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ABSTRACT

Obesity, often induced by diet high in fat and sugar (HFHSD), is a growing
global health concern associated with various metabolic and immunological
alterations and profound consequences for the nervous system. HFHSD and
resulting obesity have been linked to cognitive decline, increased risk of
neurodegenerative diseases, and alterations in the gut-brain axis. These
neurological impacts underscore the systemic nature of obesity's effects and
highlight the interconnectedness of metabolic, immune, and nervous systems in

the context of diet-induced obesity.

The present study investigated the impact of an HFHSD on the enteric
immune system and the host physiology, with a particular focus on conventional
dendritic cell type 1 (cDC1) and their role in food tolerance. Male C57BL /6] mice
were fed either a standard chow or HFHSD for 4, 8 and 16 weeks. Flow
cytometry analysis revealed a distinct immune composition in the small intestine
dependent on diet and intestinal segment but not dependent on duration of diet.
Notably, the frequency of cDCls was increased in the obese lamina propria across
all intestinal segments. This increase was consistent over time. Despite the

increase in cDC1 frequency, their activation status and cytokine expression



profiles remained largely unchanged, except for decreased 1110 mRNA
expression. Analysis of cDC1 precursors and gut-homing markers showed no
significant alterations, suggesting that the increased ¢cDC1 presence may not
result from enhanced production or specific homing. The oral tolerance model
demonstrated that HFHSD-fed mice exhibited enhanced food tolerance,
characterised by a significant increase in regulatory T cell (Treg) frequency upon
antigen challenge. This finding suggests that the diet-induced shift in the enteric

immune landscape may promote a more tolerogenic environment in the gut.

These results provide new insights into the complex interplay between diet,
the immune system, and tolerance mechanisms. The observed enhanced
tolerance to food antigens demonstrates that despite the typically pro-
inflammatory state associated with obesity, the enteric immune system can
maintain and even enhance regulatory functions. This observation aligns with
our current understanding of the immune system that adapts to maintain
homeostasis under varying dietary conditions. The increased frequency of ¢cDCI,
coupled with enhanced Treg induction, may represent an adaptive mechanism to
cope with chronic metabolic stress while preventing excessive inflammation in
the intestine. This work advances our understanding of how dietary choices
shape immune function and suggests that some adaptations to an obesogenic
diet may serve protective functions. These findings open new avenues for
understanding the rising prevalence of both obesity and food intolerances
worldwide while highlighting the remarkable plasticity of the intestinal immune

system in response to environmental changes.

Keywords: Obesity, Enteric immune system, cDC1, Oral tolerance, Mouse, Diet



RESUMO

A obesidade, frequentemente induzida por dietas ricas em gorduras e agticares
(HFHSD), é um problema crescente para a saide global, estando associada a
vdrias altera¢cdes metabdlicas e imunolégicas com consequéncias profundas para
o sistema nervoso. HFHSD e consequente obesidade tém sido associadas ao
declinio cognitivo, aumento do risco de doengas neurodegenerativas e altera¢des
no eixo intestino-cérebro. Estes impactos neuroldgicos frisam a natureza
sistémica dos efeitos da obesidade e destacam a interconexdo dos sistemas

metabdlico, imune e nervoso no contexto da obesidade induzida pela dieta.

Este estudo investiga o impacto de uma HFHSD no sistema imune no
intestino e na fisiologia do hospedeiro, com foco particular nas células
dendriticas convencionais tipo 1 (cDC1) e o seu papel na tolerdncia alimentar.
Ratinhos machos C57BL/6] foram alimentados com uma dieta padrdo ou
HFHSD durante 4, 8 e 16 semanas. A andlise por citometria de fluxo revelou uma
composi¢do imune distinta no intestino delgado, dependente da dieta e do
segmento intestinal, mas ndo dependente da duracdo da dieta. Em particular, a
frequéncia de cDCls aumentou na ldmina prépria em todos os segmentos

intestinais. Este aumento foi consistente ao longo do tempo. Apesar do aumento



na frequéncia de cDC1, o seu estado de ativagdo e perfis de expressao de citocinas
permaneceram maioritariamente inalterados, com exce¢do da diminui¢do da
expressao de 1l10 mRNA. A andlise dos precursores de cDC1 e receptores de
migracdo especifica para o intestino ndo mostraram altera¢bes significativas,
sugerindo que o aumento da presenca de cDC1 pode nédo resultar de produgao
aumentada ou migragdo especifica. Ensaios funcionais usando o modelo OVA/
OT-II demonstraram que ratinhos alimentados com HFHS exibiram tolerancia
alimentar aumentada, caracterizada por um aumento significativo na frequéncia
de células T reguladoras (Treg) apds desafio antigénico. Estes resultados sugerem
que o aumento de cDC1 induzido pela dieta poderd promover um ambiente mais
tolerante no intestino. Estes resultados fornecem novas perspetivas sobre a
complexa interagdo entre dieta, sistema imunolégico e mecanismos de tolerancia.
A maior tolerdncia que observdmos a antigénios alimentares demonstra que,
apesar do estado tipicamente pré-inflamatério associado a obesidade, o sistema
imune do intestino pode manter e até aumentar funcdes regulatérias. Esta
observacdo alinha-se com a nossa compreensdo atual do sistema imune que se
adapta para manter a homeostase sob diferentes condi¢des dietéticas. O aumento
da frequéncia de cDCls, juntamente com a indugdo aumentada de Tregs, pode
representar um mecanismo adaptativo para lidar com o stress metabdlico crénico
enquanto previne inflamagdo excessiva no intestino. Este trabalho contribui para
uma melhor compreensdo sobre como as escolhas dietéticas moldam a fungéo
imune e sugere que algumas adapta¢des a uma dieta obesogénica podem servir
fungdes protetoras. Estas descobertas abrem novas possibilidades para
compreender a crescente prevaléncia tanto da obesidade como das intolerdncias
alimentares a nivel mundial, destacando a notdvel plasticidade do sistema imune

intestinal em resposta a mudangas ambientais.

Palavras-chave: Obesidade, Sistema imune do intestino, cDC1, Tolerancia oral,

Ratinho, Dieta
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GENERAL INTRODUCTION

1.1 The immune system

1.1.1  Abrief history of the discovery of immune functions

The immune system is a complex and dynamic entity in multicellular
organisms that has long been recognised as crucial for human health. However,
our understanding of its function has undergone significant transformations

since the emergence of immunology as a scientific discipline.

The initial understanding of immune function was deeply rooted in the germ
theory of disease, developed by Louis Pasteur and Robert Koch in the late 19th
century, according to which germs (pathogens) are the cause of disease (Koch,
1982). The immune system was primarily viewed as a defence mechanism,
protecting the body against pathogenic microorganisms. This perspective was
reinforced by Emil von Behring and Kitasato Shibasaburo's discovery in 1890 that
serum from Diphtheria-infected animals can be used to prevent and treat
infection in other animals (Behring and Kitasato, 1890). Their work led to the

concept of humoral immunity and antibodies, and a few years later, Paul Ehrlich
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offered an early mechanistic explanation for how the immune system might
recognise and neutralise pathogens (Ehrlich, 1091, 1997). His side-chain theory
introduced the concept of specific recognition, a fundamental principle that

continues to shape our understanding of immune function.

The mid-20th century brought a significant expansion in the ideas about
immune functions. One of the foundational concepts from this time is the clonal
selection theory, introduced by Macfarlane Burnet in 1957 (Burnet, 1957, 1959).
He proposed that lymphocytes with receptors specific to antigens develop
spontaneously and proliferate and develop in response to their recognition in a
clonal manner. Now, the generation and selection of a vast array of potential
specificities in the immune repertoire, crucial for adaptive immune responses,
could be explained. This idea of specific recognition and response forms the basis
of our understanding of how the body can target and remember specific
pathogens, a feature primarily attributed to the adaptive immune system. It also
introduced the critical concept of self/non-self discrimination, according to
which the immune system's primary function is to distinguish between "self" and
"non-self’, eliminating foreign entities while preserving the body's tissues
(Burnet, 1957). Yet another major milestone in immunology was the discovery of
T cells and their role in cellular immunity by Jacques Miller in 1961 (Miller, 1961).
The immune system was now seen as capable of targeting not just extracellular

pathogens but also intracellular threats and altered self-cells, such as tumours.

As research progressed, it became evident that the function of the immune
system extended beyond simple self/non-self discrimination. The discovery of
suppressor T cells (later renamed regulatory T cells) by Richard Gershon and
Kazunari Kondo in the 1970s introduced the concept of active immune regulation
(Gershon and Kondo, 1970). This shifted the paradigm from viewing the immune

system as purely a defence mechanism to understanding it as a carefully

2



regulated system capable of both activation and suppression. It shall be noted
that the concept of immunological tolerance, however, was already proposed
several decades earlier, when Ray Owen could observe natural chimerism in twin
cattle that often have two distinct blood types — their own and also the type of
their twin (Owen, 1945).

The late 20th century brought about another major shift in our understanding
of immune function. Research began to reveal that the immune system plays
crucial roles in processes seemingly unrelated to host defence. For instance, Polly
Matzinger proposed the danger model in 1994, which postulates the immune
response to danger signals (Matzinger, 1994). According to this model, the
immune system is activated by signals from cells in distress, not just by the
presence of non-self molecules. This approach helped integrate the immune
system's role in tissue integrity and repair processes to maintain organismal
balance. Complementing the danger model, the tolerance model described by
Ruslan Medzhitov and colleagues in 2012 emphasises the immune system's
capacity for disease tolerance (Medzhitov et al.,, 2012). It recognises the system's
ability to reduce the impact of infection on the host's fitness, protecting the
organism from infectious diseases via mechanisms that do not directly attack the
pathogen but rather mitigate its effects. Both the danger and tolerance models
suggest that the immune system is activated by detecting damage inflicted on
cells and tissues by microbes or other sources to maintain overall physiological
homeostasis. However, microbial products like LPS can activate the immune
system without causing direct damage, acting as indicators of potential danger.
Building on this, Thomas Pradeu and colleagues proposed in 2013 that the
immune system is fundamentally activated by "discontinuity" or changes in
normal physiological states rather than by non-self or danger alone (Pradeu et al.,
2013). Conversely, immune cells become tolerant to stable or continuously

present motifs, while an effector response is triggered by rapid, discontinuous
3



changes in molecular motifs. Here, the magnitude of immune response is
determined by the rate of these changes. This perspective underscores the
importance of immune history and the adaptive nature of the immune system in
responding to evolving environmental challenges. In their seminal work from
2017, Henrique Veiga-Fernandes and Anténio Freitas proposed the S(c)ensory
immune system theory (Veiga-Fernandes and Freitas, 2017). They describe the
immune system as a sensory organ that perceives, integrates and responds to
environmental and intra-organismal cues to re-establish homeostasis within its
soma and frontiers, ensuring cell survival and perpetuation — similar to the
nervous system. This way, it is seen as part of the larger sensory interface of

vertebrates.

In the meantime, the rapidly expanding field of microbiome research has led
to yet another reconsideration of immune system function. The holobiont
concept, which views a host and its associated microorganisms as a single
ecological unit, has profound implications for our understanding of immunity
(Bordenstein and Theis, 2015). In this context, a key function of the immune
system is to manage the host's relationship with its microbiome, fostering
beneficial interactions while preventing harmful overgrowth or invasion. This
involves maintaining a delicate balance between tolerance and responsiveness,
further highlighting the immune system's role in homeostasis (Belkaid and Hand,

2014).

Our understanding of the role of the immune system has evolved dramatically
from a static, defence-only perspective to a dynamic, integrated view that
encompasses not just defence but also the maintenance of homeostasis and
adaptation to environmental changes. Today, we recognise that the immune
system performs a multitude of functions: it defends against pathogens,

maintains self-tolerance, regulates tissue repair and regeneration, influences

4



metabolism, and manages microbial symbiosis. This evolving perspective has
profound implications for medicine and human health. It suggests that allegedly
harmless environmental changes might reshape the immune system and result in
immune dysfunction. It may also underlie a much broader range of diseases than
previously thought, from metabolic disorders to neurodegenerative conditions.
As our understanding continues to grow, it promises to open new avenues for

therapeutic interventions and strategies for promoting health and longevity.

1.1.2  Overview of the innate and adaptive immune system

The immune system of vertebrates consists of two primary arms: the innate
(general) and adaptive (specialised) immune systems (Medzhitov and Janeway,
2000). The innate immune system displays highly conserved and ready-to-use
environmental sensors. It comprises physical barriers such as epithelial surfaces
and mucosal linings, as well as a series of cellular and molecular antimicrobial
components. Among these are the complement system, antimicrobial peptides,
and a variety of innate immune cells, including phagocytes (such as dendritic
cells (DC), macrophages (M), monocytes, and the granulocytes), natural killer
cells (NK), innate lymphoid cells (ILC), basophils, eosinophils, neutrophils and
mast cells. The initiation of the immune response is governed by non-specific
markers that are shared amongst pathogens, known as pathogen associated
molecular patterns (PAMPs) and host-derived damage-associated molecular
patterns (DAMPs) that can occur during tissue or cell damage (Matzinger, 2002).
PAMPs and DAMPs are recognised by pattern recognition receptors (PRRs)
located on or within phagocytic cells of the host (Takeuchi and Akira, 2010). The
innate immune response occurs rapidly after activation. It blocks pathogen
invasion or initiates an inflammatory response within minutes to hours after

infection. The innate response has a memory effect called trained immunity, by



which a primary stimulus can alter innate immune cells metabolically or
epigenetically (Netea et al., 2016). A secondary stimulus then leads to either
increased or decreased response. Another important role of innate immune cells
is the connection between the innate and adaptive immune system. This function
was first posited by Charles Janeway in 1989 but only well accepted about a
decade later (Janeway, 1989). Professional antigen-presenting cells (APCs),
especially DCs, were demonstrated to be responsible for the initiation of antigen-
specific T cell responses (Banchereau and Steinman, 1998). DCs endocytose and
digest pathogens and present their antigens on the cell surface to T cells via
major histocompatibility complexes (MHC), activating the adaptive immune

system.

In addition to innate defences, vertebrates have developed the adaptive
immune system (Medzhitov and Janeway, 2000). It is evolutionarily younger than
the innate system and mediated by lymphocytes. T and B lymphocytes are
equipped with receptors that are capable of recognising self and non-self
structures in an antigen-specific manner. The vast diversity of receptors on these
cells is generated in the germline through rearrangement and recombination of
immunoglobulin and T cell receptor genes in lymphocytes. This process is
conducted by recombination enzymes that are encoded in recombination
activating genes (RAG). RAGs are currently viewed as core to the adaptive
immune system (Schatz and Ji, 2011). T lymphocytes confer cell-mediated
immunity, while B cells give humoral immunity. B cells develop and mature in
the bone marrow and express B cell receptors (BCR), which are specific for
antigens due to RAGs. Activated B cells proliferate and differentiate into either
plasma cells, which secrete vast quantities of antibodies against the antigen, or
into memory B cells, which maintain long-lasting immunity against the specific
antigen. Precursors of T cells are also generated in the bone marrow. However,

T cells mature in the thymus, where they undergo selection and differentiation to
6



ensure they display functional and non-self-reactive T cell receptors (TCRs) that
rise based on RAGs (Nemazee, 2006). Naive lymphocytes encounter antigens
displayed on APCs in peripheral lymphoid organs and undergo maturation. This
results in the differentiation of T cells into either cluster of differentiation (CD)
4+ T helper (Th) lymphocytes or CD8* cytotoxic T lymphocytes (CTLs) (Zhu et al.,
2010). Unlike the innate immune response, the adaptive immune response
becomes effective only a few days after infection, as this time is required for T
and B cells to interact with the antigen, proliferate, and differentiate into effector
cells (Bonilla and Oettgen, 2010). Once activated, these cells can give rise to
memory cells, enhancing the efficiency of immune responses upon subsequent
encounters with the same antigen, which is the fundamental principle of
vaccination (Pulendran and Ahmed, 2011). The adaptive immune system also
harbours strategies aiming at reducing the negative impact of immune reaction to
infection and protecting the host's fitness through disease tolerance (Medzhitov
et al,, 2012). A growing body of evidence also indicates that nutritional resources
can be sensed by lymphocytes and influence their state (Goverse et al.; 2016

Pavert et al., 2014).

1.1.3 Dendritic cells

DCs are sentinel cells of the immune system, uniquely positioned at the
crossroads of innate and adaptive immunity. Their discovery by Ralph Steinman
and Zanvil Cohn in the 1970s marked a significant breakthrough in immunology,
and Ralph Steinman's contributions to this field were later honoured with several
prestigious awards, including the Nobel Prize in Physiology or Medicine in 2011
(Nobel Media, 2011; Steinman and Cohn, 1973).

DCs are characterised by their distinct stellar or dendritic morphology, which
inspired their name, and by their ability to capture, process, and present antigens
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to T cells. They have the unique ability to initiate adaptive immune responses
against foreign antigens but also to maintain immune homeostasis or tolerance to
prevent unwanted immune reactions (Banchereau and Steinman, 1998). DCs are
positioned strategically throughout the body in both lymphoid and non-
lymphoid tissues (1-5% of tissue cells) (Austyn, 1987). As antigen presenting cells,
they detect pathogens, dead cells, and other environmental signals and initiate
appropriate immune responses. Upon activation, DCs undergo significant
changes, including the up-regulation of MHC class II (MHC II) and co-
stimulatory molecules, preparing them for T cell interaction (Cella et al., 1997).
In this process, they migrate to T cell rich regions and especially this migration
capacity makes them irreplaceable in their ability to mount immune responses.
However, the role of DCs extends beyond mere antigen presentation. They are
also pivotal in determining the nature of the immune response — whether it will
lead to tolerance or active immunity. Their ability to produce various cytokines
enables them to influence the differentiation of T cells into diverse subsets like
Th1, Th2, Th17, and regulatory T cells (Tregs), thus tailoring immune responses
to specific signals (Kapsenberg, 2003).

DCs originate from a distinct haematopoietic lineage, differentiating them
from other leukocytes. They can be broadly categorised into two main subsets:
classical dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs) (Liu and
Nussenzweig, 2010). cDCs are known for their potent antigen-presenting
capabilities, crucial for the activation of T cells and the initiation of adaptive
immunity. In contrast, pDCs are recognised for their ability to produce large
quantities of type I interferons in response to viral infections, playing a critical
role in the body's antiviral defence (Reizis, 2019; Swiecki and Colonna 2015;
Colonna et al., 2004).



The realm of DCs is complex, partially due to the diverse types of cells often
grouped under the DC umbrella, including not only plasmacytoid DCs but also
Langerhans cells and monocyte-derived DCs. At times, this diversity has led to
confusion about what constitutes a bona fide DC and how to describe its various
functions (Merad et al., 2013). This thesis is focused on conventional or classical
DCs, which are closest to the cells originally described by Steinman and Cohn
and are distinct from before mentioned pDCs, Langerhans and monocyte-derived

DCs in their ontogeny, gene expression, and function (Guilliams et al., 2014).

1.1.3.1 Heterogeneity of conventional dendritic cells

In mice, cDCs are primarily categorised into two subsets: cDC1 and cDC2,
each with distinct phenotypes, and developmental pathways (Cabeza-Cabrerizo
et al., 2021). The differentiation of these cDC subsets from haematopoietic stem
cells (HSCs) starts in the bone marrow. HSCs possess the distinctive capability to
self-renew and provide sustained, multi-lineage reconstitution of the
haematopoietic system (Weissman, 2000). Traditionally positioned at the pinnacle
of a cellular differentiation hierarchy, HSCs generate progressively lineage-
specific progenitor cells, which eventually lead to the formation of fully
differentiated blood and immune cells. Recent perspectives on haematopoiesis,
however, propose that HSCs can also differentiate more directly, potentially
skipping intermediary progenitor stages or moving along a continuum of lineage
commitment (Laurenti and Gottgens, 2018; Zhang et al., 2018). As current
research finds some previously described intermediate stages of cDC
development controversial, the earliest precursor whose potential is restricted to
the cDC lineage is nowadays claimed to be the "common" DC progenitors (CDPs)
(Naik et al., 2007). The differentiation from CDPs to pre-classical dendritic cells

(pre-cDCs) is marked by an increase in CD11c expression. Pre-cDCs are the cells
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that depart from the bone marrow through the bloodstream, populating both
lymphoid and non-lymphoid tissues to produce cDCs (Liu et al., 2009). It was
initially believed that pre-cDC had oligopotency to develop into cDC1 or cDC2.
Recent findings, however, indicate that subset specification can occur during the
development from CDP to pre-cDC, leading to the formation of either committed
pre-cDCls or pre-cDC2s (Grajales-Reyes et al., 2015; Schlitzer et al., 2015).
Research has shown that in mouse bone marrow, uncommitted pre-cDCs do not
express CD115 and CD117, while pre-cDCl1s carry CD117 and pre-cDC2s express
CD115 (Grajales-Reyes et al., 2015). Another study identified Ly6C and SiglecH as
markers for subtype commitment, revealing that uncommitted pre-DCs that are
developmentally closer to CDPs, and still have the capacity to differentiate into
cDCs and pDCs, are Ly6C- and SiglecH*, pre-cDCl1s lack both markers, and pre-
cDC2s are Ly6C+ and SiglecH* (Schlitzer et al., 2015). ¢cDC2s can further be
subdivided into cDC2As and ¢DC2Bs, and a recent study showed that distinct

pre-cDC2 subsets give rise to those subclasses (Minutti et al., 2024).

The cytokine FIt3L (FMS-like tyrosine kinase 3 ligand) plays a crucial role in
regulating ¢cDC commitment during haematopoiesis (McKenna et al., 2000).
Produced broadly by tissue stroma, endothelial cells, and activated T cells, FIt3L
interacts with its receptor Flt3 (also known as CD135 and Flk2), which is found
on HSCs and continues to be expressed on the cDC progenitors CDPs and pre-
cDCs. As these precursors progress towards the cDC lineage, their reliance on
FIt3L intensifies, as demonstrated by the significant decrease in CDPs and pre-
DCs (but not earlier progenitors) in Flt3L-deficient mice (Kingston et al., 2009).
Beyond its influence on ¢DC differentiation, FIt3L also controls the proliferation
of peripheral cDCs, ensuring the maintenance of stable cDC numbers.
Experiments with parabiotic mice have demonstrated that most cDCs in tissues
have a lifespan of 10-14 days, replenished by bone marrow progenitors, except

for some subsets of cDCs in the lung, which can last over 30 days (Ginhoux et al.,
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2009). This suggests that cDCs are largely post-mitotic and short-lived,
continually renewed by circulating pre-cDCs. However, fully differentiated cDCs

can proliferate in the presence of FIt3L (Waskow et al., 2008).
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Figure 1. Mouse cDC poiesis. Pathway of hematopoietic commitment of cDCs and dependency on
FIt3L. CDP is the earliest precursor whose potential is restricted to the ¢cDC lineage. pre-cDCs exit
the bone marrow and home to tissues through the bloodstream, where they develop into ¢DCs.
Dependency on FIt3L increases as precursors progress towards the ¢cDC lineage. cDCls express
more Flt3 than ¢DC2. High local FIt3L levels can induce peripheral proliferation of cDCs.

HSC: hematopoietic stem cell; CDP: common or conventional dendritic cell progenitor.

cDCs in the mouse can be identified by the presence of surface markers CD45,
CD135, CD11¢, and MHC II in the absence of specific markers for T cells, B cells,
NK cells, plasmacytoid cells and erythrocytes (Guilliams et al., 2016). In lymph
nodes (LNs), cDC1 and cDC2 subsets can either be resident cDCs derived from
pre-cDCs that have travelled through the bloodstream or migratory ¢cDCs that
have travelled from tissues via afferent lymph. Resident cDCs are characterised

by lower levels of MHC II and higher levels of CD11lc compared to migratory
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cDCs (Henri et al., 2010). Similarly, cDCs in peripheral tissues can either be of
resident or migratory phenotype, and these can be distinguished by elevated
levels of co-stimulatory molecules like CD80, CD86, and chemokine receptor

CCRY7 for the latter (Ohl et al., 2004).

In peripheral tissues, cDCls constitute around 30% of all cDCs, while their
proportion increases to 40% in lymphoid organs. Exceptions in the body to these
proportions are the Peyer's patches and the thymus, where cDCls are more
prevalent (Guilliams et al., 2016). cDCl1s in the spleen, LNs, and thymus, but not
in non-lymphoid organs, express the CD8aa homodimer. Those in non-lymphoid
organs express either the E-cadherin-binding integrin aE (CD103) or CD24,
although subsets of cDC2 in specific organs can share these markers (Edelson et
al., 2010). cDCls carry the chemokine receptor XCR1 and CLEC9A (also known
as the C-type lectin receptor DNGR-1) CD205, and CD207. However, the latter is
absent in intestinal and pancreatic cDC1s (Bachem et al., 2012). In comparison to
cDC2s, ¢DC1s show higher levels of Flt3 and lower expression of Sirpa and
CD11b (Crozat et al., 2010).

More populous and varied than ¢DCls are ¢DC2s. Almost all cDC2s show
high expression of Sirpa and CD11b and an absence of markers common to
cDC1s such as CD8a, XCR1, CLEC9A and, except in the intestine, CD103
(Guilliams et al., 2016). The expression of CD4 is restricted to a fraction of cDC2s
in lymphoid tissues. In the gut, both CD11b*CD103+ and CD11b*CD103- ¢cDC2s
populations exist alongside CD11b-CD103+ ¢DCl1s (Scott et al., 2015). cDC2s are
subdivided into two groups defined either by their dependence on different
factors during development (Notch2 receptor or Klf4 transcription factor) or by
T-bet and RORyt expression (Schlitzer et al., 2013; Tussiwand et al.,, 2015).
Subgroups of cDC2 are called cDC2As and ¢cDC2Bs (Brown et al., 2019).
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As in mice, human pre-cDCs were found in the bone marrow, the bloodstream
and peripheral tissues. It is believed that pre-cDCs leave the bone marrow and
seed tissues, where they mature to cDC (See et al., 2017). Similar to murine pre-
cDCs, human pre-cDCs can be divided into uncommitted pre-cDCs, pre-cDC1
and pre-cDC2s. Human c¢DC2s and ¢DCls are present in blood, lymphoid, and
non-lymphoid tissues, with cDCls being less common than ¢DC2s, similar to
their distribution in mice (Collin and Bigley, 2018). Human ¢DC2s exhibit greater
diversity and distinct gene expression profiles across various tissues compared to
cDCl1s (Dutertre et al., 2019). Transcript analysis of single myeloid cells has led to
the proposal of additional subsets of cDCs, such as cDC3s, cDC4s, and ¢DCbs.
However, it is still to be investigated if these subgroups may resemble additional
subpopulations of cDCs or correspond to precursors of cDCs or variants of other
macrophages or activated ¢DCs (Villani et al., 2017). Along with this, cDC3 is
identified as a subgroup of myeloid cells similar to inflammatory cDC2s. cDC4s
appear to belong to the family of monocytes, while cDC5s share characteristics
with pre-cDCs and have been recognised as progenitors for cDC2s (Dress et al.,

2019)

1.1.3.2 Functions of cDCs

c¢DCs as environmental sensors

cDCs are exceptional environmental sentinels, capable of detecting a wide
range of stimuli in both steady-state conditions and during infection or tissue
damage. They rely on tonic signals such as FIt3L and Type I Interferons for their
survival, proliferation, and maintenance of their responsive state (Merad et al.,
2013; Shortman and Heath, 2010). The sensing abilities of cDCs are facilitated by
an array of PRRs, including Toll-like receptors (TLRs) and C-type lectin receptors

(CLRs). These receptors recognise PAMPs and DAMPs, triggering activation
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pathways within the cDCs (Reis e Sousa, 2004).

Both subgroups of cDCs express CD36, which can bind to dead cells (Albert et
al,, 1998). cDCls can detect viral infections through receptors specialised in
recognising viral RNA and DNA, such as TLR3. This capability enables them to
cross-prime CD8* T cells against infected cells (Schulz et al., 2005). Additionally,
cDCl1s express TLR11 and TLR12, which recognise antigens from Toxoplasma
gondii and stimulate interleukin (IL) -12 production (Yarovinsky et al., 2005). The
high expression of CLEC9A, a receptor for necrotic bodies, allows c¢DCls to
induce CTL responses, and signalling through this receptor is important for

effector or memory responses (Sancho et al., 2009).

cDC2s are thought to be more specialised in detecting intracellular pathogens.
They can sense viral infections via TLR7, RIG-I, and MDA-5 (Kato et al., 2005).
However, they are also attuned to bacterial components and extracellular signals
through receptors like TLR5 and TLR4 (Uematsu et al., 2006). For instance, the
activation of TLR5 by bacterial antigens prompts cDC2s to produce IL-23 and
induce Th17 cell responses (Kinnebrew et al., 2012).

According to their function as sensors, cDCs are found at distinct locations at
various interfaces between the host and the external world. While cDCls are
found closer to the epithelial layers of mucosal barriers, interdigitating the
epithelial layer with their dendrite-like protrusions, cDC2s are located deeper in
the tissues, accessing antigens that cross the epithelial barrier (Ginhoux et al.,

2009; Rescigno et al., 2001).

Activation of cDCs
Two important properties of ¢cDC function are the induction of adaptive
immunity and, conversely, the silencing of an immune response and priming of

self-tolerance (Steinman et al.,, 2003). To acquire these abilities, cDCs can
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transition from resting to activated states, a process also known as cDC
maturation or activation. Upon antigen recognition, cDCs undergo a
transformation from an antigen-capturing state to an antigen-presenting state,
defined by their enhanced ability to interact with other immune or non-immune
cells (Reis e Sousa, 2006). This transition occurs in both steady-state and
inflammatory conditions. It is characterised by phenotypic changes such as the
up-regulation of expression of co-stimulatory molecules and MHC molecules on
their surface, including CD80, CD86, and CD40, as well as the extension of their
dendrites to facilitate interaction with T cells (Banchereau and Steinman, 1998).
Migratory cDCs also up-regulate the expression of chemokine receptors like

CCR?7 that enable migration to lymph nodes (Forster et al., 1999).

As already mentioned and depending on the context, cDCs can produce
various cytokines that guide T cell differentiation into effector T cells, including
Th1, Th2, and Th17 cells, as well as Tregs (Kapsenberg, 2003). Interestingly, cDCs
can also enter a phenotypically mature state without PRR triggers solely through
cytokine stimulation. However, these cytokine-matured cells cannot produce
cytokines that direct T cell differentiation (Sporri and Reis e Sousa, 2005). Along
the same lines, even in the absence of pathogens or under germ-free conditions,
cDCs undergo a maturation process and actively present self-antigens to auto-
reactive T lymphocytes that have evaded thymic elimination (Ardouin et al.,
2016; Wilson et al.,, 2008). This phenomenon, termed "homeostatic" or
"tolerogenic" maturation, plays a crucial role in maintaining central and
peripheral tolerance (Ardouin et al., 2016). The mechanisms by which this
process preserves immune homeostasis include T cell elimination, anergy or
facilitating their conversion to Treg cells. At the heart of homeostatic ¢cDC
maturation lies the engulfment of apoptotic cells, a process that has emerged as a
key driver of tolerogenic programming, especially in cDC1s (Bosteels et al., 2023;

Cummings et al., 2016). The mere influx of lipids and cholesterol appears
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sufficient to trigger this maturation pathway, while nucleic acid sensing seems
dispensable (Bosteels et al., 2023). The homeostatic maturation program is
characterised by a distinct transcriptional signature, including the activation of
liver X receptor (LXR) and sterol regulatory element-binding protein 2 (SREBP2)
pathways (Gainullina et al., 2023; Plebanek et al., 2024). Notably, LXR signalling
not only orchestrates cholesterol efflux but also acts as a repressor of interferon-
stimulated genes, effectively dampening inflammatory responses (Tall and Yvan-
Charvet, 2015). This metabolic reprogramming appears to be a crucial checkpoint
in the decision between tolerance and immunity, with cholesterol homeostasis
playing a central role. These recent findings emphasise that tolerance induction is
an active process rather than merely a default state in the absence of danger
signals, as was proposed earlier. This lipid-centric initiation of tolerance aligns
with ancient evolutionary pathways predating many receptor-ligand interactions,
suggesting a fundamental link between lipid metabolism and immune regulation

(Bosteels and Janssens, 2024).

While cDCs are primarily known for their role in interacting with T cells, they
can also present antigens to B cells, leading to antibody production (Qi et al.,
2006). Additionally, they significantly contribute to innate immune responses. For
example, activated c¢DCs interact with neutrophils to shape early bacterial
responses (Del Fresno et al., 2018) and can also enhance NK cell cytotoxicity and
proliferation through direct interactions (Andrews et al,, 2003). Beyond their
interactions with immune cells, cDCs also communicate with non-immune cells.
Recent findings have suggested that cDCs can influence sensory neurons; for
instance, IL-31 released by activated dermal ¢cDC2s during wound healing can
intensify the itching response that accompanies the healing process (Xu et al.,

2020).
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Activation of tissue cDCs involves the migration from peripheral tissues to the
draining lymph nodes (dLNs), a process driven by the expression of chemokine
receptors such as CCR7, which follows a gradient of chemokines like CCL19 and
CCL21 that are present in the lymphatic vessels (Forster et al., 1999; Ohl et al.,
2004). Antigens that freely enter afferent lymph can also be passively drained to
dLNs and be indulged by resident cDC and induce T cell response (Hickman et
al., 2008), a process that could have a kinetic advantage to antigen presentation
by migratory ¢cDCs (Gerner et al., 2015). It is suggested that induction of initial
but weaker T cell priming is mediated by LN-resident cDCs, and later, but more
potent effector responses are mediated by migratory cDCs that sample locally
constrained antigens in tissue (Itano et al., 2003). Upon arrival in the LNs, cDCs
settle in the T cell zones, where they present antigens to naive T cells. The
location of subgroups of cDCs has been described as ¢DCls being found
predominantly in deeper T cell zones and cDC2s mostly residing in the outer
T cell zone and the inter-follicular zone in steady state. However, we know that,
especially in the inflamed state, segregation is dynamic and involves relocation

within the dLN (Gerner et al., 2012).

cDC antigen presentation to T cells

The core function of DCs lies in their ability to process and present antigens on
both MHC class I (MHC I) and class II (MHC II) molecules, a dual capacity that
enables them to activate both CD8* cytotoxic T cells and CD4+ helper T cells,
respectively (Dudziak et al., 2007). ¢cDCls are particularly proficient in cross-
presenting antigens on MHC I molecules, a crucial mechanism for inducing
cytotoxic responses against tumours and virally infected cells (Den Haan et al.,
2000; Pooley et al., 2001). In contrast, cDC2s excel in presenting antigens on

MHC II molecules, pivotal for helper T cell activation and the subsequent
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orchestration of humoral and cellular immunity (Maldonado-Lépez et al., 1999;

Pulendran et al., 1999).

The interaction between ¢cDCs and T cells does not merely hinge on antigen

presentation but also involves the engagement of co-stimulatory molecules as

well as cytokines. These components of a successful cDC-T cell interaction are

categorised into three signals (Kalinski et al., 1999; Reis e Sousa, 2006):

Signal 1: peptides presented on MHC (pMHC) molecules on cDCs engage
with TCRs of T cells, which results in a stable TCR-pMHC complex, also
referred to as immunological synapse. Additional adhesion molecules can
stabilise this complex, like ICAM-1 of ¢cDCs that can bind to LFA-1 of T cells
(Grakoui et al., 1999).

Signal 2: co-stimulatory molecules expressed by cDCs that interact with CDs
on T cells to mediate T cell survival, expansion and activation. These
molecules belong either to the immunoglobulin superfamily like CD80 and
CD86 that interact with CD28 on naive T cells (Harding et al., 1992) or to the
tumour necrosis factor (TNF) superfamily, for example, CD40L that can bind
to CD40 (Ahonen et al., 2004). Activation of both named examples, CD28
and CD40L, are supporting T cell expansion (Ahonen et al., 2004; June et al.,
1987).

Signal 3: Immunomodulatory mediators secreted by cDCs that navigate
T cell expansion and differentiation from naive to effector T cells (Curtsinger
et al., 2005, 2003; Kalinski et al., 1999). For example, IL-12 and type I
interferon (IFN) are necessary for CD8* T cell memory formation (Xiao et al.,

2009).

18



Activation of naive CD8* T cells in immunity

The capability of cDCls to process and present extracellular antigens via
MHCI molecules was described over two decades ago (Den Haan et al., 2000).
This phenomenon is called cross-presentation. It is of particular importance as
exogenous antigens are typically presented by MHCII, and the MHCI pathway
ordinarily displays endogenous antigens from within infected cells. Though
several cell types of APCs are able to cross-present, cDCls are the dominant
cross-presenting APCs (Jung et al., 2002). Through cross-presentation, cDCl1s can
initiate CTL responses. This function of cDCs seems to be crucial during infection
as Batf3 knockout mice that lack ¢DCls show impaired CD8+ T cell response
during Sendai virus, West Nile virus and Vaccinia virus infection (Edelson et al.,

2010; Hildner et al., 2008; Iborra et al., 2012).

Additionally, ¢DCls show a notable ability to prime CD8+ T cells
independently of their capacity to cross-present. They are unique among
haematopoietic cells in expressing the chemokine receptor XCR1. The
corresponding ligand, XCL1, is produced by CD8+ T cells after antigen
recognition (Dudziak et al., 2007). This expression enables ¢cDC1 to facilitate
interactions between previously activated CD8+ T cells and ¢DCls, thereby
enhancing the differentiation of CTLs (Crozat et al., 2010; Dudziak et al., 2007).
Besides direct induction of CTLs via cell-cell contact, cDCls have also been
shown to be the main producers of IL-12 (Farrand et al., 2009; Hochrein et al.,
2001; Maldonado-Lépez et al., 1999) and IL-15 (Mattei et al., 2001) during
infection. These cytokines are additionally triggering the differentiation of CTLs
(Pulendran, 2004). Notably, inflammatory c¢DC2s have been shown to also
efficiently cross-present to CD8* T cells and produce IL-12 (Bosteels et al., 2020;
Desch et al., 2014).
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Activation of naive CD4+ T cells in immunity

As mentioned earlier, both ¢cDCls and ¢DC2s play significant roles in the
activation and differentiation of CD4+ T cells, which is crucial for orchestrating
adaptive immune responses and shaping the overall immune landscape. Both
cDC1s and cDC2s, like other APCs, express MHCII molecules, which are
essential for presenting exogenous antigens to CD4+ T cells. This classical
pathway of antigen presentation allows these cDC subsets to initiate CD4+ T cell
responses against a wide array of pathogens and foreign antigens (Cabeza-
Cabrerizo et al., 2021). Interestingly, cDC1s and cDC2s show distinct patterns in
promoting CD4+ T cell differentiation. The role of cDCls in the activation of CD4+
T cells is not as clear as their role in the activation of CD8+ T cells. However,
cDC1s have been shown to excel at promoting IFN-y-producing Thl
differentiation of CD4+ T cells, largely attributed to their superior ability to
produce IL-12, a key cytokine for Th1 polarisation (Reis e Sousa et al., 1997). This
has been shown to be critical for cell-mediated immunity against intracellular

pathogens (Martinez-Lépez et al., 2015).

In contrast, cDC2s are more versatile in their ability to induce different CD4+
T cell subsets. They are particularly adept at promoting Th2 and Th17 responses.
cDC2s express higher levels of Interferon regulatory factor 4 (IRF4), which is
crucial for their development and function, including their ability to induce Th2
responses (Schlitzer et al., 2013). They are also major producers of IL-23, a
cytokine essential for Th17 differentiation and maintenance (Persson et al., 2013).
Additionally, both cDC subsets contribute to the development of Tth cells, which
are essential for supporting B cell responses and antibody production

(Krishnaswamy et al., 2018).
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Figure 2. ¢DC function. Gut-homing of pre-cDCs and T cells is mediated by a4p7 and CCRO.
Activated ¢DCs up-regulate CCR7 and migrate to the dLNs, where they interact with T cells.
Different cDC subsets can activate specific T cells.

c¢DC and T cell interaction in the context of immune tolerance

While the mechanisms by which ¢DCs initiate immune responses are well-
characterised, their function in promoting tolerance is less known. In homeostatic
conditions, cDCs play a crucial role in both central and peripheral tolerance.
Within the thymus, they contribute to the elimination of self-reactive T cells
during development (Perry et al., 2018, 2014). In peripheral tissues, tolerogenic
cDCs employ various strategies to maintain immune quiescence, including the
induction of T cell anergy, deletion of auto-reactive cells, and the generation and

activation of Tregs (Kurts et al., 2001).

The process of T cell priming by tolerogenic cDCs shares some similarities
with T cell activation in immunity, particularly the requirement for TCR
engagement. However, tolerogenic ¢cDCs show lower levels of MHC and co-

stimulatory molecules like CD80 and CD86 (Qureshi et al., 2011; Wing et al.,
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2008). This reduced co-stimulation through the CD28 pathway on T cells can lead
to the activation of anergy-associated genes regulated by Nuclear factor of
activated T-cells (NFAT), ultimately resulting in T cell unresponsiveness (Hui et
al.,, 2017; Sharpe and Pauken, 2018). Additionally, co-stimulation through CD86

may lead to Treg induction (Halliday et al., 2020).

Tolerance can also be achieved by converting CD4+ T cells into Tregs. In this
context, cDCls play a pivotal role in inducing Tregs through the coordinated
action of transforming growth factor beta (TGF-B) and retinoic acid (RA), the
latter derived from dietary vitamin A (Scott et al., 2011). This process establishes a
positive feedback loop, with Treg-derived signals like IL-10 that further enhance
the tolerogenic functions of cDCs (Mahnke et al., 2007).

The tolerogenic capabilities of DCs can be detrimental in the context of cancer,
where they may contribute to immune suppression within the tumour
microenvironment, hindering effective anti-tumour responses. In this context, it
is important to mention a recently described population known as mature
regulatory DC (mregDC) that have been distinguished from tolerogenic cDCs in
the tumour. These cells have been characterised by a specific gene expression
profile enriched for immunoregulatory molecules (Maier et al., 2020). They are
particularly prevalent in the tumour microenvironment and are defined by their
activated state, migratory capabilities, and immunomodulatory functions while
lacking key markers associated with conventional DC subsets (Li et al., 2023).
However, it remains to be investigated if mregDCs actually represent a distinct

subset of cells or merely an activation status of DCs.
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1.14 T cells

In the early 1970s, Jacques Miller and Max Cooper first described two distinct
classes of lymphocytes: B cells and T cells (Cooper, 2010; Miller, 1961). T cells are
a central component of the adaptive immune system, providing an essential role
in immune regulation, pathogen defence, and immune homeostasis. They are
crucial for activating and coordinating other components of the immune system,
notably B cells and macrophages, to ensure an effective defence mechanism.
T cells are also responsible for establishing immune memory, which facilitates
quicker and more efficient responses to subsequent encounters with the same
antigens (Nicholson, 2016). In addition, T cells are essential players in
maintaining tissue homeostasis; for instance, they select specific organisms in the
intestinal microflora or provide growth factors during pregnancy (Komano et al.,

1995; Zhang et al., 2018).

T cells derive from HSCs in the bone marrow but then migrate to the thymus,
where they undergo critical maturation and differentiation processes, hence their
name "T" cells. This process involves complex interactions with APCs and the
selective rearrangement of TCRs, which are pivotal for recognising specific
antigens presented on MHC molecules by APCs (Dutta et al., 2021; Kisielow et
al., 1988). During thymic maturation, a selection process takes place to ensure
self-tolerance (Kisielow et al., 1988; Klein et al., 2014; Starr et al., 2003) and the
capability to respond to foreign antigens (Kisielow et al., 1988). Due to this
selection process, only a fraction of generated T cells leave the thymus and enter

through the bloodstream into the periphery (Egerton et al., 1990).

The TCRs are built in a heterodimeric structure and consist of a disulfide-
linked and either a and 3 combined polypeptide chain (TCRap) or a y and d
combined chain (TCRyd). TCRs are associated with the proteins of the CD3
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complex, and, notably, the majority of T cells express TCRaf. Both af- and yd-
chains are highly variable and enable the recognition of a vast array of antigens.
This diversity is generated through somatic recombination of gene segments in
developing T cells (Acuto et al.,, 1984; Brenner et al., 1986; Chien et al., 1987;
Hedrick et al., 1984; Saito et al., 1984). The recognition of antigenic peptides by
TCRs is highly specific, leading to a relatively low occurrence of T lymphocytes

that recognise a specific antigen (Obar et al., 2008).

T cells are subdivided based on the expression of the surface molecules CD4
and CD8, which are associated with helper and cytotoxic functions, respectively
(Taniuchi, 2018; Teh et al., 1988). CD4 recognises peptides that are presented on
MHC II, and CD4+ T cells assist other cells of the immune system in mounting
and regulating immune responses. The receptor CD8 can engage with peptides
presented on MHC I, and CD8* T cells are primarily involved in directly killing
infected or malignant cells. While MHC 1 is expressed on all nucleated cells,
MHC II is mainly expressed on APCs (Gabert et al., 1987; Gay et al., 1987).
Maturation of T cells into CD4+ or CD8+ cells is principally defined by a balance
between two transcription factors: Thpok dedicates CD4* T cell development
while Runx3 facilitates CD8* lineage commitment (Egawa and Littman, 2008;
Taniuchi et al., 2002). Upon encountering their specific antigen, stimulation
through co-stimulatory molecules and cytokine signalling, naive CD4+ or CD8*
T cells become activated and differentiate into various effector subtypes, each
characterised by distinct functions and cytokine profile (Davis et al., 1998; Kaech
and Wherry, 2007; Ruterbusch et al., 2020; Zhu et al., 2010). The differentiation
into distinct subtypes is regulated by specific transcription factors that activate
genes necessary for the effector functions and also suppress the development of
alternative T cell fates (Luckheeram et al., 2012). The complexity of T cell

functions in immune responses underscores their importance not only in the
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defence against pathogens but also in the development of immunological

tolerance and autoimmunity (Sun et al., 2023).

1.1.4.1 Regulatory T cells

Immunosuppressive functions of Tregs

Regulatory T cells are CD25* and CD4+ T cells that are fundamental for
maintaining tolerance and for the resolution of immune responses by
suppressing effector T cell function. They execute their suppressive functions
through metabolic disruption, cytolysis, and modulation of APCs. However, their
major suppressive mechanism acts through the secretion of inhibitory cytokines,
primarily IL-10, TGF-f, and IL-35 (Plitas and Rudensky, 2016). IL-10 is a strong
inhibitory cytokine that suppresses pro-inflammatory responses and mediates
homeostasis by inhibiting Th1 and other immune cells (Couper et al., 2008), and
both IL-10 and TGF-p, effectively inhibit Immunoglobulin E (IgE) production,
thereby attenuating allergic responses (Jutel and Akdis, 2008). Cytolysis is
facilitated by Granzyme B (Gzmb) (Gondek et al., 2005) while metabolic
disruption results from IL-2 deprivation, leading to apoptosis (Vignali et al.,
2008), activation of the adenosine receptor 2A (Tang and Bluestone, 2008) or
insertion of the inhibitory second messenger cAMP (cyclic adenosine
monophosphate) into effector T cells (Sojka et al., 2008). Alteration of APC
function is mediated by interaction of Tregs with CD80, CD86 and MHC II
molecules on APCs, resulting in a diminished ability of APCs to activate T
effector cells (Sojka et al., 2008). Tregs can also influence the production of the
immunoregulatory and tryptophan-degrading enzyme indoleamine 2,3-

dioxygenase (IDO) of cDCs (Mellor and Munn, 2004).
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In contrast to effector T cells that require antigen recognition for secretion of
anti-inflammatory molecules, Tregs continuously express a high amount of some
of their effector molecules like IL-10, Gzmb, and others. Due to this baseline
activity, Tregs have a head start in their suppressive activity in comparison to
other effector T cells that express the same molecules but later in their activation.
Although their secretion of immunosuppressive molecules facilitates the
resolution of immune reactions, other T cells alone, in the absence of Tregs,

cannot prevent autoimmunity and inflammation (Dikiy and Rudensky, 2023).

Compared to other CD4+ T cells, Treg cells harbour a distinct TCR repertoire,
highly enriched for "self" recognising receptors, which is important for their
ability to suppress inappropriate- as well as auto-immune reactions (Hsieh et al.,
2006; Nishio et al., 2015). Additionally, Tregs specific to a particular antigen
effectively inhibited the activity of CD4* T cells that recognise the same peptide
epitope while not affecting those T cells that responded to different, non-cross-
presented peptides presented by the same cDC cell on MHC II molecules. This
suppression occurred through a process that involves the direct elimination of
peptide-MHC complexes from the cDCs facilitated by the TCRs on Tregs (Akkaya
et al., 2019). However, this precise TCR-mediated targeting of specific immune
responses does not imply that the following suppressive mechanisms have to be
TCR-dependent. Conversely, activated Tregs display important and non-
redundant TCR-dependent and -independent effector functions (Dikiy and
Rudensky, 2023).

Activated and migrating Tregs express CCR7 and L-selectin (CD62L), guiding
them to secondary lymphoid organs (Huehn et al., 2004). They also express high
amounts of CCR4, a chemokine receptor that binds to CCL22, expressed by
activated c¢cDCs (Rapp et al.,, 2019). Through coordination of these interaction-

promoting receptors, Tregs can regulate the immune response in a time-sensitive
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manner and preclude over-reactivity to antigens in secondary lymphoid tissue.
Treg-mediated suppression of inflammation is of special importance at barrier
tissues that are constantly exposed to exogenous antigens in physiological
conditions. The intestinal environment, for example, presents a unique challenge
for the immune system, requiring a delicate balance between tolerance to food
antigens and commensal microbiota while maintaining the ability to respond to
pathogens. To achieve this balance, activated Tregs also express a variety of other
inducible chemokines, integrins and tissue-homing receptors that guide Treg
migration in response to infection or injury to specific locations, aside from
secondary lymphoid tissues (Mempel and Marangoni, 2019). Another strategy of
Tregs to co-localise with effector T cells is the expression of CCL3 and CCLA4.
These molecules attract pro-inflammatory T cells to Tregs, which allows them to

suppress their inflammatory response subsequently (Patterson et al., 2016).

Besides their immune suppressive functions, Tregs have also been shown to be
directly involved in tissue repair. For instance, Tregs in the skin stimulate Notch
or TGF-p receptor signalling in hair follicle stem cells (SCs), supporting the SC
niche and promoting regrowth of hair follicles and epithelial barrier (Ali et al.,

2017; Mathur et al., 2019).

Heterogeneity in the Treg family

There are two main subsets of Tregs, defined by their location of development
(Hori et al., 2003): natural or thymic Treg (nTreg or tTreg) cells derived from the
thymus and induced or peripheral Treg (iTreg or pTreg) cells derived from
peripheral CD4+ T after antigen and TGF-B and IL-2 stimulation (Josefowicz et
al., 2012; Kanamori et al., 2016). tTreg cells are characterised by high expression of
CD25 and their master regulator FoxP3, which are essential for their suppressive
function. They develop in response to self-antigen, which makes them

particularly responsive to autoimmune reactions (Zheng et al, 2004). This
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characteristic is especially evident during events that involve damage to the
body's tissues (Wyss et al.,, 2016). They require co-stimulation through CD28
(Sempowski et al., 2004) and are dependent on IL-2 and TGF-f for survival and
growth (Furtado et al., 2002; Marie et al., 2005). In secondary lymphoid organs,
tTregs constitute the majority of the regulatory T cell population. Following their
activation by DCs through antigen-specific interactions in lymph nodes, tTregs
can experience changes in their expression of trafficking receptors, such as an up-
regulation of chemokine receptors like CCR4, CCRS8, or CCR9 (Lee et al., 2007).
Such modifications facilitate the movement of tTregs from lymphoid tissues to
various peripheral sites in the body. The transcription factor Helios has been
proposed as a marker to distinguish tTregs from pTregs (Thornton et al., 2010).
However, the specificity of this marker remains a topic of debate, as some
researchers have reported Helios expression in other cell types (Thornton and
Shevach, 2019). The gut harbours a distinct intestinal tTreg subpopulation which
appears to possess a specialised functional role in the suppression of ongoing
inflammation (Wohlfert et al.,, 2011). Gata3+Helios* Tregs display major
immunosuppressor function during intestinal inflammation. A deficiency in
Gata3 was shown to hinder Treg infiltration to the inflamed intestine and

mesenteric LN (mLN), while T effector cells were unaffected.

pTreg cells are crucial for maintaining tolerance to non-self antigens, including
commensal bacteria and dietary antigens, which the immune system encounters
post-thymically (Workman et al., 2009). Therefore, they are predominantly found
in peripheral tissue barriers. In comparison to tTregs, the development of pTregs
is dependent on weaker TCR stimulation and peripheral exogenous antigens
(Apostolou and von Boehmer, 2004). They are primarily generated in the
presence of TGF-f in the presence of IL-2 and, as opposed to tTreg development,
are not dependent on CD28 stimulation (Kretschmer et al.,, 2005). For their

generation, APCs, including cDCs, pDCs and monocyte-derived DCs, have been
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shown to play an important role (Moseman et al., 2004; Mucida et al.,, 2007;
Steinbrink et al., 2002; Sun et al., 2007). Importantly, cDC1 but not cDC2 have the
capacity to generate pTregs (Verginis et al., 2005). Both tTregs and pTregs have
similar phenotypes and secrete IL-10 and TGF-f amongst other cytokines
(Povoleri et al., 2013). However, even though they share similar functions, it has
been shown that functions are not completely redundant. In this sense, e.g.
pTreg depletion in mice resulted in inflammation and weight loss (Haribhai et al.,
2012). Some pTregs express Roryt. They occur preferentially in the colon and
small intestine but not in other non-lymphoid tissue or splenic Tregs (Burzyn et
al.,, 2013). Roryt* Tregs down-regulate T effector cell-derived IL-17a and IFN-y,

and ablation of those results in severe colitis (Sefik et al., 2015).

Additionally to FoxP3 expressing Tregs, other inducible T cells with regulatory
properties have been described. These include CD4+ (Th3, Trl, and iTr35) and
CD8+ (CD8+CD28-) cells. For example, Trl differentiation can be induced by
IL-10, and they repress T effector cell function by secretion of IL-10 and TGF-3
(Groux et al., 1997; Levings et al., 2005).

In the small intestinal Treg population, 30% of all Tregs are Gata3* and 15%
are Roryt* compared to around >10% of Tregs in Peyer's patches or mLNs (Sefik
et al., 2015; Wohlfert et al., 2011). The expression of Gata3 and Roryt in colonic
and small intestinal Tregs are mutually exclusive (Sefik et al., 2015; Wohlfert et
al., 2011). Taken together, enteric Tregs can be divided into three distinct

phenotypes: Gata3* tTregs, Roryt* and Roryt- pTregs.

As already mentioned, both tTregs and pTregs are characterised by their
expression of the transcription factor FoxP3. However, tTregs possess a unique
epigenetic signature in the FOXP3 locus known as the Treg-specific demethylated

region (TSDR). This region remains largely unmethylated in tTregs, whereas it is
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heavily methylated in pTregs (Kim et al., 2012). The demethylated state of the
TSDR is associated with more stable FoxP3 expression, suggesting that tTregs
may maintain their suppressive phenotype more consistently than pTregs
(Polansky et al., 2010). While TGF-p has been extensively studied for its role in
pTreg differentiation from conventional T cells, research has shown that it is also
crucial for the development of tTregs in the thymus. This highlights the
importance of TGF-f signalling across different Treg subsets, which induced

FoxP3 expression (Chen and Konkel, 2015).

1.1.5  The immune system of the small intestine

The small intestine presents a tight regulation of the immunological frontier at
the interface between host and environment (Mowat and Agace, 2014). Here, the
immune system faces a constant barrage of dietary antigens, commensal
microbiota, and potential pathogens, necessitating a delicate balance between

tolerance and defence.

The gut-associated lymphoid tissue (GALT) forms the cornerstone of small
intestinal immunity (Mowat and Agace, 2014). This network of organised
lymphoid structures and diffuse lymphoid cells permeate the intestinal mucosa
and submucosa, creating a robust defence system. At the forefront are the Peyer's
patches, macroscopic lymphoid aggregates primarily found in the ileum. These
structures, covered by a specialised follicle-associated epithelium (FAE), serve as
critical sites for antigen sampling and immune induction. Complementing the
Peyer patches are the isolated lymphoid follicles and cryptopatches, smaller
lymphoid aggregates scattered throughout the intestine that contribute to local
immune responses and tissue homeostasis (Knoop and Newberry, 2012; Pabst et

al., 2005).
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The epithelial barrier of the small intestine represents the first line of defence
against luminal threats (Peterson and Artis, 2014). Enterocytes, the predominant
cell type, not only facilitate nutrient absorption but also express PRRs that detect
microbial products, alerting the immune system to potential threats. Interspersed
among the enterocytes are specialised cell types, each contributing uniquely to
intestinal immunity. Goblet cells secrete mucus, forming a physical and chemical
barrier against microbes (Johansson et al., 2013). Paneth cells, nestled at the base
of intestinal crypts, produce an arsenal of antimicrobial peptides, bolstering
innate immunity (Clevers and Bevins, 2013). The rare but significant tuft cells
play a crucial role in type 2 immune responses and parasite detection (Gerbe et
al., 2016). Within the FAE of Peyer's patches, microfold (M) cells facilitate the
sampling and transport of antigens from the lumen to underlying immune cells,
bridging the gap between the external environment and the immune system

(Mabbott et al., 2013).

Beneath the epithelium lies the lamina propria, a region harbouring diverse
immune cells (Mowat and Agace, 2014). Here, T cells of various subsets —
including Th1, Th2, Th17, and Tregs — orchestrate adaptive immune responses
and maintain tolerance. B cells, particularly plasma cells, produce copious
amounts of Immunoglobulin A (IgA), which is transported across the epithelium
to provide humoral defence in the lumen (Macpherson et al, 2008). ILCs,
especially ILC3s, play pivotal roles in maintaining epithelial barrier integrity and
coordinating immune responses (Artis and Spits, 2015). Phagocytes, including
DCs and macrophages, serve as sentinels, presenting antigens and initiating
adaptive immune responses (Mowat and Agace, 2014). Granulocytes such as
mast cells and eosinophils contribute to host defence and mediate allergic
responses (Kurashima and Kiyono, 2014). This intricate network of specialised
structures and diverse cell types forms a highly sophisticated immune system

uniquely adapted to the challenges of the small intestinal environment.
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Interestingly, the small intestinal immune system exhibits significant regional
differences along its length (Mowat and Agace, 2014). The proximal small
intestine is characterised by a thinner mucus layer, higher oxygen levels, a more
acidic pH, and a relatively fast transit time, which limits bacterial growth. This
region has the highest concentrations of luminal IgA, which decreases along the
intestine. The duodenum and jejunum also show an increased frequency of
ILC2s, Th17 cells, NKs, ILCs, eosinophils, pDCs and mast cells. In contrast, the
distal small intestine, primarily the ileum, has shorter villi, a thicker mucus layer,
and higher numbers of Paneth cells and goblet cells to cope with increasing
bacterial loads. The ileum exhibits an increasing gradient of Roryt+ pTreg cells
and ILC3s. Additionally, the ileum has more Peyer patches, as they gradually
increase towards the distal gut. The spacial immune landscape has been
reviewed extensively. However, a complete and systematic comparison of all
major immune cells in all intestinal segments is missing (Mowat and Agace, 2014;
Brown and Esterhdzy, 2021). Regional differences in the gut are influenced by a
combination of intrinsic tissue properties, extrinsic environmental factors, and
specialised immune cell populations, all of which contribute to the unique
immunological niches found along the small intestine. The duodenum receives
food components mixed with secretions from the pancreas, liver, and stomach.
Moving along to the jejunum and ileum, one finds differences in tissue
permeability and nutrient absorption through the intestinal wall, pH, transport
proteins, signalling proteins and immune responses (Spohn and Young, 2018).
Studies have shown that the microbial populations vary among these different
parts of the intestine (Donaldson et al., 2016; Kastl et al.,, 2020). Similarly, the
metabolic environment changes through the gut, with each section having its

unique characteristics (Meier et al., 2023).
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1.1.6  Food tolerance

The interface between an organism and its environment is critically important
for survival, with barrier tissues being constantly exposed to exogenous antigens.
In animals, the gastrointestinal tract represents the largest and most dynamic

interface with environmental antigens.

The mucosal area of the human small intestine is estimated to span
approximately 300 m2 and is, therefore, 100-fold larger than the skin. Each day,
around 130 to 190 grams of dietary proteins are absorbed within the intestinal
tract (Brandtzaeg, 1998). While the majority of dietary macromolecules are
broken down by the time they enter the small intestine, some proteins that are
un- or only partially degraded still manage to cross the intestinal barrier and are
absorbed into the bloodstream (Bruce et al., 1987, Husby et al., 1985). Even
though each meter of the intestinal mucosa houses about a trillion lymphoid cells

(Moog, 1981), the most common response to dietary antigens is tolerance.

Tolerance to ingested food antigens is a fundamental immunological process
that prevents adverse immune reactions to dietary proteins and maintains
homeostasis (Faria et al, 2003). It is characterised by a state of systemic
unresponsiveness or hypo-responsiveness to food antigens that the immune
system encounters through the gastrointestinal tract. The concept of so-called
oral tolerance stems from animal experiments. First described in 1911, Wells and
Osborne observed that guinea pigs could not develop an anaphylactic reaction to
antigens that these animals were already exposed to through their diet (Wells and

Osborne, 1911).
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1.1.6.1 Mechanistic pathways to acquire food tolerance

To date, several mechanisms have been proposed for the induction of oral
tolerance. They are mainly dependent on type, dose and administration form of
antigens (Faria et al., 2003; Mowat et al., 1982). While repeated exposure to low
doses of antigen results in induction of Tregs, exposure to high doses of antigens
leads to anergy or clonal deletion (Weiner et al., 1994). Notably, some theories
implicate the skin, rather than the digestive tract, as the crucial site for the

breakdown of food tolerance (Lack 2012).

The first step in the induction of oral tolerance is the sampling of antigens
from the gut lumen. This process is facilitated by specialised cells, including M
cells in Peyer patches and goblet cells and CX3CR1+ macrophages in the
intestinal epithelium (Mazzini et al.,, 2014; McDole et al., 2012). Once sampled,
antigens are processed and presented by APCs, primarily cDCs, which
subsequently migrate in a CCR7-dependent manner to the mLNs. In the GALT,
they present the antigens to naive T cells and initiate the tolerogenic response.
The induction of pTregs is a central mechanism in oral tolerance and is generated
in the periphery from naive CD4+ T cells under the influence of TGF-f3 and RA
(Chen et al., 2003; Coombes et al., 2007). FoxP3+ pTregs play a critical role in
suppressing effector T cell responses and maintaining tolerance to food antigens
through various mechanisms, including the production of anti-inflammatory
cytokines such as IL-10 and TGF-B, as well as cell contact-dependent mechanisms

(Sakaguchi et al., 2008).

cDCls play a crucial role in the induction of pTregs (Esterhdzy et al., 2016).
They have the ability to activate latent TGF-3 through the integrin aVp8 and to
metabolise vitamin A into RA, which is essential for the differentiation of pTregs

and facilitates the imprinting of gut-homing receptors on T cells (Coombes et al.,
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2007). As TGF-B, along with RA, can increase the expression of integrin aV[38
expression in ¢cDCls, this creates a positive feedback loop which strengthens the
regulatory function of cDC1s (Boucard-Jourdin et al., 2016). cDC1s also express
the enzyme IDO, which is involved in tryptophan catabolism. It reduces local
concentrations of tryptophan and produces tryptophan metabolites which act as
immunomodulators that can induce pTreg cell conversion and thereby support

oral tolerance (Matteoli et al., 2010).

As mentioned earlier, high doses of antigen can lead to anergy or clonal
deletion of antigen-specific T cells. Anergy refers to a state of functional
unresponsiveness in T cells, characterised by their inability to produce IL-2 and
to proliferate subsequently to antigen encounters (Schwartz, 2003). This state is
induced when T cells receive antigen stimulation in the absence of adequate co-
stimulatory signals. Clonal deletion, on the other hand, involves the elimination
of antigen-specific T cells through apoptosis (Chen et al.,, 1995). This process is
mediated by Fas-FasL interactions and is particularly important in maintaining
central tolerance in the thymus. However, it also plays a role in peripheral

tolerance, including oral tolerance.

Cytokines have a crucial role in orchestrating the tolerogenic response. TGF-f3
is particularly important, as it promotes the differentiation of naive T cells into
pTregs and suppresses the differentiation of pro-inflammatory Th1 and Th17 cells
(Li et al., 2006). IL-10 is another key cytokine in oral tolerance, suppressing the
activation and effector functions of T cells and promoting the development of
regulatory cells (Moore et al., 2001). Interestingly, recent research has highlighted
the role of IL-27 in oral tolerance. IL-27 has been shown to induce IL-10-
producing Trl cells, which contribute to the maintenance of intestinal

homeostasis (Awasthi et al., 2007).
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Additionally to food antigens, the human body hosts an immense microbial
population, making up for around 0.3% of the overall body weight. Most of these
bacteria live in the gut, and while they constitute another source of exogenous
and physiological antigens, they also play a significant role in shaping the
immune response and contribute to oral tolerance (Sender et al., 2016).
Commensal bacteria produce metabolites, such as short-chain fatty acids
(SCFAs), which have been shown to indirectly promote the differentiation and
function of pTregs (Arpaia et al., 2013). Moreover, certain bacterial species, such
as Clostridium clusters IV and XIVa, have been directly linked to the induction of

colonic Tregs (Atarashi et al., 2011).
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Figure 3. ¢cDC1 involvement in food tolerance. Specialised cells like M cells, goblet cells and
CX3CR1* macrophages sample luminal food antigens and deliver them to cDCls. Commensal
bacterial metabolites, vitamin A and TGF-3 imprint tolerogenic properties on c¢DCls. ¢cDCls
migrate to mLNs through afferent lymphatic vessels where they induce differentiation of naive
CD4+ T cells into pTreg cells. Differentiation and gut-homing (through CCR9 and a4f7 ) is
facilitated by TGF-B, RA and tryptophan metabolites. mLN, mesenteric lymph node; RA, retinoic
acid; M, macrophage; IDO, indoleamine 2,3-dioxygenase.

Image adapted from Liu et al., 2021
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1.2 Obesity

Throughout history, perceptions of body weight have evolved dramatically. In
many ancient societies, excess weight was often viewed as a symbol of wealth
and prosperity (Marghoub et al., 2023). Ancient Greek and Roman cultures
generally considered a rounded figure attractive for women, as it signified
fertility and abundance. In the Middle Ages, plumpness was often associated
with health and wealth, especially in Europe. This ideal persisted into the
Renaissance, where art frequently portrayed curvaceous bodies as the pinnacle of
beauty. In stark contrast, contemporary views on body weight have shifted
significantly. Nowadays, most people in the Western world do not associate
obesity anymore with health but rather view it as a social stigma and reduced
quality of life. Modern science has further illuminated the link between obesity
and a range of health issues, from respiratory problems, autoimmunity or
diabetes to cancer and neurodegenerative and cardiovascular diseases (Hruby

and Hu, 2015).

The World Health Organisation (WHO) describes overweight as a condition of
excess fat deposits in the body, while obesity is defined as a chronic complex
disease with negative implications on health due to being overweight (WHO,
2024). The diagnosis of obesity often relies on the Body Mass Index (BMI), a
formula that calculates body fat based on an individual's weight and height
[(weight in kg)/((height in m)?)]. The BMI was developed in the 1830s by
Lambert Adolphe Jacques Quetelet, a Belgian mathematician and sociologist. It
classifies human adults into either "underweight", "overweight", or
"obese" (Eknoyan, 2008). For adults, a BMI of 25 to 29.9 is nowadays considered
overweight, while a BMI of 30 or more defines obesity (WHO, 2024). Importantly,

the BMI is a surrogate marker and does not always accurately reflect body fat
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distribution. Additional measures, such as waist circumference, can help refine

the diagnosis by indicating central obesity (Ross et al., 2020).

The current global trend in obesity is alarming, with substantial increases
observed across all age groups and regions. According to the WHO, in 2022,
2.5 billion adults (43% of the global adult population) were overweight, of whom
890 million (16% of the global adult population) were living with obesity (WHO,
2024). This represents a significant increase from 1990, when only 25% of adults
were overweight. Among children and adolescents, the prevalence of overweight
has risen from 8% in 1990 to 20% in 2022, with 390 million people affected. Of
these, 31 million are obese. The rates of overweight individuals seem to be
comparable between genders, with 43% of men and 44% of women and 19% of

girls and 21% of boys affected in 2022.

Simultaneously to health concerns, the economic impacts of the obesity
epidemic are growing, with predictions suggesting global costs could reach
4 trillion US$ per year by 2035 (World Obesity Federation, 2023). The rise in
obesity in lower- and middle-income countries is particularly concerning, as

these regions now face the double burden of malnutrition and obesity.

1.2.1  Diet-induced obesity

At the core, obesity results from an energy imbalance where caloric intake
surpasses energy expenditure, leading to excessive fat accumulation (Hill et al.,
2012). This basic principle, however, is influenced by a range of psycho-social
factors, genetic factors and an obesogenic environment (Swinburn et al., 2011). A
subgroup of obese patients suffer from obesity that is not strictly induced by diet
but a result or side-effect of certain diseases or syndromes, medications,

immobilisation and iatrogenic procedures (Heymsfield and Wadden, 2017).
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Though diet-induced obesity (DIO) is the most prevalent form of obesity (WHO,
2024), its aetiology is a complex and multifaceted issue, reflecting an intricate

interplay of genetic, environmental, and lifestyle factors.

Genetically, obesity is highly heritable, with estimates indicating that between
40% and 70% of individual differences in adiposity are attributed to genetic
factors (Herrera and Lindgren, 2010). These genetic predispositions interact with
environmental triggers to manifest as obesity. For instance, certain genetic
variants can influence appetite, metabolism, and fat storage, predisposing

individuals to gain weight more easily.

Environmental factors are critical in the recent DIO rates (WHO, 2024). These
include the increased availability of high-calorie, nutrient-poor foods coupled
with aggressive marketing strategies. Urbanisation has also led to changes in
lifestyle, with more sedentary behaviours and less physical activity, further
exacerbating the risk of obesity. Additionally, socioeconomic factors such as
lower education levels and income can limit access to healthy food options and
safe spaces for physical activity, thereby increasing obesity prevalence. Other
factors like smoking and stress can indirectly influence weight by altering

metabolism or increasing the likelihood of seeking comfort in food.

1.2.2  General health consequences of obesity

Obesity is a complex health condition that leads to a wide range of
complications, affecting various systems in the body. It is not only a risk factor for
numerous chronic diseases but also exacerbates existing health issues, leading to

diminished quality of life and increased mortality (Guh et al., 2009).

One of the most significant effects of obesity is decreased cardiovascular

health. The excess of fat in the body contributes to the development of
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atherosclerosis, a process characterised by the buildup of fatty deposits in the
arteries, leading to reduced blood flow and increased risk of coronary artery
disease (Poirier et al., 2006). Obesity also predisposes individuals to hypertension
by increasing the resistance in blood vessels and altering kidney function, which
in turn can lead to heart failure (Hall et al., 2015). Additionally, the presence of
metabolic syndrome, a cluster of conditions including high blood pressure, high
blood sugar, excess body fat around the waist, and abnormal cholesterol levels, is
more common in obese individuals and further elevates the risk of

cardiovascular diseases (Grundy, 2016).

In the realm of metabolic disorders, obesity is intrinsically linked with type 2
diabetes due to the role of excessive fat in inducing insulin resistance (Kahn et al.,
2006). The body's inability to effectively use insulin leads to elevated blood
glucose levels, necessitating medical intervention and lifestyle changes to

manage the disease.

Non-alcoholic fatty liver disease (NAFLD) is another significant complication
of obesity and is rapidly becoming the most common liver disorder worldwide
(Younossi et al., 2016). Characterised by the accumulation of fat in liver cells in
individuals who consume little or no alcohol, NAFLD can progress to non-
alcoholic steatohepatitis (NASH), leading to liver inflammation and damage. This
condition can further evolve into cirrhosis, liver failure, or hepatocellular
carcinoma (Chalasani et al., 2018). Obesity-induced insulin resistance plays a
crucial role in NAFLD development, as it increases free fatty acid flux to the liver
and promotes lipotoxicity and oxidative stress, which in turn triggers liver injury

and fibrosis (Buzzetti et al., 2016).

In addition to NAFLD, obesity is intimately linked to a range of metabolic
diseases beyond type 2 diabetes. These include dyslipidemia, characterised by

elevated levels of triglycerides, decreased high-density lipoprotein (HDL)
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cholesterol, and increased low-density lipoprotein (LDL) cholesterol, which
heightens the risk of atherosclerosis and cardiovascular diseases (Klop et al.,
2013). Furthermore, obesity can lead to an increased incidence of gout and kidney
diseases due to systemic metabolic stresses and the strain of carrying excess
weight, which disrupts normal renal function and uric acid metabolism (Kovesdy

et al., 2017).

Cancer risk is also heightened by obesity, with increased incidences of breast,
colon, endometrium, kidney, and oesophagal cancers, among others (Lauby-
Secretan et al., 2016). The mechanism behind this association involves the
hormonal imbalances and chronic inflammation induced by excessive adipose
tissue. Adipokines and cytokines released by adipocytes can promote
tumourigenesis and alter cellular signalling pathways, contributing to the

initiation and progression of cancer (Iyengar et al., 2016).

Respiratory problems are another critical complication of obesity. Obstructive
sleep apnea, characterised by intermittent airflow blockage during sleep, is
significantly more prevalent in obese individuals (Peppard et al., 2013). This is
primarily due to the mechanical obstruction from excessive neck fat, as well as
the altered respiratory mechanics from the increased abdominal girth, which can
compromise lung capacity and function. This condition not only disrupts sleep
quality but also increases the risk for further cardiovascular complications

(Drager et al., 2013).

The musculoskeletal system is also severely impacted by obesity. The
additional weight places excessive stress on weight-bearing joints, accelerating
the wear and tear that leads to osteoarthritis (King et al., 2013). This is
compounded by the systemic inflammation associated with obesity, which can

further degrade cartilage and joint function (Berenbaum et al., 2017).
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Psychologically, obesity is associated with a spectrum of complications,
including increased risks of depression, anxiety, and lower self-esteem (Luppino
et al., 2010). The stigma and discrimination faced by obese individuals can lead to
social isolation and diminished quality of life, exacerbating mental health issues
(Puhl and Heuer, 2009). Eating disorders, particularly binge eating disorders, are
more prevalent in obese populations, often as a result of psychological stress and
poor body image (Kessler et al., 2013). Moreover, the chronic stress from coping
with obesity and its associated health issues can lead to mood disturbances and

further complicate the management of obesity (Tomiyama, 2019).

Taken together, obesity affects the body in various ways and can lead to a
wide range of serious health complications that are also termed non-

communicable diseases.

1.2.3  The immune system of the obese host

The obese status is characterised by a chronic, low-grade inflammatory
condition of the host, often termed metabolic inflammation (Fantuzzi, 2005; Xu,
2013). This condition is marked by the infiltration of myeloid cells to metabolism-
related organs, such as the white adipose tissue (WAT) (Fujisaka et al., 2013).
Adipose tissue consists of a diverse array of cells, including adipocytes, stroma
cells, and resident immune cells (Lenz et al., 2020). Besides its role as an energy
reservoir, adipose tissue functions as an endocrine organ, secreting adipokines
that can modulate metabolism and influence inflammation (Chan et al., 2017). In
obesity, the expansion and altered function of adipose tissue leads to significant
changes in both local and systemic metabolism and resident cell populations,
contributing to adipose tissue inflammation (Chan et al., 2017; Crewe et al., 2017).
This localised inflammation can become systemic, affecting the homeostasis of

other cells and tissues and fostering the development of various chronic
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comorbidities, as mentioned before. For instance, obesity-induced changes in
adipose tissue macrophages have been shown to play a crucial role in metabolic
inflammation. These cells undergo a phenotypic switch from an anti-
inflammatory M2 state to a pro-inflammatory M1 state, contributing to insulin
resistance and metabolic dysfunction (Castoldi et al., 2015). Additionally, the
recruitment of CD8+ T cells to adipose tissue has been found to precede
macrophage infiltration and may be instrumental in initiating and perpetuating
adipose tissue inflammation (Nishimura et al., 2009). The systemic effects of
obesity-induced inflammation extend beyond adipose tissue. Levels of tumour
necrosis factor a (TNF-«), IL-1, and IL-6 in the circulation in obese humans and
mice are increased and contribute to the development of insulin resistance and,
therefore, type 2 diabetes (Hotamisligil, 2010; Hotamisligil et al., 1993; Olefsky
and Glass, 2010). Moreover, recent studies have identified new players in obesity-
related inflammation, such as inflammasome activation and the role of DAMPs in

triggering inflammatory responses (Cardoso et al., 2021; Christ et al., 2018).

Several other organs besides the WAT exhibit low-grade chronic inflammation
in the obese status of the host. These include the liver, muscle, pancreas, brain,
and both the small and large intestines. The gut, in particular, houses a vast
immune system due to its constant exposure to microbial and dietary antigens.
Research has revealed significant alterations in gut immunity and barrier
function in obesity. For instance, obesity has been associated with changes in the
composition and function of the gut microbiome, which can influence intestinal
permeability and result in systemic inflammation (Cani et al., 2007). Furthermore,
obesity-induced alterations in intestinal immune cells, such as increased pro-
inflammatory Th17 cells and decreased Treg cells, have been linked to metabolic
dysfunction and insulin resistance (Winer et al., 2011). The impact of obesity on
the immune system extends beyond metabolic inflammation. Studies have

shown that obesity can impair immune responses to infections. For example,
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obesity has been associated with increased susceptibility to viral infections,
including influenza and SARS-CoV-2, possibly due to impaired T cell and B cell
responses (Green and Beck, 2017; Popkin et al., 2020). Additionally, obesity has
been linked to reduced vaccine efficacy, particularly for influenza vaccines,
highlighting the broader implications of obesity on immune function (Sheridan et

al., 2012).

Understanding the complex interactions between obesity and the immune
system is crucial for developing targeted therapies to address obesity-related
complications. Recent research has explored potential interventions, such as
targeting specific inflammatory pathways or modulating the gut microbiome, to
mitigate the negative effects of obesity on immune function and metabolic health

(Goldfine and Shoelson, 2017; Zmora et al., 2019)

1.2.3.1 cDCl1 in obesity

cDCs play a crucial role in regulating metabolic homeostasis and immune
responses in obesity and high-fat diet (HFD) conditions. As the present thesis

focuses on cDCls, the following chapter will mainly discuss this cDC subtype.

c¢DC1 development and homeostasis

In the context of obesity, the homeostasis of cDCls is disrupted. Hernandez-
Garcia and colleagues demonstrated that HFD feeding leads to a significant
decrease in the percentage of cDCls in visceral adipose tissue (Herndndez-Garcia
et al., 2022). This reduction is likely mediated by alterations in the FIt3L-STAT3
signalling axis, which is critical for cDC1 development and maintenance
(Waskow et al., 2008). Research conducted by Deczkowska and colleagues in 2021
demonstrated that when mice were fed an HFD lacking methionine and choline,

there was an observed increase in the proliferation of circulating cDC progenitors
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in their bloodstream (Deczkowska et al.,, 2021). Human studies also suggest a
positive relationship between BMI and DCs in subcutaneous adipose tissue
(Hildreth et al, 2021). It has also been shown that obesity enhances the
expression of certain surface molecules on adipose tissue DCs, including MHC,
CD40, CD80, and CD86 (Lee and Dixit, 2020). This suggests that these cells
become activated in obese conditions and may contribute to the progression of
obesity-related disorders. Another study demonstrated that specific dietary
elements can influence the inflammatory state of cDCs in laboratory settings
(Jaiswal et al., 2019). Interestingly, the study found that the pro-inflammatory
responses of ¢cDCs in high-fructose environments were not mediated by major
known metabolic regulators or glycolytic control. Instead, acute fructose
exposure activated c¢cDCs through the receptor for advanced glycation end-

products.

c¢DC1s and whole-body metabolic regulation

Studies have shown that mice lacking the Fit3] gene, which results in the
absence of DCs, do not become obese when fed an HFD (Choi et al, 2011;
Stefanovic-Racic et al., 2012). In a related study, Cho and colleagues examined
mice deficient in the Ccr7 gene. These mice exhibited reduced numbers of cDCs
in adipose tissue during DIO (Cho et al, 2016). Interestingly, these CCR7-
deficient mice showed decreased inflammation and lower fasting glucose and
insulin levels compared to their wild-type counterparts. Notably, Fit3] and Ccr7
knockouts are also affecting several other cell types besides ¢cDCs (Rasko et al.,

1995; Forster et al., 2008).

Contrary to these results, a systemic increase in the expression of FIt3L, and
therefore the number of cDCs, reduces the weight gain of WT mice induced by an
HFD (Herndndez-Garcia et al., 2022). This effect is dependent on Batf3 and at

least partially mediated by NK cells. The same study also showed that Batf3-
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deficient mice, which lack ¢DCls, spontaneously increase body weight and
adiposity during ageing. Researchers observed reduced energy expenditure,
altered oxygen consumption and increased food intake by these mice. This was
associated with a higher respiratory exchange ratio, indicating a shift from fatty
acid oxidation to carbohydrate metabolism. At the molecular level, the absence of
cDCls led to decreased expression of genes involved in gluconeogenesis (G6pc
and Pck1) and lipid metabolism (Cptla) in the liver. Conversely, lipogenic genes
such as Srebfl and Scdl were up-regulated. These changes suggest that cDCls
play a crucial role in maintaining metabolic flexibility and preventing the
development of hepatic steatosis. It is notable that HFD-fed Batf3—/— mice do not

become more obese than their WT counterparts.

c¢DCl1s and hepatic steatosis

The role of cDCls in hepatic steatosis is complex and context-dependent.
Heier and colleagues demonstrated that cDCls play a protective role against
steatosis progression (Heier et al, 2017). They found that ¢cDCls in the liver
produce IL-15, which promotes the survival and function of NK cells and
memory T cells. These cells, in turn, help maintain liver homeostasis by
eliminating stressed hepatocytes and regulating lipid metabolism. Another study
demonstrated that Batf3—/— mice fed a chow diet developed liver steatosis with
age, and an increase in cDC numbers due to FIt3L treatment resulted in decreased
hepatomegaly (Herndndez-Garcia et al., 2022). However, Deczkowska and
colleagues presented contrasting findings, showing that mice depleted of cDCl1s
develop less hepatic steatosis on a choline-deficient and HFD and stated that
cDCl1s drive liver pathology in non-alcoholic steatohepatitis (NASH)
(Deczkowska et al., 2021). They found that in NASH, ¢cDCls up-regulate the

expression of oxidised phospholipid receptors like CD36 and MSR1. This leads to
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increased uptake of oxidised lipids, triggering a pro-inflammatory response

characterised by the production of TNF-a and IL-1p.

c¢DC1s and adipose tissue

In lean adipose tissue, cDC1s contribute to maintaining a balanced immune
environment. Herndndez-Garcia and colleagues showed that ¢cDC1s support the
presence of NK1.1* invariant NKT (iNKT) cells in adipose tissue (Herndndez-
Garcia et al., 2022). iNKT cells produce IFN-y, which licenses NK cells to
efficiently remove apoptotic macrophages, thereby preventing excessive
inflammation. The absence of ¢DCls in Batf3—/— mice leads to increased
inflammation in adipose tissue with age, with accumulation of pro-inflammatory
macrophages and increased TNF-a expression. The researchers showed that HFD
feeding leads to a significant decrease in the percentage of ¢DCls in visceral

adipose tissue, which might explain adipose tissue inflammation in obesity.

c¢DC1s and the small intestine

The intestinal barrier plays a critical role in metabolic health, and cDCls are
essential for maintaining its integrity. cDC1s were demonstrated to be crucial for
the proper localisation of tight junction proteins in intestinal epithelial cells (Ohta
et al, 2016). In the absence of c¢DCls, mice exhibit increased intestinal
permeability and susceptibility to colitis. Mechanistically, cDC1s in the intestine
produce IL-12 and IL-15, which stimulate IFN-y production by intraepithelial
lymphocytes. This IFN-y then acts on intestinal epithelial cells to induce the
expression of tight junction proteins and antimicrobial peptides, reinforcing the
intestinal barrier. According to findings from Lécuyer and colleagues, cDCls
appear to play a protective role against obesity and metabolic dysfunction
connected to improved gut health (Lécuyer et al, 2021). Specifically, the

researchers found that mice with enhanced cDC1 survival and function due to
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Bcl-2 over-expression were resistant to DIO and had improved metabolic
parameters, which was associated with shaping a protective gut microbiota
characterised by lower immunogenicity and higher butyrate production. A study
by Hamade and colleagues revealed that Batf3—/— mice developed metabolic
syndrome and showed changes in intestinal epithelial tight junction protein
distribution, leading to increased gut permeability (Hamade et al., 2022).
Antibiotic treatment in these mice prevented both metabolic syndrome and
impaired intestinal barrier function. The Batf3-deficient mice exhibited alterations
in IgA-coated faecal bacteria and microbial imbalance, characterised by reduced
levels of Akkermansia muciniphila and Bifidobacterium. These findings suggest that
cDCl1s might contribute to maintaining an optimal intestinal barrier, potentially

fostering the growth of microbiota that protect against obesity.

Wang and colleagues demonstrated the increase of cDC1 proportion within
CD45+* cells in the small intestine of high-fat, high-sugar diet (HFHSD) fed mice
(Wang et al., 2023). They identified a potential immunoregulatory transformation
of ¢cDCs in the obese host, with gene expression profiles indicating negative

regulation of pro-inflammatory activation of cDCs and facilitated Treg induction.

1.2.3.2 The enteric immune system in obesity

The small intestine displays the largest immune compartment in mammals
and is also the main organ responsible for nutrient absorption (Mowat and
Agace, 2014). As the immune system of the gut is shaped by the dietary choices
of the host, it is not surprising that the immune landscape in obesity differs from
steady-state (Khan et al., 2021; Sullivan et al.,, 2021; Wang et al., 2023). Several
groups have investigated the enteric immune response to obesogenic diet. In

2023, Wang and colleagues contributed with a high-resolution, high-dimensional
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single-cell intestine atlas of the lean and obese intestine to the field (Wang et al.,
2023). They provided a comprehensive characterisation of the cellular
composition and cell type-specific signalling networks in the small intestine,
encompassing intraepithelial immune cells, lamina propria immune cells, and
epithelial structural cells (defined as CD45- cells). This work was based on Single-
cell RNA sequencing (scRNA-seq) data, and results were validated using flow
cytometry on independent cell cohorts. Through ligand-receptor analysis, they
mapped both homeostatic and inflammatory circuits in the intestine, establishing
a detailed signalome across various cell types, which uncovered obesity-
associated inflammatory and immunoregulatory pathways that were enriched in

the HFHSD-fed intestine.

In the innate immune compartment, obesity induces significant changes in
ILC populations. Wang and colleagues could identify an increased proportion of
ILC1s, ILC2s and ILC3s in HFHSD (Wang et al., 2023). Other studies showed that
the frequency of IL-22- and IL-17-secreting ILC3s is reduced in HFD-fed mice
compared to lean controls. This reduction correlated with decreased epithelial
barrier integrity and increased serum lipopolysaccharide levels, suggesting a
potential link to metabolic endotoxemia (Luck et al., 2015). The underlying
mechanism for this reduction remains unclear, but a defective IL-23-to-IL-22 axis
has been proposed based on observations of reduced IL-23 expression in obese
mice following Citrobacter rodentium infection (Wang et al., 2014; Zheng et al.,
2008). Interestingly, small intestinal ILC2s appear to play a pathogenic role in
obesity-related metabolic syndrome. Studies have shown that ILC2-deficient
mice are protected from metabolic syndrome, while adoptive transfer of these
cells into ILC2-deficient mice recapitulates disease parameters (Sasaki et al.,
2019). However, the role of intestinal ILC2s is unclear. They are a prominent
source of the anti-inflammatory cytokine IL-10 in steady-state and might become

pathogenic during obesity (Bando et al., 2020). Human studies have revealed an
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inverse relationship between BMI and the number of intestinal ILCs (Yudanin et
al., 2019). However, the functional implications of this observed correlation
remain to be fully elucidated, highlighting the need for further research to

understand the physiological consequences of reduced ILC numbers in obesity.

The T cell compartment in the intestine also undergoes significant remodelling
during obesity. In the epithelium, changes in intraepithelial lymphocyte (IEL)
populations have been observed. Some studies report an increase in IL-17-
producing TCRyd* T cells in the small bowel after prolonged HFD feeding (Luck
et al.,, 2015), while others note a reduction in both TCRap* and TCRyd* IELs
(Park et al., 2019). The latter study showed that mechanisms underlying these
changes appear to differ between TCRap* and TCRyd* IEL populations, with
TCRap+ IELs showing reduced homeostatic proliferation and both populations
exhibited a down-regulation of CD103 and CCR9 expression. Tanaka and
colleagues also found that TCRap* and TCRyd* IELs, CD4-CD8ap-TCRap* and
CD4+ T cells were reduced upon HFD feeding (Tanaka et al.,, 2020). Wang and
colleagues saw a decrease in CD8aa*TCRaf*/yd* and CD8afB+TCRaf+/yd*
T cell proportions in HFHSD conditions, primarily coming from CD8aa*TCRyd*,
CD8aB*TCRyd* and CD8aa*TCRap* T cells that showed increased cell death
(Wang et al., 2023). They also observed a shift in frequency from effector-like
CD8+ IELs in chow diet intestines to memory-like CD8+ IELs in HFHSD
intestines, which may be due to an increase in differentiation from proliferating
CD8aa* IELs. Oppositional to that, they found CD4*TCRap* T cells increased
and a shift towards higher frequencies of memory-like CD4+ T cells and Tregs

while Th1 frequencies were decreased.

In the lamina propria, obesity is associated with an elevation in pathogenic
IFN-y-producing Thl and CD8af+ T cells, alongside a reduction in protective
IL-17-producing Th17 cells and IL-10-secreting Tregs (Garidou et al., 2015; Hong
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et al., 2017; Luck et al.,, 2015; Monteiro-Sepulveda et al., 2015). However, the
timing and extent of these changes vary between studies, likely due to differences
in experimental conditions and duration of HFD feeding. One study reported a
change in T cells only at 12 weeks but not after 3 weeks of an obesogenic diet.
Here, the proportions of IFN-y-producing Th1 cells and CD8* T cells increased,
and percentage of Tregs reduced upon HFD feeding (Luck et al., 2015). Another
study identified reduced frequency and numbers of Th17 cells in the ileum after
4 weeks of HFD feeding, which may contribute to increased intestinal
permeability through altered antimicrobial peptide production (Garidou et al.,
2015). Tanaka and colleagues reported a reduction in TCRap* and TCRyd*
T cells, CD4-CD8ap-TCRap*, CD4+ and CD8* T cells (Tanaka et al., 2020). Wang
and colleagues observed a reduction in CD8aa*TCRap*/yd+, CD8af+*TCRap+/
vd* T cells, which primarily resulted from the reduction of CD8aa*TCRYd",
CD8aB*TCRyd*, and CD8ap+*TCRap+ T cells due to increased cell death (Wang et
al., 2023). Like in the epithelium, they also saw an increase in CD4*TCRaf*
T cells in the lamina propria with the same trends of increased memory-like CD4+
T cells and Tregs and decreased Thl frequencies. However, absolute numbers of
Th17 cells were slightly increased, and Th17 cells significantly increased in obese
mice. Human studies have largely corroborated findings from animal models.
Obese individuals show increased T-bet* Thl and ILCls and CD8* T cells and
reduced Treg cells in the small intestine compared to lean subjects (Luck et al.,
2015). Notably, an increase in lamina propria and intraepithelial CD8* T cells
(especially CD8ap+ T cells) has been observed, which may directly influence
epithelial barrier function due to their proximity (Monteiro-Sepulveda et al.,

2015).

Research has also revealed alterations in B cell populations and antibody-
secreting cells (ASCs) within the intestine during obesity (Luck et al.,, 2019).

Specifically, investigators have observed a decline in the number of these
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populations in the intestinal tissues of obese mice. This reduction was associated
with lower levels of secretory IgA in the colon and is potentially contributing to
insulin resistance. Oppositional, Wang and colleagues observed an increase of
B cell proportion in lamina propria and epithelium of HFHSD mice compared to

lean mice (Wang et al., 2023).

The myeloid compartment is also affected by obesity, although findings have
been somewhat inconsistent. Jonhson and colleagues reported no changes in total
macrophage and DC numbers but an increase in frequency early in HFD feeding
(Johnson et al., 2015), while others note an increase in pro-inflammatory CCR2*
macrophages (Kawano et al., 2016) and a decrease in CX3CR1* lamina propria
macrophages (Luck et al., 2019; Hong et al., 2017). However, a direct relationship
between the latter results has not been assessed. Wang and colleagues identified
several macrophage subpopulations, namely Ly6C high (Ly6Chi) CX3CR1 low
(CX3CR1P) monocyte-derived macrophages and, within the high CX3CR1
(CX3CR1M) population, CX3CR1hM inflammatory and CX3CR1h regulatory
macrophages (Wang et al., 2023). In HFHSD conditions, they observed a slight
increase in CX3CR1M inflammatory macrophages, which express high levels of
the co-stimulatory ligands CD86 and CD80, as well as the chemokine CXCL9,
which are critical for activation and recruitment of T cells. Conversely, they
detected a decrease in CX3CR1h regulatory macrophages, which express high
levels of immunoregulatory genes like Mrc1 or Clec12a and also produce growth
factors like IGF-binding proteins (Igfbp4) and growth and differentiation
factor 15 (Gdf15). These could influence whole-body metabolism when entering
the bloodstream. The Ly6ChiCX3CR1le populations showed no differences
between HFHSD and CD animals. Another study examined total APCs
(MHCII*CD19- gating) in mice fed an HFD for 10 or 30 days (Garidou et al., 2015).
On the one hand, the cells exhibited reduced expression of activation markers,

including CD86, and demonstrated a diminished capacity to promote Th17 cell
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differentiation in vitro. On the other hand, these APCs showed increased
expression of genes associated with inflammatory pathways. This seemingly
paradoxical profile suggests that HFD induces nuanced changes in APC function,
potentially altering their role in intestinal immune regulation and inflammation

during the development of obesity.

Changes in DC subsets have been observed, in particular, a lower ratio of pro-
IgA intestinal-specific double-positive ¢DCs (dpDC) within total ¢cDCs was
observed (Luck et al., 2019). Wang and colleagues detected an increase in
proportions of ¢DC1 and cDC2A in total CD45+ cells, while ¢cDC2B were
decreased in HFHSD animals (Wang et al, 2023). They saw a potential
immunoregulatory transformation of cDCs in the intestine of the obese host as
HFHSD-induced shifts in upstream regulators of differentially expressed genes
(DEGs) between all CD and HFHSD ¢DCs towards genes that negatively regulate
the pro-inflammatory activation of ¢DCs and facilitate Treg induction.
Interestingly, they also demonstrated that c¢DCls increased their cell-cell
interactions in HFHSD conditions and identified these cells as central
communication hubs in the intestine of the obese host. Their interaction analyses
also indicated that both CD8aa* T cells and CDap+ T cells significantly increased
the production of the chemokine XCL1, while frequencies of these populations
decreased. XCL1 is the only known ligand for XCR1, which is present on ¢cDCl1s
and mediates XCL1-XCR1-mediated recruitment of cDCls. In contrast to animal
studies, research on humans reported an elevated ratio of macrophages and up-
regulated numbers of activated cDCs and NK cells compared to overweight but

metabolically healthy and lean patients (Monteiro-Sepulveda et al., 2015).

The role of granulocytes in HFD-induced intestinal inflammation remains
incompletely understood. Current evidence suggests a limited involvement of

neutrophils in this process. Histological analyses of intestinal specimens from
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HFD-fed mice and obese humans have not revealed signs of active ileitis, which
is typically characterised by neutrophil infiltration (Luck et al., 2015).
Eosinophils, on the other hand, appear to be more significantly affected by HFD.
Studies have shown a reduction in both the number and frequency of eosinophils
in the intestine after just one week of HFD feeding (Johnson et al., 2015) and after
8 weeks of HFHSD feeding (Wang et al, 2023). However, the long-term
implications of this eosinophil reduction require further investigation to fully

understand their significance in obesity-related intestinal dysfunction.

It is important to note that the intestinal inflammation observed in obesity
appears to be more subtle compared to that seen in other metabolic tissues like
adipose tissue or liver (Luck et al, 2015). This suggests that obesity-related
intestinal alterations manifest through changes in immune cell numbers,

localisation, and functional states rather than large inflammatory infiltrates.

In conclusion, the enteric immune system undergoes complex and
multifaceted changes in response to obesity. These alterations involve shifts in the
proportions and functions of various immune cell populations, as well as
remodelling of cellular communication networks. This might contribute to a state
of low-grade inflammation and deregulated intestinal homeostasis. However,
studies disagree about exact timing and even effects of an obesogenic diet.
Results may vary depending on factors such as diet composition, microbiota,
animal housing conditions, and host genetic background (Khan et al., 2021; Ussar

et al.,, 2015).

At the same time, studies in the lean host have shown that the immune system
in the small intestine is not homogeneous along the intestine, but duodenum,
jejunum and ileum differ in the composition of their immune landscape (Mowat
and Agace, 2014). The small intestine's various segments play distinct roles in

digestion and absorption and might be affected differently by an obesogenic
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diet. Importantly, each segment of the gut responds differently to acute and
chronic nutrient exposure. For example, de Wit and colleagues found that
different fat contents in diet lead to differential gene expression and thickness of
mucosal lining along the length of the gut (De Wit et al., 2008). However, studies
that aimed to investigate the impact of an obesogenic diet on the enteric immune
system most often did not consider the regional specialisation of the gut.
Oppositional adaptations in different segments might even be balancing each
other out, and analysing the intestine as a whole might not uncover certain diet-

induced adaptations.

1.2.3.3 Food tolerance in obesity

Obesity has become a global health concern, with its prevalence reaching
epidemic proportions in many countries. At the same time, food intolerances are
on the rise (Renz et al., 2018). It is unclear if these phenomena are in mechanistic
relationship to each other or merely correlate, as it could be that unfavourable
dietary choices driven by food intolerance are leading to obesity (Hayashi et al.,
2021; Lee et al., 2021). Even though there has been a lot of research done in the
fields of obesity and food tolerance separately, we do not have a clear

understanding of how obesity affects oral tolerance.

One study demonstrated that intake of dietary lipids impaired the induction
of oral tolerance (Streich et al., 2022). Researchers observed a decreased
hypersensitivity response to ovalbumin (OVA) in naive obese mice compared to
lean mice but an increased response in tolerised obese mice compared to tolerised

lean mice.

The pro-inflammatory and tolerogenic immune responses in the gut depend
on interactions between APCs and T cells (Rezende and Weiner, 2022). Since
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obesity shifts the immune landscape of the small intestine (Wang et al., 2023), it is
possible that, in particular, a shift of cDCls and/or Treg frequencies in obesity
might affect tolerance to food. In this sense, one study showed that down-
regulation of ¢cDC1 in mLN in the lean host results in failure of oral tolerance

(Fukaya et al., 2023).

One of the key factors influencing food tolerance in obesity could be the
altered gut microbiome. Obesity and metabolic syndrome are often associated
with an altered gut microbiota or dysbiosis (Turnbaugh et al., 2008). The already
mentioned study conducted by Fukaya and colleagues found that antibiotic-
induced intestinal dysbiosis results in the loss of tolerogenic cDC1 in the mLNs
(Fukaya et al., 2023). Here, dysbiosis lead to an impaired cross-talk between
ILC3s and c¢DCls, which resulted in a reduction of cDCls in the mLN. This
finally abrogated the generation of Treg cells, and mice failed to establish oral
tolerance. Another study by Hussain and colleagues found that obesity is
associated with a shift in the composition and diversity of gut microbiota
(Hussain et al., 2019). This dysbiosis promoted mast cell-mediated food allergy.
Gu and colleagues showed that HFD and OVA irritation in an OVA and cholera
toxin-induced food allergy model enhanced the levels of mast cell degranulation
and Th2 humoral response, which was related to intestinal barrier destruction
and inflammation through the PPAR y/NFkB signalling pathway (Gu et al.,
2022). However, IgE-mediated food allergy and food intolerance are not to be

confused.

The mass of white adipose tissue (WAT) is increased in obesity. The discovery
of leptin revolutionised our understanding of WAT, revealing its significant role
as an endocrine organ (Hersoug and Linneberg, 2007; Zhang et al., 1994).
Adipocytes produce various signalling proteins, collectively termed adipokines,

including leptin. Additionally, adipose tissue secretes cytokines and chemokines
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such as TNF-q, IL-6, IL-10, IL-1f, and MCP-1 (Hersoug and Linneberg, 2007).
Some of these molecules can directly influence immune function and might have
an impact on food tolerance. Obesity is characterised by elevated serum leptin
levels in both humans and mice (Bryson et al., 1999; Considine and Caro, 1997).
Leptin's immunomodulatory effects include the protection of T lymphocytes
from apoptosis and the regulation of T-cell activity (Fantuzzi, 2005). Notably,
leptin plays a crucial role in controlling Treg proliferation, which is essential for
maintaining food tolerance (De Rosa et al., 2007). In vitro studies have shown that
neutralising leptin enhances human Treg proliferation, and leptin and leptin
receptor-deficient mice exhibit increased Treg proliferation (De Rosa et al., 2007).
Consequently, the elevated leptin levels observed in obesity may potentially

suppress Treg proliferation, eventually impacting food tolerance mechanisms.

In sum, the relationship between obesity and food tolerance is not well
understood and might involve alterations in gut microbiota, immune cell
crosstalk, particularly between cDCls and Tregs, adipokine and cytokine
imbalance and general chronic low-grade inflammation of the host. It is not even
clear if obesity promotes or attenuates food tolerance. However, the worldwide
rise in both food intolerance and obesity raises questions regarding the

relationship between those phenomena.

58



RESEARCH OBJECTIVE AND HYPOTHESIS

21 Significance of the study

The current global trend in obesity is alarming, with substantial increases in
overweight and obesity observed across all age groups and regions in the world.
Obesity is a complex health condition and is associated with a range of
complications. The immune system is heavily influenced by the diet of the host,
and itself influences the host's physiology. While studies have investigated
adaptations of the small intestinal immune system to obesogenic diet, the
regional specialisation of the gut was not taken into consideration. Each intestinal
segment harbours a distinct immune landscape adapted to its physiologic role.
As such, different segments might show distinctive adaptations to obesogenic
diets. It is important to characterise the impact of diet on the enteric immune
system and the resulting consequences for the obese host to understand the
physiology of the obese human. In addition to obesity, food intolerances are on
the rise and the relationship between obesity and food tolerance is not well

understood.
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2.2

2.3

Hypothesis

The composition of the enteric immune system is dependent on the diet of
the host. Different intestinal segments might show distinct alterations to

obesogenic diet.

A shifted enteric immune landscape in the obese host might influence the
physiology of the host. cDCls are able to induce Treg cells and are
increased in the obese lamina propria. This might result in an increased

tolerance to food antigens as oral tolerance relies on Tregs.

Objectives

Characterisation of the immune system in duodenum, jejunum and ileum
of the obese host to understand its adaptation and the kinetics of the

response to obesogenic diet.

Evaluation of similarities between diet-indued adaptations of the immune

system in different small intestinal segments.

Identification of cell types that are significantly altered by obesogenic diet

and examination of their phenotype in the obese host.

Investigation of the potential physiological consequences of these

alterations for the host.
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MATERIALS AND METHODS

3.1 Experimental Animals

All mouse lines were bred on a full C57BL/6] background. Mice were housed
and bred at Champalimaud Centre for the Unknown (CCU) under specific
pathogen-free conditions. Mice were maintained on 12 h light-dark cycles, with
access to food and water ad libitum, if not stated otherwise. All used mice were
male and age-matched. All animal experiments were approved by national and
local institutional review boards (IRBs), Direcdo Geral de Veterindria and CCU
ethical committees. C57BL/6] mice were purchased from Charles River and
maintained in our facilities. OT-II TCR-transgenic (Barnden et al. 1998) were
originally purchased from Jackson Laboratories, crossed with C57BL/6 Ly5.1 and

with Ragl-/- (Mombaerts et al. 1992), and maintained in our facilities.
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Resource Source Identifier

Mouse: C57BL6/] (CD45.2) Charles River 632C57BL/ 6]
Mouse : C57BL6/] (CD45.1) Jackson Laboratories 002014
Mouse: C57BL6/] Ragl-/- Jackson Laboratories 002216
Mouse: OTIL Jackson Laboratories 004194

Table 1. Experimental animal models

3.2 Dietary Intervention

Mice were raised on a standard chow diet until they reached 8 weeks of age.
Adult mice were randomly assigned to one of two dietary regimens: a high-fat,
high-sugar diet (HFHSD) or a continuation of the normal chow as a control diet
(CD). The HFHSD was designed to mimic the composition of a typical American
fast-food diet (Asgharpour et al., 2016). This diet included 60% of calories from
fat (lard), corresponding to the D12492 formulation. Drinking water was
supplemented with a sugar solution comprising 23.1 g/1 fructose (55% w/w) and
18.9 g/1 glucose (45% w/w), resulting in a total sugar concentration of 42 g/1.
The control group continued on the standard CD, which contained 12% calories
from fat-origin. CD-fed animals were provided normal, non-supplemented

drinking water. Mice had access to food and drinking ad libitum.

Reagent or Resource Source Identifier
CD SDS 801030
HFHSD Ssniff GMbH E15742-347
Glucose Fisher Scientific 10539380
Fructose Sigma-Aldrich F3510

Table 2. Reagents for dietary intervention.
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3.3 Glucose Tolerance Test

Glucose tolerance in mice was evaluated 1 week prior to experiments.
Following an overnight fast, mice were administered an intraperitoneal injection
of glucose (2 mg/kg body weight) dissolved in PBS. Blood glucose levels were
measured using an ACCU-CHEK Aviva glucometer immediately before glucose

administration and at 15-minute intervals for 2.5 hours post-injection.

Reagent or Resource Source Identifier
Glucose Fisher Scientific 10539380
PBS Corning 46-013-CM
Glucometer Roche 7819382037
Accu-Chek Aviva Test Stripes Roche 6453970023

Table 3. Reagents and materials for glucose tolerance test.

3.4 Cell Isolation and purification
Reagent or Resource Source Identifier
Collagenase D Roche 11088882001
Collagenase II Gibco LTI 17101-015
Collagenase VI Worthington 15004188
DMEM StemCell 36254
DNase I Roche 10104159001
DTT Sigma-Aldrich 43816-0010
EDTA Corning 46-034-CI
FBS Corning 35-079-CV
HBSS Corning 21-023-CV
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Reagent or Resource Source Identifier
Heparine Braun P8721
HEPES Corning 25-060-CI
L-glutamine Corning 10-040-CVR
Liberase TL Roche 5401020001
Liberase TM Roche 5401127001
PBS Corning 46-013-CM
Penicillin/Streptomycin Corning 30-002-CI
Percoll Cytiva GE17-0891-01
RBC lysis buffer eBioscience 00-4300-54
RPMI Corning 10-040-CVR
Sodium pyruvate Corning 25-000-CIR
B-mercaptoethanol Gibco 31350-010

Table 4. Reagents and materials for cell isolation and purification.

3.4.1 Small intestine

For the examination of the small intestinal immune system in obesity and
steady-state conditions, mice were fasted overnight (8 hours) prior to euthanasia.
All mice were sacrificed using CO. Small intestines were isolated and
thoroughly rinsed with ice-cold PBS. Residual fat and Peyer's patches were
removed. The intestines were opened longitudinally and divided into three
sections: duodenum (proximal 25% of the intestine), jejunum (medial 50% of the
intestine) and ileum (distal 25% of the intestine). Each section was cut into 1 cm
long pieces and placed into individual 50 ml Falcon tubes containing 20 ml of
complete RPMI medium (cRPMI) supplemented with 5 mM DTT to remove
mucous. cRPMI was composed of RPMI supplemented with 5% FBS, 1% HEPES,
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1% sodium pyruvate, 1% streptomycin and penicillin and 0.1% [-mercapto-
ethanol. The intestinal pieces were incubated at 37°C in an orbital shaker at
700 x g for 20 minutes. Following incubation, the supernatant was removed, and
20 ml of cRPMI supplemented with 5 mM EDTA was added to each tube. The
intestinal pieces were then agitated at 700 x g for 20 minutes at 37°C to remove

epithelial cells. This washing step was repeated once.

For epithelial cell isolation, supernatants of both washing steps were collected,
pooled, and filtered through 70 pum cell sieves. Mucous was removed from
suspensions by sedimentation for 10 minutes at room temperature and discharge

of sediment.

To isolate cells from the lamina propria, the intestinal pieces underwent
further digestion after epithelial cell removal. Pieces were washed with 10 ml
HBSS supplemented with 10 mM HEPES by shaking at 700 x g for 10 minutes at
37°C to remove residual FBS and EDTA. The intestinal pieces were then minced
into smaller fragments using a blade. For digestion, the fragments were
incubated in 7 ml HBSS supplemented with 10 mM HEPES, DNase I (20 U/ml)
and Collagenase D (5 mg/ml) or, for cDC isolation, Liberase TM (25 ug/ml).
Fragments were digested for 30 minutes at 37°C at 200 rpm. The reaction was
halted by adding 10 ml of ice-cold cRPMI. The resulting cell suspension was
passed three times through an 18G needle, filtered through a 100 pm cell strainer,

and then through a 70 um cell sieve.

For lymphocyte analysis, the digests were purified by centrifugation for
30 minutes at 1200 x g in a 40/80 Percoll gradient. When necessary, erythrocytes
in the samples were lysed using RBC lysis buffer.
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Single cell suspensions were filtered through a 40 um strainer and centrifuged
at 600 x g for 2 minutes at 4°C. Cell pellets were transferred to 96-well plates for

staining.

3.4.2 Liver

Mice were anaesthetised with an intraperitoneal injection of pentobarbital
(100 puL per mouse). Cardiac perfusion was then performed using 20 mL of PBS
administered through a 25G needle. Following perfusion, the liver was removed
and placed into a 6-well plate containing 6 mL of HBSS. For the digestion
process, 1 ml of HBSS containing Collagenase IV (0.5 mg/mL) and DNase I
(20 U/ml) was injected into the liver using a 25G needle, after which the tissue
was cut into small pieces. The digestion was allowed to proceed at room
temperature for 20 minutes and was subsequently terminated by the addition of
1 mL of FBS. The resulting cell suspension was filtered through a 70 pm strainer
and washed with 10 mL FACS buffer (2.5% FCS and 2.5 mM EDTA in PBS). To
remove hepatocytes, the suspension underwent a series of low-speed
centrifugations. Specifically, it was centrifuged at 50 x g for 2 minutes at 4°C, and
the supernatant was collected. This process was repeated twice to ensure
thorough hepatocyte removal. The final supernatant was then centrifuged at
300 x g for 10 minutes at 4°C to pellet the remaining cells. Erythrocytes were
lysed using RBC lysis buffer. Cells were washed with 5 ml of FACS buffer, filtered
through a 40 um strainer, and pelleted by centrifugation at 600 x g for 2 minutes

at 4°C. Cell pellets were transferred to 96-well plates for staining.

3.4.3 Pancreas

Mice were anaesthetised with an intraperitoneal injection of pentobarbital

(100 puL per mouse). Cardiac perfusion was then performed using 20mL of PBS
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administered through a 25G needle. Following perfusion, the pancreas tissue was
minced into small pieces. Enzymatic digestion was performed by incubating the
minced tissue in 1 mL of HBSS supplemented with Collagenase D (5 mg/ml) and
DNase I (20 U/ml). The digestion mixture was incubated at 37°C for 30 minutes
with constant agitation at 1100 rpm using an Eppendorf shaker. After digestion,
the cell suspension was filtered through a 40 um strainer. The resulting filtrate
was then washed with 10 mL of FACS buffer and centrifuged at 600 x g for

2 minutes at 4°C. Cell pellets were transferred to 96-well plates for staining.

3.44 Spleen

Mice were sacrificed using CO,, and the spleen was extracted and placed in
1 mL of HBSS in a 24-well plate. A digestion solution containing 2 ml HBSS
supplemented with Liberase TL (5 mg/ml) and DNase I (20 U/ml) was injected
into the spleen with a 25G needle, after which the organ was cut into small
pieces. Digestion was carried out in two 15 minutes incubations at 37°C, with
additional mechanical disruption between incubations. The reaction was
terminated by adding 100 uL of FBS. The resulting cell suspension was filtered
through a 70 um strainer and washed with 5 mL of FACS buffer. Cells were then
pelleted by centrifugation at 600 x g for 5 minutes at 4°C. Erythrocyte lysis was
performed using RBC lysis buffer. Cells were washed with 5 ml of FACS buffer,
filtered through a 30 um syringe filter, and pelleted by centrifugation at 600 x g

for 2 minutes at 4°C. Cell pellets were transferred to 96-well plates for staining.

3.4.5 Colon

Mice were sacrificed using CO., and the colon was excised and cut
longitudinally into 1 cm pieces. The tissue was then incubated in 50 ml falcons

containing 15 ml PBS supplemented with 5% FBS, 2 mM EDTA, and 1 mM DTT
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at 37°C in an orbital shaker at 700 x g for 15 minutes at 37°C. The tissue was
washed thoroughly with PBS. For enzymatic digestion, the tissue was incubated
in 10 mL of HBSS supplemented with 1% FBS, Collagenase IV (0.5 mg/mL), and
DNase I (20 U/ml) for 45 minutes at 700 x g at 37°C. The reaction was stopped by
adding 10 mL of cRPMI. The resulting cell suspension was filtered sequentially
through 70 pm and 30 um strainers, washing each with 5 mL of FACS buffer.
Cells were then centrifuged at 600 x g for 2 minutes at 4°C and transferred to 96-

well plates for staining.

3.4.6 Fat

Mice were sacrificed using CO», and epididymal white adipose tissue (eWAT)
was excised. The tissue was mechanically disaggregated using scissors and then
placed in 3 mL (5 mL for obese mice) of HBSS supplemented with 0.5% BSA and
type II collagenase (3 mg/ml). Enzymatic digestion was performed at 37°C for
20 minutes. The reaction was terminated by adding 300 uL of FBS. The resulting
cell suspension was filtered through a 100 um cell strainer and washed with 5 mL
FACS buffer. Cells were then pelleted by centrifugation at 600 x g for 10 minutes
at 4°C. The cell pellet was resuspended in FACS buffer and filtered through a pre-
wetted 35 pm cell strainer, followed by an additional wash with 5 mL of FACS
buffer. Cells were again collected by centrifugation at 600 x g for 2 minutes at 4°C

and transferred to 96-well plates for staining.

3.4.7 Lymph nodes

Mice were sacrificed using CO», and lymph nodes were carefully dissected
and placed in 1 ml cold cRPMI. The tissue was then mechanically disaggregated
to increase surface area for enzymatic digestion. Collagenase D (400 U/ml) was

added, and the mixture was incubated for 25 minutes at 37°C in a 5% CO,
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atmosphere. To obtain a single-cell suspension, the digested tissue was further
mechanically disrupted by passing it 3 times through an 18G syringe needle.
Cells were washed with FACS buffer and filtered through a 40 um cell strainer.
The cell suspension was then centrifuged at 600 x g for 2 minutes at 4°C and

transferred to 96-well plates for staining.

3.4.8 Bone marrow

Mice were sacrificed using CO», and femurs and tibia were removed and
cleaned carefully. Bones were collected in 8 ml of ice-cold DMEM supplemented
with 2% FCS, 1% L-glutamine and 1% Penicillin/Streptomycin. Bones were cut
open and placed into an Eppendorf tube. Bones were centrifuged for 30 seconds
at 10,000 x g at 4°C to extract bone marrow. Erythrocytes were used using an RBC
lysis buffer, and the cell suspension was washed with 2 ml FACS bulffer, filtered
through a 40 um sieve, then centrifuged at 600 x g for 2 minutes at 4°C and

transferred to 96-well plates for staining.

3.4.9 Blood

Mice were sacrificed using CO,, and blood was collected by cardiac puncture
and with syringes that were pre-coated with heparin. Blood samples were
centrifuged at 350 x g for 10 minutes at room temperature. Erythrocytes were
lysed using RBC lysis buffer, and cell suspension was washed with 2 ml FACS
buffer. The cell suspension was filtered through a 40 um cell sieve, then
centrifuged at 600 x g for 5 minutes at 4°C and transferred to 96-well plates for

staining.
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3.5 Flow cytometry

3.5.1 Cell stimulation and staining

For cytokine analysis of ¢DCs, mice were injected i.p. with Brefeldin A

(125 ug/mouse) in 100 pul PBS 12 hours prior to analysis.

Permeabilisation and fixation of cells for intracellular staining were performed
using an IC fixation/permeabilisation kit for cytokine and transcription factor
analysis. For blocking nonspecific antibody binding, cells were pre-incubated
with anti-CD16/32 (1:200) in PBS for 10 minutes at 4°C. Afterwards, samples
were stained for 20 minutes at 4°C with an antibody cocktail and LIVE/DEAD
Fixable Aqua Dead Cell Stain Kit in PBS. When necessary, Brilliant Stain Buffer
was added to the staining medium. For intracellular staining, cells were

incubated overnight with intracellular antibodies and acquired on the next day.

Reagent or Resource Source Identifier
Brefeldin A BD Horizon 420601
anti-CD16/32 (2.4G2) Invitrogen 14-0161-86
Brilliant Stain Buffer BD Horizon 566385
LIVE/DEAD Fixable Aqua Dead Cell eBioscience 00-8222-49
Stain Kit

IC fixation/permeabilization kit Invitrogen 00-8222-49

Table 5. Reagents for cell stimulation and staining.
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3.5.2 Cell markers and gating strategy

Cell suspensions were stained with antibodies shown in Table M6. Cell
populations were gated on live cells and defined as ILC2: CD45+Lin-Thy1.2+
Sca-1*KLRG1+; ILC3: CD45+Lin-Thy1.2hishRORyt* (lineage comprised CD3g,
CD8a, TCRpB, TCRYd, CD19, GR1, CD11c, CD11b and TER119); NK: CD45*Lin-
NK1.1*NKp46+CD27+CD49b+CD127-; ILC1: CD45*Lin-NK1.1+*NKp46+CD27+
CD49b-CD127+ (lineage without CD11b and NKI1.1); B cell: CD45*TCR-CD19+;
CD4+ TCRB* T cell: CD45+*TCRB+*CD4+; CD4*+ TCRyd* T cell: CD45*TCRyd+CD4+;
CD8a*TCRB* T cell: CD45+*TCRB+*CD8a+; CD8a*TCRyd* T cell: CD45+TCRyo*
CD8a*; cDC: CD45+*CD64-MHCII*CD11c*; cDC1: CD45+CD64-MHCII*CD11c*
CD11b-CD8a* or CD45*CD64-MHCII*CD11c*Xcrl+Sirplow ¢DC2: CD45+CD64-
MHCII*CD11c¢*CD11b*CD8a- or CD45+CD64-MHCII*CD11c*Xcrl-Sirphish;
neutrophil: CD45*CD3e-CD64-Ly6G+CD11b-; macrophage and transitional
monocyte: CD45+*CD11b+CD11clewMHCII*; monocyte: CD45CD11b+*CD11clow
MHCII-; CD8aa*TCRp+ T cell: CD45+CD8a*CD8B-TCRyd-TCRB+CD4;
CD8aa*TCRyd* T cell: CD45+*CD8a*+CD8B-TCRyd+TCRB-CD4-; dplEL: CD45+
CD8a*CD8B-TCRyd>-TCRB*CD4+; CDS8ap* T cell: CD45+CD8a+CD8f+; Treg:
CD45*MHCII-CD19-CD8a-CD83-CD4+*TCRpB+CD25*FoxP3*. Lineage for DC
progenitors included: CD3¢, CD19, NK1.1, B220, Ly6D, Ly6G, SiglecF and Ter119
and cells were defines as MDP: lin-CD115*CD135+CD117hi; CDP: lin-CD115+
CD135+CD117%w; pre-cDC: CD45+*CD11c*LinMHCII-CD11blow/intSirpalowF]t3+
CD43+; pre-cDC1: CD45+CD1lc*lin MHCII-CD11blow/intSirpalowF1t3+CD43+
SiglecH-Ly6C-; pre-cDC2: CD45+*CD11c*lin MHCII-CD11blow/intSirpalowF]t3+
CD43+SiglecH-Ly6C+; uncommitted pre-cDC: CD45* CD11c*lin MHCII-CD11blow/
intSirpalowF1t3+CD43+SiglecH+*Ly6C-. OT-II T cells were defined as CD45.1+CD4+
TCRVa2+, encompassing naive (CD44-), Tregs (FoxP3+), Tth (CXCR5+*), Thl
(Tbet*), Th17 (Roryt*) and FoxP3*Roryt* cells.
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Reagent or Resource Source Identifier
Anti-mouse B220 FITC BioLegend 103206
Anti-mouse c-Kit APC Cy-7 eBioscience 17-1171-82
Anti-mouse Ccr9 Pe Cy-7 BioLegend 128712
Anti-mouse c-Kit APC eBioscience 17-1171-82
Anti-mouse CD103 BV605 BioLegend 121433
Anti-mouse CD115 BV605 BioLegend 135517
Anti-mouse CD11b BV785 BioLegend 101243
Anti-mouse CD11b FITC BioLegend 101206
Anti-mouse CD11b BV785 BioLegend 101243
Anti-mouse CD11c PE BioLegend 117308
Anti-mouse CD11c BV650 BioLegend 117339
Anti-mouse CD11c FITC BioLegend 117306
Anti-mouse CD127 BV421 BioLegend 135024
Anti-mouse CD150 Pe Cy-7 eBioscience 25-1502-82
Anti-mouse CD172 AF700 BioLegend 144021
Anti-mouse CD19 FITC BioLegend 115506
Anti-mouse CD19 BV605 BioLegend 115540
Anti-mouse CD25 PerCP Cy-5.5 Invitrogen 45-0251-82
Anti-mouse CD25 BV711 BioLegend 102049
Anti-mouse CD27 PE Invitrogen 12-0271-82
Anti-mouse CD34 BV421 BioLegend 119321
Anti-mouse CD3¢ FITC BioLegend 100306
Anti-mouse CD3e Biotin BioLegend 100304
Anti-mouse CD4 BV785 BioLegend 100551
Anti-mouse CD4 BV421 BioLegend 100437
Anti-mouse CD4 BV650 BioLegend 100555
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Reagent or Resource Source Identifier
Anti-mouse CD40 PerCP Cy-5.5 BioLegend 124623
Anti-mouse CD43 Biotin eBioscience 13-0341-82
Anti-mouse CD44 FITC BioLegend 103006
Anti-mouse CD45.1 BV650 BioLegend 110735
Anti-mouse CD45.2 APC BioLegend 109814
Anti-mouse CD45.2 BV711 BD Horizon 563685
Anti-mouse CD45.2 Pe Cy-7 BioLegend 109830
Anti-mouse CD45.2 AF700 Invitrogen 56-0454-82
Anti-mouse CD45.2 APC Cy-7 BioLegend 109824
Anti-mouse CD48 AF647 BioLegend 103416
Anti-mouse CD49b PE-ef610 Invitrogen 61-5971-82
Anti-mouse CD5 FITC Invitrogen 11-0051-82
Anti-mouse CD64 BV711 BioLegend 139311
Anti-mouse CD64 FITC BioLegend 139316
Anti-mouse CD80 FITC BioLegend 104706
Anti-mouse CD86 PE Cy-5 BioLegend 105016
Anti-mouse CD8«a Bv711 BioLegend 100747
Anti-mouse CD8a FITC BioLegend 100706
Anti-mouse CD8a APC BioLegend 100712
Anti-mouse CD8f3 PE Invitrogen 12-0081-83
Anti-mouse CXCR5 APC/Fire750 BioLegend 126539
Anti-mouse FIt3 Pe BioLegend 135306
Anti-mouse Flt3 Pe Cy-5 BioLegend 135312
Anti-mouse FoxP3 APC Invitrogen 17-5773-80
Anti-mouse GM-CSF PerCP Cy-5.5 BioLegend 505410
Anti-mouse Grl FITC BioLegend 108406
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Reagent or Resource Source Identifier
Anti-mouse II-6 APC BioLegend 505410
Anti-mouse I1-10 Pe Cy-7 BioLegend 505025
Anti-mouse I1-12 PE BD Bioscience 554480
Anti-mouse KLRG1 BV421 BioLegend 138414
Anti-mouse Ly6C PE Abcam ab25572
Anti-mouse Ly6D FITC BioLegend 138606
Anti-mouse Ly6G FITC BioLegend 127606
Anti-mouse Ly6G PE BioLegend 127607
Anti-mouse MHCII APC Cy-7 BioLegend 107628
Anti-mouse MHCII FITC BD Bioscience 562009
Anti-mouse MHCII PerCP BioLegend 107624
Anti-mouse MHCI eF450 Invitrogen 48-5958-82
Anti-mouse NK1.1 FITC Invitrogen 11-5941-85
Anti-mouse NK1.1 Pe Cy-7 Invitrogen 25-5941-82
Anti-mouse Nkp46 PerCP ef710 Invitrogen 46-3351-82
Anti-mouse Roryt PE Invitrogen 12-6988-82
Anti-mouse Sca-1 BV785 BioLegend 108139
Anti-mouse Siglec-H PB BioLegend 129610
Anti-mouse SiglecF FITC BioLegend 155504
Anti-mouse T-bet PerCP Cy-5.5 Invitrogen 45-5825-82
Anti-mouse TCRVa?2 ef450 Invitrogen 48-5812-82
Anti-mouse TCRp PE Cy-5 BioLegend 109209
Anti-mouse TCRB FITC BioLegend 109206
Anti-mouse TCRyd PE Cy-7 Invitrogen 25-5711-82
Anti-mouse TCRyd FITC BioLegend 118106
Anti-mouse Ter119 FITC BioLegend 116206
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Reagent or Resource Source Identifier
Anti-mouse Thy1.2 Bv605 BioLegend 140318
Anti-mouse TNFa BV421 BioLegend 506328
Anti-mouse XCR1 af647 BioLegend 148213
Anti-mouse a437 APC BioLegend 120607
Anti-biotin Streptavidin BV421 BD Horizon 563259
Anti-biotin Streptavidin BV605 BioLegend 405229

Table 6. Antibodies for cell staining.

3.5.3  Flow cytometry and cell sorting

Stained cells were acquired in FACS buffer with an LSRFortessa X-20 Flow

cytometer (BD Biosciences), and cell sorting was performed using a FACSFusion

(BD Biosciences). Sorted cell populations were >95% pure. Data were analysed

using FlowJo 10.10.0 software (Tree Star). All cell populations were gated in live

cells (Aqua-negative cells).

3.6 Quantitative PCR with reverse transcription (RT-PCR)

Reagent or Resource Source Identifier
RNeasy Plus Mini Kit Qiagen 50974136
RNase-Free DNase Set Qiagen 50979254
Ethanol VWR Chemicals VWRC20821.330
PreAmp Master Mix Applied Biosystems LTAB 4488593
TagMan Gene Expression Master Mix Applied Biosystems LTAB 4370074
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Reagent or Resource Source Identifier

Aldhlal Thermo Scientific Fisher =~ Mm00657317_m1
Gapdh Thermo Scientific Fisher =~ Mm99999915_g1
Hprt Thermo Scientific Fisher =~ Mm03024075_m1
Itgb8 Thermo Scientific Fisher =~ Mm00623991_m1
110 Thermo Scientific Fisher =~ Mm00439614_m1
I12a Thermo Scientific Fisher =~ Mm00434169_m1
115 Thermo Scientific Fisher =~ Mm00434210_m1
Tnfa Thermo Scientific Fisher =~ Mm00443260_g1
Tgfbl Thermo Scientific Fisher =~ Mm01178820_m1

Table 7. Reagents for RNA extraction and RT-qPCR.

3.6.1 RNA extraction

Total RNA extraction in sorted cells was performed using the RNeasy mini kit,
following the manufacturer's protocol. The concentration and purity of the
isolated RNA were determined after the extraction using a Nanodrop

Spectrophotometer (Nanodrop Technologies).

3.6.2 Real-time RT-PCR

Quantitative real-time RT-PCR was performed in a QuantStudio 5 real-time PCR
system (Applied Biosystems) with Hprt and Gapdh as housekeeping genes. To
retro-transcribe RNA, a High-Capacity RNA-to-cDNA Kit was used. Afterwards,
pre-amplification PCR was performed using TagMan PreAmp Master Mix. A
TagMan Gene Expression Master Mix was used for the real-time PCR. The

following TagMan Gene Expression Assays were used: Tgfbl, 1110, 1112a, 1115,
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I1tgb8, Aldhlal, Tnfa, Hprt, Gapdh. Analysis was performed with the comparative

CT method (22€T), and comparison or fold change between samples was assessed

with the comparative ACT method (2244€T) (Livak and Schmittgen, 2001).

3.6 Elisa
Reagent or Resource Source Identifier
2-Mercaptoethanol Gibco 31350-010
BCA Protein Assay Kits Pierce 23225
DuoSet ELISA Ancillary Reagent Kit 2 Biotechne DY008B
EDTA Corning 46-034-Cl
EGTA Sigma-Aldrich E3889
Mouse FLT3L DuoSet ELISA Biotechne DY427
NaF Sigma-Aldrich 201154
PMSF Sigma-Aldrich P7626
Protease inhibitor cocktail Roche 11836153001
Pyrophosphate Sigma-Aldrich 221368
Sodium glycerophosphate Sigma-Aldrich 61668
Sodium orthovanadate Sigma-Aldrich 567540
Sucrose Sigma-Aldrich 59378
Tris-HCL Fisher Scientific ]/4315/17
Triton X-100 Fisher Scientific BP151-500

Table 8. Reagents for ELISA.
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3.6.1 Tissue preparation

Tissues were weighed and collected in 1 ml Triton X-100 lysis buffer (50 mM
Tris-HCl pH 7.5, 1 mM EGTA, 1 mM EDTA pH 8.0, 50 mM NaF, 1 mM sodium
glycerophosphate, 5 mM pyrophosphate, 0.27 M sucrose 0.5% Triton X-100,
0.1 mM PMSF, 0.1% 2-mercaptoethanol, 1 mM sodium orthovanadate, and
protease inhibitor cocktail (Roche)). Samples were frozen and stored at -80°C
until further processing. One stainless steel bead was added per sample, and
samples were disrupted with a tissue lyser at 30 Hz for 10 minutes. To
pellet cellular debris, samples were centrifuged at 16,000 x g for 15 minutes at

4°C. The supernatant was collected for Elisa and BCA total protein assay.

To obtain serum, blood was collected as described above. Samples were
centrifuged at room temperature at 200 x g for 10 minutes, and serum was

collected in 1.5 ml Eppendorf tubes. Serum was stored at -80°C until further use.

3.6.2 Elisa

Elisa was conducted according to the manufacturer's protocol. Optical density
was measured with a SPARK plate reader set to 450 nm. For correction of optical
imperfections in the plate, readings at 540 nm were subtracted from the readings
at 450 nm. Protein was normalised to total protein measured using a BCA protein

assay kit.
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3.7 Food tolerance

Reagent or Resource Source Identifier
Anti-mouse B220 Biotin eBioscience 13-0452-82
Anti-mouse CD11b Biotin Invitrogen 13-0112-85
Anti-mouse CD11c Biotin Invitrogen 13-0114-85
Anti-mouse CD19 Biotin BioLegend 115504
Anti-mouse CD25 BV711 BioLegend 102049
Anti-mouse CD45.1 Biotin eBioscience 13-0453-82
Anti-mouse CD45.1 BV650 BioLegend 110735
Anti-mouse CD45.2 PE Cy-7 BioLegend 109830
Anti-mouse CD8a Biotin Invitrogen 13-0081-85
Anti-mouse Gr-1 Biotin Invitrogen 13-5931-85
Anti-mouse NK1.1 Biotin Invitrogen 13-5941-85
Anti-mouse TCRVa2 ef450 Invitrogen 48-5812-82
Anti-mouse TCRV[35 PE BioLegend 139501
Anti-mouse Ter-119 Biotin eBioscience 13-5921-85
MACS beads Milteny Biotec 130-048-102
LS columns Milteny Biotec 130-042-401
QuadroMAC Separator Milteny Biotec 130-091-051
OVA (Grade V) Sigma-Aldrich A5503
Isoflurane Zoetis 571329.8

Table 9. Reagents for food tolerance experiments.
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3.7.1 Adoptive T cell transfer

Spleens and lymph nodes were extracted and processed as described above.
To isolate naive CD4+ T cells, single-cell suspensions were negatively selected
through LS columns on QuadroMACS Separators using biotinylated antibodies
against CD8a, CD25, CD11c, CD11b, TER-119, NK1.1, and B220 and anti-biotin
MACS beads. The purity of transgenic CD4* OT-II T cells was verified by flow
cytometry (typically >80% of cells were CD45.1+*Va2+Vp5+CD25-). Recipient mice
were anaesthetised using isoflurane gas, and 1x10¢ OT-II cells were transferred by

retro-orbital injection.

3.7.2  Oral antigen administration

For antigen challenge, OVA was administered intragastrically (50 mg in 200 ul
PBS) using plastic gavage needles. Mice were challenged twice, once 16-18 hours
after adoptive OT-II cell transfer and the second time 24 hours after the first OVA
administration. Animals were analysed 24 hours after the second OVA

administration.

3.8 Dimensionality reduction

The Principal Component Analysis (PCA) was done following the Eigen-
decomposition method. For that, first, the mean cell count ratio over all animals
that underwent the same staining was computed. This mean would contain a
value per cell type and per week, segment and diet. Since the data was already a
ratio, no further normalisation was done besides centring the data. Centring was

done by subtracting the overall mean value per cell type across all weeks, all
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segments, and all diets from the previously obtained means, this gave us the

matrix X, which was used for the PCA.

The PCA was computed using the sklearn python package, which computes
the variance (V) of the centred data and does the eigenvalue decomposition of

such variance.
V =WDWT

PCA separates the data into two matrices: D and W. D is a diagonal matrix in
which each of the diagonal entries is the variance explained by each of the
principal components. Each column of the W matrix () corresponds to one

component, in which each entry represents the weight of each of the cell types.

The projections of the principal component were then computed, projecting

these weights back on the data (X).
PC; = Xw;

Each of these projections is a one-dimensional vector with a value for each of
the weeks, the segments, and the diets. In the analysis, the first three projections
were used to visualise a summary of the data. Colouring for diet type and week
or diet and segment allowed us to visually inspect how separable the data is. The

bigger the distance between points of different colours, the larger the separability.

3.9 Multi-linear regression

The multi-linear regression was done using the sklearn python package. For
every computed regression, the dependent variable was the ratio of the number
of cells for each staining and the predictor of the type of diet (1 for HFHSD and 0

for CD).
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The data was separated into test (20% of the data) and train (80% of the data)
sets. The train set was used to calculate the value of the regressors (the weight of
each of the cell types). The higher the value of the regressor for a particular cell
type, the more its value increased in the HFSHSD. At the same time, the more
negative the value, the more it decreased its value in the HFHSD in comparison
to the CD. Since the value of many cell types can be correlated, ridge regression
was calculated. This type of multi-linear regression punishes high regressor
values, therefore only leaving regressors that have the strongest relationship with

the predictor. The value of the penalisation was 0.01.

Once the ridge regression was calculated on the train data set, the
performance of this regression on the test set was calculated. This data was not
seen by the model. Therefore, it provides insight into how good the obtained
regressors are at predicting the diet type. Thus, the test data was used to calculate
the accuracy of the model. This accuracy was calculated by the number of times
the model inferred the diet correctly divided by the total number of data points.
The whole procedure was repeated 100 times, and the average values of the

accuracy and the regressors were shown in the figures.

3.10  Statistical analysis

The statistical analysis for the screen of the immune landscape in HFHSD and
CD was conducted using ANOVA and post-hoc statistics. To obtain the statistical
significance between the two diets and the weeks, a between-subject ANOVA
was employed, as every animal could only be a data point for a given week and
diet. In the case of the segment of the intestine, a mixed ANOVA was employed,

as the same animal provided one value per segment, making the intestine
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segment a within-subject comparison and only one treatment, a between-subject

comparison.

In both cases, to correct for multiple comparisons, a Bonferroni correction was
employed. Additionally, once the ANOVA was significant for either the diet, the
week or the treatment, a post-hoc analysis was performed. This analysis showed

the particular combination that was significantly different.

Results in graphs are shown as mean + s.e.m. Statistical analysis for all other
experiments was conducted with GraphPad Prism software (GraphPad Software,
La Jolla, Calif). Student's t-test was performed on homoscedastic populations.
The Mann-Whitney test was used when data were not normally distributed.
Repeated-measures ANOVAs were performed on body weights and glucose
tolerance test measurements with Sidak correction for multiple comparisons.

Results were considered statistically significant at P<0.05.

3.11  Analysis of scRNA-seq dataset

Data was made publicly available by Wang et al., 2023. The output files of
Cellranger were downloaded from GSE221006. Files were analysed in R using
Seurat (v.5) following the guidelines. Seurat was developed in 2017 by the Satija
lab (Butler et al., 2018). In detail, according to Wang et al., immune cells were
filtered to have at least 100 unique molecular identifiers, at least 100 genes and
maximal 10% mitochondrial gene expression. Gene counts for each cell were
normalised with the Seurat function NormalizeData. This function first divides
by the total gene counts for the cell and multiplied by a scale factor of 10,000,
followed by natural logarithm transformation. The datasets were integrated
using canonical correlation analysis through the Seurat IntegrateLayers

methodology.
83



The analysis pipeline identified variable genes and corrected for sequencing

depth bias using the standard Seurat functions FindVariableGenes and ScaleData.

Dimensionality was reduced using a PCA on previously identified variable
genes, and the top 50 components were selected. These components served as
input for UMAP visualisation, creating a two-dimensional representation. Cell
clustering was performed by the Seurat function FindClusters on the same 50
principal components, and distinctive markers for each cluster were

subsequently identified using the Find AllMarkers function.

Cell types and subtypes were annotated by analysing differentially expressed
genes, which were compared against established cell type definitions from the

Wang et al. study. DEG validation was performed using DESeq?2 analysis.

Sample composition analysis involved calculating the proportion of each cell
type by determining cell counts per type and then converting these counts to

percentages of the total cell population.

CellChat version 2.1.0 was employed to analyse cellular communication
patterns. The analysis merged cDC1 and CD4* T cell subtypes and conducted
separate analyses for intestinal cells from both CD and HFHSD conditions.
Subsequently, the differential interaction between conditions was evaluated. The
results visualised intercellular communication patterns through heatmaps and
circular interaction diagrams, highlighting both the frequency and intensity of

cell-cell interactions.
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RESULTS

4.1 Obesogenic diet reshapes the enteric immune system of the host

41.1 Mice on HFHS diet develop obesity

In the present study, we investigated the impact of a high-fat, high-sugar diet
(HFHSD) on the enteric immune system of male C57BL/6] mice. Mice were
initially fed a standard chow diet (CD) until they reached 8 weeks of age. Mice
were then divided into two groups: one group continued on CD, while the other
group was switched to HFHSD. The lamina propria and intra-epithelium
immune compartments in the duodenum, jejunum, and ileum were analysed at
4, 8 and 16-week time points by flow cytometry (Figure 4a). To investigate the
obesogenic effect of HFHSD, we followed body weight and glucose metabolism

during the dietary intervention.

Bodyweight measurements indicated a significant increase in the weight of
mice fed with HFHSD when compared to those on CD (Figure 4b). Weight gain
was consistent across the duration of the study, with significant differences noted

already at 4 weeks on HFHSD. Glucose tolerance tests (IGTT) were conducted at
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the specified time points to evaluate the metabolic impact of the diets (Figure 4c).
Mice on HFHSD exhibited impaired glucose tolerance compared to mice on CD
already 4 weeks after dietary intervention. At this time point, mice showed
primarily difficulties in efficient glucose uptake until 45 minutes after glucose
administration. Significant differences in blood glucose levels were observed at
all measured intervals throughout the 150-minute experiment at 8 weeks of

dietary intervention, and those parameters were even more pronounced at

16 weeks.

Thus, HFHSD leads to obesity and impaired glucose tolerance in mice.
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Figure 4. HFHSD leads to obesity. (a) Experimental setup. Male C57BL /6 mice were fed CD until
8 weeks of age. Mice were then either fed HFHSD or CD. Immune compartment of lamina propria
and epithelium of duodenum, jejunum and ileum was analysed at indicated time points by flow
cytometry. (b) Bodyweight of mice (n = 15). (c) Intraperitoneal glucose tolerance test (IGTT) at
indicated time points (n = 15). Data are pooled from three independent experiments. n represents
biologically independent animals. Data are presented as mean + s.e.m. Two-sided two-way
repeated measures ANOVA corrected for multiple comparisons (b, ¢) *P < 0.05; **P < 0.01; ***P <
0.005; ****P < 0.001; ns, not significant.
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4.1.2  The phenotype of the enteric immune system is dependent on intestinal

segment, age and dietary choices of the host

To investigate the impact of obesogenic diet on the composition of the immune
system in the small intestine, we analysed lamina propria and intraepithelial
immune cells from mice fed either CD or HFHSD for varying durations. Using
multi-parametric flow cytometry, the immune landscape was assessed by
calculating the frequencies and numbers of immune cell types within the

haematopoietic CD45* cell fraction in lamina propria and epithelium.

Taking into consideration the dimensionality of the data (time points,
intestinal segments and cell types), we first assessed whether the diet affected the
enteric immune phenotype. Furthermore, we asked whether the composition of
the enteric immune system was more prone to influences by duration of dietary
intervention, age of animal, or intestinal segment. Additionally, we asked
whether diet would have a distinct effect on different intestinal segments. To this
end, we employed Principal component analysis (PCA) (Pearson, 1901), a known
dimensionality reduction technique that allows for the visualisation of dietary
effects, time points and intestinal segments (Figure 4). The score plot for the first
three PCs demonstrated distinct clustering patterns between HFHSD and CD
groups, indicating substantial alterations in the composition of the immune
system due to dietary intervention. When labelling for time points and diet,
immune phenotypes did not cluster based on age or duration of dietary
intervention, but all time points were evenly distributed throughout space
(Figure 5a). In contrast, data were separated into clusters along the PC1 and PC2
axis dependent on intestinal segment (duodenum, jejunum or ileum), while the
same enteric segments of different diets clustered together (Figure 5b). Data from
ileum showed greater distance to data from duodenum and jejunum, indicating

greater similarities between the immune composition of the proximal and middle
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part of the small intestine and a clear distinction between those and the distal

small intestine.

Thus, we conclude that, from 4 weeks of dietary intervention, variability in the
enteric immune phenotype can be explained by diet. The greatest variability in
the data can be explained by diet and intestinal segment, while duration of diet is
less crucial for the definition of the immune landscape. While these initial
findings identified primary drivers of immune composition, a detailed statistical
analysis was warranted to understand the specific effects of factors on individual

cell populations.
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Figure 5. The adult enteric immunophenotype is dependent on diet of the host and intestinal
segment. PCA representation of enteric immunophenotypes (n = 15). Each data point represents the
cluster of the immune landscape of one intestinal segment at one time point in one condition, CD or
HFHSD (Flow cytometry). Data points are coloured by (a) diet and experimental time point or (b)
diet and intestinal segment. Data are pooled from three independent experiments. n represents
biologically independent animals.
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4.1.3 Effect of age, diet and duration of dietary intervention

Given the major impact of dietary regimen and intestinal segment in the
enteric immune composition, sequentially, we interrogated the effect of diet,
dietary intervention, age and intestinal segment on the immunophenotype of the
gut. The appropriate test for this is ANOVA analysis. Different types of ANOVA
tests account for whether comparisons are made between groups (diet and age)
or within subjects (intestinal segments). In theory, it is possible to develop an
ANOVA that could account for two between-subject comparisons between age
and diet and one within-subject comparison for intestinal segment. However, we
considered that testing these factor pairs in separate ANOVAs would be more
valuable to interpreting variations in individual immune cell subsets. In these

ANOVA comparisons, all cell types were examined as ratios in CD45+ cells.

The effect of experimental time point, dietary intervention and duration of
intervention on the composition of the intestinal immune system was assessed by
two-way repeated measures ANOVA between individuals (Figure 6 & Table S1).
The majority of immune cell types in the lamina propria was significantly
affected by experimental time point alone, independently of dietary intervention,
and age of the host. This was true for cDC1s, cDC2s, macrophages, transitional
monocytes, Tregs, CD8*TCRa*, CD4*TCRyd*, CD4+*TCRaf3+ T cells, NKs, ILC2s,
and ILC3s. Monocytes, dpDCs, B cells, neutrophils, CD8*TCRyd* T cells and
ILC1s were not shown to be affected solely by experimental time points. In the
intra-epithelial immune compartment, the ratio of CD8afp+, CD8aa*TCRap*
T cells, and dpIEL was significantly dependent on age alone, while the ratio of

CD8aa*and CD8aa*TCRYyd* T cells was not affected.

When focusing on the effect of dietary intervention on the composition of the

immune system, regardless of duration of diet, only few cell types in the lamina
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propria were shown to be significantly altered. Notably, total cDCs and all DC
subtypes (cDC1, cDC2, dpDC) displayed higher frequencies in HFHSD when
compared to CD conditions. CD8*TCRyd* and CD8*TCRap* T cells were found
in lower frequencies in HFHSD-fed animals. In contrast to the lamina propria,
almost all cell types analysed in the epithelium were affected by diet alone. These
were dplELs, CD8aa*, CD8aa*TCRaf+ and CD8aa*TCRyd* T cells, which all

displayed lower frequencies in HFHSD when compared to CD conditions.

Distinct diets in interaction with the duration of said dietary intervention
impacted NKs, ILC2s and ILC3s in the lamina propria and intraepithelial
CD8ap* and CD8aa* TCRap* T cells and dplELs. Notably, none of these cell
types was affected only by diet alone, without also being affected by age alone.
When comparing these cell types pairwise for each time point, NKs were only
significantly altered by diet at the 4-week time point (increase of mean in HFHSD
compared to CD condition), ILC2s at 4 and 8 weeks (lower and higher mean in
HFHSD compared to CD condition, respectively) and ILC3s at 8 weeks (increase
of mean in HFHSD compared to CD condition) (Table S2). In the intra-epithelial
compartment, dplELs at 4 and 16 weeks and CD8aa*TCRaf3* T cells at 8 weeks
were shown to be significantly lowered in their mean in HFHSD compared to CD
animals. CD8af* T cells showed significance when analysing diet in combination
with duration of dietary intervention. However, these cells were not shown to be

significantly affected at any individual time point.

Frequencies of total cDCs, dpDCs and intraepithelial CD8aa* and
CD8aa*TCRYd* T cells were demonstrated to be affected by diet, but neither by
experimental time point nor by the interaction of diet and duration of dietary
intervention. Thus, for these cell types, the factor of the age and duration of
treatment is not of importance, which is in contrast to the major effect of the

dietary intervention.
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The effect of diet did not significantly change over time for cDCl1s, cDC2s and
CD8*TCRap* T cells, which were shown to be influenced by diet and
experimental time points but not by the interaction of diet and duration of
dietary intervention. In this case, trends in the data depended on diet and age
followed the same slope and did not significantly change over time. This was
demonstrated by post-hoc analysis of the ANOVA (Table S2). Pairwise
comparison of dietary treatment at individual time points revealed that means of
cDCls and ¢DC2s increased from CD to HFHSD, and at each time point.

CD8+*TCRap* T cells showed a decreased frequency at all time points.

Macrophages, transitional monocytes, Tregs, and CD4+ T cells were shown to
be influenced by experimental time point alone, but neither diet alone nor
interaction of diet and time point affected their frequencies. Thus, frequencies of
these cell types were influenced by age of animals while diet, no matter how long

the dietary intervention lasted, was shown not to influence their abundance.

In summary, the frequencies of enteric immune cell types were demonstrated
to be influenced by the factors "diet" and "age" alone and by the interaction of
diet and time points. Importantly, long-term exposure to HFHSD only
significantly affected frequencies of cell types that were also susceptible to the
factor "age" alone. Thus, age of the host impacts the enteric immune system, and
this effect can be enhanced or attenuated by HFHSD. However, at least between 4
to 16 weeks of dietary intervention, the general effects that HFHSD has on the
enteric immune system are not further enhanced or attenuated after exposure to

obesogenic diet for longer than 4 weeks.

As most cell types were influenced by experimental time points, these data

also revealed that the cell type frequencies are highly dependent on age, even in
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adulthood, when changes in the environment are kept at a minimum, as is the

case in a vivarium.
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Figure 6. Diet, duration of diet and age shape the enteric immune landscape. (a) Lamina propria
and (b) intraepithelial immune cells at 8 weeks of HFHSD or CD as ratios of CD45+ cells (n = 15). (c)
Effect of diet, age and duration of dietary intervention on intestinal immune cell types (n = 15).
Data are pooled of three independent experiments. n represents biologically independent animals.
Data are presented as mean + s.e.m. Two-way repeated measures ANOVA for tests between subjects

(c). Post-hoc pairwise comparison (a-b). *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; ns, not
significant.
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414  Effect of diet and intestinal segments

The effect of dietary intervention and intestinal segment was assessed by two-
way mixed repeated measures ANOVA that compares within and between

individuals (Figure 7 & Table S3).

Regardless of the intestinal segment, dietary intervention alone was shown to
have a significant impact on the ratio of total cDCs, B cells and CD8* T cells in the
lamina propria. In the intra-epithelial compartment, only CD8ap* T cells were
demonstrated to be significantly affected by diet alone. It is notable that these
results slightly differ from the aforementioned two-way repeated measures
ANOVA. The p-value in ANOVA tests is sensitive to specific grouping of data
and the design of the experiment. Different types of ANOVA tests account for
whether comparisons are made between groups or within subjects. This
distinction is crucial because it affects how variability is calculated, which in turn
influences the resulting p-value. Generally and also here, within-subjects design
detected smaller effects due to reduced error variance, which led to lower p-
values compared to between-subjects design within the same dataset. When
comparing both ANOVAs, all cDCs and CD8+ T cells in the lamina propria and
intraepithelial CD8ap* T cells showed consistent results. These cell types are

discussed in more detail in chapter 4.1.5.

The ratio of cell types in CD45+ cells, the intestinal segment, regardless of the
dietary intervention, was shown to be highly significant for all analysed cell
types except lamina propria CD4* T cells. Thus, the composition of the enteric
immune system shows high variability along the intestine, and specific
composition is dependent on the intestinal segment. Every cell type that was
shown to be significantly affected by diet alone was also significantly affected by

intestinal segment alone.

93



When analysing the effect of diet in interaction with intestinal segment, total
cDCs, ¢DCl1s, dpDCs, monocytes, macrophages, transitional monocytes, B cells,
neutrophils, CD4*TCRaf* T cells, and intraepithelial CD8*TCRaf* and
CD8*TCRyd* T cells showed significance. Pairwise comparison demonstrated
that the diet significantly affected the ratio of monocytes and intraepithelial
CD8*TCRyd* T cells only in the duodenum, while macrophages and transitional
monocytes were affected only in the ileum. B cells, neutrophils and CD4*TCRp+
T cells, as well as intraepithelial CD8af* T cells, were not significantly affected
when comparing single intestinal segments between HFHSD and CD animals. In
contrast, total cDCs and dpDCs showed significance in all individual segments
between experimental conditions, and c¢DC1 were significantly affected in
jejunum and ileum. Total cDCs and c¢DCls, in particular, showed a consistent
positive trend, while dpDC showed a consistent negative trend of their mean
ratios in CD45+ cells from CD to HFHSD conditions along all segments. Overall,
pairwise comparison of cell types that showed significance for the interaction of
diet and segments demonstrated that diet did have consistent effects on different
segments (Table S4). Therefore, we decided that it is sufficient to concatenate the
intestinal segments while representing the results of the screen of the immune
system on an obesogenic diet (Figure 5a). All cell types that were significantly
affected by the interaction of diet and segment were also significantly affected by

segment alone, except for CD4*TCRa3* T cells.

Lamina propria CD8* T cells and ¢cDC2s and intraepithelial CD8aa+ T cells
showed to be significantly altered depending on diet alone and segment alone,
but not by the interaction of diet and segment. Pairwise comparison of dietary
treatment at individual segments revealed a similar trend of increase (lamina
propria CD8* T cells) or decrease (CD8aa* T cells and cDC2s) of the mean ratio

in CD45* cells from proximal towards the distal intestine and increase from
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HFHSD to CD in each intestinal segment (Table S4). The individual impact of diet

and segment on these cells is not altered by their interference.

In sum, we could demonstrate that location determines the phenotype of the
immune system, as almost all cell types are influenced by location. Diet is further
affecting the diversity of the immune landscape along the small intestine as 45%
of analysed cell types were affected by the interaction of diet and intestinal
segment. Diet has consistent effects on the immune system of different intestinal

segments.
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Figure 7. Diet, duration of diet and intestinal segment shape the enteric immune landscape.
Effect of diet, intestinal segment and interaction of dietary intervention and intestinal segment on
frequencies of lamina propria and intraepithelial immune cell types (n = 15). Data are pooled from
three independent experiments. n represents biologically independent animals. Two-way mixed
repeated measures ANOVA for tests within and between subjects. *P < 0.05; **P < 0.01; ***P < 0.005;
****P < 0.001; ns, not significant.

With temporal and spatial aspects of immune adaptation characterised, we
next focused on cell types that showed consistent changes dependent on diet to

understand diet-induced immune adaptation.
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4.1.5 Enteric cDCls are consistently increased throughout long-term exposure

to HFHSD

As already mentioned, all cDCs and CD8+ T cells in the lamina propria and
intraepithelial CD8aa* T cells showed consistent results when comparing two-
way repeated measures ANOVA and two-way mixed repeated measures ANOVA
(Table S1 & S3). We conducted pairwise comparison of time points and intestinal
segments in a post-hoc analysis to better describe the behaviour of these cell

types dependent on time point and segment (Figure 8 & Table S2 & S4).

Pairwise comparison made evident that intraepithelial CD8aa* T cells had
only been significantly affected by HFHSD in the duodenum, and even though
treatment alone was determined to be overall significant, no individual time

point showed significance when weeks were compared pairwise.

CD8+*TCRyd* T cells were shown to significantly decrease in all intestinal
segments upon HFHSD. CD8*TCRaf* T cells decreased in duodenum and
jejunum in HFHSD when compared to CD-fed animals. When comparing
segments independent of diet, CD8*TCRaf3* T cells increased from proximal to
distal intestinal segments, both in CD and HFHSD conditions. CD8*TCRyd*
T cells showed the same behaviour in CD conditions, while in HFHSD, the ratio
of these cells in CD45* cells increased from duodenum to jejunum. Analysis of
age alone revealed that CD8*TCRap* T cells increased with age, both in CD and
HFHSD conditions. CD8*TCRyd* T cells also increased over time in CD-animals,
while HFHSD-animals showed lowest mean ratio in total CD45+ cells at 8 weeks,
followed by 4 and 16 weeks time points. When comparing experimental
conditions at individual time points, HFHSD was shown to be significantly
impacting the ratio of both CD8+ T cells in total CD45+* cells at 16 weeks of

treatment, while no significant effect was observed after 8 weeks of dietary
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intervention and CD8*TCRyd* T cells were reduced at 4 weeks of HFHSD

compared to CD feeding.

Notably, all cDCs were demonstrated to be significantly affected by HFHSD.
Pairwise comparison demonstrated that the ratio of dpDCs in total CD45* cells
was increased in all individual intestinal segments in HFHSD compared to CD
condition, but treatment alone only showed a significant effect on these cells at
the 16-week time point. cDC2s decreased along the small intestine, independent
of diet, and increased in all segments in HFHSD compared to CD condition. Even
though treatment alone significantly impacted frequency of ¢cDC2, no single time
point was shown to be significant when analysing the effect of diets at individual
time points. In contrast, the ratio of ¢DCls in total CD45+ cells was highly
increased in HFHSD compared to CD-fed animals at all time points. The effect of
HFHSD at the 16-week time point was higher on ¢cDC1 and dpDCs (p-value at
16 weeks for cDC1: 0.0042 and for dpDC: 0.01). The mean ratio of cDCls in total
CD45+ cells was consistently decreasing along the small intestine from proximal
to distal in CD condition. In HFHSD, animals showed highest ratio of cDCls in
CD45* cells in jejunum, followed by duodenum and ileum, and HFHSD resulted
in a significantly higher ratio in jejunum and ileum when compared to CD
intervention. Amongst all cDC subtypes, cDC1s were shown to be affected more
strongly. When comparing the effect of HFHSD on ¢DCls and CD8+*TCRp*
T cells, cDCls showed to be stronger affected by diet at each time point
(CD8*TCRap* T cells: p-value at 4 weeks 0.016, at 8 weeks: 0.029, at 16 weeks
0.076; cDC1s: p-value at 4 weeks 0.00003, at 8 weeks: 0.0024, at 16 weeks 0.0042).
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Figure 8. Kinetics of effect of diet and location on immunophenotype. (a) Ratios of selected
lamina propria and (b) intraepithelial immune cell types in CD45+* cells at indicated time points and
intestinal segments in HFHSD or CD conditions (n = 15). Data are pooled from three independent
experiments. n represents biologically independent animals. Data are presented as mean + s.e.m (a-
b). (c) Effect of diet, time point, intestinal segment and interaction of these factors on frequencies of
selected lamina propria and intraepithelial immune cell types.

Row 1-3: two-way repeated measures ANOVA for tests between subjects (diet and time point). Row
4-7: post-hoc pairwise comparison with Bonferroni correction. Row 7-9: mix-repeated measures
ANOVA for tests between and within subjects (diet and intestinal segments). Row 10-12: post-hoc
pairwise comparison with Bonferroni correction. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; ns,
not significant. D: duodenum. J: jejunum. I: ileum. E: epithelium.
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In sum, we demonstrated that obesogenic diet affects frequency of enteric
cDC1 in total CD45* when compared to other cell types most consistently over
time and intestinal segment. All ¢cDC subtypes are affected, with ¢cDC1 most
consistently increased at 4, 8 and 16 weeks in the jejunum and ileum in HFHSD
conditions. In contrast, CD8* T cells show to be decreased in HFHSD conditions.
Importantly, while the role of CD8+ T cells in obesity has been previously
documented (Hung et al., 2024; Franco et al., 2017; Park et al., 2019; Tanaka et al.,
2020;), the relevance of ¢DCls and their functional consequences in obesity

remain mostly unexplored.

Given these distinct patterns of immune cell adaptation to HFHSD, we next
investigated whether these changes occurred randomly or followed predictable

and reliable patterns.

4.1.6  Phenotype of the enteric immune landscape is not random

Given the strong impact of the dietary regimen on the enteric immune
landscape, we investigated if the composition of the immune system could
predict the type of diet of the host. To do so, we employed a multi-linear ridge
regression to account for the correlation between the frequencies of cell types.
Due to the nature of the analysis, we could only integrate cell types in one model
that originated from the same flow cytometry staining. We therefore built one
multi-linear regression using 80% of the data, including the lamina propria cell
types ¢cDC1, cDC2, monocyte, macrophage and transitional monocyte, B cell,
neutrophil, CD8*TCRap*and CD8+*TCRyd* T cell CD4*TCRap+ and CD4+*TCRyd*
and one regression describing intraepithelial cell types, including CD8af3+ T cell,
dpIEL, CD8aa*TCRapf* and CD8aa*TCRyd* T cell. The regression models
showed high accuracies in predicting the diet type in the remaining 20% of the
data, which the model did not have access to, with 73.5 and 72.33, respectively,
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indicating a predictable relationship between composition of the enteric immune
system and dietary intervention (Figure 9). The models identified CD8*TCRyd*
T cells and intraepithelial CD8aa*TCRap* T cells as strongest predictors, and
their weight was shown to be negative. Weight represents the estimated change
in the frequency of a cell type for a change in diet from CD to HFHSD while
holding all other regressors constant. This means that, according to this model, a
reduction of frequencies of CD8*TCRyd* T cells in the lamina propria and
CD8aa*TCRap+ T cells in the epithelium will most likely predict that the host is
on an HFHSD.

Regressors that are less relevant in predicting the dietary choices of the host
were shown to be cDC1, CD4*TCRyd* T cells in the lamina propria and dpIEL,
CD8ap* and CD8aa*TCRyd* T cells in the epithelial compartment. Thus, the
models assume that frequencies of these cell types would not be affected by diet

alone if all other regressors would stay constant.

In sum, the composition of the enteric immune system could reliably predict

the host diet and ¢cDC1 frequency might be indirectly affected by diet.

To validate the robustness and ensure the reproducibility of our findings about
diet-induced immune adaptation, we next compared our results with an
independent study that employed a different methodology but investigated

similar questions.
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Figure 9. Relationship between enteric immunophenotype and diet of the host. Multi-linear
ridge regression models for (a) lamina propria and (b) intraepithelial immune cell types show the
relationship between regressors as frequencies of cell types in CD45* cells and dietary intervention
(n = 15). Weight represents beta, the estimated change in the dependent variable for a change in the
predictor variable from CD to HFHSD (x), while holding all other regressors constant. Data are
pooled from three independent experiments. n represents biologically independent animals.

41.7 Diet-induced alterations in enteric immune compartments are

reproducible

In a recently published paper, Wang et al. also investigated the enteric
immune system in obesity (Wang et al., 2023). The authors employed single-cell
RNA sequencing (scRNA-seq) to understand the adaptation of the immune
system in the lamina propria and the epithelium and of structural cells (defined
as CD45- cells in the epithelial layer) to an HFHSD. Methods and diets chosen in
this study differ from our approach. We interrogated whether the adaptation of
the enteric immune landscape to an obesogenic diet was comparable between the

two independent studies.

We first compared the different diets used in both studies. Figure 10a
illustrates the percentage of calories obtained from carbohydrates, fat, and

proteins in the diets. The percentage of calories coming from specific
101



macronutrients seemed to be similar in both CDs as well as in both HFHSDs. We
decided that it would not be appropriate to statistically evaluate the similarities

of diets due to very few data points.

The dietary intervention in the experimental setup from Wang et al. lasted
8 weeks, wherefore we compared our 8 weeks time point to their results. Figure
10b presents a side-by-side comparison of lamina propria immune -cell
populations as a percentage of CD45* cells from both the scRNA-seq dataset

generated by Wang et al. and our flow cytometry dataset.

When comparing both CD groups, Wang et al. identified higher frequencies of
CD4*TCRap* T cells, CD8* T cells and B cells, while our results showed higher
ratios of cDCs, macrophages and transitional monocytes, ILC2s and ILC3s in
total CD45+ cells. The same trend was noticeable when comparing both HFHSD
groups. However, it was evident that HFHSD altered the composition of immune
cell populations in the lamina propria across studies. Furthermore, changes in
immune subsets were consistent in both studies, with an increase of
CD4*TCRap* T cells, cDCs, ILC2s and ILC3s in HFHSD when compared to CD.
Both studies showed a decrease in CD8* T cells and no or moderate changes in
B cells, macrophages, and transitional monocytes. Only ILCls and NK cells
revealed different results between the two studies. The dataset of Wang et al.
described an increase in their frequency, while we could not observe any change

in these groups on HFHSD when compared to CD.

To assess the relationship between the dataset published by Wang et al. and
our results, Pearson correlation analysis was conducted. We compared the fold
changes of frequencies of specific cell types in CD45* cells from CD to HFHSD,
and the analysis demonstrated strong correlations between the studies, with an

R-value of 0.985 (Figure 10c).
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Since adaptations of the enteric immune system published by Wang et al. were
shown to be similar to our study, we decided to consult the published scRNA-seq

dataset in further experiments.
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Figure 10. Comparison of the scRNA-seq dataset from Wang et al. and our flow cytometry
dataset. (a) Percentage of calories obtained from carbohydrates, fat and proteins in different diets.
(b) Side-by-side presentation of lamina propria immune cell populations as percentages in CD45*
cells from mice that were fed 8 weeks HFHSD or CD. (c) Fold change of lamina propria immune
cell populations from CD to HFHSD. Pearson correlation (c). CCU, Champalimaud Centre for the
Unknown.

Overall, we could conclude that HFHSD leads to a significant and gradual
increase in body weight of male wild-type mice and is accompanied by increased
glucose intolerance. The factors "diet" and "intestinal segment" explain the largest
variance in the composition of the enteric immune system in our study, while
duration of diet alters the immune landscape only in the epithelium but is not
crucial in the lamina propria. Diet strongly affects the enteric immunophenotype
with the most pronounced effect on ¢cDCs and CD8* T cells. Most consistently
affected are cDC1 frequencies, which are significantly increased in HFHSD when

compared to CD. Diet-dependent alterations in the intestinal immune landscape
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are not random, and the effect of diet on cDC1s might occur indirectly or due to a

combination of factors.

Given the consistent and pronounced increase in ¢cDC1 frequency in HFHSD
conditions, we next investigated the underlying mechanisms driving this

accumulation and potential functional implications.

4.2. ¢DCl1s in the obese host

421 Ontogeny and homing of ¢cDC1 are similar in the steady state and

metabolically stressed host

cDCs originate from bone marrow precursors, which progress through a series
of developmental stages to achieve full differentiation in peripheral tissues (Liu
et al., 2009). We interrogated whether increased intestinal cDCls in the obese host
might be the result of an enhancement of ¢DC1 progenitors. Flow cytometry
analysis of the bone marrow revealed no significant increase in the percentage of
CDP and pre-cDCs within CD45+ cells in the bone marrow in obesity when
compared to steady-state (Figure 11a). Since only cDCls frequencies and neither
cDC2s nor dpDCs (frequency of dpDC was only elevated at 16 weeks) were
modified in HFHSD, we tested whether the pre-cDCs might have been altered in
obesity. We found that the frequencies of pre-cDCls, pre-cDC2s and
uncommitted pre-cDCs were unaffected (Figure 11a). This was also true when
comparing total numbers of all progenitors or frequencies of pre-cDC subtypes in

pre-cDCs (Figure Sla & b).

The process that drives pre-cDC egress from bone marrow to specific organs is
complex and can be modulated by kinetics of turnover and release of precursors

in and from the bone marrow (Cabeza-Cabrerizo et al. 2021). We interrogated
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whether the increase of enteric cDC1s with unaffected numbers and frequencies
of pre-cDCs in the bone marrow might be the result of elevated proliferation of
pre-cDCl1s in the bone marrow in combination with faster release of those into
the bloodstream and potential homing to the small intestine. Therefore, we
analysed the frequencies of cDC precursors in the blood. Flow cytometry analysis
indicated a consistent percentage of pre-cDCs and pre-cDC1s in HFHSD-fed mice
when compared to CD-fed animals (Figure 11b). Total number of pre-cDCs and
pre-cDCl1s and frequency of pre-cDCls in total pre-cDCs in the blood did also not

show any difference between experimental conditions (Figure Slc & d).

Sequentially, we asked whether homing of pre-cDCls might have been
affected in obesity, with more pre-cDC1s homing to the small intestine. Homing
to the gut is induced by expression of the integrin a4p7 and the chemokine
receptor CCR9 on pre-cDCs (Zeng et al., 2012). Neither percentage of pre-cDC1
expressing a4f37 or CCRY in pre-cDC1 nor expression of these molecules per cell
(MFI) was altered in mice fed an HFHSD, suggesting no enhanced gut homing

capacity of these cells in the obese host (Figure 11c).

cDC development relies on the cytokine FIt3L in the bone marrow, and high
FIt3L levels in tissues locally promote cDC cell division (Waskow et al., 2008).
Thus, we interrogated if HFHSD would elevate local FIt3L levels in the small
intestine, potentially promoting local proliferation of cDCs. ELISA measurements
demonstrated no changes in FIt3L levels in the small intestine of obese
individuals. Similarly, serum and bone marrow of HFHSD-fed mice showed no
different FIt3L levels compared to CD-fed mice (Figure 11d). Additionally, enteric
pre-cDCs and ¢DC1 did not show enhanced expression of the proliferation

marker Ki67 (Figure Sle).

Since neither ¢DC1 precursors nor gut homing capacity of c¢cDC1 were

demonstrated to be elevated in HFHSD, but c¢DC1 frequency in the gut was
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increased, we asked whether HFHSD could impact cDC1 in other organs. The
proportion of cDC1 within the cDC population was significantly decreased in the
liver of obese animals and showed a negative trend in all other analysed organs
(Figure 11e). Only in the small intestine frequency of ¢cDC1 in total CD45+ cells
was significantly altered, with an increase in HFHSD when compared to CD
conditions as already mentioned (Figure S1f). These data indicate a weak

systemic impact of the HFHSD on cDC1 distribution.

We next wondered if the increase in enteric cDC1 in HFHSD conditions might
result from decreased migration out of the small intestine into mesenteric lymph
nodes (mLN). We found that cDC1 frequencies significantly increased in mLNs
from HFHSD animals compared to CD animals, indicating no decreased

migration out of the small intestine (Figure 11f & S1g).

Overall, our data indicate that HFHSD does not substantially affect cDC1
progenitors, nor does it significantly alter gut-homing molecules of ¢cDC1s. cDC1

are reduced in the liver, while cDC1s were increased in the small intestine and

mLNs upon HFHSD.
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Figure 11. Similar ontogeny of cDCl1s in the obese and stead-state host. Mice were fed for 8 weeks
with HFHSD or CD. (a) cDC precursors in bone marrow as percentages in CD45+ cells measured by
flow cytometry (n = 10). (b) Pre-cDCs as percentages in CD45* cells in the blood and (c) their
expression of gut homing molecules as percentages in pre-cDC1 and MFI (n = 10). (d) FIt3L levels in
small intestine, serum and bone marrow in pg per organ and pg per g or ml organ measured by
ELISA, normalised to total protein (n = 15). (e) cDCls as percentages of ¢cDCs in metabolically
relevant organs and (f) as percentage in CD45* cells in mesenteric lymph nodes (n = 12). Flow
cytometry (a-c, e, f) and ELISA (d). Data are pooled from three independent experiments. n
represents biologically independent animals. Data are presented as mean * s.e.m. Two-tailed
unpaired Student's t-test (a-f). *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; ns, not significant.

Having established that increased enteric cDCl1s in obesity did not result from
altered development or expression of traditional gut-homing markers, we next

investigated whether these cells maintained their functional properties in the

obese state.
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4.2.2 Enteric ¢cDCls exhibit functional similarities in the steady state and

metabolically stressed host

To further understand the impact of HFHSD on ¢DCls, we characterised this
cell type in the small intestinal lamina propria of mice fed either an HFHSD or a
CD. We measured the expression of co-stimulatory molecules on ¢cDCls using
flow cytometry (Figure 12a). The expression levels of CD40, CD80, CD86,
MHC II, and MHC I did not show any significant differences between conditions,
indicating no differential status of cells upon HFHSD (Figure 12b). To evaluate
cytokine expression, we performed RT-qPCR on sorted c¢DCls (Figure 12c).
HFHSD, compared to CD mice, exhibited significant downregulation of II10
mRNA in cDC1, suggesting a reduced anti-inflammatory phenotype of HFHSD
cDCl1s. However, the expression of Transforming growth factor beta (Tgfb), Tnfa,
1112 and 1115 mRNA did not significantly differ between groups. Similarly, no
differences were observed in the expression of the integrin gene It¢b8 and Aldhla,
two molecules that are essential for the induction of intestinal regulatory T cells.
Results for Tnf-a and IL-12 were further validated at protein level by flow
cytometry, and neither ratio of cells expressing cytokines nor amount of cytokines

expressed per cell differed in obese mice (Figure 12d).

To interrogate cDC1 properties further, we analysed single-cell sequencing
data. We identified two clusters inside the DC cluster and confirmed their
identity as ¢DC1 and cDC2 by evaluating the expression of genes coding for
Itgam, Sirpla, Clec9a and Xcr1, distinctively expressed in cDC1 and ¢DC2 (Figure
12e & f). We employed DESeq2 analysis to compare gene expression in HFHSD
and CD groups. cDC1 and cDC2 expression profiles were similar between
groups, with no significantly different expressed genes (Figure 12g). Expression
profiles of genes up-regulated in activated ¢DCls were highlighted and are

shown in Figure 12h.
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In conclusion, our data revealed that enteric cDC1s in HFHSD do not exhibit a
dramatically different activation status compared to cDCls in CD conditions.
However, cDC1 in HFHSD conditions might exhibit less anti-inflammatory
properties compared to ¢cDC1 coming from a host in steady-state as we could

detect lower 1110 mRNA expression levels in cDC1s of obese mice.

As ¢DC1s maintained their functional properties in obesity, the physiological
consequences of their increased frequency remained to be determined. We

hypothesised an effect of diet on processes that rely on cDC1/T cell interactions.
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Figure 12. HFHSD does not alter status of cDC1 in the small intestine. (a) Flow cytometry gating
strategy for cDCI1. (b) Expression of co-stimulatory molecules on ¢DCls measured by flow
cytometry (n = 10). (c) Relative gene expression in sorted ¢cDC1 from HFHSD-fed mice normalised
to Hprt and CD-fed mice measured by RT-qPCR (n = 12). (d) Percentage of cDC1 expressing
cytokines measured by flow cytometry and expression per cell as MFI (n = 12). (¢) UMAP
presentation of cDC subsets in scRNA-seq dataset from Wang et al. (f) Marker gene expression used
for identification of cDC1 and ¢DC2 in scRNA-seq dataset. (g) Volcano plot of DESeq2 of cDC1 in
scRNA-seq dataset. (h) Histogram showing normalised gene expression of selected genes in ¢DC1.
Data are pooled from three independent experiments (b-d). n represents biologically independent
animals. Data are presented as mean * s.e.m. Two-tailed unpaired Student's t-test (b-d). DESeq2
analysis (f-g). *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; ns, not significant.
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4.3 Food tolerance in obesity

43.1 Interaction between intestinal cDC1 and CD4+ T cells is altered in the

obese host

Given the importance of ¢DC1 in interacting with T cells, we tested if the
interaction between those cells could be altered in obesity. Analysis of single-cell
data revealed specialised sub-populations within the CD4+ T cell cluster. We
could identify Thl, Th2, Th9, Th17, Th22, FoxP3*Roryt* Tregs and Tregs
dependent on top differentially expressed genes (DEGs) (Figure 13a & b). Using
CellChat, we conducted a systems-level analysis of cell-cell interactions between
identified CD4+ T cell subpopulations and ¢DCl1s. The number and strength of
interactions between HFHSD and CD-fed mice were compared, and CellChat
predicted most pronounced differential interaction received by ¢DC1 and Thl
cells. All interactions coming from T cells towards cDC1s were up-regulated in
obesity, and most pronounced were signals coming from memory-like CD4+
T cells and FoxP3+Roryt* T cells. Vice versa, cDC1s were predicted to up-regulate
their number of interactions towards all other T cells, except for signalling
towards Thl cells, which was predicted to be down-regulated, and towards
Tregs, which was predicted to be unchanged. As for the predicted interaction
strength, cDC1s showed stronger interactions towards all T cells except for
memory-like CD4+ T cells, with interaction towards Th1 cells being the most up-
regulated one. All T cells also increased their strength of interaction with ¢cDCls,

with Th1 cells being the most pronounced senders (Figure 13¢ & d).

Overall, scRNA-seq data suggested that HFHSD has an effect on interactions
between ¢cDC1 and CD4+ T cells with an increase in number and strength of

interactions towards cDC1. Vice versa, cDCls were shown to send out a higher
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number of interactions towards all T cells, except for Thl and Treg cells, and

interactions are stronger towards all T cells except for memory-like CD4+ T cells.

To test whether the predicted alterations in ¢cDC1/CD4+ T cell interactions had
functional consequences in vivo, we examined their impact on oral tolerance

using the OVA /OT-1I model.
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Figure 13. Functional impact of HFHSD on ¢DC1/T cell interaction. (a) UMAP presentation of
CD4* T cell cluster in scRNA-seq dataset from Wang et al. (b) Dot plot showing selected top DEG
used for identification of CD4* T cell populations. (c, d) Differential cell-cell interactions predicted

by CellChat between CD4* T cells and ¢DCl1s in HFHSD compared to CD-fed mice. Violet colour
indicates down-regulated interaction; pink colour indicates up-regulated interaction.
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4.3.2 HFHSD increases food tolerance

Since there was a clear effect of diet on predicted interaction between cDC1
and CD4+ T cells in the data generated by Wang et al.,, we next asked whether
interaction between these cells might also be affected by diet in our setting. Anti-
inflammatory ¢DC1 can induce Treg cells, which is important for the induction of
oral tolerance (Esterhdzy et al., 2016; Hong et al., 2022). We speculated that an
increase in cDC1 frequency in obesity might be relevant in the context of food
tolerance, potentially leading to better food-antigen tolerance. We utilised the
OVA/OT-II model to test our hypothesis. Obese and stead-state mice were
adoptively transferred retro-orbital with 1 x 106 naive OT-II T cells, followed by
two doses of i.g. ovalbumin (OVA) 48 h and 24 h prior to analysis. Obese and
control mice showed comparable frequencies of naive T cells, Tth, Th1, Th17 and
FoxP3*Rorytt Treg cells in the mLNs after OVA challenge. In large contrast, Tregs
were significantly increased in obese mice, suggesting enhanced tolerogenic

response to oral antigen (Figure 14).

To summarise, HFHSD reshapes the enteric immune landscape. Obese mice
have a higher ratio of cDCl1s, and interaction between these cells and CD4+ T cells
is predicted to be affected by diet. The obesogenic immunophenotype has
physiologic relevance in the context of oral tolerance, with enhanced generation

of Tregs upon food-antigene challenge.
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Figure 14. Functional impact of HFHSD shaped enteric immune landscape in food tolerance. (a)
Male wild-type mice were fed HFHSD or CD for 8 weeks and adoptively transferred with 1 x 106
naive CD45.1 CD4* OT-II T cells. Mice received two doses of intragastric OVA at 48 h and 24 h
before analysis. (b) Percentage of cells in OT-II* cells from mesenteric lymph nodes (n= 15). Data are
pooled from three independent experiments. n represents biologically independent animals. Data
are presented as mean + s.e.m. Two-tailed unpaired Student's t-test. *P < 0.05; **P < 0.01; ***P <
0.005; ****P < 0.001; ns, not significant.
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DISCUSSION

5.1 Regional and temporal dynamics of diet-induced immune adaptation

We generated a comprehensive dataset to examine the intricacies of the adult
small intestinal immune landscape and its modulation with increasing exposure
time to an obesogenic diet. Utilising a dimensionality reduction, specifically PCA,
enabled us to identify distinct immunophenotypes dependent on diet and intra-
intestinal location. Leveraging the statistical framework of ANOVA analysis
allowed for a detailed description of shifts in the enteric immune landscape in
response to obesogenic diet, age, intestinal segment, and interactions among

these factors.

5.1.1 Considerations in experimental design

5.1.1.1 The choice of age and sex

The investigation of obesity-induced immune adaptations required careful
consideration of age and sex-specific variables that could influence our results.

We chose to examine adult mice between 8 and 24 weeks of age, a period

116



representing mature adulthood while avoiding both developmental changes and
age-related decline (Bresilla et al.,, 2022; Flurkey et al., 2007; Yanai and Endo,
2021). This timeframe corresponds to human ages between 20-30 years (Flurkey
et al., 2007), characterised by complete physical development and stable

metabolic function.

The decision to focus exclusively on male mice stemmed from the need to
minimise hormonal variability in our experimental system. While female mice
experience significant hormonal fluctuations due to their oestrus cycle beginning
at 6-8 weeks of age (Ajayi and Akhigbe, 2020; Pantier et al., 2019), male mice
maintain relatively stable hormone levels after reaching sexual maturity at
8 weeks (Bell, 2018; Nilsson et al., 2015). These hormonal differences substantially
impact metabolic regulation, with oestrogen receptors playing crucial roles in
insulin sensitivity, glucose metabolism, and energy homeostasis (Gao and
Horvath, 2008; Lépez and Tena-Sempere, 2015; Ropero et al., 2008; Smith et al.,
2022). Generally, female mice experience a protective effect towards metabolic
syndrome, especially insulin resistance, due to different fat-storage capacities
resulting from oestrogen and genetic factors influencing glucose metabolism (Ali
et al., 2023; Camilleri et al., 2021; White and Tchoukalova, 2014). They have also
been shown to be obesity-resistant on an HFD and to modulate their oestrus
cycle in response to HFD feeding, while males typically experience faster weight
gain on an obesogenic diet (Hwang et al., 2010; Lainez et al., 2018; Lenert et al.,

2021).

Beyond metabolic effects, sex hormones directly influence cells of the innate
and adaptive immune system, which express the oestrogen receptor (Khan et al.,
2012; Khan and Ansar, 2016; Kovats, 2015). For example, oestrogen has been
demonstrated to enhance the maturation of DCs and regulate the expression of

cytokines and chemokines like IL-6, IL-10, CCL2 and CXCL8 (Cunningham et al.,
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2014; Liu et al., 2002; Kovats, 2012; Stoji¢-Vukani¢ et al., 2015; Papenfuss et al.,
2011). Additionally, oestrogen modulates all subsets of T cells, including CD4+
T cells (Thl, Th2, Th17, and Tregs) and CD8* T cells (Karpuzoglu-Sahin et al.,
2001; Lélu et al., 2011; Priyanka et al., 2013; Robinson et al., 2014). These effects
extend to the enteric immune system, where sex-specific differences in microbiota
composition and immune regulation have been documented (Klein, 2000; Markle
et al., 2013; Yurkovetskiy et al., 2013). The cyclical nature of female hormone
levels introduces an additional layer of complexity to immune responses that

could potentially mask diet-induced effects.

While our male-only approach allowed us to isolate diet-dependent effects
from hormonal influences, we acknowledge this as a limitation of our study. The
worldwide obesity epidemic affects both sexes, and our findings only reflect the
physiology of half of the general population. This limitation reflects a broader
issue in biomedical research, where male subjects are often overrepresented in
experimental studies (Clayton and Collins, 2014; Justice, 2024). Male-biased
research leads to a neglect of female physiology and a dangerous
underestimation of health risks for women. With our choice, we aimed to add
general knowledge to the understanding of enteric adaptation to an obesogenic
diet, while studies focusing on hormonal effects are needed to form a more
complete and appropriate representation of the enteric immune response to an

obesogenic diet.

5.1.1.2 The choice of diet

Research in obesity employs various dietary models, each designed to mimic
different aspects of human dietary patterns. For our study, we selected the model

established by Asgharpour and colleagues that replicates key features of the
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Western diet, characterised by both high fat content and sugar-enriched
beverages (Asgharpour et al., 2016). By modifying both lipid content and adding
fructose and glucose to drinking water, this model extends beyond simple caloric
excess to capture the complexity of modern dietary habits. Consequently, the
observed immune adaptations should be interpreted as responses to specific

dietary components rather than merely increased caloric intake.

The inclusion of both glucose and fructose in our model holds particular
significance, as these saccharides differentially affect metabolic and immune
responses. Studies have shown that fructose, compared to glucose, leads to
enhanced visceral fat accumulation and diminished insulin sensitivity in obese
subjects (Stanhope et al., 2009). At the cellular level, fructose distinctly activates
cDCs through accumulation of advanced glycation end products, triggering
specific inflammatory pathways and metabolic adaptations (Jaiswal et al., 2019).
Our choice to supplement drinking water with fructose reflects its prevalence in
the Western diet. Fructose is sweeter than glucose or sucrose when compared in
equal amounts and is, therefore, commonly used in the food industry as an
economical bulk sweetener (Miller and Adeli, 2008). In our experiments, HFHSD

mice consumed, on average, 0.3234 g of fructose more than CD mice per day.

The fatty acid composition in our HFD differs from the control diet primarily
in levels of specific saturated and monounsaturated fatty acids, particularly
C16:0, C18:0, C16:1, and C18:1, while maintaining similar levels of amino acids,
vitamins, macro minerals and trace elements within an order of magnitude (SDS
mouse diet RM3 (P); D12492). This specific nutrient profile allows us to examine
the immune adaptation to dietary patterns rather than isolated macronutrient

changes.

Importantly, our dietary model likely influences the intestinal microbiota, a

crucial mediator of immune responses. Different dietary components distinctly
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shape microbial communities, with both fats and sugars exerting dose-dependent
effects on bacterial populations (David et al., 2014; Di Luccia et al., 2015; Do et al.,
2018; Satokari, 2020; Wu et al., 2011). While glucose typically induces more
pronounced alterations in microbial composition compared to fructose, both
sugars contribute to microbiota-dependent immune modulation (Zhang et al.,
2021). The type and proportion of fatty acids similarly influence microbial
populations, creating complex interactions between diet, microbiota, and

immune function (De Wit et al., 2012, 2011).

While we did not directly assess microbiota composition in our study, the
established relationship between diet and microbial communities suggests that
our observed immune adaptations may reflect both direct dietary effects and
indirect microbiota-mediated changes (Daniel et al., 2014; Hildebrandt et al.,
2009; Pessoa et al., 2023; Turnbaugh et al, 2009; Wang et al., 2020). This
complexity mirrors the human condition, where dietary choices simultaneously
influence multiple physiological systems. Future studies combining immune and
microbiota analyses could help delineate these interconnected pathways and

their relative contributions to shaping the enteric immune system.

5.1.1.3 Definition of immunophenotypes

A fundamental consideration in our experimental design was the choice to
define immune landscapes through cell frequencies within the CD45* population
rather than absolute cell numbers. This methodological decision was driven by
both practical constraints and biological considerations inherent to obesity

research.

Obesogenic diet induces substantial morphological changes in the small
intestine, including alterations in length, thickness, and villous architecture.
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Studies have documented intestinal shortening in obese animals, accompanied
by decreased villus length and altered mucosal volume (Gruber et al., 2013; Mao
et al., 2013; Xie et al., 2020). These structural changes create significant challenges
for standardising cell count data across experimental groups. While absolute
numbers could theoretically be normalised to intestinal length or weight, such
adjustments would be confounded by diet-dependent variations in tissue
composition, particularly mucus content, which differs markedly between lean

and obese animals.

The separation of epithelial and lamina propria compartments in our analysis
further complicated the use of absolute cell numbers. Traditional normalisation
methods, such as cells per unit of tissue weight or length, become particularly
problematic when examining these distinct compartments independently. The
dynamic nature of the intestinal histology in obesity makes such normalisation

potentially misleading.

Instead, we chose to normalise within the immune system itself by expressing
cell frequencies as proportions of CD45+* cells. This approach offers several
advantages: it provides a stable reference point across experimental conditions,
allows for direct comparison between different intestinal segments, better reflects
the relative composition of the immune landscape and captures shifts in the

balance between different immune populations.
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5.1.2  Plasticity of the enteric immune landscape

5.1.2.1 General regional and temporal effects on enteric immune composition

Our comprehensive analysis of the enteric immune landscape revealed
adaptation patterns to an obesogenic diet, with distinct temporal and regional
signatures. Using dimensionality reduction and detailed statistical analyses, we
uncovered that, while the diet profoundly influences immune composition, the
nature and extent of these changes depend on complex interactions between
time, intra-intestinal location, and cell type. This multifaceted response reflects
the sophisticated ability of the immune system to adapt to environmental
changes while maintaining tissue-specific functions. Noteworthy, many
adaptations occurred in the first 4 weeks of HFHSD and remained stable over
time, suggesting the establishment of a new homeostatic state rather than a

progressive deterioration of immune function.

Age and duration of dietary intervention

Our dimensionality reduction analysis revealed that the overall
immunophenotype was not primarily defined by age, as projections of
immunophenotypes from lean mice did not cluster by age in the PC space.
(Figure 5a). However, when examining individual cell populations through
ANOVA, we found that most immune cell frequencies were significantly
influenced by age alone (Figure 6¢). This age-dependent variability in immune
composition observed even during the relatively stable period of adulthood and
under controlled environmental conditions, represents an under-appreciated
aspect of intestinal immune regulation. This finding carries particular
significance given our deliberate choice of male mice and the controlled vivarium
environment — conditions typically assumed to minimise physiological

variation.
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The enteric immune system's response to obesogenic diet emerged as rapid
and remarkably stable. Within 4 weeks of dietary intervention, a distinct
immunophenotype was established that remained largely consistent throughout
the 16-week study period. This was evident as projections of immunophenotypes
into a PC space clustered dependent on diet, but immunophenotypes of HFHSD
animals from the same experimental time point did not group (Figure 5a). This
stability was particularly evident in the lamina propria, where duration of diet
exposure did not significantly affect cell populations beyond those already
influenced by age alone (Figure 6¢c). When dietary intervention did modulate age-
related changes, it typically acted by enhancing or diminishing existing age-
dependent trends rather than establishing novel patterns. The epithelium
showed distinct temporal patterns compared to the lamina propria, with some
cell populations demonstrating sensitivity to both diet alone and its interaction
with time. This compartment-specific response pattern emphasises the
importance of examining different intestinal immune niches independently and
suggests distinct regulatory mechanisms in epithelial and lamina propria

immune populations.

The relationship between metabolic state and immune function has been well
documented (see chapter 1.2.3.2 The enteric immune system in obesity),
prompting us to examine whether progressive metabolic dysfunction might drive
continued changes in immune composition. Our experimental design
deliberately included time points that capture distinct stages of metabolic
decline. Body weight increased significantly between each time point (4, 8, and
16 weeks) in the HFHSD group (Table S5), and previous characterisation of this
obesity model by Liu and colleagues demonstrated progressive worsening of
metabolic syndrome, reaching nonalcoholic steatohepatitis at 16 weeks (Liu et al.,
2018). If metabolic status were the primary driver of immune composition, we

would expect to see distinct immunophenotype clusters corresponding to these
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progressive stages of metabolic dysfunction in our dimensionality reduction
analysis (Figure 5a). However, our data showed no such temporal clustering,
suggesting that the immune landscape stabilises despite continuing metabolic
deterioration. While this indicates that the severity of metabolic syndrome does
not dictate ongoing immune adaptation, it remains possible that the transition
from lean to obese status itself, and independent of other factors such as diet-
induced shifts in microbiota, triggers the initial establishment of a new immune
landscape to some degree. Testing this hypothesis would require examining
earlier time points before overt metabolic dysfunction, coupled with
comprehensive microbiota analysis and metabolic profiling. Nevertheless, our
current data, spanning different severities of metabolic compromise, clearly
demonstrate that the intestinal immunophenotype, once established, remains
stable independent of progressive changes in body weight or metabolic

parameters.

Importantly, the early establishment and subsequent stability of diet-induced
changes suggest that the immune system quickly achieves a new equilibrium in
response to altered dietary conditions. This observation carries profound
implications for our understanding of obesity's impact on enteric immunity,
indicating that many intestinal adaptations represent regulated responses rather
than progressive dysfunction. The independence of these adaptations from
increasing body weight or worsening metabolic parameters further supports this
interpretation, as immunophenotypes remained stable even as metabolic disease
progressed. It also suggests that the immune system establishes a new
homeostatic set point in response to dietary changes, potentially representing an
adaptive response to altered environmental and microbial conditions. This
perspective aligns with emerging views of the immune system as a sophisticated
environmental sensor capable of stable adaptation to ever-changing

environmental conditions.
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Segments and interaction of diet and segment

Regional differences in the intestinal immune composition have been reported
and summarised previously (Mowat and Agace, 2014; Zwick et al. 2024), but a
systematic comparison of all major immune cell types across intestinal segments
in mice has been lacking until now. Our analysis provides this comprehensive
comparison in steady-state mice (Figure S2) and reveals that nearly all major
immune cell types, with the notable exception of CD4+ T cells, are significantly
influenced by their intestinal location (Figure 7). Through dimensionality
reduction analysis, we identified distinct immunophenotypes associated with
specific intestinal regions (Figure 5b). Notably, the immune landscapes of
duodenum and jejunum showed greater similarity to each other than to the
ileum, consistent with known anatomical and functional distinctions of the distal
small intestine. This regional specialisation aligns with established knowledge
about the ileum's unique features, including its higher density of Peyer patches,
increased microbial load and diversity, and distinct immune cell composition
compared to more proximal regions (Mowat and Agace, 2014; Zwick et al. 2024).
Studies have shown that these distinctions persist under HFD conditions, where
the duodenum and proximal jejunum exhibit hyperplasia and increased surface
area, while the ileum shows hypoplasia and reduced surface area (West et al.,

2019).

Intriguingly, our analysis revealed that immunophenotypes of specific
intestinal segments remained more similar to their counterparts across dietary
conditions than to other segments within the same diet. This observation
suggests that the fundamental identity of each intestinal region, shaped by its
specific physiological functions, remains preserved despite dietary perturbation.
While previous studies have shown that HFD can alter gut motility and transit

time (Gallagher et al., 2009; Wisén and Johansson, 1992), potentially shifting
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nutrient availability along the intestine, adaptations in absorption capacity
appear to maintain segment-specific functions. This is supported by observations
of enhanced proximal nutrient absorption in obese subjects and low faecal energy
excretion, indicating effective compensation for the increased nutrient load
(Webb and Annis, 1983; Wisén and Johansson, 1992). Additionally, researchers
found greater crypt density in duodenum and jejunum of HFD-fed mice as a
result of an adaptive growth response by intestinal stem cells in response to
nutrient overload (West et al., 2019). In our study, almost half of the analysed cell
types showed diet-dependent responses that varied by intestinal location (Figure
7). However, these regional variations manifested as differences in magnitude
rather than direction of response, suggesting coordinated but locally tuned
adaptation. This pattern of graded responses likely enables fine-tuned regulation

of intestinal homeostasis while maintaining segment-specific functions.

These findings challenge the traditional view of treating the intestinal immune
system as a uniform entity. Our results strongly suggest that future research
should distinguish between duodenal, jejunal, and ileal responses, particularly
when studying intestinal pathologies that show anatomical preferences. For
instance, celiac disease primarily affects the duodenum (Freeman, 2008), Crohn's
disease often targets the terminal ileum (Farmer et al., 1975), and small intestinal
bacterial overgrowth typically initiates in the ileum (Bures et al., 2010). This idea
is supported by other studies that have already shown that intestinal immunity is
regulated in a segment-specific manner (Esterhdzy et al., 2019; Mayer et al., 2020;
Moreira et al., 2021). Understanding segment-specific immune responses could
lead to more targeted therapeutic strategies for these and other intestinal

diseases.
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5.1.2.2 Cell type-specific responses to dietary intervention

A striking observation from our analysis is the greater spread of immune
population data in CD conditions compared to HFHSD. The increased variance
under CD conditions suggests greater immunological plasticity and flexibility in
the healthy state. This observation aligns with the concept that a healthy immune
system maintains a diverse repertoire of responses, likely supported by a more
diverse microbiota (Belkaid and Hand, 2014). In contrast, the reduced variance in
HFHSD conditions points to a more constrained, less flexible immune system,
potentially reflecting the documented reduction in microbiota diversity

associated with obesogenic diets (Andersen et al., 2016; Turnbaugh et al., 2008).

Our findings reveal particularly striking effects of dietary factors on cDCs and
CD8* T cells. The most notable finding was the consistent and significant increase
in cDC1 frequencies across intestinal segments in response to HFHSD.
Interestingly, this finding is accompanied by a concurrent decrease in CD8* T cell

populations, which we will discuss in more detail below.

Two-way repeated measures ANOVA revealed that T cell subtypes in the
epithelium were more substantially affected by diet compared to those in the
lamina propria. This compartment-specific effect likely reflects the unique
position of the epithelium as the primary interface between the host immune
system and luminal contents, including both dietary antigens and the microbiota.
The heightened sensitivity of epithelial T cells to dietary changes suggests that
direct exposure to food antigens and diet-induced alterations in the microbiota

may be primary drivers of immune adaptation in obesity.

The reduction in CD8* T cells under HFHSD conditions reveals a complex
interplay of mechanisms and physiological consequences. Recent research has
identified both microbiota-dependent and independent pathways contributing to
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this phenomenon. While Cervantes-Barragan and colleagues demonstrated the
role of obesity-mediated changes in the microbiota (Cervantes-Barragan et al.,
2017), Hung and colleagues uncovered a microbiota-independent mechanism
involving phagocyte FXR-type I IFN signalling (Hung et al., 2024), suggesting the
possibility of multiple parallel pathways regulating CD8* T cell populations in

response to dietary changes.

The functional significance of reduced CD8* T cells, particularly CD8* IELs,
presents an intriguing paradox. While the loss of IEL T cells typically results in
severe intestinal inflammation (Muzaki et al., 2016), suggesting a potentially
detrimental effect, emerging evidence points to an unexpected beneficial role in
metabolic adaptation. Studies with integrin 37 knockout mice have revealed that
reduced IEL density correlates with resistance to obesity and metabolic syndrome
during HFD challenge. This protection appears to operate through the regulation
of GLP-1 bioavailability, as IELs express the GLP-1 receptor, and their reduction
leads to increased GLP-1 availability (He et al., 2019). Thus, the decrease in IELs
may represent a host adaptation mechanism to mitigate the development of

metabolic disorders associated with diet-induced obesity.

In this context, the consistent increase in c¢DCls, reciprocal to the spatio-
temporal decrease of CD8* T cells along segments and duration of dietary
intervention, might serve as a compensatory mechanism to maintain immune
homeostasis while allowing for metabolic adaptation. The XCR1-XCL1 signalling
axis plays a crucial role in this process, orchestrating the intricate balance
between ¢cDCls and CD8* T cells. Recent studies by Wang et al. (2023) showed
that blocking the XCR1-XCL1 signalling pathway through intraperitoneal
injection of anti-XCL1 antibodies leads to an increase in intraepithelial CD8aa*
T cells and lamina propria CD4+ T cells. However, several genetic approaches

have revealed seemingly contradictory results: mice lacking XCR1+ cDCls or
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deficient in XCR1 show diminished intestinal T cell populations and ablation of
XCRT1 in Xcr1-DTA mice also results in a 20% decrease of Xcl1 expression in LP
T cells (Esterhdzy et al., 2016; Luda et al., 2016; Muzaki et al., 2016; Ohta et al.,
2016). Mice deficient in the XCR1 ligand XCL1 show diminished intestinal T cell
populations, along with an accumulation of XCR1* ¢DCls in the gut.
Additionally, studies in Rag2-deficient mice, which lack both B and
T lymphocytes, showed increased LP ¢DCls (Ohta et al., 2016), highlighting the

interdependence of these immune cell populations.

When interpreting our findings in this context, two potential explanations
emerge. The first possibility, supported by genetic knockout studies, suggests
that the initial event in obesity is the reduction of CD8* T cells, which then leads
to a compensatory increase in cDC1 numbers. This interpretation is strengthened
by our regression analysis, which indicates that HFHSD feeding primarily affects
CD8* T cell populations when all other regressors are assumed to stay constant,
while changes in cDC1 numbers do not become apparent in the regression model
but are only visible when cell type changes between conditions are assessed
independently in the ANOVA analysis. The alternative explanation, and
assuming a relationship between reciprocal changes in ¢cDC1 and CD8* T cell
frequencies, would suggest that increased cDC1 numbers drive the reduction in
CD8* T cells. However, this scenario appears less likely given the well-
documented role of XCR1* ¢DCls in supporting T cell survival and function
(Ohta et al., 2016). The discrepancy between antibody-mediated blockade and
genetic knockout approaches suggests that acute interruption versus chronic
absence of XCR1-XCL1 signalling may have fundamentally different effects on
immune homeostasis or might simply display an artefact, warranting further

investigation.
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While considering the XCR1-XCL1 signalling axis, it is important to note that
XCL1 expression is not exclusive to T cells. NK cells, for instance, also express
this chemokine. However, several lines of evidence support the primary role of
CD8* T cells in XCL1-mediated regulation during obesity. Wang and colleagues
demonstrated that CD8* T cells are the predominant producers of XCL1 in
obesity, and other studies have shown that LP T cells express similar levels of
XCL1 when compared to NK cells under steady-state conditions (Ohta et al.,
2016; Wang et al.,, 2023). Furthermore, our results and those of Wang et al.
indicate that NK cells are present in very low numbers in the small intestine,
suggesting that their contribution to local XCL1 production is likely minimal.
This evidence strengthens the hypothesis that the observed changes in ¢DC1
numbers are primarily linked to alterations in CD8+ T cell populations rather

than other XCL1-producing cells.

Our multi-linear ridge regression analysis revealed an important insight into
the nature of diet-induced immune adaptations: the changes in immune cell
populations in response to HFHSD are not random but rather follow predictable
patterns. This finding has significant implications for our understanding of how
the immune system adapts to dietary challenges. The apparent discrepancies
between our ANOVA and regression analyses highlight the complementary
nature of different statistical approaches to understanding complex biological
systems. While ANOVA examined individual cell populations in isolation,
regression analysis provided a more holistic view by analysing cell types in
concert, revealing relationships and effects that were not apparent when
examining each population independently. This multivariate approach better
reflects the biological reality of the immune system, where cell populations do
not exist in isolation but function as part of interconnected networks. However, it
is very important to acknowledge the limitations of our regression analysis. Due

to experimental constraints, we were unable to include all cell types from our
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screen in the regression models. This incomplete sampling of the immune
landscape means that, while we can confidently conclude that immune
adaptations to HFHSD are not random, we must be cautious about drawing any
more specific conclusions about the nature of these adaptations. The primary
value of this analysis lies in establishing the principle that immunophenotype
can predict dietary status, suggesting that the immune system responds to
dietary changes in a coordinated and predictable manner rather than through
stochastic alterations. This finding of non-random adaptation has important
implications for basic research and therapeutic approaches. From a research
perspective, it suggests that there are underlying rules governing how the
immune system responds to dietary perturbations, which could be discovered
through more comprehensive analyses. From a therapeutic perspective, the
predictable nature of these changes suggests that targeted interventions might be

developed to modulate specific aspects of the immune response to diet.

In accordance with our observation of predictable immune changes due to
dietary intervention was the reproducibility of our findings using the dataset
published by Wang and colleagues (Wang et al. 2023). Such reproducibility is
particularly noteworthy given the inherent challenges in replicating
immunological findings across different laboratories, techniques, and dietary
formulations. The consistency of major immunological adaptations to HFHSD
across these varying conditions suggests that these represent conserved

responses rather than technique- or context-specific artefacts.

However, our detailed re-analysis of Wang et al.'s data revealed important
methodological considerations that affect the interpretation of their findings and
led us to adapt their workflow according to our evaluation. Their study
conducted RNA sequencing in two separate rounds, with the first round

examining general immune landscape composition and the second aiming at
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increasing cell numbers per cluster in order to properly evaluate functional
adaptations. Our re-analysis identified substantial discrepancies between these
sequencing rounds. While the first round showed good concordance with our
results, the second round revealed anomalous findings, particularly an
unphysiologically high proportion of B cells in both CD and HFHSD conditions.
Based on these observations, we concluded that the second round of sequencing
data likely did not represent steady-state conditions and should be excluded
from analysis, especially not merged with data from the first round for
differential gene expression and cell-cell interaction analyses. This
methodological decision represents a significant departure from Wang et al.'s

published analysis, where these concerns were not addressed.

Our attempts to reproduce Wang and colleagues' cell clustering analysis
revealed additional complexities in single-cell data interpretation. Despite
following their analytical protocol exactly, we were unable to reproduce their
reported 17 distinct immune cell clusters (CD8aa*TCRap+/yd+ T cell,
CD8aB*TCRaf*/yd+ T cell, CD4*TCRap* T cell, CD4*CD8TCRaf* T cell,
CD4-CD8- TCRap+/yd* T cell, cDC, pDC, NK cell, ILC1, ILC2, ILC3, B cell,
plasma cell, plasmablast cell, macrophage, eosinophil, and mast cell), particularly
in separating NK cells from ILCls. This discrepancy persisted even when we
increased cluster resolution to 80 clusters and applied various batch integration
and dimensionality reduction techniques. Instead of achieving separation
between NK cells and ILCls, increased resolution resulted mainly in further
subdivision of B cells, T cells, and monocyte populations. Given our current
understanding of immune cell transcriptional profiles, we consider it more likely
that different T cell subsets would show greater transcriptional divergence than
NK cells and ILCls. This biological reasoning, combined with our rigorous
analytical approach, led us to maintain confidence in our clustering results

despite their deviation from the published analysis.
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These methodological considerations highlight the importance of careful data
analysis and validation in immunological studies, particularly when dealing with
complex single-cell datasets. While the overall reproducibility of our main
findings strengthens their biological significance, the discrepancies we identified
in the published analysis underscore the need for transparent reporting of

analytical decisions and potential limitations in high-dimensional data analysis.
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5.2 c¢DC1 regulation and function in obesity

Our screening of the enteric immune landscape identified ¢cDCls as a key
population showing consistent and significant changes in obesity, prompting us
to investigate this cell type in greater detail. The distinct pattern of increased
cDC1 frequency, coupled with their known importance in maintaining intestinal
homeostasis and orchestrating tolerance, raised important questions about both
the mechanisms driving their accumulation and the functional consequences of
their enhanced presence. We, therefore, undertook a comprehensive analysis of
cDC1 biology in the obese state, examining their development, distribution, and
function to understand how obesity reshapes this crucial immune population

and what the consequences are for the host.

5.2.1 Selective accumulation of ¢cDCls in the small intestine despite unaltered

ontogeny

Our study revealed an intriguing pattern of cDC1 distribution in obesity, with
selective accumulation in the small intestine despite no changes in bone marrow
progenitor frequencies or gut-homing markers. This finding raises important
questions about the regulation of ¢cDC homeostasis in metabolic disease. The
bone marrow undergoes substantial remodelling in obesity, with increased
cellularity, expanded myelopoiesis, and altered stem cell function (Benova and
Tencerova, 2020). However, our analysis revealed that frequencies and total
numbers of CDPs and pre-cDCs remain unchanged in obesity. This is notable
given previous findings of myeloid-biased haematopoiesis in obesity (Adler et
al.,, 2014; Nagareddy et al., 2013). The stability of cDC progenitor populations
suggests that obesity's effects on ¢cDC homeostasis may be tissue-specific rather
than developmental. Our result contrasts with findings by Deczkowska and

colleagues, who observed increased cDCls in the liver during NASH in mice on a
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choline-deficient high-fat diet, driven by enhanced cycling of bone marrow
progenitors (Deczkowska et al, 2021). The divergent findings may reflect
differences in disease models — while their NASH induces liver inflammation
that signals back to bone marrow, our HFHSD model may primarily affect
peripheral tissue environments. While increased kinetics of both progenitor
proliferation and bone marrow egress could theoretically explain elevated tissue
cDCl1s without changes in bone marrow frequencies, our observation of
unchanged pre-cDC1 levels in blood argues against this mechanism. This is
particularly notable given that the bone marrow can rapidly adjust dendritic cell
production through emergency cDCpoiesis in response to inflammation,

regulated by balancing retention and efflux signals (Pereira Da Costa et al., 2023).

Since developmental pathways appear unaltered, we explored other
mechanisms that might explain the accumulation of cDCl1s in the small intestine
during obesity. The homing process of pre-cDCs remains poorly understood. It
has been demonstrated that gut-homing markers a4p7 and CCR9 guide cDCs to
the small intestine (Zeng et al., 2013), whose levels are unchanged between our
experimental conditions. However, studies have suggested that homing to
healthy and inflamed tissues might involve context-specific pathways (Cabeza-
Cabrerizo et al., 2021). The use of mixed bone marrow chimaeras could reveal if
increased enteric ¢cDCls in obesity might solely arise from bone marrow

precursors, potentially guided through alternative homing mechanisms.

In agreement with unchanged expression of homing molecules, we did find
recruitment cues to the gut to be stable between lean and obese mice. cDCl1s are
known to be attracted to the small intestine by local vitamin A concentration,
chemokines, and FIt3L. Vitamin A intake was equivalent between lean and obese
mice (data not shown; calculated by vitamin A concentration in diet x food

consumption). The chemokine axis presents a more complex picture — despite
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observing fewer intestinal CD8* T cells in obesity (the main source of the cDC1-
attracting chemokine XCL1 (Wang et al., 2023)), Wang and colleagues
demonstrated that these cells up-regulate XcI1 expression (Wang et al., 2023). Our
finding of stable total jejunal Xc/I mRNA levels could suggest a compensatory
mechanism where reduced T cell numbers are offset by increased per-cell Xcl1
production. In accordance with this, Ohta and colleagues suggested that high
Xcl1 expression in intestinal T cells is supported by the presence of XCR1+ cDC1
(Ohta et al., 2016). The critical role of the XCR1-XCL1 signalling in intestinal
cDC1 localisation is highlighted by the same study that showed both XCL1- and
XCR1-deficient mice as having significantly larger cDC1 populations in the small
intestine and significantly smaller cDC1 populations in mLNs. In both models,
cDCl1s showed insufficient Ccr7 expression, explaining the impaired migration.
In this context, our observation of elevated ¢DC1 frequencies in both intestine
and mLNs in the obese state argues against defective migration out of the
intestines, which was expected as XclI mRNA levels were demonstrated to be
equal in obese and lean states (Figure 10 f & S1h). While Sikder and colleagues
recently revealed how diet-dependent maternal microbiome shapes offspring DC
development through FIt3L regulation (Sikder et al., 2023), we found no evidence
for altered local or systemic FIt3L levels. High levels of local FIt3L could attract
pre-cDC1 as well as promote division of otherwise post-mitotic cDC1 (Waskow et
al., 2008). Our result goes in line with our finding of no enhanced local ¢DC1
proliferation in the obese intestine. In addition, studies also showed that pre-
cDCs retain proliferative capacity even after seeding to the small intestine
(Cabeza-Cabrerizo et al., 2019), but we found pre-cDC1 levels and pre-cDC
proliferation to be stable between lean and obese mice. The possibility that
differential survival rates contribute to cDC1 accumulation remains unexplored
in our study, and future studies examining cell survival will be crucial for

understanding how obesity drives compartment-specific changes in dendritic cell
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populations — enhanced survival in the obese state could lead to cDC1

accumulation even with normal production and trafficking.

While ¢DCs can move from tissues through lymphatics to draining lymph
nodes (Randolph et al., 2005), reverse trafficking from lymph nodes to tissues or
direct migration between peripheral organs is not documented to our knowledge.
According to the canonical view, cDCs are constantly replenished from
precursors arriving through the blood (Ginhoux et al., 2009; Liu et al., 2009) and
migrate unidirectionally from tissues to lymph nodes, utilising chemokine
signals like the CCR7-CCL19/21 axis (Forster et al.,, 1999; Gunn et al., 1999). In
our study, the reciprocal changes in cDC1 frequencies between liver and small
intestine during obesity raise intriguing questions about potential inter-tissue
trafficking. Resolving these questions would require experimental investigation,
for example, selective blockade of potential exit pathways or the usage of photo-
convertible cells for tissue-specific labelling (Victora et al., 2010). Tracking of their
potential movement to other tissues could enable precise spatiotemporal tracking
of ¢cDC movement between organs, providing crucial insights into their

migratory capabilities.

52.2  Preserved cDC1 function in obesity

Our comprehensive analysis of small intestinal cDCl1s in diet-induced obesity
revealed an intriguing dissociation between cellular abundance and functional
state. Despite their increased frequency in the small intestine of HFHSD-fed mice,
cDC1s maintained largely normal functional characteristics, with only subtle
alterations in their regulatory profile. This finding is particularly noteworthy
given the established role of cDCls in metabolic regulation and intestinal
homeostasis beyond their classical immunological functions (see chapter 1.2.3.1
cDC1 in obesity).
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The preserved activation state of small intestinal cDCl1s in obesity, evidenced
by unchanged expression of canonical co-stimulatory and MHC molecules,
contrasts with current paradigms of cDC behaviour in metabolic disease. Recent
studies have demonstrated that lipid and cholesterol exposure typically triggers
homeostatic ¢DC maturation, resulting in a distinct tolerogenic phenotype
(Bosteels et al., 2023; Bosteels and Janssens, 2024; Gainullina et al., 2023; Plebanek
et al., 2024). This discrepancy suggests that intestinal cDC1s may be resistant to
obesity-induced functional alterations, potentially reflecting tissue-specific

regulatory mechanisms.

Our transcriptional analysis revealed only modest functional changes, with
1110 mRNA down-regulation being the most notable alteration in obese
conditions. Gene expression analysis provides valuable insights but requires
validation at the protein level due to the complex relationship between
transcripts and their protein products. Several biological factors can cause
discrepancies between RNA and protein abundance. First, not all transcripts are
efficiently translated into proteins. Second, RNA and protein molecules can have
vastly different degradation rates and temporal dynamics. Third, protein
function and abundance can be regulated through various post-transcriptional
mechanisms independent of mRNA levels. Additionally, transcriptomic analysis
cannot account for already existing protein pools, changes in translation
efficiency, or factors affecting protein stability. However, we could not validate
the complete cytokine profile on protein level due to experimental limitations.
Flow cytometry analysis of cytokines is deducted after stimulating cells and
incubation with transport inhibitors Monensin or Brefeldin A. Monensin inhibits
trans-Golgi function, while Brefeldin A is an inhibitor of protein transport
between the endoplasmic reticulum and the Golgi apparatus. Each transport
inhibitor is specific for a range of cytokines, e.g. IL-10 can exclusively be trapped

inside the cell via Monensin while Brefeldin A inhibits transportation of IL-12
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(Nylander and Kalies, 1999). Transport of other cytokines like IL-6 and TNF-a
can be inhibited with either reagent. As ex vivo stimulation of ¢DCs and
incubation with transport inhibitors do not result in sufficient cell survival for
flow cytometry analysis, mice are usually injected in vivo with Brefeldin A and
subsequently analysed on the following day. However, to our knowledge, in vivo
treatment with Monensin is not feasible. This said, the actual functional
distinctions between cDCls in different experimental conditions may only
become apparent through protein-level studies, and a comprehensive
understanding of ¢DC1 biology in the obese state requires complementary

analysis of both transcripts and their protein products (Worah et al., 2016).

Nevertheless, our findings suggest that core cDC1 functions are maintained,
including the expression of regulatory T cell-inducing machinery (avp8 integrin
and ALDH1A1). The preservation of these pathways is particularly significant
given their critical role in maintaining intestinal tolerance, involved in the
metabolism of RA and TGF-f activation, respectively (Iwata et al, 2004;
Shiokawa et al.,, 2017). The stability of the cDC1 transcriptional program in
obesity confirmed through comparison with analysis of a previously published
dataset (Wang et al., 2023), indicates remarkable functional resilience. This
observation raises important questions about tissue-specific mechanisms
protecting intestinal ¢DC1s from obesity-induced dysfunction. While systemic
metabolism and inflammation are profoundly altered in obesity, local tissue

factors in the small intestine may buffer cDC1s from these perturbations.

The selective increase in cDC1 frequency without major functional alterations
suggests a quantitative rather than qualitative shift in intestinal immune
regulation during obesity. This pattern may represent an adaptive response
aimed at maintaining tissue homeostasis under metabolic stress, though the

reduction in 1110 mRNA expression hints at partial erosion of regulatory capacity.
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Understanding if this expression profile is indeed present at protein level
warrants further investigation, e.g. by proteome comparison. Our findings may
have important implications for therapeutic strategies targeting intestinal
immunity in metabolic disease. The preservation of cDC1 function suggests these

cells might remain relevant therapeutic targets in obesity.

We reasoned that the increased frequency of ¢DCls in the small intestine
during obesity could influence T cell responses independent of their activation
state through numerical effects on antigen presentation and cellular interactions.
First of all, the frequency of cDC1 might affect the frequency of other cell types,
as discussed before (see chapters 5.1.2.2 Cell type-specific responses to dietary
intervention & 5.2.1 Selective accumulation of ¢DCls in the small intestine
despite unaltered ontogeny). Additionally, ¢DCls are specialised in cross-
presentation to CD8* T cells and also support CD4+ T cell responses through
direct MHC II presentation (Merad et al., 2013). The probability and frequency of
productive T cell/DC interactions in lymphoid tissues can be described as law of
mass action, where higher numbers of antigen-presenting cells increase the
likelihood of T cells encountering their cognate antigen (Bousso and Robey, 2003,
2004; Miller et al., 2004; Thakur et al., 2023). Indeed, studies manipulating DC
numbers through selective depletion or expansion have demonstrated that DC
frequency directly impacts T cell priming efficiency and the magnitude of
immune responses (Jung et al., 2002; Meredith et al., 2012). In the context of our
findings, elevated cDC1 numbers in both the small intestine and mLNs of obese
mice could enhance T cell activation through increased opportunity for antigen
uptake and cellular contact, even without changes in per-cell stimulatory
capacity. This numerical effect might be particularly relevant for rare antigen-
specific T cells or the acquisition of tolerance to novel antigens, where the
probability of encountering their cognate antigen presented by a cDC is normally

very low. Additionally, increased cDC1 frequency could affect the competitive
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balance with other antigen-presenting cells, potentially shifting the quality of
T cell responses through preferential engagement with cross-presenting cDCls
rather than other DC subsets or macrophages (Eisenbarth, 2019). Thus, the
observed quantitative changes in ¢DC1 populations could have functional
consequences for intestinal T cell responses in obesity, even in the absence of

altered activation markers or cytokine production.

52.3 ¢DC1/T cell interaction in obesity

Our investigation into cDC1/T cell interactions in obesity was initially guided
by a systematic evaluation of T cell-dependent physiological mechanisms and
pathologies that show altered prevalence in obesity. This comprehensive
approach revealed several potential areas where cDC1/T cell interactions might

be modified in obesity.

Notably, several obesity-associated intestinal pathologies are shown to be
CD4+ T cell and CTL-dependent, including Inflammatory Bowel Disease (IBD)
and Celiac disease (Gardufio and Dabritz, 2021; Miiller et al,, 1998). Obesity
promotes accumulation of cDC1 cells in the intestine, where they can stimulate
T cells, and increased activation of CD4+ T cells drives these pathologies (Gomez-
Bris et al., 2023; Schreiber et al., 1991). Additionally, the unique expression of
XCR1 on c¢DCls among haematopoietic cells facilitates interactions with
previously activated, XCL1-expressing CD8* T cells, enhancing CTL
differentiation independently of their cross-presentation capacity (Dudziak et al.,
2007) which may influence those diseases. Obesity is also an established risk
factor for multiple gastrointestinal cancers, including oesophagal
adenocarcinoma, gastric cardia and colorectal cancer (Loomans-Kropp and Umar,
2023). Alterations in ¢DC1/T cell interactions might influence cancer
susceptibility through modified immune surveillance in these organs.
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Of particular interest was the observation that obesity does not increase the
risk of cancer in the small intestine and, independently of the metabolic state of
the host, ¢cDC1 levels are positively associated with cancer patient survival
(Bottcher and Reis e Sousa, 2018). cDC1 mediated cancer immunity is possibly
acting through uptake of dying cancer cells through DNRG-1, a receptor for dead
cells. DNGR-1 can signal via Syk in response to engagement with dead cell
ligands and promote cross-presentation by converting endosomes into the MHC-
I presentation pathway, a mechanism not fully understood to date (Brown, 2012).
This way, cancer cells are thought to be presented to the T cell compartment in a
cDC1-dependent manner. Similar to the small intestine's apparent resistance to
obesity-induced cancer, this organ also exhibits remarkably mild inflammatory
responses during obesity compared to organs like the liver, suggesting the
presence of regulatory mechanisms that limit excessive inflammation (Luck et al.,

2015).

We concluded that both CD8* T cell and CD4* T cell interaction with ¢cDCls
seemed to be altered in obesity. However, several key observations led us to focus
specifically on ¢cDC1/CD4+ T cell interactions. First, we found CD8* T cells to be
diminished in obesity, making CD4* T cells a more practical target for
experimental investigation. Second, Wang and colleagues (Wang et al., 2023)
showed that HFHSD feeding was also associated with significant CD4+ T cell
infiltration in the lamina propria and, more importantly, that cDCls were the
major receiver and the sender of immune-regulatory signals to those
cells, suggesting that cDCls may play a regulatory role in modulation of the
CD4+ T cells (however, we had concerns regarding this analysis). Third, our
research interest focuses on understanding evolutionary adaptations of the
enteric immune system to current environmental conditions, given this emphasis
on physiological adaptation (e.g. relatively controlled inflammatory state

compared to other organs) rather than pathological responses (e.g. cancer).
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To validate our approach, we analysed the scRNA-seq dataset from Wang et
al. using CellChat, which predicted highly altered cell-cell interactions between
cDC1 and CD4* T cells in obesity. While this theoretical analysis suggested the
viability of our research direction, we deliberately avoided drawing strong
conclusions from computational predictions alone — despite the availability of
additional analysis tools. Instead, we prioritised testing ¢cDC1/CD4+ T cell
interactions through direct experimental investigation, believing this would

provide more definitive evidence.

The decision to study cDC1/CD4+ T cell interactions specifically in the context
of food tolerance rather than in infection models was driven by several factors.
There is limited knowledge about the correlation between increased food
tolerance and obesity worldwide, despite parallel increases in both obesity and
food allergies and intolerances (see chapter 1.2.3.3 Food tolerance in obesity).
Current epidemiological data show inconsistent relationships between obesity
and food allergy risk, especially in children, with some studies suggesting
reduced risk while others indicate the opposite. The mechanisms underlying
these relationships remain unclear, and research in this area is very limited.
Additionally, this focus on oral tolerance rather than infection models aligns, as
already mentioned, with our broader research interest in understanding
evolutionary adaptations of the physiological state of the enteric immune system
under current environmental conditions, emphasising physiological rather than

pathological processes.

The functional relevance of altered ¢cDC1/CD4+ T cell interactions became
apparent in our OVA/OT-II model experiments. Despite the general low-grade
inflammation associated with obesity, obese mice demonstrated a significantly
enhanced tolerogenic response to oral antigens, characterised by increased Treg

frequency. This observation suggests that altered CD4* T cell polarisation
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through cDC1 antigen presentation and potential modifications in regulatory
T cell homeostasis may be key mechanisms in obesity-associated immune
adaptation. Our results build upon previous work demonstrating the essential
role of cDCls in intestinal immune homeostasis. As recapitulated by Sasaki and
colleagues, cDCls are critical for maintaining intestinal T cell populations and
preventing excessive inflammation (Sasaki et al., 2022). Our findings extend this
understanding by revealing how these cells adapt their function in the context of
obesity, potentially representing an evolutionary adaptation to current
environmental conditions. However, in order to directly associate cDCls to
increased food tolerance in obesity, conditional cDC1 know-out studies are
necessary. For example, food tolerance experiments using the OVA /OT-II model
could be conducted in DTR-XCR1 KO mice that allow ablation of ¢cDC1s in adult

mice, before OVA stimulation.

The potential implications of our findings extend beyond food tolerance. The
relatively controlled inflammatory state of the small intestine compared to other
organs of the gastrointestinal tract in obesity might be partially explained by our
observation of enhanced tolerogenic responses. The observed alterations in
cDC1/T cell interactions might also influence cancer susceptibility through

modified immune surveillance.

Several critical questions emerge from our findings that warrant further
investigation. First, oral tolerance is encompassed through multiple distinct
mechanisms, including the death or functional inactivation of food-antigen-
specific T cells and the generation of IL-10-producing Treg cells. While our
approach focused on initial T cell responses and early tolerance mechanisms —
examining direct antigen presentation, T cell anergy induction, and initial Treg
activation — complementary long-term studies are needed to elucidate stable

tolerance establishment, memory Treg development, and bystander suppression.
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Moreover, the use of monoclonal TCR transgenic mice, while experimentally
advantageous, may generate atypical immune responses compared to
individuals with normal T cell repertoires, necessitating validation in diverse
model systems (Hataye et al, 2006). Of particular interest is the seemingly
paradoxical relationship between enhanced oral tolerance and the worldwide
increase in food allergies concurrent with rising obesity rates (Renz et al., 2018).
This contradiction might be explained by the distinct immunological impacts of
adult-onset versus early-life obesity. Our experiments examined the first
phenomenon, but statistics show that obesity tends to occur already during the
infantile period, as approximately 20% of children and adolescents were affected
by obesity in 2022, while 43% of the global adult population was classified as
obese or overweight (WHO, 2024). Environmental and host conditions in
prenatal and postnatal periods, including dietary habits and microbial factors,
significantly influence the development of oral tolerance (Zhang et al.,, 2023).
Recent evidence suggests that maternal dysbiotic gut microbiota can be directly
transmitted to offspring, shaping its immune system (Sikder et al., 2023), with the
early-life microbiome being particularly susceptible to modulation by factors
such as feeding modality (Chichlowski et al., 2023; Parnédnen et al., 2022) and
maternal health status (Jones et al., 2024; Ren et al., 2023). Future experiments are
needed to understand the correlation between increased obesity and food
intolerances, either employing experimental setups using infantile obesity
models or obese mothers. Additionally, the enhanced tolerance we observed may
have broader implications, particularly regarding immune responses to
pathogens and the risk of obesity-associated cancers, representing crucial areas

for future investigation.
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5.3 Physiological implications and evolutionary perspective

Throughout history, the perspective on immune system function has evolved
dramatically from a simple defence mechanism to a sophisticated environmental
sensor. Our findings of enhanced oral tolerance in obesity, despite the general
inflammatory state, align with this modern understanding of immune function as

a complex regulatory system that extends far beyond protective immunity.

From an evolutionary perspective, human dietary patterns were intrinsically
linked to seasonal variations in food availability. Our ancestors experienced
substantial fluctuations in their diet throughout the year, shifting from protein-
rich hunting yields in certain seasons to gathered fruits and vegetables in others.
These seasonal patterns varied across geographical locations and were further
influenced by migration patterns of prey animals and the natural growth cycles
of plants. This cyclical nature of food availability required remarkable metabolic
and immunological flexibility to maintain health and economise energy
expenditure despite varying nutrient availability, food compositions and

antigens.

Just as recent immune theories emphasise, the immune system can maintain
homeostasis under varying conditions, and we can observe that the intestinal
immune system exhibits remarkable plasticity in response to dietary fluctuations.
This adaptation transcends simple nutrient processing, encompassing a
sophisticated network of cellular and molecular mechanisms that maintain gut
homeostasis. At its core, the system discriminates between harmful and beneficial
antigens, establishing tolerance to food components while mounting appropriate
responses against pathogens. Beyond this fundamental recognition process,
dietary adaptation shapes barrier integrity and nutrient absorption pathways
while simultaneously modulating the intricate relationship with the gut

microbiota. The mucosal barrier fosters a symbiotic relationship between host
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and microorganisms, which are profoundly influenced by dietary patterns and
affect both local and systemic metabolic processes. The resulting metabolites
serve as crucial mediators, influencing energy homeostasis and metabolic
regulation throughout the body. Early life represents a critical window for this
adaptive programming, with dietary exposures during breastfeeding and
weaning establishing long-lasting immunological patterns. The development of
oral tolerance exemplifies this adaptation, creating a framework for appropriate
immune responses throughout life. This plasticity persists into adulthood,

allowing continuous adjustment to both acute and chronic dietary modifications.

Seasonal fluctuations in food availability have largely disappeared in modern
societies and are replaced by year-round access to diverse foods through global
supply chains and advanced storage methods. Despite this unprecedented
dietary consistency, our intestinal immune system continues to adapt to our
dietary choices. Notably, the predominant dietary pattern has shifted towards a
Western-style diet, characterised by high fat and sugar content. As it is evident
that diet-dependent adaptations are relevant for a diversity of physiological
functions, the present study presents insights into the relationship between the
immune landscape during HFHSD-feeding and tolerance to food antigens. Our
findings may help explain the apparent paradox of enhanced oral tolerance in
obesity despite low-grade inflammation. The increased frequency of cDCls,
coupled with their modified interaction patterns with CD4+ T cells, appears to
create an environment favouring Treg generation in response to dietary antigens.
This mechanism could represent an evolutionary adaptation of the enteric
immune system to current environmental conditions, potentially serving as a
compensatory response to the chronic low-grade inflammation characteristic of
obesity and aimed at maintaining tissue homeostasis. This aligns with previous

studies showing that c¢DCls play crucial roles in preventing intestinal
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inflammation through various mechanisms, including the maintenance of

regulatory T cell populations (Muzaki et al., 2016).
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CONCLUSION

The present thesis provides novel insights into the adaptation of the enteric
immune system to an obesogenic diet, with particular emphasis on regional
specialisation and its functional consequences. Our findings demonstrate that the
enteric immune landscape shows distinct adaptations to HFHSD that are
primarily determined by intestinal location and dietary intervention rather than
by duration of exposure. This reveals a previously unappreciated stability in diet-
induced immune adaptation, suggesting that the immune system reaches a new

homeostatic state relatively quickly after dietary change.

We identified ¢cDC1 as a key cell population that shows consistent and
significant increases across intestinal segments in response to obesogenic diet.
This increase occurs despite unaltered development and gut-homing capacity,
suggesting complex tissue-specific regulatory mechanisms. Importantly, the
elevated cDC1 frequency is accompanied by largely preserved functional

characteristics, with only subtle alterations in their regulatory profile.

Our findings showed enhanced oral tolerance in obese mice, as indicated by
increased Treg frequency during oral antigen challenge, though further studies

are needed to fully characterise this response. This observation reveals an
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unexpected adaptation of the immune system that may represent a protective
mechanism against excessive inflammation in the context of chronic metabolic
stress. The relationship between increased cDC1 frequency and enhanced
tolerance suggests a coordinated adaptation of the immune system to metabolic

stress.

These results significantly advance our understanding of how dietary choices
shape immune function and suggest that some adaptations to an obesogenic diet
may serve protective functions. For basic research, our work emphasises the
importance of considering regional differences when studying intestinal
immunity and suggests that the immune system may adapt to diet in a more
nuanced manner than previously appreciated. Our findings also provide new
insights into the relationship between obesity and immune function, particularly
regarding oral tolerance, which may be relevant for understanding and treating

food sensitivities and metabolic diseases.

Looking forward, this work opens new avenues for research into the
mechanisms governing tissue-specific immune adaptation and the role of cDCls
in metabolic disease. Understanding the molecular mechanisms underlying the
selective accumulation of cDCl1s in the intestine during obesity and the long-term
consequences of enhanced oral tolerance in the context of metabolic disease will
be crucial next steps. Additionally, investigating whether similar adaptations
occur in human obesity will be essential for translating these findings into clinical

applications.

This work ultimately contributes to our evolving understanding of the
immune system as not merely a defence mechanism but as a complex sensory
and regulatory system that adapts to environmental changes to maintain
organismal homeostasis. The observed adaptations suggest that the immune

response to dietary challenges is sophisticated, potentially serving to protect the
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organism from the inflammatory consequences of metabolic stress while

maintaining essential functions like oral tolerance.
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APPENDICES

7.1 Two-way repeated measures ANOVA between subjects comparing
treatment and duration of treatment

cDC

Row Source SS DF MS F p-unc np2

0 Duration 0.000136 2 0.000068 0.268645 0.764813 0.003878

1 Treatment 0.005559 1 0.005559 21.954471 0.000007 0.137255

2 TDurat“’“ X 0.000137 2 0.000069  0.270780  0.763189  0.003909
reatment

3 Residual 0.034941 138 0.000253

cDC1

Row Source SS DF MS F p-unc np2

0 Duration 0.000112 2 0.000056 5.526170 0.004912 0.074151

1 Treatment 0.000415 1 0.000415 40.829044 2.37E-09 0.228313

2 ?uratlon X 0.000004 2 0.000002  0.198404  0.820272  0.002867
reatment

3 Residual 0.001402 138 0.000010

(to be continued)
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cDC2

Row Source SS DF MS F p-unc np2

0 Duration 0.000075 2 0.000038  15.429735 0.000001  0.182752

1 Treatment 0.000028 1 0.000028 11538410 0.000891  0.077160

2 TDurat“’“ X 0.000004 2 0.000002  0.908627  0.405475  0.012997
reatment

3 Residual 0.000337 138 0.000002

dpDC

Row Source SS DF MS F p-unc np2

0 Duration 0.000047 2 0.000024  0.139177  0.870196  0.002013

1 Treatment 0.002067 1 0.002067  12.172085 0.000651  0.081054

2 TDuratlon X 0.000083 2 0.000041 0243386  0.784305  0.003515
reatment

3 Residual 0.023429 138 0.000170

Monocyte

Row Source SS DF MS F p-unc np2

0 Duration 0.000112 2 0.000056 5526170  0.004912  0.074151

1 Treatment 0.000415 1 0000415  40.829044 2.37E-09  0.228313

2 Duration x 0.000004 2 0.000002  0.198404  0.820272  0.002867

Treatment
3 Residual 0.001402 138 0.000010

Macrophage and transitional Monocyte

Row Source SS DF MS F p-unc np2

0 Duration 0.190219 2 0.095109 16231243 0.000001  0.221644

1 Treatment 0.001023 1 0.001023  0.174588  0.676852  0.001529

2 Duration x 0.002910 2 0.001455 0248289  0.780555  0.004337
Treatment

3 Residual 0.667999 114 0.005860

(to be continued)
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B cell

Row Source SS DF MS F p-unc np2

0 Duration 0.004923 2 0.002462 0266533  0.766507  0.004654

1 Treatment 0.033891 1 0.033891  3.669507  0.057921  0.031185

2 TDurat“’“ X 0.006589 2 0.003294 0356689  0.700768  0.006219

reatment

3 Residual 1.052880 114 0.009236

Neutrophil

Row Source SS DF MS F p-unc np2

0 Duration 0.000052 2 0.000026 1177942 0311631  0.020247

1 Treatment 0.000044 1 0.000044  1.994605  0.160584  0.017196

2 TDuratlon X 0.000060 2 0.000030  1.360512  0.260662  0.023312

reatment

3 Residual 0.002515 114 0.000022

Treg

Row Source SS DF MS F p-unc np2

0 Duration 0.041188 2 0.020594  189.730313 3.06E-44  0.688101

1 Treatment 0.000221 1 0.000221  2.031584  0.155872  0.011674

2 Duration x 0.000116 2 0.000058 0533319  0.587621  0.006163
Treatment

3 Residual 0.018669 172 0.000109

CD8* TCRyd* T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.011233 2 0.005617  3.004672  0.053496  0.050074

1 Treatment 0.044555 1 0.044555  23.835023 0.000003  0.172924

2 Duration x 0.010743 2 0.005372  2.873580  0.060598  0.047994
Treatment

3 Residual 0.213101 114 0.001869
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CD8+ TCRB* T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.012102 2 0.006051  10.340520 0.000075  0.153556

1 Treatment 0.008140 1 0.008140  13.910469 0.000300  0.108752

2 TDurat“’“ X 0.001231 2 0.000616  1.051981  0.352610  0.018121

reatment

3 Residual 0.066711 114 0.000585

CD4+ TCRyd* T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.000002 2 0.000001  3.077772  0.049909  0.051230

1 Treatment 3.64E-07 1 3.64E-07  1.008599  0.317366  0.008770

2 TDuratlon X 0.000001 2 0.000001  1.648255  0.196937  0.028104

reatment

3 Residual 0.000041 114 3.61E-07

CD4+ TCRB* T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.030861 2 0.015431 16788795 4.07E-07  0.227525

1 Treatment 0.001783 1 0.001783  1.939680  0.166414  0.016730

2 Duration x 0.003124 2 0001562  1.699754  0.187326  0.028957
Treatment

3 Residual 0.104778 114 0.000919

NK

Row Source SS DF MS F p-unc np2

0 Duration 0.000001 2 2.69E-07 4012589  0.019816  0.044827

1 Treatment 2.44E-07 1 2.44E-07  3.640050  0.058081  0.020843

,  Durationx 0.000001 2 441E-07 6582390  0.001762  0.071484
Treatment

3 Residual 0.000011 171 6.70E-08
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ILC1

Row Source SS DF MS F p-unc np2

0 Duration 0.000030 2 0.000015  0.837717  0.434465  0.009703

1 Treatment 0.000002 1 0.000002  0.100220  0.751952  0.000586

2 ?uraﬁon X 0.000040 2 0.000020  1.119545  0.328809  0.012925

reatment

3 Residual 0.003019 171 0.000018

ILC2

Row Source SS DF MS F p-unc np2

0 Duration 0.005248 2 0.002624 4366648  0.014884  0.071157

1 Treatment 0.001446 1 0.001446  2.405616  0.123672  0.020666

2 Duration x 0.011633 2 0.005817  9.679064  0.000131  0.145159
Treatment

3 Residual 0.068508 114 0.000601

ILC3

Row Source SS DF MS F p-unc np2

0 Duration 0.008671 2 0.004336 8456118  0.000376  0.129188

1 Treatment 0.000132 1 0.000132 0257843  0.612587  0.002257

2 Duration x 0.004121 2 0.002061  4.018689  0.020582  0.065860
Treatment

3 Residual 0.058451 114 0.000513

IEL CD8af* T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.026379 2 0.013190  14.094110 0.000003  0.198246

1 Treatment 0.000937 1 0.000937  1.001039  0.319178  0.008705

o  Durationx 0.006020 2 0.003010 3216596  0.043757  0.053417
Treatment

3 Residual 0.106685 114 0.000936

(to be continued)
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IEL CD8aax+ T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.047665 2 0.023833 2.416139  0.093824  0.040665

1 Treatment 0.052699 1 0052699 5342578  0.022608  0.044767

2 TDurat“’“ X 0.023259 2 0011630  1.179010  0.311305  0.020265

reatment

3 Residual 1.124488 114 0.009864

dpIEL

Row Source SS DF MS F p-unc np2

0 Duration 0.000340 2 0.000170 5385684  0.005821  0.086329

1 Treatment 0.000146 1 0.000146  4.643010  0.033284  0.039134

2 Duration x 0.000196 2 0.000098  3.100479  0.048845  0.051588
Treatment

3 Residual 0.003596 114 0.000032

IEL CD8aort TCRyd* T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.012331 2 0.006165 1.005421  0.369111  0.017333

1 Treatment 0.033995 1 0.033995 5543912  0.020256  0.046376

2 Duration x 0.005547 2 0.002774 0452325  0.637284  0.007873
Treatment

3 Residual 0.699049 114 0.006132

IEL CD8aar* TCRB* T cell

Row Source SS DF MS F p-unc np2

0 Duration 0.014049 2 0.007025  3.592330  0.030695  0.059287

1 Treatment 0.012230 1 0012230 6254644  0.013808  0.052012

2 TDuratlon X 0.019964 2 0.009982  5.104686  0.007530  0.082195

reatment
3 Residual 0.222918 114 0.001955

Table S1. Effect of diet and duration of diet on ratios of cell types in CD45* cells. Two-way
repeated measures ANOVA between individuals. Row 0 shows the effect of the duration of the
experiment while not considering the treatment, row 1 shows the effect of the treatment while not
considering the duration of the dietary intervention, row 2 shows the interaction effect of treatment
and duration of treatment, and finally, row 3 shows the residuals that are explained by neither
duration nor treatment.
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7.2 Mixed-repeated measures ANOVA between and within subjects
comparing treatment and intestinal segment

cDC

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0  Duration 0.005559 1 46 0.005559 57.997581 0.000000 0.557682

1 Treatment 0.025735 2 92 0.012867 279.06  8.64E-40 0.858487 0.991902

2 Residual 0.000828 2 92 0.000414 8.981365 0.000273 0.163353

cDC1

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0  Duration 0.000415 1 46 0.000415 28.585010 0.000003 0.383254

1 Treatment  0.000352 2 92 0.000176 39.02  5.36E-13 0.458947 0.942985

2 Residual 0.000085 2 92 0.000042 9.377970 0.000196 0.169345

cDC2

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.000028 1 46 0.000028 6.814653 0.012164 0.129030

1 Treatment 0.000094 2 92 0.000047 32.82 1.74E-11 0.416419 0.998359

2 Residual 0.000002 2 92 0.000001 0.575072 0.564674 0.012347

dpDC

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.002067 1 46 0.002067 39.942597 0.000000 0.464759

1 Treatment 0.017632 2 92 0.008816 259.58  1.48E-38 0.849467 0(.942845

2 Residual 0.000422 2 92 0.000211 6.208291 0.002957 0.118914

Monocyte

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.004228 1 38 0.004228 3.485859 0.069624 0(.084025

1  Treatment  0.072891 2 76 0.036445 120.36  2.79E-24 0.760040 0.763677

2 Residual 0.00339% 2 76 0.001698 5.607865 0.005350 0.128598
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Macrophage and transitional Monocyte

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.001023 1 38 0.001023 0.140279 0.710086 0.003678

1 Treatment 0.419014 2 76 0.209507 162.26  3.72E-28 0.810249 0.777335
2 Residual 0.066860 2 76 0.033430 25.891406 0.000000 0.405241

B cell

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.033891 1 38 0.033891 5.812487 0.020856 0.132667

1 Treatment 0.381139 2 76 0.190570 35.35 1.40E-11 0.481910 0.547999
2 Residual 0.051933 2 76 0.025966 4.816167 0.010732 0.112485
Neutrophil

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000044 1 38 0.000044 1.227243 0.274907 0.031285

1 Treatment 0.000648 2 76 0.000324 43.96 2.06E-13 0.536361 0.741628
2 Residual 0.000057 2 76 0.000028 3.840924 0.025759 0.091798

Treg

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000348 1 56 0.000348 0.397805 0.530791 0.007054

1 Treatment 0.002413 2 112 0.001206 17.42 2.58E-07 0.237312 0.719176
2 Residual 0.000334 2 112 0.000167 2.413303 0.094161 0.041314

CD8+ TCRyd* T cell

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.044555 1 38 0.044555 14.883985 0.000429 0.281446

1 Treatment 0.057200 2 76 0.028600 36.19 9.11E-12 0.487776 0.990345
2 Residual 0.004058 2 76 0.002029 2.567075 0.083402 0.063280
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CD8+ TCRB* T cell

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.008140 1 38 0.008140 8.542090 0.005816 0.183535

1 Treatment 0.025955 2 76 0.012978 58.28 4.54E-16 0.605325 0.885839
2 Residual 0.000954 2 76 0.000477 2.142974 0.124341 0.053384

CD4+ TCRyd* T cell

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000000 1 38 0.000000 0.400925 0.530405 0.010440

1 Treatment 0.000000 2 76 0.000000 0.62 5.41E-01 0.016058 0.688344
2 Residual 0.000001 2 76 0.000000 2.467393 0.091575 0.060972

CD4+ TCRB* T cell

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.001783 1 38 0.001783 0.815929 0.372064 0.021020

1 Treatment 0.002391 2 76 0.001196 1.92 1.53E-01 0.048178 0.789361
2 Residual 0.006097 2 76 0.003049 4.903850 0.009929 0.114299

NK

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000000 1 57 0.000000 1.782290 0.187176 0.030320

1 Treatment 0.000001 2 114 0.000001 15.91 8.05E-07 0.218220 0.606219
2 Residual 0.000000 2 114 0.000000 0.112353 0.893827 0.001967

ILC1

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000002 1 57 0.000002 0.062870 0.802918 0.001102

1 Treatment 0.000563 2 114 0.000281 28.80 7.53E-11 0.335651 0.672745
2 Residual 0.000036 2 114 0.000018 1.827804 0.165446 0.031070

165

(to be continued)



ILC2

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.001446 1 38 0.001446 0.939542 0.338525 0.024128

1 Treatment 0.002949 2 76 0.001474 4.68 1.21E-02 0.109654 0.862806
2 Residual 0.000028 2 76 0.000014 0.043793 0.957176 0.001151

ILC3

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000132 1 38 0.000132 0.123525 0.727184 0.003240

1 Treatment 0.011944 2 76 0.005972 24.68 5.50E-09 0.393769 0.673636
2 Residual 0.000241 2 76 0.000121 0.498851 0.609202 0.012958

IEL CD8ap* T cell

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000937 1 38 0.000937 0.361604 0.551187 0.009426

1 Treatment 0.014054 2 76 0.007027 22.82 1.73E-08 0.375241 0.566828
2 Residual 0.003186 2 76 0.001593 5.174323 0.007820 0.119847

IEL CD8aat T cell

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.052699 1 38 0.052699 4.775958 0.035094 0.111651

1 Treatment 0.348372 2 76 0.174186 32.24 7.28E-11 0.458981 0.885660
2 Residual 0.017100 2 76 0.008550 1.582433 0.212169 0.039978

dpIEL

Row Source SS DF1 DF2 MS F p-unc np2 eps

0 Duration 0.000146 1 38 0.000146 2.549504 0.118613 0.062874

1 Treatment 0.000453 2 76 0.000227 11.81 3.41E-05 0.237132 0.575049
2 Residual 0.000036 2 76 0.000018 0.950389 0.391136 0.024400
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IEL CD8aot TCRyd* T cell

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.033995 1 38 0.033995 3.245852 0.079543 0.078695

1 Treatment  0.057438 2 76 0.028719 9.38 2.29E-04 0.197947 0.916756
2 Residual 0.028766 2 76 0.014383 4.696858 0.011933 0.110005

IEL CD8aort TCRB* T cell

Row Source SS DF1 DF2 MS F p-unc  np2 eps

0 Duration 0.012230 1 38 0.012230 3.719887 0.061263 0.089163

1 Treatment  0.087378 2 76 0.043689 79.14 2.63E-19 0.675615 0.963411
2 Residual 0.002660 2 76 0.001330 2.409634 0.096683 0.059630

Table S3. Effect of diet and intestinal segment on ratios of cell types in CD45+ cells. Mixed-
repeated measures Anova within and between subjects. Row 0 shows the effect of the diet while not
considering the intestinal segment; row 1 shows the effect of the segment while not considering the
dietary intervention, row 2 shows the interaction effect of treatment and intestinal segment.
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Table S4. Pairwise comparison of effect of diet and intestinal segment on ratios of cell types in
CD45* cells. Mixed-repeated measures Anova within and between subjects. Rows 0-2 show
pairwise comparison of intestinal segments while not considering the treatment. Row 3 shows
effect of treatment independent of intestinal segment. Rows 4-6 show the effect of the treatment in
each intestinal segment.

7.3 Ontogeny and distribution of cDC1 in obesity

a b C d e
Bone marrow Bone marrow Blood LP
80% ns
g ) g ) ° —
e} < °
s : : : :
£ g g 2 078 S
= c E c &
g £ s £
&
L
¢
&
00
f g h
cDC1 cDC1 Jejunum
0% " 159
" 8 CD
ko] ]
g a g 10 = HFHSD
2 2 30%° 3,
S - 05
g
0% 0.0
> R
o & ¥
Q
\\\
Q
&

Figure S1. Ontogeny and distribution of ¢DC1s in the obese and stead-state host. Mice were fed
for 8 weeks with HFHSD or CD. (a) Total numbers of ¢cDC precursors in bone marrow and (b) as
percentage in pre-cDCs measured by flow cytometry (n = 10). (c) Total numbers of pre-cDCs and
pre-cDC1s and (d) as percentage of pre-cDCs in the blood. MFI of Ki67 of cells in the enteric lamina
propria (n = 10). (f) cDC1 as percentage in CD45+ cells in metabolically relevant organs and (g)
mesenteric lymph nodes (n = 12). (h) Xcll mRNA levels of total jejunal tissue of HFHSD mice
compared to CD mice. Flow cytometry analysis (a-g). RT-qPCR analysis (h). Data are pooled of
three independent experiments. n represents biologically independent animals. Data are presented
as mean * s.e.m. Two-tailed unpaired Student's t-test (a-g). *P < 0.05; **P < 0.01; ***P < 0.005; ****P <
0.001; ns, not significant. LP: lamina propria.
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7.4 Weight gain of mice on HFHSD

Body weight of obese animals

A B mean (A) mean (B) mean diff. SE of diff. T dof p corrected
4 weeks 8weeks 34 41 -6.87 0.33 21.10 14  <0.0001
4 weeks 16 weeks 34 53 -18.65 0.68 27.63 14  <0.0001
8 weeks 16 weeks 41 53 -11.79 0.54 21.64 14  <0.0001

Table S5. Comparison of body weight of HFHSD-fed mice throughout time. Post-hoc pairwise
comparison of repeated measures ANOVA (n = 15). Bonferoni correction. Data are pooled of three
independent experiments. n represents biologically independent animals.

7.5 Spacial description of the enteric immune landscape
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Figure S2. Regional comparison of immune cell types in steady-state. Lamina propria and
intraepithelial immune cells of male wild-type mice at 8 weeks of age as ratios of CD45* cells (n =
15). Data are pooled of three independent experiments. n represents biologically independent
animals. Data are presented as mean * s.e.m. Two-way repeated measures ANOVA for tests within
subjects. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; ns, not significant.
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