections
•

10g of rIL25 (R&D, #7909-IL-10/CF) are reconstituted in 4mM HCl so that a final
stock concentration of 100g/ml is reached.

•

3l of the stock are mixed with 97l of PBS.

•

100l of this working solution are injected into mice intra peritoneally every day for six
days.

4.10.

Classic oral tolerance assay

A classic oral tolerance assay is an established food allergy model that stands in contrast to the previously explained in vivo T cell conversion assay. No naïve T cells are transferred and no dietary antigen diet is given in this case. Instead, mice are immunized with the
antigen after being previously exposed to it. The immunization leads to an immune reaction.
Afterwards the mice will be repeatedly challenged by injection of the antigen into the ear.
Readout of this experiment is the measurement of ear inflammation and an ELISA looking for
antibodies against the dietary antigen performed on mouse blood collected on different time
points.
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4.10.1.

Immunization of mice with CFA-OVA

For the immunization with mice a mixture of CFA (Sigma Aldrich, #F5881-6X10ML) and
ovalbumin grade VI (Sigma Aldrich, #A5378) needs to be prepared. CFA stands for Complete
Freud’s Adjuvant. This consists of heat inactivated mycobacterium tuberculosis. If an adjuvant
is injected with a potential antigen, the immune reaction by the hosts immune system will be
increased. Adjuvants are also frequently used in human vaccinations, although that is not the
case for CFA, as this adjuvant leads to a very strong immune response and skin ulceration.
•

Per mouse 200l of an emulsion consisting of 100l CFA and 100l PBS containing
300g of Ovalbumin are needed. The resulting solution has a cream-like consistency.
Due to this, 3x the number of needed volume to be prepared.

• In a 14ml round bottom tube (Fisher Scientific, #14-959-11B) a 1:1 dilution of CFA
and PBS containing ovalbumin is mixed with the homogenizer for one minute. The
mixture cannot get too hot, therefore after one minute it needs to be kept on ice for it
to cool down.
• The mixing is repeated as long as it takes for the emulsion to become very thick. To
test if it is ready, one drop of it is placed on the surface of a saline solution. If the drop
does not disperse, the emulsion is ready.
• The emulsion is transferred to a syringe (BD, #309628) by sucking it up slowly through
a thick 18G needle (18G11/2 BD, #5196). The syringe is then tapped repeatedly
against a hard surface to dislodge the air bubbles that have been generated by the
mixing. The air should accumulate at the top of the syringe. This can then be pressed
out of the syringe.
• After the air has been removed, the needle of the syringe is changed to a very small
one, 25G * 5/8 (BD, #305122) and the syringe is placed horizontally on ice until it is
used.
• Multiple syringes need to be prepared this way so they are ready when the mice need
to be injected.
• Mice are then subcutaneously injected with 200l at the back. For this, the mice are
put under isoflurane. Once they are anesthetized, a tent can be formed using the skin
located on their back. The needle can then be inserted into this tent, parallel to the
mouse itself. The injection side should neither be too close to the head of the mouse
or too low on its back, otherwise they can reach it with their legs. The emulsion does
not disperse throughout the mouse but stays at the injection side and forms a bubble
that is irritating for the mice.

4.10.2.

Ear challenge

During the course of the classic oral tolerance assay, mice are challenged two times
by the injection of OVA after they have been immunized with CFA and ovalbumin. A very thin
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needle (27G1/2 BD, #305109) is used to inject approximately 20ml of 3mg/ml of OVA that has
been heat-aggregated in PBS at 65°C for two hours. The injection takes place between the
two thin epidermis layers of the mouse ear while the mice are under isoflurane anesthesia.
The ear challenge is repeated on the following day after the first one has been performed.
The resulting inflammation is determined by first measuring the uninflamed base thickness of each individual ear before injection and then measuring the level of inflammation at
the thickest side on three days after the second ear challenge. The real swelling value was
determined by first subtracting the uninflamed value from the three inflamed measurements
and then using those to determine a mean inflammation value for each respective mouse.

4.10.3.

Anti-mouse ovalbumin ELISA assay

This ELISA is performed on serum won from mouse blood. Blood is collected in 1.5ml
microtubes that have not been coated with EDTA. After sitting for 30 minutes, which allows the
blood to coagulate, the tubes are spun down at 10.000rpm for 10 minutes at 4°C. The supernatant is collected in a second set of 1.5ml microtubes and stored in the -80°C freezer. The
ELISA is performed in triplicates in flat-bottom non-tissue culture treated 96 well plates (Costar
from Corning, Fisher Scientific #07-200-656) at different sample dilutions (1:100, 1:1.000,
1:5.000 and 1:10.000).

4.10.3.1. Coating
•

A standard curve needs to be prepared using the unlabeled mouse IgG2c stock
(Southern Biotech #0122-01). The stock solution has a concentration of 1mg/ml. A
master mix with a concentration of 20g/ml is prepared by diluting 1l of the unlabeled
IgG2 stock in 49l of PBS. 2.5l of this master mix are then diluted in 997.4l of PBS
to prepare a mix with a concentration of 50ng/ml. This is the starting point of the
standard curve. Altogether, a 7-point standard curve with 2-fold serial dilutions are
prepared. 100ml of each concentration in the standard curve are added to the 96-well
plate.

•

Two additional wells function as blanks. They are filled with 100l of PBS each.

•

The sample wells need to be coated with ovalbumin. A stock solution of 10mg/ml
ovalbumin grade III (SIGMA #A5378) is prepared. The final coating concentration is
10g/ml. To arrive at this concentration, 50l of the prepared stock solution are diluted
in 49.95l of PBS. 100l of the now prepared working solution are added to each
sample well. The plates are then incubated over night at 4°C.

4.10.3.2. Blocking, sample dilution and incubation
•

The next morning each well plate is washed three times with wash buffer, PBS with
0.05% of Tween20 (Sigma-Aldrich #P7949).
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•

Afterwards each well on the plates is blocked with 200l of the blocking buffer
PBS+10% FBS. The plates with the blocking solutions are then incubated for two
hours at room temperature.

•

Meanwhile, the samples are diluted in PBS+10% FBS to the desired concentrations.

•

After blocking is completed, the plates are washed three times with wash buffer before
50l of the diluted samples are added to the sample wells. 50l of blocking solution
are added to the standard curve and blanks. The plates are then incubated over night
at 4°C.

4.10.3.3. ELISA readout
•

The next day the plates are washed six times with wash buffer before the secondary
antibody, goat-anti-mouse IgG2c-HRP (Southern Biotech #1078-05) is added. The
secondary antibody is diluted 1:5.000 in the blocking buffer. 50l of this solution are
added to each well and the plates are incubated at room temperature for 1 hour.

•

After the incubation time is over, the plates are again washed six times with washing
buffer. Before 100l of TMP Chromogen solution (Thermo Scientific #34021), consisting of a 1:1 dilution of peroxidase substrate and peroxide solution, are added to each
well.

•

The plates are incubated until a visible color has developed in the standard curve.
Once this has happened, 50l of the 2N H2SO4 stop solution are added and the optical
density can be read at 450nm.

4.11.

Pentatrichomonas hominis cultivation

As mentioned in section 2.3.2, Pentatrichomonas hominis is a common member of the
human microbiome. Due to its anaerobic nature, cultivation of this protozoa needs to take place
in an anerobic chamber (0 -5 parts per million). Aliquots can be frozen down and stored in
liquid nitrogen for infinite storage.
•

To put the protozoa into culture a P. hominis media needs to be prepared. The recipe
for this can be found in the appendix.

•

The frozen down sample is slowly thawed in a water bath set to 37°C. Afterwards it is
transferred into the anaerobic chamber.

•

The previously frozen aliquot is added to 4ml of media and centrifuged at 1800rpm for
5 minutes to get rid of the remaining freezing media.

•

The supernatant is decanted, and the protozoa pellet is resuspended in 14ml media
and transferred into a autoclaved glass culture tube with a screw cap (Fisher Scientific,
#14-933-1A).

•

The glass tube is put into the incubator set at 30°C. The culture tube needs to be at a
slight angle.
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•

The P. hominis growth needs to be observed and checked every day so that the culture
can be split when necessary.

•

If the protozoa is to be frozen down for long term storage, freezing media containing
10% DMSO (Fisher Scientific, #D128-1) is prepared. The protozoa are centrifuged at
1800rpm for 5 minutes and resuspended in this freezing media so that a concentration
of 3-5x106 P. hominis per ml is reached.

•

1ml of this solution is put into a cryogenic freezing vial (Fisher Scientific, #5011-0012)
which is then stored in an insulated cell freezing container (Corning®, #432004) in the
-80°C freezer. The insulated box allows for a steady freeze-down of 1°C per minute.
After 48 hours the vials can be transferred into liquid nitrogen storage.

4.12.

Preparations for in vitro cultures
4.12.1.
Live or dead protist in vitro

•

Tritrichomonas muris are isolated from donor mice like explained in section 4.5. Once
the count has been determined the protozoa are resuspended in RPMI+++ so that a
concentration of 103 per 50l is reached. Pentatrichomonas hominis is cultured in the
anaerobic chamber as explained in section 4.11. The protozoa are again counted and
resuspended in RPMI+++ at the same concentration. The same amount of both protozoa is heat killed at 94°C for 5 minutes on a dry bath.

•

Mesenteric lymph nodes are isolated from Rag KO OT-II CD45.1 mice as explained
in section 4.7.2 and resuspended in RMPI+++ at a concentration of 105 in 100l.

•

RPMI+++ media containing ovalbumin is prepared in a 400g/ml concentration by
using ovalbumin grade III.

•

Two different TGF- concentrations are prepared, each of them in RPMI+++ containing ovalbumin.
o

0.1ng TGF-: The TGF- stock (BioLegend, #763102) has a concentration of
0.2mg/ml. To end up at the desired concentration, first a 1:100 dilution of the
stock is made, followed by a 1:1000 dilution of the first dilution.

o

0.5ng TGF-: To end up at the desired concentration, first a 1:20 dilution of the
stock is made, followed by a 1:1000 dilution of the first dilution.

•

A TGF-RI inhibitor at a stock concentration of 1mM in 50l is diluted at 1:250 in
RPMI+++ with ovalbumin.

•

1.18mg of succinic acid (Sigma Aldrich, #S3667h) are dissolved in 100ml of RPMI+++
to reach a concentration of 100mM of succinic acid.
In vitro cultures are prepared in flat bottomed 96-well plates that have been treated for

tissue culture. Once everything has been added to the plate, each well should have 200ml of
volume in it. Afterwards, the plate is put into the incubator at 37°C for 5 days after which
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intracellular staining, see section 4.7.4, is performed The used panels can be seen in the following Table 16 and Table 17.
Table 16: Antibody panel used for myeloid surface flow cytometry after in vitro culture

Antibody

Fluorophore

Final dilution

CD45.1

BUV395

1:100

CD4

BV650

1:400

MHC-II

APC Fire 750

1:500

Table 17: Antibody panel used for intracellular surface flow cytometry after in vitro culture

Antibody

Fluorophore

Final 2x dilution

Foxp3

FITC

1:200

Tbet

APC

1:100

4.12.2.

Dendritic cell in vitro culture

Cell isolations from mesenteric lymph nodes are stained and sorted for dendritic cells.
The used staining panel can be found in Table 18. For preparations of TGF- and ovalbumin
solutions see section 77. The antibody panels used for the intracellular staining performed on
the cells after five days of in vitro culture at 37°C can be found in Table 16 and Table 17.
Table 18: Antibody panel used for cell sorting of dendritic cells

Antibody

Fluorophore

Final dilution

CD45

APC R 700

1:400

CD11c

BV421

1:200

MHC-II

FITC

1:400

CD19

BV605

1:200

SuperBright Buffer
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5. Results
5.1. Can Tritrichomonas muris colonization promote oral tolerance to food
antigens in C57BL/6J mice?
To answer this question, wildtype mice ordered from the Jackson laboratories are gavaged and colonized with either isolated Tritrichomonas muris, as already explained in section
4.5, or with PBS. Twelve days after colonization sorted OT-II cells are retro-orbitally injected
in those mice, see section 4.4. One day after the cell-transfer mice are given ovalbumin-containing diet, on which they stay for another six days until they are sacrificed. This leads to the
following two different treatment groups: PBS control and Tritrichomonas.

Figure 22: Experimental Outline and different treatment groups used in section 5.1 (created with Biorender.com)

The experimental outline can be seen in Figure 22. The main read out is surface and
intracellular flow cytometry of the mesenteric lymph nodes. The cell isolation is described in
section 4.7.2 and the flow cytometry is described in sections 4.7.3 and 4.7.4.
On day twelve of the experiment the intravenous transfer of OT-II+ CD45.1+ CD4+ T
cells isolated from Rag KO mice takes place. To see the state in mice at that time period, in
the context of one small preliminary experiment, mice were sacrificed on day twelve without
receiving OT-II+ cells. Pieces of the jejunum are taken for histology. The staining of the jejunum
histology slides is performed as explained in section 4.7. To determine the number of goblet
cells the following is done. 100 intestinal epithelial cells are counted, then the number of goblet
cells within those 100 cells is determined. The results can be found in Figure 23. As can be
seen the Tritrichomonas treatment group displays on average more goblet cells per 100 intestinal epithelial cells as the PBS control group does.
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Figure 23: Number of PAS+ goblet cells per 100 intestinal epithelial cells in the jejunum. Representative pictures of
histology slides are shown. The statistical significance was tested using a student’s t test. *p < 0.05, **p < 0.01

Figure 24: Relative abundance of Tritrichomonas muris

Figure 25: Small intestinal length on day 19 after colonization with Tritrichomonas muris. The statistical significance was tested using a student’s t test. *p < 0.05,
**p < 0.01.

To see if the colonization with Tritrichomonas muris was successful qPCR on cecum
samples of mice is performed as described in section 4.8.1. The results of this analysis can be
seen in Figure 24. The figure contains data from two independent experiments and depicts the
relative abundance of Tritrichomonas muris 19 days after colonization. The expression of T.
muris 28s rRNA relative to the expression of the host gene IFN is shown on a logarithmic
scale. There is no colonization with Tritrichomonas in the PBS group. The graph shows that
the gavage lead to around the same level of colonization in all mice. Another way to see if
colonization with the protozoa was successful is to look at the length of the small intestine. As
already mentioned, colonization with Tritrichomonas muris leads to changes in the cell composition of the small intestine. Mice that have those protozoa usually have a longer small intestine as mice that do not. The difference in length can be influenced by a multitude of factors
that are not all understood, but it can nevertheless be used as a read-out for successful
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Tritrichomonas muris colonization (Schneider et al., 2018). Figure 25 also contains data from
two independent experiments and depicts the length of the small intestine measured in centimeter on day 19 after colonization. The statistical difference was tested using a student’s t test,
**p < 0.01.

Figure 26: The surface expression of SiglecF in CD45+ LIN- (CD19-, CD3-, TER119-) cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative percentages, absolute cell numbers and pseudo color plots are
shown. The statistical difference was tested using a student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 27 shows the different abundance of eosinophils in both percentages and absolute cell numbers according to the expression of the surface marker SiglecF which is characteristic for those cells. The Tritrichomonas treatment group shows a significant increase of
eosinophils compared to the PBS control group.

Figure 27: Expression of Gata3 and IL-13 in CD45.1- CD4+ host T cells in the mesenteric lymph nodes evaluated
by means of flow cytometry. Representative percentages and absolute cell numbers are shown. The statistical
significance was tested using a student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 27 shows the hosts internal Th2 immune response, compared between the control group and the Tritrichomonas colonized group. Similar to what has already been published
by Nadjsombati et al. (2018) a slight increase in Gata3+ as well as a significant increase in the
absolute cell number of IL-13 expressing cells is visible in the Tritrichomonas muris treatment
group. The increased expression of IL-13 leads to tuft cell expansion in the small intestine of
mice colonized with Tritrichomonas muris (Howitt et al., 2016). Figure 28 shows the measured
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gene expression of the doublecortin like kinase 1 (DCLK1), with which tuft cells are characterized, normalized to the house keeping gene GAPDH. Although not statistically significant, a
trend towards more tuft cells in the Tritrichomonas muris group is visible.

Figure 28: Relative expression of Dclk1 normalized to GAPDH in the jejunum measured by means of qPCR.

Figure 29: Relative expression of IL-25 and IL-17RB normalized to GAPDH in the jejunum measured by means
of qPCR.

Figure 30: Relative expression of IL-25 and IL-17RB
normalized to GAPDH in the colon measured by
means of qPCR.

The relative expression of IL-25 and it’s receptor IL-17RB in the jejunum can be seen
in Figure 29 and in the colon in Figure 30. In both cases big spreads are visible, either within
the Tritrichomonas treatment or the PBS control groups. Nevertheless, theTh2 cytokine IL-25
is more expressed in the jejunum of those mice that have been colonized with Tritrichomonas
muris. This fits the data published by Nadjsombati et al. (2018) showing that presence of Tritrichomonas muris leads to the activation of the IL-25-ILC2 pathway in the small intestine. In
the colon however, the expression of both IL-25 and IL-17RB is statistically decreased.
This data set shows that the Tritrichomonas muris colonization by way of gavage is
successful and leads to a comparable level of Tritrichomonas present in all mice. Schneider et
al. (2018) have already shown that colonization with Tritrichomonas leads to an expansion of
eosinophils in the mesenteric lymph nodes, an expansion of goblet cells in and to a lengthening
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of the small intestine. We were able to repeat those findings, as well as the ones published by
Nadjsombati et al. (2018) regarding the stronger type 2 immune response mediated by a higher
expression of the cytokine IL-13 and IL-25 in Tritrichomonas muris mice.

5.1.1. Host response

Figure 31: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or Rort in CD45.1- CD4+ host
T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are
shown. The statistical significance was tested using a student’s t test. *p < 0.05, **p < 0.01.

Additionally to the already mentioned host responses to colonization with Tritrichomonas muris, other cell populations and possible immune response were also investigated. Figure
31 shows the abundance of Foxp3 expressing regulatory T cells in the host cells that are
CD45.1- CD4+. The two different groups do not display either a significant difference nor a
trend towards different expression within them. The different subgroups of regulatory T cells
however show significant increases in their percentages in the Tritrichomonas treatment group.

Figure 32: A: Expression of Tbet, IFN and RORt in CD45.1- CD4+ host T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. B: Expression of IFN in CD45.1- CD4+ host T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance
was tested using a student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

The first two graphs depicted in Figure 32 A show the Th1 immune response induced
in the host mediated by the expression of Tbet and IFN in CD4+ T cells. In both cases there
is a strong increase in the Tritrichomonas treatment group compared to the PBS control group.
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This increase can also be seen in Figure 32 B which shows the expression of IFN in CD8+
cells. Here the increase in the Tritrichomonas treatment group is smaller than in part A of
Figure 32 but still significant. For the Th17 immune response on the other hand, there seems
to be a slight difference with RORt being more strongly expressed in the Tritrichomonas treatment group.

Figure 33: The surface expression of Gr1 in CD45+ LIN- (CD19-, CD3-, TER119-) cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative percentages, absolute cell numbers and pseudo color plots are
shown. The statistical difference was tested using a student’s t test, *p < 0.05.

Figure 33 shows the different abundance of neutrophils in both percentages and absolute cell numbers according to the expression of the surface markers CD11b and Gr1. Analyzing the percentages a trend towards more neutrophils in the Tritrichomonas group than in the
PBS control group is visible, however, differences in the absolute cell numbers are statistically
significant.
Additional cell populations including macrophages, mast cells and multiple subsets of
dendritic cells were also analyzed. In those cases, no statistical differences or trends were
observed. The graphs can be seen in Figure 34 and Figure 35.

Figure 34:The abundance of different dendritic cell subsets in CD45+ LIN- MHC-II+ CD11c+ host cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown.
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Figure 35: The abundance of macrophages, CD45+ LIN- CD11b+ F4/80+, and mast cells, CD45+ LIN- MHC-IICD11b- ckit+ FcRI+, in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are
shown.

The data described in this section shows that additionally to the already published information that shows Tritrichomonas muris colonization leads to a type 2 immune response in
the host characterized by increased IL-13 and IL-25 expression, it also leads to an increased
Th1 immune response mediated by Tbet+ IFN expressing CD4+ and CD8+ T cells in the mesenteric lymph nodes. This can also be seen in the observed expansion of neutrophils in the
mLNs after Tritrichomonas muris colonization. Additionally, RORt+ expressing cells are also
increased. This could indicate a potential Th17 immune response caused by the protozoa.
Analyzing the regulatory T cells showed that those populations are not differently expressed
in the mesenteric lymph nodes of host mice carrying Tritrichomonas muris compared to those
that do not.

5.1.2. Specific response to dietary antigen
Using flow cytometry to gate on CD45.1 positive cells allows us to specifically look at
OT-II CD4+ T cells that have been transferred from Rag -/- OT-II CD45.1 mice into CD45.2 WT
mice and carry the T cell receptor that recognizes ovalbumin (OVA peptide 323-339). This
gives us the possibility to look at the specific response to the exposure to the dietary antigen.
As mentioned previously oral tolerance is mediated by regulatory T cells. Analyzing the Treg
populations in the PBS control and the Tritrichomonas treatment groups displayed in Figure
36 show a strong significant increase in both the percentage and absolute cell numbers of
Foxp3 expressing Tregs in the Tritrichomonas group. The statistical significance was tested
using a student’s t test, if the standard deviations are not equal a student’s t test with the
Welch’s correction was used.
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Figure 36: Intracellular expression of Foxp3 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell numbers
are shown. The statistical significance was tested using a student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 37: Intracellular expression of Foxp3 and either Gata3, IL-10 or RORt in transferred OT-II+ CD45.1+ CD4+
T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell numbers are shown. The statistical significance was tested using a student’s t test. *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Further gating on Foxp3 positive regulatory T cells allows for the analysis of Gata3,
RORt and IL-10 co-expression. As mentioned in section 1.2.1.1 those double-positive
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regulatory T cell subtypes have specific functions and can play important roles in oral tolerance. Figure 37 shows the abundance of those three different subtypes in CD45.1+ CD4+ antigen specific T cells in the mesenteric lymph nodes. All three different subsets of regulatory T
cells that were analyzed showed a significant increase in abundance, both in percentages and
absolute cell numbers, in the Tritrichomonas treatment group compared to the PBS control
group.

Figure 38: Expression of Tbet, IFN, Gata3 and RORt in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry. Representative percentages are shown.

Figure 38 shows graphs depicting the abundance of cell markers and transcription factors expressed on OT-II T cells that are typical for other types of immune responses. Expression of Tbet and IFN is typical for Th1 cells, while Gata3 is characteristic for Th2 and RORt
is typical for Th17 immune cell responses. As shown in the figure, none of the analyzed markers showed a different expression pattern between the Tritrichomonas treatment and PBS
control group.
The here described dietary antigen specific response mediated by OT-II+ CD45.1+ T
cells in the mesenteric lymph nodes shows to only be promoting regulatory T cells in those
mice colonized with Tritrichomonas muris. The Treg populations are significantly more expressed than in the control group. Analyzing the characteristic cell expressions for Th1, Th2
and Th17 immune responses shows, that those within the transferred CD45.1+ T cell population, are not differentially expressed between Tritrichomonas muris and PBS control group.
This means, the dietary antigen specific response is only mediated through an increase in
regulatory T cells.
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5.2. Can Tritrichomonas muris colonization protect from the viral-induced
loss of oral tolerance mediated by T1L?
In the previously described experiment we showed that colonization with Tritrichomonas muris leads to an expansion of regulatory T cells that are dietary antigen specific. In other
words, colonization with this protozoa leads to a promotion of oral tolerance, which is mediated
through pTregs. Bouziat & Hinterleitner et al. (2017) have shown that infections with the reovirus T1L can lead to a loss of oral tolerance, characterized by a reduction of regulatory T cells
toward dietary antigens in mice. This effect is of high importance in the development of celiac
disease. In this experiment, we tested if the Tritrichomonas muris mediated promotion of regulatory T cells is strong enough to protect from the viral-induced loss of oral tolerance and can
ameliorate the viral effects. The experimental outline explained in section 5.1 was adjusted
accordingly. The experimental outline can be seen in Figure 39.

Figure 39: Experimental Outline and different treatment groups used in section 5.2 (created with Biorender.com)

Wildtype C57BL/J6 mice bought from the Jackson laboratories were either gavaged
with isolated Tritrichomonas muris or PBS and then retro-orbitally injected with FACS-sorted
OT-II T cells isolated from Rag KO donor mice. One day post transfer, mice were put on an
ovalbumin containing diet and orally gavaged with either 109 plaque-forming units (PFU) of
T1L or PBS. This leads to the following three different treatment groups: PBS control, T1L and
T1L + Tritrichomonas. Six days afterwards the mice are sacrificed.
To assess the colonization of Tritrichomonas muris we performed qPCR on cecum
samples of mice. The results of this analysis can be seen in Figure 40. The figure contains
data from two independent experiments and depicts the relative abundance of Tritrichomonas
muris 19 days after colonization. The expression of T. muris 28s rRNA relative to the
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expression of the host gene IFN is shown on a logarithmic scale. There is no colonization with
Tritrichomonas in the PBS or the T1L group. The graph shows that the gavage lead to around
the same level of colonization in all mice. Analyzing the small intestinal length as a second
indication for a successful Tritrichomonas muris colonization, no significant difference can be
observed. Although the mice in the Tritrichomonas treatment group showed a trend towards a
longer small intestine.

Figure 40: Relative abundance of Tritrichomonas muris

Figure 41: Small intestinal length on day 19 after colonization with Tritrichomonas muris

To check if the viral infection was successful as well and how much virus is still present,
pieces of the ileum as well as feces isolated from colon contents are taken and used to perform
plaque assays for virus T1L. No plaque forming units could be detected neither in the ileum or
the feces of the PBS control group. Both the T1L and the T1L + Tritrichomonas group however
show around the same amount of PFU/ml in both cases. The reovirus T1L is usually cleared
from the host after six days, that is why not all samples could successfully lead to viral plaque
formation (detection limit is 100 PFU/ml). The viral titers can be seen in Figure 42 and in Figure
43. The gene S4 Reo is the gene for the outer capsid protein sigma-3 of the reovirus T1L. The
gene expression of this protein in the mesenteric lymph nodes is measured by quantitative
PCR and relativized to the expression of GAPDH, depicted in Figure 44, and is used to see if
the virus T1L is still expressed on the last day of the experiment. The virus is usually cleared
after six days in the host. The relative gene expression can be seen in Figure 44, no virus
could be detected.
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Figure 42: Viral titers in PFU/ml of
T1L six days after infection in the feces.

Figure 43: Viral titers in PFU/ml of
T1L six days after infection in the ileum.

Figure 44: Relative expression of
S4 Reo normalized to GAPDH in
the mesenteric lymph nodes
measured by means of qPCR.

To see if there are any differences within the number of goblet cells in the jejunum,
pieces of histology are taken and stained for PAS. The amount of goblet cells for every 100
intestinal epithelial cells is counted and plotted in Figure 45. Additionally, the figure also shows
representative fields of view for the three different treatment groups. The T1L + Tritrichomonas
treatment groups shows by far the most goblet cells. Comparing the T1L and the PBS control
group however also seems to indicate that due to the infection with T1L the mice have more
goblet cells.

Figure 45: Number of PAS+ goblet cells per 100 intestinal epithelial cells in the jejunum. Representative pictures of
histology slides are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

This set of data shows that both the colonization with Tritrichomonas muris and the
infection with the reovirus T1L was successful and lead to the establishment of the wanted
treatment groups. Infection with the reovirus alone does not lead to an elongation of the small
intestine, this is seen however in the T1L + Tritrichomonas combination treatment group indicating that the functions of Tritrichomonas muris are not affected by the presence of T1L. The
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Tritrichomonas muris dependent expansion of goblet cells in the small intestine was again
seen in the histology slides for the T1L + Tritrichomonas treatment group. The reovirus T1L
treatment group also showed a slight increase in goblet cells compared to the PBS control
group.

5.2.1. Specific response to dietary antigen
This section will look at the specific response to dietary antigen within the mesenteric
lymph nodes and the Peyer’s patches. All graphs displaying mesenteric lymph nodes contain
data from two independent experiments while those showing Peyer’s patches contain data
from one experiment.

Figure 46: Intracellular expression of Foxp3 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell numbers
are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01.

Analyzing the transferred ovalbumin specific OT-II T cells in the mesenteric lymph
nodes, the regulatory T cell population showed significant differences between the three treatment groups as observed in both percentages and numbers in Figure 46. The virus treatment
T1L group displays a significant decrease in regulatory T cells compared to the PBS control
group. This is expected as mentioned in section 2.2 T1L leads to a downregulation of regulatory T cells. This virus-mediated decrease is recovered to normal levels in the T1L + Tritrichomonas treatment group. Similar observations were made in Figure 47 that displays the
regulatory T cell population within the transferred OT-II T cells in the Peyer’s patches. This
graph only contains data from one experiment, nevertheless a significant decrease in
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regulatory T cells in the T1L treatment group is visible. This decrease is recovered to PBS
control group levels in the T1L + Tritrichomonas group.

Figure 47: Intracellular expression of Foxp3 in transferred OT-II+ CD45.1+ CD4+ T cells in the Peyer’s patches
evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell numbers are
shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 48 and Figure 49 show the abundance of Foxp3 and Gata3 double positive regulatory T cells in the mesenteric lymph nodes (Figure 48) and the Peyer’s patches (Figure 49).
Both figures show a significant downregulation in both the percentages and absolute cell numbers of this Treg subtype in the T1L treatment group compared to the PBS control group. The
T1L + Tritrichomonas treatment group however displays cell numbers and percentages closer
to the PBS control group. This effect seems to be stronger in the mesenteric lymph nodes than
it is in the Peyer’s patches.
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Figure 48: Intracellular expression of Foxp3 and Gata3 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell
numbers are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001.

Figure 49: Intracellular expression of Foxp3 and Gata3 in transferred OT-II+ CD45.1+ CD4+ T cells in Peyer’s
patches evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are shown.
The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 50 and Figure 51 show the abundance of Foxp3 and IL-10 double positive regulatory T cells in the mesenteric lymph nodes (Figure 50) and the Peyer’s patches (Figure 51).
This subset of regulatory T cells shows a significant downregulation in the T1L treatment group
compared to the control group. Looking at the T1L + Tritrichomonas group, the values for percentages and absolute cell numbers in both the mesenteric lymph nodes and the Peyer’s
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patches are again closer to the PBS control group and therefore increased compared to the
T1L treatment group.

Figure 50: Intracellular expression of Foxp3 and IL-10 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell
numbers are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 51: Intracellular expression of Foxp3 and IL-10 in transferred OT-II+ CD45.1+ CD4+ T cells in the Peyer’s
patches evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are shown.
The statistical significance was tested using a One-Way ANOVA. *p < 0.05.
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Figure 52: Intracellular expression of Foxp3 and RORt in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell
numbers are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001.

Figure 53: Intracellular expression of Foxp3 and RORt in transferred OT-II+ CD45.1+ CD4+ T cells in the Peyer’s
patches evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are shown.
The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01.

Figure 52 and Figure 53 show the abundance of Foxp3 and RORt double positive
regulatory T cells in the mesenteric lymph nodes (Figure 52) and the Peyer’s patches (Figure
53). The last subset of regulatory T cells also displays a significant decrease in both percentages and absolute cell numbers in both tissues in the T1L treatment group compared to the
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PBS control group. The T1L + Tritrichomonas group however shows increased values compared to T1L, they are again close to the base line established in the PBS control group.
Figure 54 depicts the Th1 immune response specific to the dietary antigen in the mesenteric lymph nodes while Figure 55 does the same for the Peyer’s patches. A Th1 immune
response is characterized by Tbet and IFN expression. The T1L treatment group displays a
strong increase in cell percentages for both Tbet and IFN in both tissues. This Th1 immune
response is not visible in the T1L + Tritrichomonas treatment group, here the levels for both
markers are lower and close to the PBS control group.

Figure 54: Expression of Tbet and IFN in transferred
OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 55: Expression of Tbet and IFN in transferred
OT-II+ CD45.1+ CD4+ T cells in the Peyer’s patches
evaluated by means of flow cytometry. Representative
percentages are shown. The statistical significance
was tested using a One-Way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

The antigen-specific Th2 immune response can be seen in Figure 56 for the mesenteric
lymph nodes and in Figure 57 for the Peyer’s patches. Neither of the markers Gata3 or Il-4,
which are typical for a Th2 immune response, are significantly differently expressed between
the three treatment groups in the mesenteric lymph nodes. For Gata3 there seems to be a
trend towards less expression in the T1L treatment group compared to the PBS control group.
This trend is even more increased in the T1L + Tritrichomonas group. Looking at the percentages for Gata3 in the Peyer’s patches this trend is even clearer and statistically significant
between the PBS control group and the T1L + Tritrichomonas treatment group.
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Figure 56: Expression of Gata3 and IL-4 in transferred
OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown.

Figure 58: Expression of RORt and IL-17a in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry.
Representative percentages are shown.

Figure 57: Expression of Gata3 and IL-4 in transferred
OT-II+ CD45.1+ CD4+ T cells in the Peyer’s patches
evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p <
0.05.

Figure 59: Expression of RORt and IL-17a in transferred
OT-II+ CD45.1+ CD4+ T cells in the Peyer’s patches evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05

RORt and IL-17 are characteristic markers for a Th17 immune response. RORt seems
to be expressed at the same levels across all three different groups within the mesenteric
lymph nodes in Figure 58. For IL-17a a slight trend towards less expression in the T1L treatment group is visible which seems to again be increased in the T1L + Tritrichomonas group.
Looking at the Peyer’s patches in Figure 59 shows nearly no difference in the expression of
RORt within the three groups. The expression of IL17 however is significantly reduced in the
T1L group compared to the PBS control group. The T1L + Tritrichomonas group shows again
an increase in the expression of IL-17.

97

Results

T follicular helper cells (TFH) play an essential role in the formation of germinal centers
which are distinct structures that form within B cell zones during an ongoing immune response.
They play an important role in protective immunity helping B cells to produce antibodies against
foreign pathogens. They are defined by the expression of cell markers like PD1 and CXCR5.
Figure 60 shows the abundance of TFH within transferred OT-II+ cells in mesenteric lymph
nodes while Figure 61 does the same in the Peyer’s patches. There is a big spread within all
three treatment groups in the mesenteric lymph nodes, with some values close to the base line
and others as high as 50%. The percentages within the Peyer’s patches do not show as big a
spread within groups, with the exception of the PBS control group, but there is no statistical
difference or trend observable.

Figure 60: Expression of both CXCR5 and PD1 in
transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown.

Figure 61: Expression of both CXCR5 and PD1 in
transferred OT-II+ CD45.1+ CD4+ T cells in the Peyer’s
patches evaluated by means of flow cytometry. Representative percentages are shown.

To summarize the data shown in this section, the reovirus T1L induced loss of oral
tolerance is clearly visible by looking at the different regulatory T cell populations within the
transferred OT-II CD4+ T cells in both the mesenteric lymph nodes and the Peyer’s patches.
Both Foxp3+ Tregs and those co-expressing Foxp3 and other markers like Gata3, IL-10 and
RORt are lower expressed due to viral infection. In the T1L + Tritrichomonas treatment group
the percentages of all populations of regulatory T cells are increased compared to T1L. This
shows that Tritrichomonas muris is capable to ameliorate the function of T1L and recover oral
tolerance even in its presence. Infection with the reovirus leads to a strong Th1 immune response which can be seen both in the mesenteric lymph nodes and the Peyer’s patches. This
immune response is also recovered and reduced by the presence of Tritrichomonas muris.

5.2.2. Host response
This section will look at the general host response within the mesenteric lymph nodes
and the Peyer’s patches. All graphs displaying mesenteric lymph nodes contain data from two
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independent experiments while those showing Peyer’s patches contain data from one experiment.
Figure 62 shows the abundance of Foxp3 expressing regulatory T cells in the host cells
isolated from the mesenteric lymph nodes that are CD45.1- CD4+. The three different groups
do not display either a significant difference nor a trend towards different expression within
them. The same is true for the different subgroups of regulatory T cells. All groups show expression of the markers at the same levels.

Figure 62: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+ host
T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are
shown.

Figure 63: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+ host
T cells in the Peyer’s patches evaluated by means of flow cytometry. Representative percentages are shown. The
statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 63 shows the abundance of Foxp3 expressing regulatory T cells in the host cells
isolated from the Peyer’s patches that are CD45.1- CD4+. Foxp3 positive regulatory T cells are
significantly downregulated in the T1L + Tritrichomonas group compared to the PBS control
group. The same trend can be seen in the Foxp3 Gata3, Foxp3 IL-10 and in the Foxp3 RORt
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double-positive subsets. In both of them the T1L group also shows a trend towards less expression of those cells.

Figure 64: Expression of Tbet and IFN in in CD45.1- CD4+ host T cells and of IFN in CD45.1- CD8+ host T cells in
the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown. The
statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Looking at the general Th1 immune response in the mesenteric lymph nodes of the
wildtype host depicted in Figure 64 a significant increase in Tbet can be seen between the
PBS control group and the T1L treatment group. The same is also true in the case of IFN
expression in CD4+ cells. The T1L + Tritrichomonas group shows an even stronger IFN response, compared to both the T1L treatment group and the PBS control group. In CD8 + cells
the increase of IFN expression is lower, but still visible and significant between the PBS control
group and the T1L + Tritrichomonas group.

Figure 65: Expression of Tbet and IFN in in CD45.1- CD4+ host T cells and of IFN in CD45.1- CD8+ host T cells in
the Peyer’s patches evaluated by means of flow cytometry. Representative percentages are shown. The statistical
significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

The general Th1 immune response in the Peyer’s patches can be seen in Figure 65.
Similar to the mesenteric lymph nodes, a strong increase in the expression of Tbet and IFN
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of CD4+ host cells between the PBS control group and the T1L and the PBS control group and
the T1L + Tritrichomonas group respectively can be seen The same relationships can be seen
looking at the IFN of CD8+ host cells.
Figure 66 depicts the general Th2 immune response within the CD45.1- CD4+ host cells
in the mesenteric lymph nodes of the host. As can be seen here, there is no difference in the
expression of Gata3 within the treatment groups. IL-4 on the other hand shows a significant
increase in expression between the T1L + Tritrichomonas and the two other treatment groups.
Figure 67 shows the general Th2 immune response in the CD45.1- CD4+ host cells in the
Peyer’s patches of the host. Gata3 seems to be less expressed in the T1L treatment group
compared to the PBS control group. IL-4 is expressed at the same levels across all three different treatment groups.

Figure 66: Expression of Gata3 and IL-4 in CD45.1CD4+ host T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p <
0.05, **p < 0.01.

Figure 67: Expression of Gata3 and IL-4 in CD45.1- CD4+
host T cells in the Peyer’s patches evaluated by means
of flow cytometry. Representative percentages are
shown.

The general Th17 immune response can be seen in Figure 68 for the mesenteric lymph
nodes and in Figure 69 for the Peyer’s patches. There is no difference in the expression of
RORt within the three different treatment groups in the mesenteric lymph nodes. IL-17 on the
other hand is significantly less expressed in the T1L treatment group of the mesenteric lymph
nodes. In the T1L + Tritrichomonas group, the expression level has increased and is again at
the same level as in the PBS control group. The Peyer’s patches also do not display a different
expression of RORt. Similar to the mesenteric lymph nodes, IL-17 is also significantly downregulated in the Peyer’s patches of mice belonging to the T1L treatment group. The values for
the PBS control group and the T1L + Tritrichomonas group are similar again.
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Figure 68: Expression of RORt and IL-17 in CD45.1CD4+ host T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p <
0.05, **p < 0.01.

Figure 69: Expression of RORt and IL-17 in CD45.1CD4+ host T cells in the Peyer’s patches evaluated by
means of flow cytometry. Representative percentages
are shown. The statistical significance was tested using
a One-Way ANOVA. *p < 0.05, **p < 0.01.

Figure 70: Expression of both CXCR5 and PD1 in
CD45.1- CD4+ host T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p <
0.05.

Figure 71: Expression of both CXCR5 and PD1 in
CD45.1- CD4+ host T cells in the Peyer’s patches evaluated by means of flow cytometry. Representative percentages are shown.

Figure 70 shows the abundance of T follicular helper cells within CD4+ host cells in the
mesenteric lymph nodes. There is no big difference between the PBS control group and the
T1L treatment group although a slight trend towards more TFH in the T1L group is observable.
The T1L + Tritrichomonas group however shows a stronger increase when compared to both
the PBS control and the T1L treatment group. Figure 71 shows the abundance of T follicular
helper cells within CD4+ host cells in the Peyer’s patches. The T1L treatment group shows a
trend towards more expression of T follicular helper cells compared to the PBS control group.
The T1L + Tritrichomonas group shows slightly lower levels than the T1L group, and also
slightly higher ones compared to the PBS control group.
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Figure 72 shows the different abundance of eosinophils in both percentages and absolute cell numbers according to the expression of the surface marker SiglecF characteristic for
those cells between the three treatment groups in the mesenteric lymph nodes. The PBS control group and T1L treatment group do not show significant differences. There seems to be a
trend towards more eosinophils in the T1L + Tritrichomonas group, although there is a big
spread within the group itself. Looking at the absolute cell numbers the difference between the
PBS control group and the T1L + Tritrichomonas treatment group is significant.

Figure 72: The surface expression of SiglecF in CD45 + LIN- (CD19-, CD3-, TER119-) cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative percentages, absolute cell numbers and pseudo color plots are
shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 73: The surface expression of SiglecF in CD45+ LIN- (CD19-, CD3-, TER119-) cells in the Peyer’s patches
evaluated by flow cytometry. Representative percentages are shown.

Figure 73 shows the different abundance of eosinophils in both percentages and absolute cell numbers between the three treatment groups in the Peyer’s patches. Both The T1L
and the T1L + Tritrichomonas treatment groups show a trend towards less eosinophils, with
values for the latter being even lower than the T1L treatment group.
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Figure 74: The surface expression of Ly-6G in CD45+
LIN- (CD19-, CD3-, TER119-) cells in the mesenteric
lymph nodes evaluated by flow cytometry. Representative percentages and absolute cell numbers are shown.

Figure 75: The surface expression of Ly-6G in CD45+
LIN- (CD19-, CD3-, TER119-) cells in the Peyer’s
patches evaluated by flow cytometry. Representative
percentages and absolute cell numbers are shown.

Figure 74 shows the different abundance of neutrophils in both percentages and absolute cell numbers in the mesenteric lymph nodes according to the expression of the surface
marker Ly-6G between the three different treatment groups. Looking at the graphs all three
groups seem to display the same level of neutrophil expression. Figure 75 displays the same
thing in the Peyer’s patches. Here a slight trend towards less neutrophils in the T1L treatment
group is visible. The T1L + Tritrichomonas group displays higher levels than the T1L but lower
than the PBS control group.

Figure 76: The abundance of different dendritic cell subsets in CD45 + LIN- MHC-II+ CD11c+ host cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown.

Figure 76 shows the abundance in percentages of three different subgroups of dendritic
cells in the mesenteric lymph nodes. In all three cases and all three treatment groups big
spreads within the groups can be observed. This makes interpretations difficult, but there does
not seem to be a trend towards more or less expression of these kinds of cells in one or more
treatment group.
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Figure 77 shows the same dendritic cell subsets in the Peyer’s patches. In the CD103CD11b+ subset all treatment groups display a big spread within themselves. In the CD103+
CD11b+ subset a slight trend towards slightly less expression is observable in the T1L treatment group compared to the PBS control group. The last subset, CD103+ CD11b-, shows a
very strong spread in the T1L treatment group. Nevertheless, the T1L + Tritrichomonas group
shows a trend towards more expression compared to the PBS control group.

Figure 77: The abundance of different dendritic cell subsets in CD45+ LIN- MHC-II+ CD11c+ host cells in the Peyer’s
patches evaluated by flow cytometry. Representative percentages are shown.

Figure 78: The abundance of CD45+ LIN- CD11b+
F4/80+ in the mesenteric lymph nodes evaluated by
flow cytometry. Representative percentages are
shown.

Figure 79: The abundance of CD45+ LIN- CD11b+
F4/80+ in the Peyer’s patches evaluated by flow cytometry. Representative percentages are shown.

The in Figure 78 depicted percentages of macrophages within the mesenteric lymph
nodes also do not display differential expression between the three treatment groups. In the
macrophages from the Peyer’s patches (Figure 79) a slight trend towards less expression is
visible in both the T1L and the T1L + Tritrichomonas treatment group compared to the PBS
control group.
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Figure 80: The abundance of CD45+ LIN- CD11b+ Ly6C+ in the mesenteric lymph nodes evaluated by flow
cytometry. Representative percentages are shown.
The statistical significance was tested using a OneWay ANOVA. *p < 0.05, **p < 0.01.

Figure 81: The abundance of CD45+ LIN- CD11b+ Ly6C+ in the Peyer’s patches evaluated by flow cytometry. Representative percentages are shown.

Figure 80 displays the abundance of inflammatory monocytes in the mesenteric lymph
nodes. Here a significant increase between the PBS control group and the T1L treatment and
the T1L + Tritrichomonas group respectively can be seen. This trend seems to be the other
way around in Figure 81 that displays the inflammatory monocytes in the Peyer’s patches.
Here a trend towards less expression is visible in the T1L and even stronger in the T1L +
Tritrichomonas group, always compared to the PBS control.
The data shown in this section again clearly shows the viral induced Th1 immune response characterized by Tbet+ CD4+ T cells expressing IFN in large amounts. As already
shown in the previous experiment described in section 5.1, the function of Tritrichomonas muris to promote expansion of regulatory T cells is limited to the dietary antigen specific OT-II T
cells. The same can be seen here. While infection with T1L leads to a general host Th1 immune
response, colonization with the protozoa does not ameliorate this effect. Instead what we see
in the host is a combination of the T1L induced Th1 immune response and the Th1 immune
response triggered by Tritrichomonas muris that we have already observed in the previously
discussed experiment as well.
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5.3. Can Tritrichomonas muris colonization influence the function and activity of antigen-presenting dendritic cells?

Figure 82: Experimental Outline and different treatment groups used in section 5.3 (created with Biorender.com)

Dendritic cells have been shown to be more activated and to express more of the proinflammatory Th1 promoting cytokine IL-12 in mice that have been infected by the reovirus T1L
(Bouziat et al., 2017). To answer the question if dendritic cells exposed to T1L still remain more
activated when the mice are colonized with Tritrichomonas muris, wildtype C57BL/J6 mice
bought from the Jackson laboratories were either gavaged with isolated Tritrichomonas muris
or PBS. Twelve days after the colonization they were either gavaged with 109 PFU of T1L or
PBS, leading to the following four different treatment groups: PBS control, Tritrichomonas, T1L
and T1L + Tritrichomonas. 48 hours after viral infection or PBS gavage the mice are sacrificed.
The experimental outline can be found in Figure 82. The main read out of this experiment is
flow cytometry to assess different dendritic cell subsets and the amount of IL-12 produced by
them. Additionally, the expression of the surface activation markers CD86 and CD40 will be
analyzed. Those two proteins function as activation markers of dendritic cells, the more they
are expressed, the more active the dendritic cells are.
To see if the colonization with Tritrichomonas muris was successful qPCR on cecum
samples of mice is performed. The results of this analysis can be seen in Figure 83. The figure
contains data from two independent experiments and depicts the relative abundance of Tritrichomonas muris 14 days after colonization. The expression of T. muris 28s rRNA relative to
the expression of the host gene IFN is again shown on a logarithmic scale. There is no colonization with Tritrichomonas in the PBS or the T1L group. The graph shows that the gavage
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led to around the same level of colonization in all mice. Small intestinal length as a secondary
indication for a successful Tritrichomonas colonization.

Figure 83: Relative abundance of Tritrichomonas muris

Figure 84: Small intestinal length on day 14 after colonization with Tritrichomonas muris

Figure 85: Number of PAS+ goblet cells per 100 intestinal epithelial cells in the jejunum. Representative pictures of
histology slides are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

The amount of goblet cells per 100 intestinal epithelial cells in the jejunum was counted
and is depicted in Figure 85. It is clearly visible that Tritrichomonas muris colonization leads to
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an expansion of goblet cells both compared to the PBS control and the T1L treatment group
which fits the findings of Nadjsomabti et al. (2018).
In contrast to the previous experiment where no virus could be detected six days after
infection, the S4 capsid protein of T1L is still detectable after 48 hours. To see if the infection
with the reovirus T1L was successful, qPCR on cell lysate from the mesenteric lymph nodes
is performed. The results can be seen in Figure 88. Both the T1L and the T1L + Tritrichomonas
treatment groups show an expression of the capsid, at varying levels. Neither the PBS control
group nor the Tritrichomonas treatment group show any expression of the viral capsid protein.
Analyzing both the ileum and colon contents(feces) virus could be detected in those groups
that had been infected with it 48 hours previous. The two different treatment groups do not
display different PFUs.

Figure 86: Viral titers in PFU/ml of
T1L two days after infection in the
feces

Figure 87: Viral titers in PFU/ml of
T1L two days after infection in the
ileum

Figure 88: Relative expression of S4
Reo normalized to GAPDH in the mesenteric lymph nodes measured by
means of qPCR. The statistical significance was tested using a One-Way
ANOVA. *p < 0.05, **p < 0.01.

5.3.1. IL-12 production
The following figures display five different subsets of dendritic cells that are CD45+ LinMHC-II+ CD11c- and occur in the mesenteric lymph nodes. The CD103+ CD11b- CD8a+ dendritic cell subset presents dietary antigens and is considered tolerogenic. In mice that have
been infected with the reovirus T1L, this cell subset can become activated and start producing
IL-12. (Bouziat et al., 2017)
Figure 89 and Figure 90 show the first two subsets of dendritic cells. The T1L treatment
group displays a significant increase in CD103+ CD11b- CD8a+ dendritic cells that produce the
cytokine IL-12 compared to both the PBS control group and the Tritrichomonas treatment
group. There is no visible difference between the PBS and the Tritrichomonas treatment group
itself. The T1L + Tritrichomonas group displays levels of IL-12 producing dendritic cells
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belonging to this subset that are higher than the PBS control group but lower than the T1L
treatment group. The CD103+ CD11b- CD8- dendritic cell subset does not show the same relationships between treatment groups. In this case, the PBS control group displays the highest
numbers of IL-12 producing dendritic cells. The Tritrichomonas group shows the lowest levels
of production. The T1L group is slightly increased compared to the Tritrichomonas group.

Figure 89: Intracellular expression of IL-12 in CD103+
CD11b- CD8+ dendritic cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative
percentages are shown. The statistical significance
was tested using a One-Way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

Figure 90: Intracellular expression of IL-12 in CD103+
CD11b- CD8- dendritic cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative
percentages are shown. The statistical significance
was tested using a One-Way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001.

The second set of dendritic cell subsets is displayed in Figure 91 to Figure 93. The
CD103+ CD11b+ dendritic cell subset is significantly downregulated in the Tritrichomonas treatment group. And even though the T1L group displays a high spread a trend towards more
expression of IL-12 is still visible. The T1L + Tritrichomonas group shows lower levels than the
T1L group, which are around the same values as the PBS control group. The fourth subset,
which is CD103- CD11b+, shows that the T1L group has the highest expression. Both the Tritrichomonas and T1L + Tritrichomonas groups show slightly lower medians. But the differences
between these groups are very slight. The last dendritic cell subset, CD103- CD11b- CD8+
pictured in Figure 93, shows a statistically significant increase of IL-12 expression in the T1L
group compared to the PBS control group. The levels of the Tritrichomonas and the T1L +
Tritrichomonas group are significantly lower compared to the T1L group. Figure 94 displays
the percentages of IL-12 producing macrophages in the mesenteric lymph nodes. As can be
seen, all groups, but especially the PBS control group display variation. Looking at the median
of all groups, both the Tritrichomonas and the T1L group display the highest percentages of
IL-12 producing macrophages. The T1L + Tritrichomonas group shows a median that is at the
same level than the one from the PBS control group.
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Figure 91: Intracellular expression
of IL-12 in CD103+ CD11b+ dendritic cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative percentages
are shown. The statistical significance was tested using a OneWay ANOVA. *p < 0.05, **p <
0.01.

Figure 92: Intracellular expression of IL12 in CD103- CD11b+ dendritic cells in
the mesenteric lymph nodes evaluated
by flow cytometry. Representative percentages are shown.

Figure 93: Intracellular expression of IL-12 in CD103- CD11bCD8+ dendritic cells in the mesenteric lymph nodes evaluated
by flow cytometry. Representative percentages are shown.

Figure 95 shows the percentages of IL-12 producing F4/80- cells. In this case, the Tritrichomonas and T1L + Tritrichomonas group show a reduction of those kinds of cells compared
to both the PBS and the T1L group.

Figure 94: Intracellular expression of IL-12 in CD103CD11b+ CD11c+ F4/80+ cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative
percentages are shown.

Figure 95: Intracellular expression of IL-12 in CD103CD11b+ CD11c+ F4/80- cells in the mesenteric lymph
nodes evaluated by flow cytometry. Representative
percentages are shown.

Figure 96 shows the abundance of neutrophils in the mesenteric lymph nodes. The
groups do show a high variance within themselves. But the displayed percentages are very
low so that it can be assumed that the high values are most likely background and not
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significant. Figure 97 shows the abundance of inflammatory monocytes. Both the T1L and T1L
+ Tritrichomonas group display a significant increase in the observed percentages compared
to the PBS and the Tritrichomonas treatment groups.

Figure 96: The abundance of CD45+ LIN- CD11b+ Ly6G+ in the mesenteric lymph nodes evaluated by flow
cytometry. Representative percentages are shown.

Figure 97: The abundance of CD45+ LIN- CD11b+ Ly6C+ in the mesenteric lymph nodes evaluated by flow
cytometry. Representative percentages are shown.
The statistical significance was tested using a OneWay ANOVA. *p < 0.05.

To summarize these findings, the proinflammatory cytokine IL-12 is highly expressed
in the oral antigen presenting CD103+ CD11b- CD8a+ dendritic cell subset, as well as others,
found in the mesenteric lymph nodes of the T1L treatment group. This is as expected, because
as mentioned, Bouziat & Hinterleitner et al. (2017) have shown that virus infection leads to an
increased expression of IL-12. In most dendritic cell subsets the PBS control group and Tritrichomonas muris treatment group do not show differential expression. The T1L + Tritrichomonas treatment group shows higher IL-12 expression levels than those two, the expression is
however lower than in the T1L group. This indicates that the Tritrichomonas muris could somehow interfere with the T1L mediated activation of dendritic cells in the context of oral tolerance.

5.3.2. Expression of activation markers by dendritic cells
Figure 98 shows the expression of the activation marker CD86 on the surface of the
previously mentioned different dendritic cell subsets. In all five groups the expression of CD86
is significantly increased in the T1L group compared to all other groups. The Tritrichomonas
groups do not show a different expression compared to the PBS control group. The T1L +
Tritrichomonas group shows that in all dendritic cell subsets the levels of CD86 expression are
significantly lower than in the T1L treatment group, but still slightly higher than the PBS control
group. To summarize these findings, we can conclude that the presence of Tritrichomonas is
able to suppress T1L-mediated CD86 activation on dendritic cells across all dendritic cell subsets. This could be one possibility of how Tritrichomonas prevents T1L-mediated loss of oral
tolerance. The mechanisms for this are unknown and will be addressed in future studies.
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Figure 98: Expression of the surface marker CD86 on different dendritic cell subsets in the mesenteric lymph nodes.
The geometric mean is shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

Similarly, to the CD86 activation, T1L-mediated CD40 activation on CD11b- CD103+
CD8a+ dendritic cells was suppressed by the presence of Tritrichomonas. However, in the remaining dendritic cell subsets Tritrichomonas colonization alone was sufficient to significantly
induce expression of CD40 comparable to T1L. Figure 99 displays the expression of the surface marker CD40. To summarize these findings, we can conclude that the Tritrichomonas
colonization results in CD40 activation in all but the tolerogenic dietary antigen presenting
CD11b- CD103+ CD8a+ dendritic cells. The mechanisms for the differential activation are unknown and will be addressed in future studies.
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Figure 99: Expression of the surface marker CD40 on different dendritic cell subsets in the mesenteric lymph nodes.
The geometric mean is shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

5.3.3. Relative gene expression of type 1 Interferon inducible genes in
mesenteric lymph nodes
Bouziat & Hinterleitner et al. (2017) has previously shown that the T1L induced type-1
Interferon pathway was sufficient to block pTreg differentiation. To test whether the presence
of Tritrichomonas can suppress T1L mediated pTreg blockade via interfering with type-1 interferon responses we analyzed type-1 Interferon gene expression in the mesenteric lymph
nodes.
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Figure 100: Relative expression of Mx1 normalized to
GAPDH in the mesenteric lymph nodes measured by
means of qPCR. The statistical significance was tested
using a One-Way ANOVA. *p < 0.05, **p < 0.01.

Figure 101: Relative expression of ISG15 normalized
to GAPDH in the mesenteric lymph nodes measured
by means of qPCR. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001.

Figure 100 to Figure 103 display the relative expression of characteristic type 1 interferon inducible genes normalized to the expression of GAPDH in the mesenteric lymph nodes.
Mx1 is significantly more expressed in the T1L group than either the PBS and the Tritrichomonas group. There seems to also be a slight increase in expression in the Tritrichomonas group
compared to the PBS control group. Analysis of the T1L + Tritrichomonas treatment group
shows, that the expression of Mx1 is reduced compared to the T1L group but still higher than
either the PBS and the Tritrichomonas treatment group. The same trend can be seen in the
expression of ISG15. A trend towards more expression in Tritrichomonas colonized mice is
visible compared to the PBS group. The T1L group displays a big spread but still shows a
significantly stronger expression than all other groups. The T1L + Tritrichomonas group levels
are again lower than the T1L group by itself but still higher than the other groups.
In the case of IRF1 expression a slight difference can be seen. The T1L group again
displays a big spread but looking at the median value of the group the expression is still the
highest out of all of them. The Tritrichomonas group displays levels that are lower than both
the T1L and the PBS control group. The same is the case for the T1L + Tritrichomonas treatment group which displays expression levels that are similar to the Tritrichomonas group. The
cytokine IL-27 is a cytokine that is induced by type-1 interferon and can impact and promote
Th1-differentiation (Yoshida & Hunter, 2015). It is more actively expressed in the T1L treatment
group compared to all others.
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Figure 102: Relative expression of IRF1 normalized to
GAPDH in the mesenteric lymph nodes measured by
means of qPCR.

Figure 103: Relative expression of IL-27 normalized
to GAPDH in the mesenteric lymph nodes measured
by means of qPCR.

To summarize, we conclude that Tritrichomonas muris is somehow capable of inhibiting
or blocking the reovirus T1L mediated activation of type-1 interferon inducible genes at least
partially. Since T1L interferes in the expression pattern of these genes to block pTreg expression, this is a possible mechanism for how Tritrichomonas is capable of recovering oral tolerance in mice that were infected with T1L.

5.3.4. Relative gene expression of inflammasome genes in mesenteric
lymph nodes

Figure 104: Relative expression of IL-18 normalized to
GAPDH in the mesenteric lymph nodes measured by
means of qPCR. The statistical significance was tested
using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001.

Figure 105: Relative expression of IL-1 normalized to
GAPDH in the mesenteric lymph nodes measured by
means of qPCR.

It has been previously shown that the protozoa Tritrichomonas musculis is capable of
promoting the expression of the cytokine IL-18 and activate the inflammasome in colonic tissue
(Chudnovskiy et al., 2016; Zhang et al., 2019). Analyzing our garnered data, we observe that
Tritrichomonas muris is not capable of inducing IL-18 in the mesenteric lymph nodes, the
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induction site for oral tolerance. The expression levels are the highest in the PBS control group,
even though there is a big spread within the group. The Tritrichomonas, T1L and T1L + Tritrichomonas groups all show expression at levels approximately one third of the PBS control
group. This can be seen in Figure 104.
Figure 105 shows the relative expression of IL-1, another inflammasome gene. A big
spread in the PBS control and the Tritrichomonas treatment groups are observable, this makes
interpretations difficult. The T1L and T1L + Tritrichomonas group values are grouped closer
together. There is a slight trend towards a lower expression in the T1L + Tritrichomonas group
compared to the T1L group observable. In general, both those groups display expression values that are lower than the ones visible in the PBS and the Tritrichomonas treatment group.
This data suggests that in contrast to Tritrichomonas musculis, Tritrichomonas muris is
not capable of activating the expression of the cytokines IL-18 and IL-1 and is therefore not
capable of activating the inflammasome.
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5.4. Is the differentiation of regulatory T cells by Tritrichomonas muris dependent on the ILC2-IL-25 circuit? Is rIL-25 sufficient to drive differentiation of regulatory T cells?

Figure 106: Experimental Outline and different treatment groups used in section 5.4 (created with Biorender.com)

As mentioned earlier, Tritrichomonas muris has been shown to be able to induce an
ILC2-IL-25 circuit in the small intestine that leads to higher expression for IL-25, widespread
intestinal remodeling and type 2 immune responses. (Nadjsombati et al., 2018; Schneider et
al., 2018) To see if this pathway is involved in the dietary antigen specific regulatory T cell
phenotype we have observed, C57BL/6J wildtype mice were purchased from the Jackson Laboratories and were injected with rIL-25 or PBS every day for six days. This leads to the following two different treatment groups: PBS and rIL-25. The rIL-25 is prepared the way it is
explained in section 4.9. On day five of the injections an OT-II T cell transfer is performed, and
the cells are injected retro-orbitally. One day after the transfer the mice are started on an OVAcontaining diet to induce food allergy. On day twelve of the experiment, the mice are sacrificed.
The experimental outline of this experiment is shown in Figure 106.
Figure 107 shows the observed small intestinal length in centimeter on the last day of
the experiment, 12 days after the intra peritoneal rIL-25 injections were started. The rIL-25
treatment group shows a significant increase in the small intestinal length which is an indicator
that the treatment has been successful. Another way to test if the treatment worked is to look
at the gene expression of both the cytokine Il-25 and its receptor IL-17RB in the jejunum and
colon. In all four of those cases the rIL-25 treatment group shows higher expression levels
than the PBS control group which shows that in fact the treatment worked, rIL-25 activated the
ILC2-IL-25 feedback loop which resulted in ever more IL-25 being produced.
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Figure 107: Small intestinal length
on day 12 after start of the i.p. rIL25 treatment. The statistical significance was tested using a student’s t test. *p < 0.05, **p < 0.01.

Figure 108: Relative expression of
IL-25 normalized to GAPDH in the
jejunum measured by means of
qPCR. The statistical significance
was tested using a student’s t test.
*p < 0.05.

Figure 110: Relative expression of IL-25 normalized to
GAPDH in the colon measured by means of qPCR.
The statistical significance was tested using a student’s
t test. *p < 0.05.

Figure 109: Relative expression of
IL-17RB normalized to GAPDH in
the jejunum measured by means of
qPCR. The statistical significance
was tested using a student’s t test.
*p < 0.05.

Figure 111: Relative expression of IL-17RB normalized
to GAPDH in the colon measured by means of qPCR.
The statistical significance was tested using a student’s
t test. *p < 0.05

5.4.1. Specific response to dietary antigen

Figure 112: Intracellular expression of Foxp3 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell numbers
are shown.
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Analyzing the expression of Foxp3+ regulatory T cells isolated from the transferred OTII cells in the mesenteric lymph nodes of the C57BL/6J host in Figure 112 significant changes
can neither be observed in percentages nor absolute cell numbers. However, the rIL-25 treatment group does display a trend towards less Foxp3 expression compared to the PBS control
group. This trend is still there but less strong in the graph depicting the calculated absolute cell
numbers.
Foxp3+ Gata3+ double positive Tregs depicted in the first part of Figure 113 seem to be
lower expressed in the rIL-25 group. This trend can be seen for both the percentages and
absolute cell numbers. In the case of Foxp3+ IL-10+ double positive regulatory T cells no difference in the expression levels can be observed between the two different treatment groups.
For Foxp3+ RORt+ double positive T regs, shown in the last two graphs in Figure 113, a trend
towards less expression is visible in the rIL-25 treatment group compared to the PBS control
group.

Figure 113: Intracellular expression of Foxp3 and either Gata3, IL-10 or RORt in transferred OT-II+ CD45.1+ CD4+
T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages and
absolute cell numbers are shown.

Figure 114: Expression of Tbet and IFN in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are shown. The
statistical significance was tested using a student’s t test. *p < 0.05.

The antigen-specific Th1 immune response mediated by CD45.1+ CD4+ cells expressing IFN and Tbet can be seen in Figure 114. Tbet expressing cells are more strongly expressed in the rIL-25 treatment group compared to the PBS control group. This can be seen
in both the percentages and the absolute cell numbers. Analyzing the expression of IFN the
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same trend can be seen in percentages. The difference is significant for the absolute cell numbers.
Figure 115 shows the dietary antigen-specific Th2 immune response. For percentages
of Gata3, a slight trend towards less expression in the rIL-25 treatment group can be observed.
For absolute cell numbers this trend is not detectable, however a big variance is observed in
both treatment groups. IL-13 seems to be expressed at the same level in both groups, although
a big variance is observed in both treatment groups for percentages and absolute cell numbers.

Figure 115: Expression of Gata3 and IL-4 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are shown.

The Th17 immune response specifically targeting the dietary antigen is depicted in Figure 116. A trend towards less expression of RORt can be observed by looking at the percentages of Foxp3- RORt+ cells. The same trend can still be seen in the absolute cell numbers,
although it is weaker. IL-17 seems to not be differentially expressed when both groups are
compared to each other.

Figure 116: Expression of RORt and IL-17a in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are shown.

To summarize the findings of this experiments, we conclude that rIL-25 is not sufficient
to promote oral tolerance (pTreg expansion) to dietary antigens in contrast to what we
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observed for Tritrichomonas muris. It appears that rIL25 rather promotes inflammatory responses to dietary antigen due to increased Th1 immune responses. In the next set of experiments we will test the requirement for IL-25 in Tritrichomonas muris mediated oral tolerance.

5.4.2. Host response

Figure 117: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+
host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative density plots,
absolute cell numbers and percentages are shown.

Figure 117 shows the percentages and absolute cell numbers of Foxp3+ regulatory T
cells in CD45.1- CD4+ host cells isolated from the mesenteric lymph nodes. Both the PBS
control group and the rIL-25 treatment group show expression levels of between 1 and 1.5%
and between 5.000 and 10.000 cells. There is no differential expression observable.
Figure 118 shows the percentages and absolute cell numbers of Foxp3+ Gata3+,
Foxp3+ IL-10+ and Foxp3+ RORt+ regulatory T cell subsets. In all three cases, the rIL-25 treatment group displays either a significant reduction or a trend towards less expression of the
specific regulatory T cell subset in both percentages and absolute cell numbers.

Figure 118: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+
host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages and
absolute cell numbers are shown.

The expression of Tbet and IFN in CD4+ as well as CD8+ host T cells isolated from
mesenteric lymph nodes can be seen in Figure 119. A big spread in all groups in all markers
are observed, which makes interpretation difficult. Especially in the case of absolute cell numbers, in the case of Tbet and IFN expression in CD8+ cells, two samples show low numbers.
Those are in fact samples where compared to other members of the treatment group, around
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half the amount of cells could be isolated from mesenteric lymph nodes. Still, no trends can be
observed.

Figure 119: Expression of Tbet and IFN in in CD45.1- CD4+ host T cells and of IFN in CD45.1- CD8+ host T cells
in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative absolute cell numbers and
percentages are shown.

Looking at the percentages of Gata3 and IL-13 in Figure 120 a trend towards less expression in the rIL-25 group can be seen. This trend is not reproduced in the absolute cell
numbers. Here it seems as if there is no expressional difference between the two groups.

Figure 120: Expression of Gata3 and IL-13 in CD45.1- CD4+ host T cells in the mesenteric lymph nodes evaluated
by means of flow cytometry. Representative absolute cell numbers and percentages are shown.

There seems to be a trend towards less expression of RORt in mice from the rIL25
treatment group compared to the PBS control group. Looking at IL-17, a slight trend towards
more expression can be observed in the rIL.25 treatment group.

Figure 121: Expression of RORt and IL-17 in CD45.1- CD4+ host T cells in the mesenteric lymph nodes evaluated
by means of flow cytometry. Representative absolute cell numbers percentages are shown.
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Figure 122: The surface expression
of SiglecF in CD45+ LIN- (CD19-,
CD3-, TER119-) cells in the mesenteric lymph nodes evaluated by flow
cytometry. Representative percentages are shown.

Figure 123: The surface expression
of Gr1 in CD45+ LIN- (CD19-, CD3-,
TER119-) cells in the mesenteric
lymph nodes evaluated by flow cytometry. Representative percentages and absolute cell numbers.

Figure 124: The abundance of
CD45+ LIN- CD11b+ F4/80+ in the
mesenteric lymph nodes evaluated
by flow cytometry. Representative
percentages are shown.

Eosinophils, shown in Figure 122, seem to be more expressed in the rIL-25 treatment
group than the PBS control group. No such difference can be observed in the neutrophils,
Figure 123, or macrophages, Figure 124. The different dendritic cell subsets are shown in
Figure 125. No different expression patterns can be observed.

Figure 125: The abundance of different dendritic cell subsets in CD45 + LIN- MHC-II+ CD11c+ host cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown.

To summarize this set of data, similar to as mentioned in the previous section, treatment
with rIL-25 seems to lead to a slightly increased Th1 immune response. Markers characteristic
for Th2 immune responses however seem to not be affected as strongly as expected.
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5.5. Is the increased regulatory T cell response mediated by Tritrichomonas
muris dependent on the ILC2-IL-25 circuit? Test the requirement for the
ILC2-IL-25 circuit in Tritrichomonas muris mediated oral tolerance.

Figure 126: Experimental Outline and different treatment groups used in section 5.5 (created with Biorender.com)

The previously mentioned experiment where mice were treated with rIL-25 has shown
that IL-25 is not sufficient to induce the regulatory T cell promoting phenotype we have seen
in mice colonized with Tritrichomonas muris. However, the ILC2-IL25 innate immune pathway
in the small intestine might still be involved and required. To test this hypothesis, IL17RB
knockout mice on a C57BL/J6 background, that lack the receptor for IL.25, were purchased
from Genentech and grown in the animal facility of the University of Pittsburgh, School of Medicine and were either gavaged with isolated Tritrichomonas muris or PBS. Twelve days after
the colonization they were either gavaged with 109 PFU of T1L or PBS and started on ovalbumin containing diet, leading to the following four different treatment groups: PBS control, Tritrichomonas, T1L and T1L + Tritrichomonas. Six days afterwards the mice are sacrificed. All
the graphs in this section contain data from one experiment. For this experiment only a small
cohort of mice could be used. The experimental outline can be seen in Figure 126.
To see if the colonization with Tritrichomonas muris was successful qPCR on cecum
samples of mice is performed as described in section 4.8.1. The results of this analysis can be
seen in Figure 127. The figure depicts the relative abundance of Tritrichomonas muris 19 days
after colonization. The expression of T. muris 28s rRNA relative to the expression of the host
gene IFN is shown on a logarithmic scale. There is no colonization with Tritrichomonas in the
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PBS and the T1L group. The Tritrichomonas and T1L + Tritrichomonas group however show
a colonization with the protozoa, all around the same level. The small intestinal length visible
in Figure 128 shows a significant increase in the intestinal length between the PBS control
group and all other three treatment groups.

Figure 127: Relative abundance of Tritrichomonas muris

Figure 128: Small intestinal length on day 19 after
colonization with Tritrichomonas muris

5.5.1. Specific response to dietary antigen

Figure 129: A: Intracellular expression of Foxp3 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance
was tested using a One-Way ANOVA. *p < 0.05. B: Intracellular expression of Foxp3 and either Gata3, IL-10 or
RORt in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph nodes evaluated by means of flow
cytometry. Representative percentages are shown.

Figure 129 displays the abundance in percentages of regulatory T cells (A) and the
three different regulatory T cell subsets that are Foxp3 and either Gata3, IL-10 or RORt double
positive (B). There is a significant increase of regulatory T cells in the T1L treatment group
compared to the PBS control group and all other treatment groups. Both Trichomonas and T1L
+ Tritrichomonas show Treg percentages are at the same level as the PBS control. Looking at
the different Treg subsets in part B of the figure a trend towards less Tregs in the T1L +
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Tritrichomonas treatment group can be seen. For Foxp3 IL-10 double positive Tregs, there
also seems to be slight trend towards more expression in the T1L treatment group.

Figure 130: Expression of Tbet and IFN in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 130 depicts the Th1 immune response specific to the dietary antigen in the mesenteric lymph nodes. The two groups T1L and T1L + Tritrichomonas display a big spread within
themselves regarding the expression of Tbet. Nevertheless, a trend towards more expression
of this surface protein can be seen in those two groups, compared to both the PBS and the
Tritrichomonas treatment group. The Tritrichomonas group also displays an increased expression of Tbet compared to the PBS control group. Looking at the expression of IFN in transferred OT-II+ CD45.1+ CD4+ cells the Tritrichomonas, T1L and T1L + Tritrichomonas treatment
group show a significant increase compared to the PBS control group. This difference is especially strong for the T1L and the T1L + Tritrichomonas treatment groups which display values
that are nearly three times the size than those observed in the PBS control group. Although
not significant, there is also a trend towards more expression of IFN in the T1L + Tritrichomonas group compared to mice in the T1L group.
Figure 131 shows the Th2 immune response to the dietary antigen ovalbumin in the
transferred OT-II+ CD45.1+ CD4+ cells in the mesenteric lymph nodes. The expression of Gata3
is decreased when comparing the three different groups with the PBS control group. T1L
seems to express it less than the Tritrichomonas group and the T1L + Tritrichomonas group
displays even lower values than the T1L group. In the case of IL-4 expression, the trend seems
to be the opposite, even though there is a big spread within the group, the T1L + Tritrichomonas group displays the highest levels of IL-4 expression.
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Figure 131: Expression of Gata3 and IL-4 in transferred
OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 132: Expression of RORt and IL-17a in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry.
Representative percentages are shown. The statistical
significance was tested using a One-Way ANOVA. *p
< 0.05.

Figure 132 displays the Th17 immune response in the transferred OT-II cells within the
mesenteric lymph nodes. The Tritrichomonas group shows a big spread regarding the expression of RORt. Still, the two groups T1L and T1L + Tritrichomonas show a trend towards less
expression of the surface protein. The same trend can be seen when looking at the expression
of IL-17. The values steadily decrease going from the PBS control group as the highest to the
T1L + Tritrichomonas treatment group as the lowest expression.

Figure 133: Expression of both CXCR5 and PD1 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance
was tested using a One-Way ANOVA. *p < 0.05.

Figure 133 depicts the expression of T follicular helper cells in the transferred OT-II
cells within the mesenteric lymph nodes. The Tritrichomonas treatment group displays a large
increase compared to the PBS control group. The T1L and the T1L + Tritrichomonas treatment
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group seem to not express T follicular helper cells at all. The levels are close to zero in both
cases.
To summarize the findings of this preliminary experiment, we conclude that IL-25 signaling is required for Tritrichomonas muris mediated pTreg expansion. Surprisingly in stark
contrast to what we observe in WT mice, T1L induced the proliferation of OVA-specific Tregs.
In contrast, T1L also induced OVA-specific inflammatory Th1 immune responses similar to
what we observed in WT mice. However, in IL17RB KO mice Tritrichomonas muris was not
capable to suppress the T1L mediated pro-inflammatory Th1 response to dietary antigen.
Though, it seems that IL-25 signaling is required but not sufficient to promote Tritrichomonas
muris mediated oral tolerance. These experiments need to be repeated with proper littermate
controls.

5.5.2. Host response

Figure 134: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+
host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are
shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.

Figure 134 shows the abundance of Foxp3 expressing regulatory T cells in the host
cells isolated from the mesenteric lymph nodes that are CD45.1- CD4+. Foxp3 positive regulatory T cells are significantly stronger expressed in the Tritrichomonas group compared to the
PBS control group. Both the T1L and the T1L + Tritrichomonas treatment group show a statistically significantly lower expression compared to both the PBS control group and the Tritrichomonas treatment group. The same trend can be seen in all three different regulatory T cell
subsets. The Tritrichomonas group always displays the highest values, while the T1L and the
T1L + Tritrichomonas treatment groups show very low abundance of those kinds of cells.
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Figure 135: Expression of Tbet and IFN in in CD45.1- CD4+ host T cells and of IFN in CD45.1- CD8+ host T cells
in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown. The
statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Looking at the general Th1 immune response in the mesenteric lymph nodes of the
wildtype host depicted in Figure 135 a clear significant increase in the expression of Tbet can
be seen comparing the T1L and the T1L + Tritrichomonas treatment groups to the PBS control
group. The Trichomonas group also shows an increase in expression levels compared to the
PBS group, although much lower than the other two groups. A similar trend can be seen in
IFN expressed by CD4+ cells. Here the Tritrichomonas group shows the highest overall values. Nevertheless, Tritrichomonas, T1L and T1L + Tritrichomonas are all significantly higher
expressed compared to the PBS control group. This is not the case in CD8+ cells. Here only
the Tritrichomonas group shows a slight trend towards more IFN expression, T1L and T1L +
Tritrichomonas do not differ much from the PBS control group.
Figure 136 depicts the general Th2 immune response within the CD45.1- CD4+ host
cells in the mesenteric lymph nodes of the host. The T1L and the T1l + Tritrichomonas groups
show a significantly decreased expression of Gata3 compared to both the Tritrichomonas and
the PBS control group. The Tritrichomonas treatment group itself shows significantly less expression of the surface protein than the PBS control group. In the case of IL-4 expression, the
Tritrichomonas group shows a significant increase in expression to the PBS control group.
There is a relatively big spread within the T1L group, still it also displays a trend towards more
expression than the PBS control group. The same is true for the T1L + Tritrichomonas group.
In both cases, the expression levels are lower than the ones in the Tritrichomonas group and
for the T1L + Tritrichomonas group they are even lower than the ones for the T1L group and
just slightly higher than in the PBS control group.
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Figure 136: Expression of Gata3 and IL-4 in CD45.1CD4+ host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

Figure 137: Expression of RORt and IL-17 in CD45.1CD4+ host T cells in the Peyer’s patches evaluated by
means of flow cytometry. Representative percentages
are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001.

The general Th17 immune response in the IL17RB host can be seen in Figure 137.
The Tritrichomonas group displays a significantly increased expression of RORt compared to
the PBS control group. Both the T1L and the T1L + Tritrichomonas group on the other hand
express significantly less RORt than the PBS control group. The same trend can also be seen
in the expression levels of IL-17.

Figure 138: Expression of both CXCR5 and PD1 in
CD45.1- CD4+ host T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 139: The abundance of CD45+ LIN- CD11b+
F4/80+ in the mesenteric lymph nodes evaluated by
flow cytometry. Representative percentages are
shown.

Figure 138 displays the expression of T follicular helper cells in CD45+ CD4+ cells of
the mesenteric lymph nodes of the host. Similar to both the Th2 and the Th17 immune responses, TFH cells are also significantly increased in the Tritrichomonas treatment group while
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the two others, T1L and T1l + Tritrichomonas, display significantly reduced levels of expression.
The expression of macrophages can be seen in Figure 139. Similar to before, the Tritrichomonas group displays the highest levels of expression out of all different treatment
groups. The T1L group shows a big spread within, still a trend towards more expression compared to the PBS control group can be detected. The T1L + Tritrichomonas group on the other
hand displays approximately the same expression levels as the PBS control group.
Eosinophils, characterized by the expression of SiglecF are significantly higher expressed in the Tritrichomonas group, compared to all others. The T1L and T1L + Tritrichomonas group show a trend towards less expression than the PBS control group. This can be seen
in Figure 140.

Figure 140: The surface expression of SiglecF in
CD45+ LIN- (CD19-, CD3-, TER119-) cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p <
0.05, **p < 0.01, ***p < 0.001.

Figure 141: The surface expression of Ly-6G in CD45+
LIN- (CD19-, CD3-, TER119-) cells in the mesenteric
lymph nodes evaluated by flow cytometry. Representative percentages and absolute cell numbers. The statistical significance was tested using a One-Way
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.

Neutrophils are displayed in Figure 141. The Tritrichomonas group shows a significant
increase compared to the PBS control group. Both the T1L and T1L + Tritrichomonas group
show instead a very strong and statistically significant decrease in expression of CD45+ LinCD11b+ Ly-6G+ cells in the mesenteric lymph nodes.
Figure 142 shows the abundance in percentages of three different subgroups of dendritic cells in the mesenteric lymph nodes. Within the CD103- CD11b+ subset one can see that
the Tritrichomonas treatment group displays a slightly lower level of expression than the PBS
control group. The T1L and T1L + Tritrichomonas groups on the other hand show an increased
level of expression. The CD103+ CD11b+ subset shows big spreads within all different treatment groups. The Tritrichomonas group looks to express this subset at the lowest level. In the
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CD103+ CD11b- subset on the other hand the Tritrichomonas group shows the highest levels
of expression. Here the T1L and T1L + Tritrichomonas group are again expressing the dendritic
cell subtype at a lower level compared to the PBS control group.

Figure 142: The abundance of different dendritic cell subsets in CD45 + LIN- MHC-II+ CD11c+ host cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown.

To summarize, the host response in the T1L and T1L + Tritrichomonas group differs
greatly from the PBS control and Tritrichomonas treatment groups. Less regulatory T cells are
present as well as less characteristic markers for Th2 immune responses and Th17 immune
responses as well as T follicular helper cells, macrophages, eosinophils and neutrophils in the
T1L and T1L + Tritrichomonas treatment groups. The Th1 immune responses are high in both
T1L and T1L + Tritrichomonas treatment groups.
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5.6. Is the increased of regulatory T cell response by Tritrichomonas muris
dependent on the ILC2-IL-25 circuit? Is succinate sufficient to promote
oral tolerance in C57BL/6J mice?

Figure 143: Experimental Outline and different treatment groups used in section 5.6 (created with Biorender.com)

Succinate is a metabolic substrate produced by Tritrichomonas muris in the small intestine. Nadjsombati et al. (2018,2019) have shown that it alone is sufficient to activate the
ILC2-IL-25 circuit which leads to intestinal remodeling, more goblet and tuft cells and a lengthening of the small intestine. In this experiment we want to test if succinate alone is sufficient to
promote oral tolerance and protect from T1L mediated loss of oral tolerance as well.
Therefore, C57BL/6J wildtype mice were bought from the Jackson Laboratories and
given either water or water containing 150mM of succinate for the duration of the experiment.
On day 13, one day after the OT-II transfer, mice are started on OVA-containing diet and either
gavaged and infected with T1L or gavaged with PBS. This leads to the following four different
treatment groups: H2O, Succinate, T1L and T1L + Succinate. On day 19 of the experiment, the
mice are sacrificed. The experimental outline of this experiment is shown in Figure 143.
Figure 144 shows the length of the small intestine across all four treatment groups. The
results show, that succinate treated mice had on average a slightly longer small intestine than
control mice. This is also the case in succinate mice that were infected with T1L. The lengthening of the small intestine is expected because succinate has been shown to activate the
ILC2s-IL-25 pathway. Tuft cells, characterized by their expression of Dclk1, seem to be more
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highly expressed in the succinate treatment group. Due to the low sample numbers in Figure
145 however, this is not certain.

Figure 144: Small intestinal length on day 19 after start
with succinate containing drinking water

Figure 145: Relative expression of Dclk1 normalized to
GAPDH in the jejunum measured by means of qPCR.

Additionally, a succinate-dependent increase in the expression of IL-13 from innate
lymphoid cells is expected. That does not include IL-13 produced by host T cells, which are
shown in Figure 147. (Nadjsombati et al., 2019, 2018) Figure 146 shows the percentage of
Gata3 expressing host T cells isolated from the small intestine. There is a clear increase visible
when comparing both the succinate group to the water control as well as the T1L + succinate
group to the T1L treatment group, indicating that treatment with succinate does lead to a Th2
immune response.

Figure 146: Expression of Gata3 CD45.1- CD4+ host T
cells in the mesenteric lymph nodes evaluated by means
of flow cytometry. Representative percentages are
shown. The statistical significance was tested using a
One-Way ANOVA. *p < 0.05, **p < 0.01.

Figure 147: Expression of Gata3 CD45.1- CD4+ host
T cells in the mesenteric lymph nodes evaluated by
means of flow cytometry. Representative percentages are shown. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05.

135

Results

5.6.1. Specific response to dietary antigen
The dietary antigen-specific regulatory T cells isolated from the mesenteric lymph
nodes are depicted in Figure 148. The percentages do not show either a statistically different
or even a trend indicating a changed differentiation of regulatory T cells.

Figure 148: Intracellular expression of Foxp3 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell numbers
are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 149: Intracellular expression of Foxp3 and either Gata3, IL-10 or RORt in transferred OT-II+ CD45.1+ CD4+
T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages and
absolute cell numbers are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p
< 0.01.

Analyzing regulatory T cell subsets shows that all the three different treatment groups
display a decreased expression of Foxp3+ Gata3+, Foxp3+ IL-10+ and Foxp3+ RORt+
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regulatory T cells compared to the water control group, Figure 149. The percentages of the
Treg subgroups from the succinate treatment do display a large spread within so interpretation
is difficult. Figure 150 shows the downregulation of cell percentages in all different regulatory
T cell subsets isolated from the Peyer’s patches. This is the same as shown in the mesenteric
lymph nodes.

Figure 150: Intracellular expression of Foxp3 and either Gata3, IL-10 or RORt in transferred OT-II+ CD45.1+ CD4+
T cells in the Peyer’s patches evaluated by means of flow cytometry. Representative percentages and absolute cell
numbers are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.

Figure 151: Expression of Tbet and IFN in transferred
OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are
shown. The statistical significance was tested using a
student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.

Figure 152: Expression of Tbet and IFN in transferred
OT-II+ CD45.1+ CD4+ T cells in the Peyer’s patches
evaluated by means of flow cytometry. Representative
percentages and absolute cell numbers are shown.
The statistical significance was tested using a student’s
t test. *p < 0.05.

The Th1 immune response in the mesenteric lymph nodes is shown in Figure 151. Both
the T1L and the T1L + succinate group show higher expression of Tbet+ and IFN expressing
CD45.1+ CD4+ T cells compared to both the water control and the succinate treatment group.
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The same trends can be seen in Figure 152 which shows the Th1 immune response in cells
isolated from the Peyer’s patches.
Figure 153 shows the Th2 immune response in the mesenteric lymph nodes. The succinate group displays a very big spread which makes interpretations difficult. Nevertheless, the
T1L and T1L + succinate group show a clear downregulation of Gata3+ cells compared to the
water control. They also do not show a lot of IL-13 production. The same trends can be seen
in the Peyer’s patches, Figure 154. The higher expression of Gata3+ CD4+ T cells in the succinate group is clearer, although the sample number is reduced.

Figure 153: Expression of Gata3 and IL-13 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry.
Representative percentages are shown. The statistical
significance was tested using a One-Way ANOVA. *p
< 0.05.

Figure 154: Expression of Gata3 and IL-13 in transferred OT-II+ CD45.1+ CD4+ T cells in the Peyer’s
patches evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05,
**p < 0.01.

The in Figure 155 shown Th17 immune response in the mesenteric lymph nodes shows
a large spread in RORt+ cells is visible. No clear trend is distinguishable, but it seems like
there is no differential expression observable. In the case of IL-17 all treatment groups show a
trend towards a lower expression compared to the water control. The Peyer’s patches show a
sharp decline of RORt+ CD4+ T cells in the T1L + succinate group. The trend in IL-17 expressing CD4+ T cells is the same as in the mesenteric lymph nodes.
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Figure 155: Expression of RORt and IL-17 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry.
Representative percentages and absolute cell numbers are shown. The statistical significance was tested
using a student’s t test. *p < 0.05.

Figure 156: Expression of RORt and IL-17 in transferred OT-II+ CD45.1+ CD4+ T cells in the Peyer’s
patches evaluated by means of flow cytometry. Representative percentages and absolute cell numbers are
shown. The statistical significance was tested using a
student’s t test. *p < 0.05

To summarize this data, succinate is not sufficient to promote differentiation of regulatory T cells in contrast to Tritrichomonas muris. Additionally, succinate is not sufficient to recover the T1L induced loss of oral tolerance in contrast to Tritrichomonas muris. Therefore, we
conclude that Tritrichomonas muris promotes oral tolerance and protects from virus-mediated
loss of oral tolerance independent of succinate.

5.6.2. Host response

Figure 157: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+
host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are
shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, **p < 0.01.

The host response also shows no difference in the percentages of regulatory T cells
between the treatment groups, Figure 157. Foxp3+ IL-10+ Tregs seem to be higher expressed
in mice that were infected with the virus while the succinate treatment leads to more expression
of Foxp3+ Gata3+ and Foxp3+ RORt+ double positive Tregs. Analyzing the Th1 immune
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response taking place in the host, and depicted in Figure 159, shows that all mice infected with
T1L have an increased expression of Tbet and IFN in both CD4+ and CD8+ T cells. The same
trends can be seen in Figure 158 showing the intracellular expression in the Peyer’s patches.

Figure 158: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+
host T cells in the Peyer’s patches evaluated by means of flow cytometry. Representative percentages are shown.
The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, **p < 0.01.

Figure 159: Expression of Tbet and IFN in CD45.1- CD4+ host T cells and of IFN in CD45.1- CD8+ host T cells in
the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown. The
statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.01.

Host Th1 immune response in the mesenteric lymph nodes is shown in Figure 161. The
expression of RORt in the mesenteric lymph nodes does not seem to differ much across all
four groups. IL-17 however, shows a trend towards less expression in the succinate, T1L and
T1L + succinate treatment groups compared to the water control. The same trends of more
Tbet+ and IFN producing CD4+ and CD8+ T cells can also be seen in the Peyer’s patches,
Figure 160.
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Figure 160: Expression of Tbet and IFN in CD45.1- CD4+ host T cells and of IFN in CD45.1- CD8+ host T cells in
the Peyer’s patches evaluated by means of flow cytometry. Representative percentages are shown. The statistical
significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 161: Expression of RORt and IL-17 in CD45.1CD4+ host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative
percentages are shown. The statistical significance
was tested using a One-Way ANOVA. *p < 0.05.

Figure 162: Expression of RORt and IL-17 in CD45.1CD4+ host T cells in Peyer’s patches evaluated by
means of flow cytometry. Representative percentages
are shown. The statistical significance was tested using
a One-Way ANOVA. *p < 0.05, **p < 0.01.

The host Th17 immune response in the mesenteric lymph nodes is depicted in Figure
161. The percentages of RORt+ CD4+ T cells does not differ between the different treatment
groups. IL-17 expressing CD4+ T cells show a downregulation in the succinate, T1L and T1L
+ succinate treatment groups. The same trends can be observed also in the Peyer’s patches
in Figure 162.
Eosinophils in the mesenteric lymph nodes, Figure 163, are decreased in the T1L and
the T1L + succinate treatment group compared to both the succinate and the water control.
There does not seem to be a difference in expression between the succinate treatment group
and water. In the Peyer’s patches, Figure 164, the same trend can be observed. Although, due
to the low sample numbers, the trend towards more eosinophils in the succinate group cannot
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be secured. The amount of neutrophils isolated from the mesenteric lymph nodes, Figure 165,
is increased in the succinate treatment group compared to the water control. All mice infected
with the reovirus T1L however show nearly no expression of neutrophils. In the Peyer’s
patches, Figure 166, the succinate group does not show an increased expression of neutrophils, rather all three treatment groups show a trend towards less neutrophil expression compared to the water control group.

Figure 163: The surface expression of SiglecF in
CD45+ LIN- (CD19-, CD3-, TER119-) cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p <
0.05, **p < 0.01.

Figure 164: The surface expression of SiglecF in
CD45+ LIN- (CD19-, CD3-, TER119-) cells in the
Peyer’s patches evaluated by flow cytometry. Representative percentages are shown.

Figure 165: The surface expression of Ly-6G in CD45+
LIN- (CD19-, CD3-, TER119-) cells in the mesenteric
lymph nodes evaluated by flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 166: The surface expression of Ly-6G in CD45+
LIN- (CD19-, CD3-, TER119-) cells in the Peyer’s
patches evaluated by flow cytometry. Representative
percentages are shown. The statistical significance
was tested using a One-Way ANOVA. *p < 0.05, **p <
0.01.
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Figure 167: The abundance of CD45+ LIN- CD11b+
F4/80+ in the mesenteric lymph nodes evaluated by
flow cytometry. Representative percentages are
shown.

Figure 168: The abundance of CD45+ LIN- CD11b+
F4/80+ in the Peyer’s patches evaluated by flow cytometry. Representative percentages are shown.

Macrophages isolated from the mesenteric lymph nodes, Figure 167, or Peyer’s
patches, Figure 168, do not seem to be differentially expressed between the different treatment
groups.
The dendritic cell subsets isolated from the mesenteric lymph nodes, Figure 169, do
show differential expression across the treatment groups. The CD103+ CD11b+ subset is less
strongly expressed in mice infected with the reovirus T1L, the same is true for the CD103 +
CD11b- subset. In this subset, the succinate group also shows a trend towards a higher expression compared to the water control. In the Peyer’s patches, Figure 170, the only subset
that does show different expression patters are the CD103+ CD11b+ dendritic cells. They are
higher expressed in the mice infected with reovirus.

Figure 169: The abundance of different dendritic cell subsets in CD45 + LIN- MHC-II+ CD11c+ host cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.
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Figure 170: The abundance of different dendritic cell subsets in CD45+ LIN- MHC-II+ CD11c+ host cells in the Peyer’s
patches evaluated by flow cytometry. Representative percentages are shown. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05, **p < 0.01.
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5.7. Is the promotion of regulatory T cells by Tritrichomonas muris dependent
on increased intestinal permeability?
Celiac disease and other diseases characterized by a loss of oral tolerance often show
an increased permeability in the epithelium of the intestine, something that is often referred to
as a leaky gut. The heightened intestinal permeability might make it easier for food antigens
to cross the epithelial barrier, reach the lamina propria and be presented on antigen presenting
dendritic cells in higher numbers. This might lead to higher chances of an inflammatory Th1 or
Th2 immune response towards the dietary antigen. Twelve days after gavage and colonization
with Tritrichomonas muris, mice were sacrificed to establish the intestinal state in such mice
at the time point of OT-II cell transfer in a T cell conversion assay. Figure 171 shows the quantitative PCR analysis of cecum contents collected from those mice that were used to test for
the presence of Tritrichomonas muris. As can be seen here, the colonization was successful.
Figure 172 shows the results for the performed FITC dextran assay as explained in section
4.7.1. As can be seen here, the Tritrichomonas treatment group displays a higher intestinal
permeability as more of the orally gavaged FITC dextran could be found in the blood.

Figure 171: Relative abundance of Tritrichomonas muris

Figure 172: Intestinal permeability compared within the
PBS control and the Tritrichomonas muris treatment
group determined with a FITC dextran assay. The statistical significance was tested using a student’s t test.
*p < 0.05.

Additionally, quantitative PCR was performed on tissue samples taken from both the
jejunum and colon twelve days after Tritrichomonas muris colonization to assess the gene
expression of two tight junction genes occludin (Ocldn) and zonulin-1 (ZO-1) and the high molecular protein of desmosomes (DSP) normalized to the house-keeping gene GAPDH. All three
of those genes are indicators for intestinal permeability, if they are less expressed, the gut
leaks more. The results for the jejunum can be seen in Figure 173, those for the colon in Figure
174. In both cases no statistically significant differences in gene expression can be observed.
Still, trends towards less expression of the tight junction genes can be observed.
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Figure 173: Relative expression of Zo-1, DSP and Ocldn normalized to GAPDH in the jejunum measured by means
of qPCR twelve days after Tritrichomonas muris colonization.

Figure 174: Relative expression of Zo-1, DSP and Ocldn normalized to GAPDH in the colon measured by means
of qPCR twelve days after Tritrichomonas muris colonization.

Figure 175: Relative expression of Zo-1, DSP and Ocldn normalized to GAPDH in the jejunum measured by means
of qPCR nineteen days after Tritrichomonas muris colonization.

146

Results

Figure 176: Relative expression of Zo-1, DSP and Ocldn normalized to GAPDH in the colon measured by means
of qPCR nineteen days after Tritrichomonas muris colonization. The statistical significance was tested using a student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.

These two figures show the same set of data derived from qPCR 19 days after Tritrichomonas muris colonization. The jejunum can be seen in Figure 175. None of the genes are
significantly differently expressed, but in all three cases there is a trend towards less expression in the Tritrichomonas treatment group. Figure 176 shows the relative expression of tight
junction genes normalized to the house-keeping gene GAPDH in a tissue piece of the colon.
In the colon all three tight junction genes are significantly downregulated in the Tritrichomonas
treatment group, with the strongest one observed in zonulin-1.
Increased expression of IL-25 in the small intestine has been shown to lead to reorganization of the small intestine and is capable of skewing cell differentiation in the intestinal epithelium towards goblet and tuft cells (Nadjsombati et al., 2018). To see if IL-25 has an effect
on intestinal permeability, qPCR was performed on jejunum and colon samples after repeated
rIL-25 treatment that is explained in section 5.4. The relative expression of zonulin-1, occluding
and the high molecular protein of desmosomes (DSP) in the jejunum, Figure 177, seems to be
slightly changed between the PBS control group and the rIL-25 treatment group. In the case
of Zo-1 and Ocldn in the rIL-25 treatment group a trend towards more expression can be seen.
The opposite is visible in the case of DSP where the rIL-25 treatment group shows slightly
lower expression. Analyzing the gene expression of the same genes in the colon, Figure 178,
similar trends can be observed. Zo-1 and Ocldn seem to be higher expressed upon rIL.25
treatment, while the expression data for DSP shows a big spread. In the case of IL-25 and IL17RB, the expression is again highest in the rIL-25 treatment group.
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Figure 177: Relative expression of Zo-1, DSP and Ocldn normalized to GAPDH in the jejunum measured by means
of qPCR after rIL-25 treatment.

Figure 178: Relative expression of Zo-1, DSP and Ocldn normalized to GAPDH in the colon measured by means
of qPCR after rIL-25 treatment.

Figure 179: Relative expression of Zo-1, DSP and Ocldn normalized to GAPDH in the jejunum measured by means
of qPCR after succinate treatment.

Figure 179 shows the expression of tight junction genes in the jejunum of mice that
were put on succinate containing drinking water for 19 days, compared to a control group that
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received normal water. The results show that the gene expression is not changed between
those two groups, even though they do present a big spread within.
To summarize this data, colonization with Tritrichomonas muris does seem to lead to a
downregulation of tight junction genes and to increased intestinal permeability. This effect
might play a part in establishing the observed phenotype where Tritrichomonas muris can promote regulatory T cells against dietary antigen that facilitate oral tolerance. This hypothesis is
strengthened by the fact that neither IL-25 nor succinate treatment, which are not sufficient to
induce Treg differentiation, reduce intestinal permeability.
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5.8. Is the promotion of regulatory T cells by Tritrichomonas muris dependent
on increased secretion of retinoic acid by dendritic cells?
As mentioned in 4.7.6, the RALDH activity is a measurement for the expression of retinoic acid, a derivate from vitamin A that is known to be able to induce a promotion of regulatory
T cells (Pabst & Mowat, 2012). Retinoic acid is mainly produced by dendritic cells, within those
the main producers are CD103+ dendritic cells. To test if the observed promotion of regulatory
T cells in mice colonized with Tritrichomonas muris is due to an increase in retinoic acid production, the following data is acquired. The Aldefluor assay described in section 4.7.6 as well
as quantitative PCR looking for the genes expression of Aldh1a2 normalized to the expression
of the house-keeping gene GAPDH can be used to measure RALDH activity.

5.8.1. Aldefluor assay

Figure 180: Expression of RALDH
in the dendritic cell subset CD103+
CD11b- in the mesenteric lymph
nodes. The geometric mean is
shown. The statistical significance
was tested using a One-Way
ANOVA. *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001.

Figure 181: Expression of RALDH in
the dendritic cell subset CD103+
CD11b+ in the mesenteric lymph
nodes. The geometric mean is shown

Figure 182: Expression of
RALDH in the dendritic cell subset CD103+ CD11b- CD8+ in the
mesenteric lymph nodes. The geometric mean is shown.

Figure 180 to Figure 182 shows the expression of RALDH in three different CD103+
dendritic cell subsets measured by the Aldefluor assay. In the CD103+ CD11b- DC subset
(Figure 180) a significant downregulation of RALDH can be seen comparing the PBS control
group to all other treatment groups. There is no difference visible between the Tritrichomonas,
T1L and T1L + Tritrichomonas groups. In the second depicted subset, CD103+ CD11b+ (Figure
181), no significantly differential expression of RALDH can be seen across the different groups.
The Tritrichomonas and T1L + Tritrichomonas groups show slightly lower values than the other
two groups but this difference is negligible. Figure 182 shows he last dendritic cell subset,
CD103+ CD11b- CD8+. Similar to the previous figure no statistical difference can be observed
but Tritrichomonas and T1L + Tritrichomonas seem to be expressed at a slightly lower level.
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5.8.2. Aldh1a2 gene expression

Figure 183: Relative expression of
Aldh1a2 normalized to GAPDH in the
mesenteric lymph nodes measured by
means of qPCR nineteen days after
Tritrichomonas muris colonization.

Figure 184: Relative expression of
Aldh1a2 normalized to GAPDH in
the mesenteric lymph nodes measured by means of qPCR nineteen
days after Tritrichomonas muris colonization. The statistical significance
was tested using a One-Way
ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001.

Figure 185: Relative expression of Aldh1a2 normalized to
GAPDH in the mesenteric
lymph nodes measured by
means of qPCR fourteen days
after Tritrichomonas muris colonization.. The statistical significance was tested using a OneWay ANOVA. *p < 0.05, **p <
0.01.

These three figures, from Figure 183 to Figure 185, depict the gene expression of
Aldh1a2, the gene encoding for RALDH2, in the mesenteric lymph nodes relative to the gene
expression of the house-keeping gene GAPDH measured via quantitative PCR at different
time points after Tritrichomonas muris colonization. This data has been pooled from different
experiments. Both Figure 183 and Figure 185 show gene expression nineteen days after Tritrichomonas muris gavage. The Tritrichomonas group shows a trend towards less expression
than the PBS control. The same is also true for both the T1L and the T1L + Tritrichomonas
treatment groups where the difference is statistically significant. Figure 185 depicts the gene
expression fourteen days after Tritrichomonas muris colonization and just 48 hours after T1L
infection. Similar to the already described data, the three different groups show less expression
of retinoic acid than the PBS control group.
Taken together the data from the Aldefluor assay as well as the different quantitative
PCR measuring the gene expression level of Aldh1a2 show, that neither the Tritrichomonas,
nor the T1L + Tritrichomonas treatment group display an increased expression of retinoic acid
in the mesenteric lymph nodes. This leads us to belief that the observed promotion of dietary
antigen specific regulatory T cells in mice colonized with Tritrichomonas muris is not dependent
on increased levels of retinoic acid produced by dendritic cells
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5.9. Can Tritrichomonas muris colonization promote regulatory T cell production and protect from viral induced loss of oral tolerance in BALB/c mice?
To answer this question the same experimental setup as already explained in section
5.2 is repeated in BALB/c mice bought from the Jackson Laboratories. The experimental outline can be seen in Figure 186.

Figure 186: Experimental Outline and different treatment groups used in section 5.9 (created with Biorender.com)

The mice are colonized with Tritrichomonas muris or are gavaged with PBS. On day
12 they are retro-orbitally injected with isolated DO11.10 mice, as explained in section 4.4.3.
The next day they were put on ovalbumin containing diet and gavaged with either 109 PFU of
T1L or PBS. This leads to the following four different treatment groups: PBS control, Tritrichomonas, T1L and T1L + Tritrichomonas. Six days afterwards the mice are sacrificed. To see
if the colonization with Tritrichomonas muris was successful, qPCR on cecum samples of mice
is performed. The results of this analysis can be seen in Figure 187. The figure contains data
from one experiment and depicts the relative abundance of Tritrichomonas muris, according
to the expression of the T. muris gene 28s normalized to IFN, 19 days after colonization. As
can be seen in the figure, the two groups Tritrichomonas and T1L + Tritrichomonas do not
display the same level of colonization. In fact, there seems to not be much difference between
all four treatment groups. Figure 188 shows the length of the small intestine. All groups display
a large spread, still the T1L + Tritrichomonas group shows the largest values. There is also a
slight increase visible between the Tritrichomonas and the PBS control groups.
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Figure 187: Relative abundance of Tritrichomonas muris.

Figure 189: Viral titers in PFU/ml of
T1L six days after infection in the feces.

Figure 188: Small intestinal length on day 19 after
colonization with Tritrichomonas muris

Figure 190: Viral titers in PFU/ml
of T1L six days after infection in
the ileum.

Figure 191: Relative expression of
S4 Reo normalized to GAPDH in
the mesenteric lymph nodes measured by means of qPCR.

To check if the viral infection was successful as well and how much live virus is still
present, pieces of the ileum as well as feces isolated from colon contents are taken and used
to grow the virus T1L. No plaque forming units could be detected in either the PBS or the
Tritrichomonas group neither in the ileum or the feces. Both the T1L and the T1L + Tritrichomonas group however show around the same amount of PFU/ml in both cases. The reovirus T1L
is usually cleared from the host after six days, that is why not all samples could successfully
lead to viral plaque formation. The viral titers can be seen in Figure 189 and in Figure 190. The
gene S4 Reo is the gene for the outer capsid protein sigma-3 of the reovirus T1L. The gene
expression of this protein is used to see if the virus T1L is still expressed on the last day of the
experiment. The virus is usually cleared after six days in the host. The relative gene expression
can be seen in Figure 191, no virus could be detected

153

Results

This set of data indicates that BALB/c mice do not get sufficiently colonized with Tritrichomonas muris, however, they do get efficiently infected with the reovirus T1L. Therefore,
conclusions whether Tritrichomonas muris can promote oral tolerance and protect from viralinduced loss of oral tolerance in BALB/c mice cannot be made in this BALB/c model of oral
tolerance.

5.9.1. Specific response to dietary antigen

Figure 192: Intracellular expression of Foxp3 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph
nodes evaluated by means of flow cytometry. Representative density plots, percentages and absolute cell numbers
are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 192 shows the expression of Foxp3+ regulatory T cells in transferred CD45.1+
CD4+ T cells in the mesenteric lymph nodes. As can be seen looking at the percentages, the
treatment groups Tritrichomonas, T1L and T1L + Tritrichomonas display a downregulation in
expression compared to the PBS control group. The absolute cell numbers display a large
variance across all four treatment groups.
Figure 193 shows the representative percentages of the three different regulator T cell
subgroups. The Foxp3+ Gata3+ double positive cell population shows a decreased percentage
in all three different treatment groups with each other, one can see, that the Tritrichomonas
group shows a slightly higher level of expression than both the T1L and the T1L + Tritrichomonas group. The T1L + Tritrichomonas group itself also shows a slightly higher mean level of
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expression than the T1L group. The Foxp3+ RORt+ double positive CD4+ T cells show less
expression in the Tritrichomonas, the T1L and the T1L + Tritrichomonas group compared to
the PBS control group. Between those groups a decrease in expression can also be seen
between the Tritrichomonas group and the T1L and T1L + Tritrichomonas groups. Looking at
the Foxp3+ IL-10+ double positive cells, the PBS control group displays a high level of variance.
Comparing the other three groups, a slight trend towards less expression of those cells can be
seen in the T1L and T1L + Tritrichomonas group. The Tritrichomonas group itself has the
highest average expression level. Foxp3+ RORt+ double positives show the same trend as the
Foxp3+ Gata3+ double positives. The highest values can be found in the PBS group, the Tritrichomonas average is slightly reduced and the T1L and T1L + Tritrichomonas levels are again
slightly lower.

Figure 193: Intracellular expression of Foxp3 and either Gata3, IL-10 or RORt in transferred OT-II+ CD45.1+ CD4+
T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are
shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 194: Expression of Tbet and IFN in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages are shown.
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Figure 194 displays the Th1 immune response to the dietary antigen. As can be seen
in both the case of Tbet and IFN expression, the T1L and the T1L + Tritrichomonas group
display the highest expression levels. There is no observable difference between them. Also,
there is no differential expression between the PBS control group and the Tritrichomonas treatment group.

Figure 195: Expression of Gata3 and IL-4 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry.
Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA.
*p < 0.05, **p < 0.01.

Figure 196: Expression of RORt and IL-17a in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry.
Representative percentages are shown. The statistical
significance was tested using a One-Way ANOVA. *p <
0.05.

Figure 195 shows the antigen specific Th2 immune response characterized by cells
expressing the transcription factor and those secreting the cytokine IL-13. Gata3 expression
seems to be slightly increased in the Tritrichomonas group compared to the PBS control group.
The T1L group does not display a differential expression, while the T1L + Tritrichomonas group
shows a downregulation of Gata3 expression. In the case of IL-13 a different trend can be
observed. All treatment groups display a significant increase in cell percentages expressing
IL-13. In the case of the Tritrichomonas group this increase is slight. The T1L group displays
a big variance, with some data points showing very high percentages and others lower. The
T1L + Tritrichomonas group however is closely grouped together and shows the highest percentage of IL-13 expressing CD45.1+ CD4+ cells in the mesenteric lymph nodes.
The dietary antigen specific Th17 immune response can be seen in Figure 196. RORt
is increased in all three different treatment groups compared to the PBS group. The T1L group
again shows a big variance, but the T1L + Tritrichomonas group data values are grouped
closely together and show a significantly higher expression. The trend is the opposite for IL17. The PBS control group shows the highest levels of expression. The Tritrichomonas, the
T1L and the T1L + Tritrichomonas group all show slightly lower levels of expression.
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The expression of T follicular helper cells can be seen in Figure 197. Both the PBS and
the Tritrichomonas treatment groups show nearly no expression at all. This stands in stark
contrast to both the T1L and the T1L + Tritrichomonas group that both display statistically
significant higher levels of expression of CXCR5+ and PD1+ double positive CD45.1+ CD4+
cells in the mesenteric lymph nodes.

Figure 197: Expression of both CXCR5 and PD1 in transferred OT-II+ CD45.1+ CD4+ T cells in the mesenteric
lymph nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01.

To summarize, this set of data indicates that Tritrichomonas muris is not capable of
promoting regulatory T cells against dietary antigens and to protect from viral induced loss of
oral tolerance in BALB/c mice. However, as mentioned, Tritrichomonas muris colonization
failed in BALB/c mice in contrast to C57BL/6J wildtype mice. The reason for the colonization
resistance in BALB/c mice is unknown. Therefore, the data from this experiment cannot contribute to our understanding on how Tritrichomonas muris promotes oral tolerance

5.9.2. Host response
Figure 198 shows the percentages of Foxp3+ regulatory T cells present in the CD45.1CD4+ host cell population isolated from the mesenteric lymph nodes. Looking at Foxp3+ TbetTregs, the Tritrichomonas, T1L and T1L + Tritrichomonas groups all display a big spread in
their variance, which makes interpretations difficult. Nevertheless, none of the data values of
those groups are higher as the base level of the PBS control group. Foxp3+ Gata3+ double
expressing Tregs do not display a statistically significant expression across the different
groups. Similar to Foxp3+ IL-10+ Tregs, the Tritrichomonas, T1L and T1L + Tritrichomonas
groups show a trend towards a lower expression than the PBS control group. Lastly, the
Foxp3+ RORt+ double expressing Tregs show to be higher expressed in both the Tritrichomonas and the T1L + Tritrichomonas treatment groups compared to the PBS control group. The
lowest expression levels can be found in the T1L group. However, all double positive Treg
populations are only present in very low percentages, regardless of the treatment group.
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Figure 198: Intracellular expression of either Foxp3 alone or with either Gata3, IL-10 or RORt in CD45.1- CD4+
host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are
shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05.

Figure 199 shows the Th1 immune response mediated by host cells in the mesenteric
lymph nodes. Tbet is more strongly expressed in the T1L and the T1L + Tritrichomonas group
when those are compared to both the PBS control group and the Tritrichomonas treatment
group. The same trend towards more expression can be seen in IFN in both CD4+ and CD8+
cells.

Figure 199: Expression of Tbet and IFN in in CD45.1- CD4+ host T cells and of IFN in CD45.1- CD8+ host T cells
in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown. The
statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01.

A trend towards less expression of Gata3 is visible both in the T1L and in the T1L +
Tritrichomonas group when compared to the PBS control group and the Tritrichomonas treatment group. The opposite trend is visible looking at the expression of IL-13. The highest levels
can be found in the T1L + Tritrichomonas group, followed by the T1L group and the Tritrichomonas group. All of which display higher levels than the PBS control group. This can be
seen in Figure 200.
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Figure 200: Expression of Gata3 and IL-4 in CD45.1CD4+ host T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p <
0.05, **p < 0.01.

Figure 201: Expression of Gata3 and IL-4 in CD45.1CD4+ host T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05, **p < 0.01.

Figure 201 shows the expression of RORt and IL-17 in host cells isolated from the
mesenteric lymph nodes. RORt is expressed at the same level across all four different groups.
Looking at the percentages, RORt is very weakly expressed. The same is true for IL-17. Although here differential expression can be observed. The Tritrichomonas group shows higher
levels than the PBS control group. Both the T1L and the T1L + Tritrichomonas group however
display lower expression levels than the PBS control group. The T1L + Tritrichomonas group
in turn shows higher expression levels than the T1L treatment group.

Figure 202: Expression of both CXCR5 and PD1 in CD45.1- CD4+ host T cells in the mesenteric lymph nodes
evaluated by means of flow cytometry. Representative percentages are shown. The statistical significance was
tested using a One-Way ANOVA. *p < 0.05, **p < 0.01.

Figure 202 displays the levels of T follicular helper cells across the CD45.1- host cells
isolated from the mesenteric lymph nodes. The expression levels for both the PBS and the
Tritrichomonas group are close to 0. Compared to this, both the T1L and the T1L +
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Tritrichomonas groups show a significant increase in expression. Although the T1L group does
display a big variance.

Figure 203: The surface expression of SiglecF in
CD45+ LIN- (CD19-, CD3-, TER119-) cells in the mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown.

Figure 204: The surface expression of SiglecF in
CD45+ LIN- (CD19-, CD3-, TER119-) cells in the
Peyer’s patches evaluated by flow cytometry. Representative percentages are shown.

The expression of eosinophils in the CD45.1- LIN- host cells isolated from the mesenteric lymph nodes is depicted in Figure 203, while the same is done in Figure 204 for the
Peyer’s patches. In the mesenteric lymph nodes a big spread within the PBS control group is
visible. The same is true to a lesser extent in all other treatment groups. Nevertheless, a trend
towards less eosinophils can be seen in both the T1L and the T1L + Tritrichomonas group,
compared to both the PBS and the Tritrichomonas treatment group. In the Peyer’s patches an
increase in eosinophils can be observed in the Tritrichomonas group. The other three groups
all show very low levels of eosinophils present.
Neutrophil expression in host cells isolated from the mesenteric lymph nodes (Figure
205) is not very strong, the levels are very low across all four different groups. Nevertheless,
the Tritrichomonas treatment group does show a slight increase compared to all other three.
Looking at Figure 206 that shows the neutrophils isolated from host cells of the Peyer’s patches
the same low level of general expression can be observed. No group displays a trend towards
more or less expression compared to others.
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Figure 205: The surface expression of Ly-6G in CD45+
LIN- (CD19-, CD3-, TER119-) cells in the mesenteric
lymph nodes evaluated by flow cytometry. Representative percentages are shown.

Figure 206: The surface expression of Ly-6G in CD45+
LIN- (CD19-, CD3-, TER119-) cells in the Peyer’s
patches evaluated by flow cytometry. Representative
percentages are shown.

Figure 207: The abundance of different dendritic cell subsets in CD45+ LIN- MHC-II+ CD11c+ host cells in the
mesenteric lymph nodes evaluated by flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

The expression of different dendritic cell subsets found in the mesenteric lymph nodes
is shown in Figure 207 while the same for the Peyer’s patches is depicted in Figure 208. The
CD103- CD11b+ subset is significantly stronger expressed in both the T1L and the T1L + Tritrichomonas treatment groups compared to both the PBS and the Tritrichomonas groups in the
mesenteric lymph nodes. The Peyer’s patches display a large variance within the groups. Still
a trend towards more expression in the T1L and also the T1L + Tritrichomonas group can be
seen. For CD103+ CD11b+ dendritic cells in the mesenteric lymph nodes, a significant decrease in the Tritrichomonas, T1L and T1L + Tritrichomonas groups compared to the PBS
control group can be seen. The Peyer’s patches also show the same trend, although here the
T1L + Tritrichomonas group shows a slightly higher level of expression than the T1L group
while it is the opposite in the mesenteric lymph nodes. In the last subset shown in Figure 207,
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those cells that are CD103+ CD11b-, a trend towards more expression in the Tritrichomonas
group compared to the PBS control group can be seen. Looking both at the T1L and the T1L
+ Tritrichomonas treatment groups, a trend towards less expression can be observed. The
Peyer’s patches again show a high data variance within the groups. A trend towards more
expression in the T1L group is visible. The T1L + Tritrichomonas group shows a decrease
compared to T1L and shows to be at the same level as the Tritrichomonas group.

Figure 208: The abundance of different dendritic cell subsets in CD45+ LIN- MHC-II+ CD11c+ host cells in the
Peyer’s patches evaluated by flow cytometry. Representative percentages are shown.

Figure 209: The abundance of CD45+ LIN- CD11b+
F4/80+ in the mesenteric lymph nodes evaluated by
flow cytometry. Representative percentages are
shown.

Figure 210: The abundance of CD45+ LIN- CD11b+
F4/80+ in the Peyer’s patches evaluated by flow cytometry. Representative percentages are shown

Macrophages in the mesenteric lymph nodes (Figure 209) do not seem to be differentially expressed across the different treatment groups. This is not the case in the Peyer’s
patches (Figure 210). Here the Tritrichomonas show a trend towards more expression compared to the PBS control group. The T1L group shows a reduction of expression. The same is
true for the T1L + Tritrichomonas treatment group, that shows a lower level than the Tritrichomonas but higher than the T1L treatment group.
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Figure 211: The abundance of CD45+ LIN- CD11b+ Ly6C+ in the mesenteric lymph nodes evaluated by flow
cytometry. Representative percentages are shown.

Figure 212: The abundance of CD45+ LIN- CD11b+ Ly6C+ in the Peyer’s patches evaluated by flow cytometry. Representative percentages are shown. The statistical significance was tested using a One-Way ANOVA.
*p < 0.05, **p < 0.01.

Inflammatory monocytes are not increased in the mesenteric lymph nodes of the Tritrichomonas treatment group (Figure 211). Both the T1L and the T1L + Tritrichomonas group
however show an obvious increase, both compared to the PBS control and the Tritrichomonas
treatment group. Looking at the Peyer’s patches (Figure 212) the same trend can be seen.
Here the trend towards more expression of inflammatory monocytes is the highest in the T1L
+ Tritrichomonas treatment group.
This data is also to be taken with a grain of salt due to the inefficient colonization of
BALB/c mice with the protozoa Tritrichomonas muris.
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5.10.
Can Tritrichomonas muris colonization protect from viral induced
loss of oral tolerance in a classic oral tolerance assay?
A classic oral tolerance assay differs from T cell conversion assays that make up the
majority of experiments performed in this thesis. This is an established oral tolerance model,
that has been used for years in research. These experiments are carried out to confirm the
results from the OT-II T cell conversion assays using an alternative experimental approach.

Figure 213: Experimental Outline and different treatment groups used in section 5.10 (created with Biorender.com)

The experimental outline of this experiment can be found in Figure 213. C57BL/6J
wildtype mice, bought from the Jackson Laboratories, are colonized with 106 of Tritrichomonas
muris on day 0. Twelve days afterwards they are infected with 109 plaque forming units of the
reovirus T1L. On the same day, the mice are gavaged for the first time with 50mg of OVA to
induce oral tolerance. This gavage is repeated the very next day. To establish four different
treatment groups, not all mice are colonized with Tritrichomonas, infected with T1L or gavaged
with ovalbumin. The different combinations of treatments and the resulting four different treatment groups can be found in Figure 213.
On day 15 of the experiment, all mice are immunized with an emulsion of CFA and
OVA, see section 4.10.1. Twelve days after the immunization, blood is collected by cheek
bleeding. Two days later, the first of two ear challenges was performed as explained in section
4.10.2. The ear challenge is repeated ten days later. On day 40, 41 and 42 the ear thickness
is measured to determine the caused swelling. On the last day of the experiment, blood is
again collected by cheek bleeding.
The main read-outs of this experiment are measurements of ear thickness as a sign of
inflammation following the ear challenge with the antigen and anti-OVA IgG2c ELISA performed on serum separated from the mouse blood collected on day 27 and 42 of the experiment.
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Figure 214: Ear thickness as indication of inflammation. Base line uninflamed measurement subtracted
from inflamed measurements of
three consecutive days. The statistical significance was tested using a
One-Way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001.

Figure 215: Optical Density at 
450nm of Anti-OVA IgG2c antibody
on day 27. The statistical significance was tested using a One-Way
ANOVA. *p < 0.05, **p < 0.01, ***p
< 0.001.

Figure 216: Optical Density at 
450nm of Anti-OVA IgG2c antibody
on day 42. The statistical significance was tested using a One-Way
ANOVA. *p < 0.05, **p < 0.01.

The ear thickness displayed in Figure 214 is the result of the calculation explained in
section 4.10.2. The sham group, that was never exposed to an ovalbumin gavage, shows the
strongest levels of inflammation. The ovalbumin group shows a significantly reduced level of
inflammation, although a high level of variance within the group itself is visible. The same is
true for the OVA + T1L group. The mean level of this group is lower than the OVA treatment
group and compared to the sham control, the inflammation level is significantly reduced. The
OVA + T1L + Tritrichomonas group shows the lowest levels of ear inflammation out of all the
different treatment groups.
Figure 215 shows the amount of anti-OVA IgG2 antibody present in the serum of mouse
blood collected on day 27 of the classic oral tolerance assay. IgG2c antibody responses are
indicative of a proinflammatory Th1 immune response. Both the sham and the OVA treatment
groups show close to no antibody that is detectable. The OVA + T1L group however shows a
significant increase compared to both previously mentioned groups, even though a high level
of variance can be seen within the group itself. The OVA + T1L + Tritrichomonas group shows
IgG2c levels, that are significantly reduced compared to the OVA + T1L group. In some of the
mice of this group, nearly no antibody could be detected.
The levels of anti-OVA IgG2c antibody in the serum of blood collected of the last experimental day can be seen in Figure 216. The sham group displays on average increased
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levels of antibody compared to day 27 and generally shows more expression than the OVA
group, although high variance can be observed. The OVA + T1L group still shows the highest
IgG2c levels even on the last day. The OVA + T1L + Tritrichomonas group shows a clear
statistically significant reduction of IgG2c expression compared to the OVA + T1L group. Also
compared to the sham group, the expression levels are lower and look to be around the same
as in the OVA group.
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5.11.
Can Tritrichomonas muris and Pentatrichomonas hominis promote
Treg differentiation in-vitro? Do the protozoa need to be alive to promote Treg differentiation?
Table 19: Treatment groups and controls used in section 5.11

T. muris

Treatment
groups

Live

Heat
inactivated

P. hominis
Live

Heat
inactivated

TGF-
0.1ng 0.5ng

TGF-RI
inhibitor
(10)

Succinate
(150mM)

0 Control
0.1 Control
0.5 Control
0.5 Control Inh

+

Succinate

+

T.muris Live 0

+

T.muris Live 0.1

+

T.muris Live 0.5

+

+
+

T.muris Dead 0

+

T.muris Dead 0.1

+

T.muris Dead 0.5

+

T.muris Live Inh

+

+

+

+

P.hominis Live 0

+

P.hominis Live 0.1

+

P.hominis Live 0.5

+

P.hominis Dead 0

+
+

P.hominis Dead

+

0.1
P.hominis Dead

+

0.5
P.hominis Live Inh

+

+

+
+
+

The different concentrations and isolations needed for the setup for this in vitro experiment can be found in section 4.12. All wells receive 105 cells from a mesenteric lymph node
single cell suspension of Rag KO OT-II mice resuspended in 100l of RPMI+++, as well as
OVA in RPMI+++. The different treatment groups and controls can be found in Table 19. An
experimental outline, depicting the different combinations can be seen in Figure 217. After five
days of incubation at 37°C the cells were stained for Foxp3 and Tbet and the results were
acquired using flow cytometry.
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Figure 217: In vitro experimental outline for live/dead protist culture (created with Biorender.com)

Figure 218: Intracellular expression of Foxp3 in OT-II+ CD45.1+ CD4+ T with live or dead Tritrichomonas muris
evaluated by means of flow cytometry. Representative percentages are shown.

The data visible in Figure 218 and Figure 219, which shows the intracellular expression
of Foxp3, indicate, that both Tritrichomonas muris and Pentatrichomonas hominis are capable
of promoting regulatory T cell differentiation independently of the fact if they are alive or have
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been heat killed. Both cases show a much higher percentage of Tregs than the control group.
Adding TGF- in different concentrations to the cells leads to an increase of Tregs in the absence of protozoa as expected (positive control). However, independently of protozoa being
present, adding the two different concentrations of TGF- leads to the similar levels of Tregs
differentiation compared to the positive control treated with TGF-. A slight increase in Treg
differentiation in protozoa samples is observed with the addition of TGF-. Adding TGF-RI
inhibitor is not sufficient to block Treg differentiation in the presence of Tritrichomonas muris
in contrast to positive control treated with TGF-RI inhibitor. This indicates that other mechanisms besides TGF- drive Tritrichomonas muris-mediated Treg differentiation. Adding TGFRI inhibitor to Pentatrichomonas hominis

leads to a decreased Treg differentiation suggesting

that P.hominis can activate the TGF- pathway. This indicates that T.muris and P.hominis
promote Treg differentiation via different mechanisms.

Figure 219: Intracellular expression of Foxp3 in OT-II+ CD45.1+ CD4+ T with live or dead Pentatrichomonas muris
evaluated by means of flow cytometry. Representative percentages are shown.

.
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5.12.
Does Tritrichomonas muris protect from T1L-mediated loss of oral
tolerance by modulating dietary antigen-presenting dendritic cells?

Figure 220: In vitro experimental outline of dendritic cell/OT-II co-culture (created with Biorender.com)
Table 20: Treatment groups and controls used in section 5.12

Treatment
groups

TGF-

Dendritic cells
PBS Tritrichomonas T1L

PBS 0
PBS 0.1

+
+

PBS 0.5

+

T1L + Tritrichomonas

0.5ng

+
+

T.muris 0

+

T.muris 0.1

+

T.muris 0.5

+

+

T1L 0

+

T1L 0.1

+

T1L 0.5

+

+
+

T1L + T.muris 0

+

T1L + T.muris 0.1

+

T1L + T.muris 0.5

+
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To answer this question cells are isolated from mice that had been either gavaged with
Tritrichomonas muris or PBS and that had been either infected with T1L or gavaged with PBS
48 hours after T1L infection. Single cell suspensions from mesenteric lymph nodes are stained
and FACS sorted to obtain dendritic cells. This is explained in section 4.12.2. At the same time
naïve OT-II cells are isolated from Rag KO mice. 5x104 OT-II cells are added to each well
together with 5x10³ dendritic cells. The different treatment groups can be found in Table 20
while an overview of the plate setup can be found in Figure 220. After five days of incubation
at 37°C and another 2 hours at 37°C to re-stimulate intracellular cytokines, flow cytometry is
performed.

Figure 221: Intracellular expression of Foxp3 in OT-II+ CD45.1+ CD4+ T cells in the mesenteric lymph nodes evaluated by means of flow cytometry. Representative percentages are shown.

Figure 221 shows the intracellular expression of Foxp3 as a marker for regulatory T
cells. In this in vitro experiment, the Tritrichomonas group does not show an increase in the
percentage of observed regulatory T cells compared to the PBS control and the T1L treatment
group. Still, adding TGF- to any group results in an increase of Tregs. The data shown in this
figure indicates that for Tritrichomonas muris to develop the Treg phenotype just antigen-presenting dendritic cells are not sufficient and something else is also required.
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6. Discussion
Contrary to previous beliefs the protozoa Tritrichomonas muris, a common member of
the gut microbiota, is able to influence the immune system of its host. This has been shown by
multiple studies published in the last couple of years. Chudnovsky et al. (2016) showed that
Tritrichomonas musculis activates the host epithelial inflammasome to induce IL-18 release in
the colon (Chudnovskiy et al., 2016) while another study has shown that succinate, the metabolite produced by Tritrichomonas muris, is capable of activating tuft cells by binding to a succinate receptor exclusively expressed on tuft cells. This leads to the activation of a multifaceted
type 2 immune response via the tuft-ILC2 circuit (Nadjsombati et al., 2018; Schneider et al.,
2018).
The results described in this thesis have further shown that Tritrichomonas muris is
capable of affecting the hosts immune system. Similarly to Nadjsombati et al. (2018) we could
show that colonization with Tritrichomonas muris leads to an expansion of goblet cells in the
small intestine of C57BL/6J wildtype mice as well as to a small intestinal lengthening, due to a
lower expression of tight junction genes like zonulin-1, occluding and DSP, as described in
Schneider et al. (2018). We could further show that the host response to an active colonization
with Tritrichomonas muris leads to a Th1 immune response mediated by CD4+ cells expressing
Tbet and IFN as well as CD8+ cells expressing IFN. Similar to what was shown in Nadjsombati et al. (2018) we also observed an expansion of eosinophils in our wildtype mice, a small
Th2 immune response, as well as an increase in the number of neutrophils in the mesenteric
lymph nodes. Surprisingly, although Tritrichomonas muris induced host Th1 and type 2 immune responses, no Th1, Th2 or Th17 immune response was observed in dietary antigenspecific (ovalbumin) responses in mice that were colonized with Tritrichomonas muris. Instead,
Foxp3+ regulatory T cells, as well as Treg subgroups double positive for Foxp3 and either
Gata3, RORt or IL-10, were significantly expanded in mice colonized with Tritrichomonas muris. In conclusion, Tritrichomonas muris drives expansion of Tregs leading to the promotion of
oral tolerance towards the dietary antigen ovalbumin.
Bouziat & Hinterleitner et al. (2017) have shown that viral infection with reovirus T1L
can lead to a disruption of intestinal immune homeostasis at both induction and effector sites
of oral tolerance. This is achieved by suppression of peripheral regulatory T cell conversion
and instead a virus-induced promotion of Th1 immunity to dietary antigen. This is dependent
on type-1 interferon genes and can trigger the development of celiac disease. (Bouziat et al.,
2017) We could show that colonization with Tritrichomonas muris prevented viral induced Th1
immune response to dietary antigen as shown by a downregulation of characteristic markers
like Tbet and IFN in both the mesenteric lymph nodes and the Peyer’s patches. For regulatory
T cells specific to the dietary antigen the opposite could be observed. While the number of
Tregs is significantly reduced in the reovirus T1L treatment group, as expected, the levels are
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recovered to normal PBS control group levels in the mesenteric lymph nodes and Peyer’s
patches isolated from the treatment group that was colonized with T. muris and infected with
the reovirus T1L. Analyzing the host response, a combination of the viral and protozoa induced
Th1 immune responses could be observed, both in the mesenteric lymph nodes and Peyer’s
patches, mediated by CD4+ and CD8+ IFN producing cells as well as CD4+ Tbet+ cells. Tritrichomonas muris, however does not affect viral replication in the mice as the measured PFUs
isolated form the ileum or colon contents do not differ between the T1L + Tritrichomonas muris
and the T1L group. This shows that the Tritrichomonas muris mediated protection against T1Ldriven loss of oral tolerance is not due to Tritrichomonas muris affecting viral replication. Type
1 interferon is induced upon infection with T1L (Bouziat et al., 2017). We show that Tritrichomonas does not significantly impact the T1L-mediated induction of type-1 interferon inducible
genes, suggesting that Tritrichomonas-mediated protection from T1L-triggered loss of oral tolerance is independent of type 1 interferon.
In contrast to the findings from Chudnovsky et al. (2018) that published that Tritrichomonas musculis colonization leads to the activation of the host inflammasome mediated IL-18
release, we did not observe increased IL-18 levels in the mesenteric lymph nodes, suggesting
that the inflammasome does not play a role in Tritrichomonas muris mediated oral tolerance.
Upon reovirus T1L infection dendritic cells become more activated and express more
of the pro-inflammatory cytokine IL-12 (Bouziat et al., 2017). Analyzing the main IL-12 producing subsets of dendritic cells isolated from the mesenteric lymph nodes the expected increase
can be observed in the reovirus T1L group. The treatment group that has only been colonized
with Tritrichomonas shows the same expression levels as the PBS control. The group that has
been treated with both T1L and Tritrichomonas muris shows a lower expression of IL-12 than
the reovirus group itself. Similarly, when looking at activity markers expressed on the surface
of dendritic cells, those in the reovirus treatment group showed the highest expression, in the
T1L + Tritrichomonas group the expression levels were again reduced. This shows that the
dendritic cells are less activated when mice were treated with both T1L and Tritrichomonas
muris, indicating that the protozoa colonization can suppress dendritic cell activation through
unknown mechanisms.
Retinoic acid is able to suppress the inflammatory cytokine mediated inhibition of Treg
development and instead promotes the differentiation of regulatory T cells (Berin & Shreffler,
2016; Chinthrajah et al., 2016; Curotto de Lafaille & Lafaille, 2009; Esterházy et al., 2016; Kim
et al., 2016; Wawrzyniak et al., 2017). Analyzing RALDH activity as a measurement of expression of retinoic acid by dendritic cells, we could show that the observed increase of regulatory
T cells in mice colonized with Tritrichomonas muris is not due to an increased production of
retinoic acid by dendritic cells.
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Tritrichomonas muris is known to activate an ILC2-tuft cell circuit in the small intestine
that leads to increased expression of IL-25 and a remodeling of the entire small intestine
(Nadjsombati et al., 2018; Schneider et al., 2018). We performed multiple experiments to test
if this pathway is also required and/or sufficient for the dietary antigen specific phenotype we
see in C57BL/6J mice. Daily treatments with rIL-25 via intra-peritoneal injections of IL-25 were
not sufficient to induce a differentiation of regulatory T cells in the mesenteric lymph nodes.
Instead, the amount of detectable regulatory T cells specific for the dietary antigen seem to
have decreased in the treatment group. Instead, a Th1 immune response towards the dietary
antigen was observed. These results indicate that IL-25 alone is not sufficient to induce a promotion of regulatory T cells. However, IL-25 could still be required.
To further test the requirement for IL-25 in Tritrichomonas muris mediated oral tolerance, experiments were performed in IL17RB KO mice that lack the receptor for IL-25. IL17RB
KO mice were colonized with Tritrichomonas muris and or infected with the reovirus T1L. The
preliminary data suggests that the ILC2-IL-25 innate immune circuit is required to establish
oral tolerance towards dietary antigens, but this awaits further experimental testing.
Nadjsombati et al. (2018) showed that succinate can be detected by intestinal tuft cells
which leads to a type 2 innate immune circuit by giving succinate in drinking water to C57BL/6J
wildtype mice. Analyzing the data acquired from our experiments where mice were treated with
succinate containing drinking water, we were able to see that the frequency of Gata3+ CD4+ T
cells is increased due to succinate. However, we saw no promotion of the differentiation of
dietary-antigen specific CD4+ regulatory T cells in the succinate treatment group. This leads
us to believe that succinate is not sufficient to induce the observed Treg phenotype in Tritrichomonas muris. Additionally, succinate is neither sufficient to ameliorate the reovirus T1Linduced loss of oral tolerance nor the virus-induced Th1 immune response in the host.
C57BL/6J and BALB/c mice are two different inbred strains that mount different immune
responses to microbial stimuli (Brinks, Mark, Kloet, & Oitzl, 2007; Garcia & Esquivel, 2018;
Laugero, Adkins, Mackey, & Kelley, 2017). While C57BL/6J mice are known to react more
likely in a Th1 immune response to triggers, BALB/c mice are skewed towards a Th2 immune
response. The same kind of experiments involving infection with reovirus and or colonization
with Tritrichomonas muris were repeated in BALB/c mice. The results show that for an unknown reason, the colonization with the protozoa Tritrichomonas muris was not as successful
as in C57BL/6J mice, leading to no clear phenotype.
The phenotype resulting from the performed T cell conversion assays described could
also be reproduced in a classic oral tolerance assay including immunization with ovalbumin
and CFA as well as ear challenges. The amount of produced anti-OVA IgG2c antibody was
the highest in the ovalbumin and reovirus group, as expected. The group that was both
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colonized with Tritrichomonas and infected with the reovirus T1L showed lower levels of the
antibody as well as decreased ear inflammation. This indicates, that also in this oral tolerance
model, Tritrichomonas muris is capable to recover the viral induced loss of oral tolerance.
In vitro experiments have shown that the capability of Tritrichomonas muris and its human analog Pentatrichomonas muris is not dependent on them being alive. The same phenotype of an increased regulatory T cell differentiation could be achieved by adding heat-killed
protozoa to the cells. This could mean, that if the protozoa do produce something that leads to
a differentiation of Tregs, this can be stored in the single cell organisms and can get released
by killing them. Additionally, if they produce something, this substrate seems to be different
between the two different protozoa. This is indicated by the fact that a TGF-RI inhibitor does
not affect Tritrichomonas muris capability to induce Treg differentiation but does lead to a Treg
decrease in Pentatrichomonas hominis.
In summary, these findings describe the novel unpublished positive impact of Tritrichomonas muris on the development of oral tolerance and the potential role this often overlooked commensal gut microbiota has on immune mediated food sensitivities such as food
allergies and celiac disease. Further research is still needed to determine the mechanisms
behind the T.muris-mediated increase in dietary-antigen specific Tregs. These experiments
are currently ongoing in the laboratory of Reinhard Hinterleitner, PhD, in the Department of
Immunology at the University of Pittsburgh School of Medicine. These and future findings in
this research area could potentially lead to the development of Tritrichomonas muris based
probiotics that could prevent the development of food allergies or celiac disease by promoting
regulatory T cell differentiation.
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10. Appendix
10.1.

Heat inactivation of FBS

FBS is stored in the -80°C freezer. When new heat-inactivated aliquots are needed, it is first
lightly thawed at room temperature and then transferred into the water bath at 37°C until it is
completely thawed. The water bath is then turned up to 56°C. the FBS bottle is heat-inactivated
at this temperature for 45 minutes. The bottle needs to be shaken vigorously every 10 to 15
minutes to dislodge eventual precipitant at the bottom. Under sterile conditions the FBS is then
filtered using 500ml MilliporeSigma™ Steritop™ sterile vacuum filters (Fisher Scientific,
#SCGPS05RE) and aliquoted into 50ml and 15ml Falcon tubes that are then stored at -20°C.

10.2.

PBS

The PBS (Phosphate buffered saline) used in this thesis is either bought from HyClone or selfmade in the laboratory according to the following table. The chemicals are diluted and stirred
in 900ml of distilled water until all reagents are completely dissolved.. Using a pH-meter the
pH is measured and adjusted until it is at 6.9. More distilled water is added until a final volume
of 1L is reached. This 10x solution can then be further diluted to a 1x working solution of PBS.
The pH will change to 7.4 when diluted
Table 21: Recipe for 10x PBS

Reagent
NaCl (Sigma Aldrich, #S3014)
KCl (Sigma Aldrich, #P9541)
KH2PO4 (Sigma
Aldrich, #P0662)

Molecular weight

Final concentration [mM]

Amount [g]

58.44

136.89

80

74.55

2.68

2

136.09

1.47

2

137.99

15.65

21.6

Na2PO4 – 7 H2O
(Sigma Aldrich,
#S9390)

10.3.

Toe or tail lysis buffer

Every DNA sample that needs to be genotyped requires 200ml of lysis buffer. Table 22 shows
the recipe to prepare 50ml of lysis buffer that can be stored at room temperature for weeks.
Table 22: Recipe for lysis buffer

Stock concentration

Final concentration

Volume

Tris pH 8

1M

0.05M

2.5ml

KCl

2M

0.05M

1.25ml
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EDTA (Invitrogen UltraPure™, #I5575-

0.5M

0.0025M

250ml

100%

0.45%

225ml

100%

0.45%

225ml

03S)
IGEPAL (Sigma Aldrich, #I8896)
Tween-20 (Sigma
Aldrich, #P7949)

Nuclease free water

45.55ml

10.4.

IL17RB KO PCR
10.4.1.
Primer sequences
Table 23: Primer sequences used for IL17RB -/- genotyping PCR

Name

Official name

Sequence

IL17RB KO 1

IL17RBKO122dl_T1

5’ CATCTCTGCCATGAAGTATGA 3’

IL17RB KO 2

IL17RBKO122dl_T2

5’ ATGCTGTCTTAACCACTGATT 3’

IL17RB KO 3

IL17RBKO122dl_T3

5’ TGTGGAAACTTTGGAACTCA 3’

10.4.2.

PCR program

(1) 94°C, 4 minutes
(2) 94°C, 1 minute
(3) 62°C, 30 seconds
(4) 72°C, 1 minute
(5) Repeat (2)-(4) for 30 cycles
(6) 72°C, 10 minutes
(7) 4°C, infinite hold

10.5.

10x TBE Buffer

The recipe for the 1L of 10x TBE buffer is found Table 24. The buffer needs to be further diluted
to a 1x working dilution using distilled water before it is both used to pour gels and as the buffer
in the trays the gels are run in. The reagents are dissolved in 800ml of distilled water. After
everything is dissolved, water is used to fill up the volume to 1l.
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Table 24: Recipe for 1l 10x TBE buffer

Reagent

Molecular weight

Stock concentra-

Final concentra-

tion

tion

Amount

Tris (Tris
base - Millipore Sigma,

121.14

892mM

108g

61.83

890mM

55g

20mM

40ml

#77-86-1)
Boric Acid
(Sigma Aldrich,
#B6768)
EDTA

0.5M

10.6.
Kit

Invitrogen® Foxp3/Transcription Factor Fixation/Permeabilization

The 10x Permeabilization buffer in the kit is simply diluted 1:10 in distilled water to make
a 1x working dilution of Perm buffer.
For the Fix/Perm solution, concentrate and diluent are mixed in a 1:4 dilution to make
the working Fix/Perm.

10.7.

qPCR primer sequences
Table 25: Sequences of primers for quantitative PCR

Primer
IFN
16s
28s
GAPDH
Zo-1
DSP
Ocldn
IL-25

Sequence
Forward

CCATCCAAGAGATGCTCCAG

Reverse

GTGGAGAGCAGTTGAGGACA

Forward

ACTCCTACGGGAGGCAGCAGT

Reverse

ATTACCGCGGCTGCTGGC

Forward

GCTTTTGCAAGCTAGGTCCC

Reverse

TTTCTGATGGGGCGTACCAC

Forward

AGGTCGGTGTGAACGGATTTG

Reverse

TGTAGACCATGTAGTTGAGGTCA

Forward

ACTCCCACTTCCCCAAAAAC

Reverse

CCACAGCTGAAGGACTCACA

Forward

TACACCTCAGGGCTGGAAAC

Reverse

GGGCCAGTCTTAGCTCCTCT

Forward

ACTGGGTCAGGGAATATCCA

Reverse

TCAGCAGCAGCCATGTACTC

Forward

ACAGGGACTTGAATCGGGTC
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GSDMC2
GSDMC3
GSDMC4
IL-17RB
TSLP
Mx1
ISG15
IRF1
IL-12b
IL-27
Aldh1a2
S4 Reo
IL-18
IL-1

10.8.

Reverse

TGGTAAAGTGGGACGGAGTTG

Forward

GCAGGGTTTGTTAAGTCCTGT

Reverse

GCTGGTTGATGATCCCTTTGA

Forward

GCTGGTAACGAGCATCCTACAG

Reverse

TCAGACCACACTCCTCCAGCAA

Forward

TGAGGAGCCTGCCAATCTAAA

Reverse

ATGTGGGGTGCTAGAATCCTT

Forward

TGAAAACACAGAAGTAACGTCCG

Reverse

CCCAGGAGGAAATTGTAATGGGA

Forward

ACGGATGGGGCTAACTTACAA

Reverse
Forward

AGTCCTCGATTTGCTCGAACT
GACCATAGGGGTCTTGACCAA

Reverse

AGACTTGCTCTTTCTGAAAAGCC

Forward

GGTGTCCGTGACTAACTCCAT

Reverse

TGGAAAGGGTAAGACCGTCCT

Forward

CAGAGGAAAGAGAGAAAGTCC

Reverse

CACACGGTGACAGTGCTGG

Forward

ACAGCACCAGCTTCTTCATCAG

Reverse

TCTTCAAAGGCTTCATCTGCAA

Forward

CTCTGCTTCCTCGCTACCAC

Reverse

GGGGCAGCTTCTTTTCTTCT

Forward

CAGAGAGTGGGAGAGTGTTCC

Reverse
Forward

CACACAGAACCAAGAGAGAAGG
CGCTTTTGAAGGTCGTGTATCA

Reverse

CTGGCTGTGCTGAGATTGTTT

Forward

GACTCTTGCGTCAACTTCAAG

Reverse

CAGGCTGTCTTTTGTCAACGA

Forward

TGTAATGAAAGACGGCACACC

Reverse

TCTTCTTTGGGTATTGCTTGG

Pentatrichomonas hominis medium
Table 26: Recipe for Pentatrichomonas hominis medium used in their culture
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Yeast Extract (Sigma Aldrich, #Y1625)

12.5g

Glucose (Sigma Aldrich, #G7021)

5g

NaCl

0.5g
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L-Cysteine HCl Monohydrate (Fisher Scientific, #BP376)
Ascorbic Acid (Millipore Corporation, #5081-7)

0.5g
0.1g

K2HPO4 (Sigma Aldrich, #795496)

0.5g

KH2PO4

0.3g

Ferric Ammonium Citrate (Sigma Aldrich,
#F5879)

11mg

Vitamin Supplement (ATCC, #MD-VS)

10ml

Distilled H2O

440ml

Heatinactivated Bovine Serum (FBS)

50ml

Neutralized Liver Digest (Thermo Scientific,
#LP0027B)

2.5g

Note: The neutralized liver digest is light sensitive and therefore needs to be added last, after
the bottle has been wrapped in aluminum foil. After everything has been added and is dissolved, the medium needs to be sterile filtered under a tissue culture hood. The bottle needs
to again be wrapped in aluminum foil. The medium can be stored at 4°C
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10.9.

Gating strategies

Figure 222:Gating strategy for the myeloid surface staining. Pseudocolor plots are used from staining performed on cell isolations of the mesenteric lymph nodes of a PBS control mouse.
(Author)
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Figure 223: Gating strategy for the intracellular staining (C57BL/6J) part 1. Pseudocolor plots are used from staining performed on cell isolations of the mesenteric lymph nodes of a PBS control
mouse. (Author)
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Figure 224: Gating strategy for the intracellular staining (C57BL/6J) part 2. Pseudocolor plots are used from staining performed on cell isolations of the mesenteric lymph nodes of a PBS control
mouse. (Author)
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Figure 225: Gating strategy for the intracellular staining (BALB/c) part 2. Pseudocolor plots are used from staining performed on cell isolations of the mesenteric lymph nodes of a PBS control
mouse. Continuation of the shown gating is the same as in C57BL/6J mice (Author)

213

Appendix

Figure 226: Gating strategy for the dendritic cells intracellular staining part 1. Pseudocolor plots are used from staining performed on cell isolations of the mesenteric lymph nodes of a PBS
control mouse. (Author)
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Figure 227: Gating strategy for the dendritic cells intracellular staining part 2. Pseudocolor plots are used from staining performed on cell isolations of the mesenteric lymph nodes of a PBS
control mouse. (Author)
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Figure 228: Gating strategy for the Aldefluor staining. Pseudocolor plots are used from staining performed on cell isolations of the mesenteric lymph nodes of a PBS control mouse. (Author)
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