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Abstract (English):

Colorectal cancer (CRC) is the third most common type of cancer worldwide, with around
2 million new cases yearly, and the second most common cause of overall cancer mor-
tality. A common risk factor for developing CRC is inflammatory bowel disease (IBD),
marked by a chronic inflammatory process within the intestinal compartment. Genome-
wide association studies (GWAS) identified Card9 polymorphisms associated with an
increased risk of colon cancer development. CARD9 acts in a complex with BCL10-
MALT1 and is exclusively expressed in myeloid cells, like macrophages, dendritic cells
(DCs), and Neutrophils. Previous studies on the role of CARD9 in tumor development
have shown contradicting results regarding tumor development and identified signaling
mechanisms for CARD9 independently of BCL10 and MALT1. This study aimed to char-
acterize the role of CARD9-BCL10-MALTL1 signaling in DCs under homeostatic condi-
tions, acute inflammation, and colitis-associated cancer. DCs belong to the innate im-
mune system and play a crucial role in antigen uptake, processing, and presentation to
T cells. DCs can be split into two main subsets, conventional DC1 (cDC1) and cDC2,
each specialized for the induction of cytotoxic CD8 T cells or CD4 T helper cells, respec-

tively.

CARD?9 signaling was abrogated in cDCs by deleting its interaction partner BCL10 or the
deletion of upstream SYK kinase using the Clec9a-cre mouse model combined with
floxed alleles of the targeted gene. Deletion of both proteins had no impact on the devel-
opment of cDCs, particularly in the intestinal compartment. However, transcriptional pro-
filing of BCL10 deficient intestinal cDCs revealed reduced mitochondrial biogenesis-re-
lated gene expression, specifically in OXPHOS. Presumably caused by decreased
MTOR and Myc signaling, indicating that the deletion of BCL10 likely affects the early
activation or maturation of cDCs. In contrast, the deletion of SYK in cDCs did not show
differences in metabolic signaling. Further, cDC-specific deletion of BCL10, but not SYK,
led to a reduced Th17 induction in the colon of these mice. However, lower Th17 pres-
ence and altered metabolism of BCL10 deficient cDCs had no impact on acute colitis.

Similarly, the Clec9a®®*Syk™ mice showed no alterations in acute colitis.

Nonetheless, increased tumor development could be observed in cDC-specific BCL10
deficient mice upon chronic colitis. This increased tumor development could be traced to
a defect in anti-tumor immunity when BCL10 is deleted in cDCs. Tumor-infiltrating T cells
showed a reduction of unconventional yd T cells, increased tolerogenic CD4 T cells, and
less cytotoxicity within the tumor environment. If this protective effect on BCL10 in cDCs

is mediated via SYK signaling is part of future investigations.
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Introduction

1. Introduction
1.1 Dendritic cells are essential inducers of T cell responses

The body’s immune system is a complex network of cells, tissues, and organs, facilitating
protection against harmful pathogens and damage. The immune response can be di-
vided into an immediate (innate) or specialized (adaptive) immune response. The innate
immune system has several cellular components, including granulocytes (Neutrophils,
Eosinophils & Mast cells), monocytes, natural killer (NK) cells, innate lymphoid cells
(ILCs), macrophages and dendritic cells (DCs). Further, the complement system contrib-
utes to innate immunity, and barrier organs such as the lung and intestines harbor a
mucosal barrier containing antimicrobial peptides (Turvey and Broide 2010, Murphy,
Travers and Walport 2014, Ignacio, Breda and Camara 2017). Innate immune cells are
equipped with germline-encoded pattern recognition receptors (PRRs). These PRRs can
be surface receptors, like Toll-like (TLRs) and C-type lectin receptors (CLRS), to recog-
nize extracellular pathogens. In addition, PRRs such as Retinoic acid-inducible gene |
(RIG 1) -like receptors, AIM2-like receptors, and nucleotide-binding domain (NOD) or leu-
cine-rich repeat-containing receptors are located in the cytoplasm to detect intracellular
pathogens. Predominantly, these PRRs recognize pathogen-associated molecular pat-
terns (PAMPSs). However, some can recognize damage-associated molecular patterns
(DAMPSs) deriving from dead cells (lwasaki and Medzhitov 2010, Medzhitov and Jane-
way Jr 2000, Kumar, Kawai and Akira 2011). So-called antigen-presenting cells (APC),
especially dendritic cells, link the innate and adaptive immune systems (Cabeza-
Cabrerizo et al. 2021). The adaptive immune system enables a pathogen-specific im-
mune response and provides a long-lasting memory. However, the process of activation
and expansion of specific B and T cell clones is slow, especially for pathogens encoun-
tered for the first time. Hence, the innate immune system builds the front line and drives
the initial response toward invading pathogens (Murphy, Travers and Walport 2014, Al-

berts, Johnson, Lewis and al. 2002).

The primary function of DCs is to uptake, process, and present antigens to orchestrate
an antigen-specific immune response. Upon antigen encounter, DCs undergo a matura-
tion process marked by upregulating specific activation/co-stimulatory molecules, such
as CD80, CD86, and CD40 (Pakalniskyté and Schraml 2017). Furthermore, DCs that
encountered antigens in the peripheral tissues upregulate CCR7, facilitating their migra-
tion via the afferent lymphatic vessels into the lymph nodes (LN) for antigen presentation
to T cells, driving T cell activation and polarization. (Paul 2011, Merad et al. 2013). This
T cell induction usually requires three signals: (1) antigen presentation via major histo-

compatibility complex | (MHCI) or MHCII, (2) co-stimulatory molecules, and (3) secretion
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of cytokines to drive the activation and polarization of T cells (Gerner, Casey and
Mescher 2008). Besides this T cell induction, DCs secrete cytokines and chemokines to
attract other immune cells to the side of infection/damage and induce the healing process
by activating epithelial cell proliferation (Steinman, Gutchinov, Witmer and Nussenzweig
1983, Paul 2011).

1.1.1 Conventional dendritic cells (cDCs) derive from a Clec9a* progenitor

DCs were first described in the 1970s by Steinman and Cohn and termed ‘dendritic’ cells
based on their morphological characteristics (Steinman and Cohn 1973). DCs were di-
vided into two main subtypes, plasmacytoid DCs (pDCs) and cDCs, and were described
to have a myeloid origin (Merad et al. 2013). However, recent findings question the on-
togenetic relationship between pDCs and cDCs due to evidence of a lymphoid ontogeny
of pDCs (Rodrigues et al. 2018, Herman and Grin 2018, Dress et al. 2019, Ziegler-
Heitbrock et al. 2023).

Throughout different organs, cDCs are identified based on their expression of CD11c
and MHCII (Schraml and e Sousa 2015) and have historically been separated into the
two main subsets cDC type 1 (cDC1) and cDC2, identified by their expression of CD8a
and CD4, respectively (Vremec et al. 2000, Edwards et al. 2003). Within the last decade,
intense research on DC-poesies dissected the ontogeny and transcription factors driving

cDC1 and cDC2 development.

Most immune cells, including cDCs, arise from hematopoietic stem cells, differentiated
into multipotent progenitors. These progenitors subdivide into the common lymphoid pro-
genitor and common myeloid progenitor. The latter further subdivides and leads, among
other progenitors, to the development of the cDC committed progenitor that, in turn, gives
rise to the pre-DCs, and both cell types are marked by the expression of
CLEC9A/DNGRL1 (Auffray et al. 2009, Schraml and e Sousa 2015, Cabeza-Cabrerizo et
al. 2019, Schraml et al. 2013). At this stage of development, pre-DCs exit the bone mar-
row and migrate through the bloodstream to lymphoid and peripheral tissues, where they
differentiate into cDC1 or cDC2 (Liu et al. 2009). This differentiation process has been
described to be imprinted already when the pre-DCs leave the bone marrow (Grajales-
Reyes et al. 2015, Schlitzer et al. 2015). As soon as cDC1 and cDC2 are fully differenti-
ated, they are thought to be in a post-mitotic state with an average lifetime of 10-14 days.
Therefore, most cDCs need to be replenished continuously by bone marrow-derived pro-
genitors (Ginhoux et al. 2009). Only a tiny fraction of cDCs retain their potential to divide
actively (Liu et al. 2007). However, pre-DCs can proliferate after tissue settling (Cabeza-
Cabrerizo et al. 2019, Ugur et al. 2023).
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The development of the ¢cDC lineage depends on the FMS-like tyrosine kinase 3 (FLT3)
receptor and its ligand FLT3L (Waskow et al. 2008, Maraskovsky et al. 1996) and only
partially dependents on GM-CSF (Kingston et al. 2009, Greter et al. 2012). Development
of cDC1s is further based on the transcription factors IRF8, BATF3, NFIL3, and ID2
(Hildner et al. 2008, Hacker et al. 2003, Edelson et al. 2011, Aliberti et al. 2003).

In contrast to the identified necessities for cDC1 development, transcription factors that
drive cDC2 differentiation must be better defined. The fact that cDC2s are a heteroge-
neous population might contribute to this situation (Cabeza-Cabrerizo et al. 2019). How-
ever, it has been shown that IRF4 and RelB contribute to cDC2 phenotype and function
(Caton, Smith-Raska and Reizis 2007, Persson et al. 2013, Schlitzer et al. 2013, Murphy
et al. 2016). An additional transcription factor involved in the development of cDC2s is
ZEB2, expressed in pre-cDC2s and cDC2s (Schlitzer et al. 2015, Miller et al. 2012). It is
downregulated in pre-cDC1s and cDC1s as ZEB2 suppresses ID2 and thereby commits
development towards cDC2 (Scott et al. 2016). Furthermore, two subpopulations of
cDC2s can be defined based on their requirement of either NOTCH2 and RBP-J or KLF4
expression, revealing a heterogeneity within the cDC2s (Lewis et al. 2011, Tussiwand et
al. 2015). This heterogeneity has undergone intense research, leading to the finding that
some cells with cDC2-characteristics originate from a non-DNRG1 expressing progenitor
with a potential lymphoid origin (Salvermoser et al. 2018, Sulczewski et al. 2023, Ro-
drigues et al. 2023)

1.1.2 The intestinal compartment harbors four intestine-characteristic
cDC subsets

cDCs can be found throughout the intestinal compartment, consisting of the small intes-
tine (SI), the colon, organized lymphoid tissues, like Peyer's patches (PP), and draining
lymph nodes (Stagg 2018). Within the connective tissue beneath the intestinal epithe-
lium, so-called lamina propria (LP), and gut-draining lymphoid tissues, four subsets of
cDCs can be defined. XCR1 and CD103 expression marks the cDC1s, whereas two
cDC2 subsets can express both CD103 and CD11b or only CD11b (Cerovic, Bain,
Mowat and Milling 2014). Including the classification by transcriptions factors, CD103"
cDC2s express lower levels of IRF4 than their CD103 expressing counter partners. Fur-
ther, intestinal CD103* cDC2s resemble the NOTCH2-depended cDC2 subset from lym-
phoid tissues (Lewis et al. 2011). Nevertheless, differentiation into CD103 negative
cDC2s appears not to seem definitive, as these cells can transform into CD103* cDC2
in the presence of Transforming growth factor B (TGFB) (Bain et al. 2017). Additionally,
within CD103'CD11b* cDC2s, further subsets can be identified through the expression
of CCR2, indicating even more heterogeneity in the cDC2 compartment (Scott et al.
2015).
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Figure 1 Commonly associated phenotypic markers of intestinal cDC subsets.

On a genetic basis, the development of cDC1 is dependent on IRF8, BATF3, NFIL3, and ID2.
The expression of XCR1 and CD103 marks differentiated cDC1s. Expression of IRF4, RelB, and
ZEB2 contribute to cDC2 development and function. NOTCH2 and RBP-J-dependent cDC2s re-
semble the CD103*CD11b* cDC2s in the intestine and express CD172a and ESAM. Another
cDC2 type relies on KLF4 expression and expresses CD11b and CD172a.

Within the intestinal cDCs, a fourth population can be identified, lacking both CD103 and
CD11b expression. These double negative DCs (DN DCs) cells are absent in Roryt”
knockout mice, leading to the hypothesis that these cells derive from gut-associated lym-
phoid tissue (GALT) (Cerovic et al. 2013). More recently, expression of XCR1 or CD172a
has been detected in a fraction of this double negative population. However, the function
of this minor population is still unknown, and their ontogeny is debated (Joeris, Miller-
Luda, Agace and Mowat 2017).

Like other LN, mesenteric LNs (mLN) draining the intestines harbor similar cDC popula-
tions as Sl and colon, respectively. cDCs differentiated from pre-DCs in the LN remain
there and are termed resident cDCs and classically subdivided by XCR1 and CD172a
expression. They can be distinguished from so-called migratory cDCs by their lower
MHCII but higher CD11c expression. Migratory cDCs differentiate in the peripheral or-

gans and travel via afferent lymph vessels into the respective LN (Merad et al. 2013).

The diversity of cDC subsets throughout the intestinal axis changes in a segment-spe-
cific manner and is presumably imprinted by luminal-derived signals and antigens
(Mowat and Agace 2014). In contrast to the high frequency of CD103* ¢cDC2 in the SI
LP, the colon is dominated by cDC1, and the cDC2 compartment shifts towards CD103
negative population (Esterhazy et al. 2019, Cerovic et al. 2014). Along with the change
in cDC composition, the overall frequency of APCs, including cDCs and macrophages,
decreases from the duodenum, the upper part of the Sl, towards the colon (Moreira et
al. 2021).
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A challenging factor in identifying cDCs in the intestine without the cDC-specific fate-
mapping model Clec9a‘™ was that CD11c and MHCII expression can also be found on
intestinal macrophages. In contrast to other organs, intestinal macrophages only partially
express F4/80 and are constantly replenished by monocytes in the adult intestine (Shaw
et al. 2018, Bain et al. 2014, dos Anjos Cassado 2017). Under steady-state conditions,
segregation between cDCs and macrophages can be drawn by the expression of
CD64/FcyR1, CD11b, and high levels of CX3CR1 (Tamoutounour et al. 2012). Never-
theless, CD64 usage requires caution as CD64 expressing cDCs could be identified in
the kidney and under inflammatory conditions in the lung by fate-mapping (Schraml et
al. 2013, Bosteels et al. 2020). In addition, CX3CR1 is expressed in low (CD103") and
intermediate (CD103") levels by intestinal cDC2 populations (Cerovic et al. 2014). How-
ever, only the intestinal cDC1s and cDC2 subsets, not macrophages migrate, upon an-
tigen encountering into the mLN to facilitate T cell priming (Cerovic et al. 2014).

1.1.3 cDCs contribute to intestinal homeostasis by controlling T cell
activation
Under basal conditions, intestinal antigens acquired by cDCs require immune tolerance

to prevent the immune system from reacting against itself (Hawiger et al. 2001). Partic-
ularly in the intestine, cDCs must mediate tolerance to food-derived antigens (Esterhazy
et al. 2016). This tolerogenic capacity is underlined by the high Aldehyde dehydrogenase
levels in intestinal cDCs, metabolizing vitamin A into retinoic acid (RA) (Guilliams et al.
2010). RA contributes to the induction of regulatory T cells (Treg) and induces the ex-
pression of gut-homing factors on activated T cells (Coombes et al. 2007, Sun et al.
2007, Worthington, Czajkowska, Melton and Travis 2011, Jaensson-Gyllenback et al.
2011). Beyond the intestinal cDC subsets, cDC1s have the highest tolerogenic signature,
and the deletion of cDC1 in CD11c*®Irf8" mice leads to a minor reduction of regulatory
T cells in the intestine (Luda et al. 2016). However, overall oral tolerance is not affected
as CD103* cDC2s contribute to Treg induction and compensate for the loss of cDCL1.
Equivalently, targeting cDC2 does not affect the Treg population, and only the ablation
of total cDCs causes a deficiency in intestinal Tregs (Welty et al. 2013, Esterhazy et al.
2016). Interestingly, monocyte-macrophage-derived APCs are redundant for oral toler-
ance, underlining the essential role of cDCs in tolerance induction (Esterhdzy et al.
2016).

In conjunction with their role in tolerance induction, cDC1s contribute to intestinal T-cell
homeostasis. The lack of cDC1 in XCR1°™ or CD11c%®Irf8"™ mice leads to decreased
T cell numbers in the LP and the intraepithelial lymphocytes (IEL). Especially the cyto-
toxic CD4*CD8aa* TCRaf IEL subset is absent, whereas other conventional (CD4* /
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CD8aB* TCRap) and unconventional (CD8aa™ TCRaf / TCRy®) IELs are not affected.
Nonetheless, this only occurs in the small intestine and not the colon. T cell populations
appear in regular numbers and frequencies in lymphoid organs (Moreira et al. 2021, Ohta
et al. 2016, Luda et al. 2016).

Besides their shared capacity to induce tolerogenic T cells, cDC1 and cDC2 have distinct
functions within the intestine. Marked by their expression of XCR1, cDC1s are the pop-
ulation responsible for cross-presenting exogenous antigens via MHCI to CD8 T cells,
inducing cytotoxicity (Bachem et al. 2012). Upon pathogenic infection, Batf3 deficient
mice fail to induce CD8 T cell response due to lacking cDC1 (Hildner et al. 2008). Be-
sides the induction of cytotoxic CD8 T cells, cDC1ls mediate with the help of pro-
grammed-death ligand 1 (PD-L1), RA, and TGFf the differentiation into tolerogenic
FOXP3 expressing CD8 T cells (Joeris et al. 2021). Furthermore, cDC1s produce high
amounts of IL12, thereby driving the differentiation of CD4 T helper cell type 1 (Thl)
(Everts et al. 2016). CD103  cDC2s contribute to this development of INFy producing
Th1 cells (Scott et al. 2015, Cerovic et al. 2013).

cDC1 @ cDC2
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Pathogens (Bacteria/Fungi)
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/ / Allergens
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Figure 2 Proposed functions of intestinal cDCs.

Differentiated cDC1s drive immune responses against intracellular pathogens and recognize
dead cells. CD103* cDC1s prime CD8 T cells via cross-presentation and mediate tolerance
through the induction of Tregs. cDC1s can also activate CD4 T cells and polarize towards the Thl
phenotype. The cDC2s respond to extracellular pathogens, parasites, and allergens. NOTCH2-
dependent cDC2s express CD103 and CD11b in the intestine, contribute to Treg induction, and
further polarize Th17 response. Under certain conditions, these cDC2s activate CD8 T cells
through cross-dressing with MHCI. Another cDC2 type relies on KLF4 expression and activates
CD4 T cells polarizing them towards Th2 phenotype and contributes to Th1 polarization. Adapted
from (Murphy and Murphy 2022)

Under inflammatory conditions, it has been shown that monocytes can give rise to DC-
like cells (MoDCs), partially migrating to the mLN and contributing to the T cell induction
usually mediated by cDCs (Menezes et al. 2016, Rivollier et al. 2012). Hereby, MoDCs
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and cDC2 may contribute to CD8 T cell responses induction via MHCI-cross-dressing.
Thereby, APCs encounter pre-loaded MHCI from dead cells, transport them to their sur-
face, and acquire the capacity to activate CD8 T cells in the presence of different cost-
imulatory molecules and cytokines (Theisen et al. 2018, Duong et al. 2022, MacNabb et
al. 2022, Dolan, Gibbs and Ostrand-Rosenberg 2006).

Whereas cDCl1s are described to be necessary for the recognition of intracellular path-
ogens and dead cells, cDC2 facilitate the defense against extracellular pathogens and
exceed the induction of CD4 T cell response (Pakalniskyté and Schraml 2017, Satpathy
et al. 2013). The CD103* cDC2 subset is the primary driver of Th17 polarization, facili-
tated by producing IL-6, 1L-23, and TGFB (Persson et al. 2013, Schlitzer et al. 2013,
Satpathy et al. 2013). That CD103 ¢cDC2 do not contribute to Th17 induction could be
shown by a normal intestinal Th17 formation in mice that lack KIf4 in CD11c-expressing
cells. However, these mice have an impaired Th2 response toward Schistosoma man-
soni, revealing the critical function of KLF4-dependent cDC2 in Th2 polarization and the
downstream recruitment of eosinophils and production of antibodies driving the allergic
reactions (Tussiwand et al. 2015, Mayer et al. 2017).

Thus, their joint function is to activate T cells; the respective cDC subsets have specific
characteristics in how they contribute to intestinal homeostasis. Both subtypes are nec-
essary for tolerance induction; cDC1s are the main inducers of CD8 T cells, and cDC2s

excel in the polarization of CD4 T cells towards Th17 and Th2.

1.2 DCs in Inflammation and Cancer

1.2.1 Controversial roles of cDC subsets during colon inflammation

Within the last few years, the role of cDCs in colitis underwent extensive research. How-
ever, it is still unclear whether cDCs have a pro- or anti-inflammatory role. Total ablation
of cDCs in CD11c-DTR/GFP mice reduced the inflammation in acute colitis initiated by
the chemical dextran sulfate sodium (DSS) (Abe et al. 2007). Similar effects were ob-
served in TRUC mice, where the deletion of Thet on a Ragl deficient background leads
to spontaneous colitis driven by tumor necrosis factor a (TNFa), followed by tumor de-
velopment. Depletion of CD11c-expressing cells in these mice abrogated colitis and,
therefore, tumor development (Garrett et al. 2009). Increasing the number of total DCs
in mice via adoptive transfer of Bone-marrow-derived-DCs (BMDCs) before inducing the
colitis led to a more severe course of colitis (Berndt et al. 2007). All three studies point
toward a pro-inflammatory role of CD11c-positive cells. However, in these studies, dif-

ferent cell populations have been involved, as intestinal macrophages express CD11c,
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and BMDCs were generated by GM-CSF culture, recently shown to generate a combi-

nation of macrophages and DC-like cells (Helft et al. 2015).

Batf3” knockout mice lack intestinal CD103* ¢cDC1 and resident and migratory cDC1 in
the mLN. These mice showed no spontaneous intestinal inflammation and had no altered
disease severity upon chemical-induced colitis (Edelson et al. 2010). Nevertheless, aged
Batf3 deficient mice show increased intestinal permeability, allowing commensal mi-
crobes to breach the epithelial barrier (Hamade et al. 2022). Another study aimed to
deplete cDC1s in the Clec9a-DTR model by repetitive DT injections before and through-
out DSS treatment. DT-treated Clec9a-DTR mice showed exacerbated colitis, attributed
to decreased INFy producing CD4 and CD8 T cells, further leading to lower anti-inflam-
matory IDO1 and IL-18bp levels in intestinal epithelial cells (Muzaki et al. 2016). Even
though the study aimed to deplete differentiated cDC1 as they express CLEC9A/DNGR1
again, it must be considered that the Clec9a-DTR targets cDC committed precursors.
Those will be depleted as well, leading to an overall reduction of cDCs whereby cDC1s
are more affected than cDC2s, and cells derived from a non-DNGR1 expressing cell may

fill the open niche of cDC2s (Salvermoser et al. 2018).

Within the last years, the research used the cDC1-restricted expression of XCR1. Spe-
cific deletion of cDC1 in XCR1-DTA mice leads to severe colitis, a drastic decrease of
Tregs, and a shift towards Th17 (Moreira et al. 2021). Even though Batf3 depletion leads
to an absence of cDC1, it has been shown that under inflammatory conditions, cDC1s
reappear in Batf3” knockout mice due to a compensatory effect of Batf and Batf2 (Tus-
siwand et al. 2012). This fact plausibly explains the different outcomes in colitis studies
with cDC1-depleting mouse models. Additional causes could be the gut microbiota, the

mouse’s genetic background, and the DSS's source and dose.

Research on intestinal cDC2 in colitis identified a potential pro-inflammatory role of this
cDC subtype. The deletion of cDC2s via the Clec4a4-DTR mouse model protected mice
from severe colitis induced by DSS supplementation of the drinking water (Muzaki et al.
2016). In another DSS colitis study, deletion of cDC2 from the intestinal system had no
impact on disease outcome, even though mice showed decreased Th17 cells at the ba-
sal level (Welty et al. 2013). Other labs used a T cell-mediated colitis system induced via
T cell transfer into Ragl knockout mice, which lack mature B and T cells. Deletion of
IRF4-dependent cDC2s ameliorated colitis severity, accompanied by decreased immune
cell influx, leading to a less disrupted epithelial barrier. A reduced level of Th17 cells
mediated this effect; therefore, lower levels of IL-17A and IL-17F cytokines were previ-
ously shown to correlate positively with colitis severity (Buchele et al. 2021, Pool 2018,
Wedebye Schmidt et al. 2013).
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Although deletion of cDC subsets influences acute colitis by acting in an anti- or proin-
flammatory manner, other studies suggest that the pathogenesis of acute colitis is medi-
ated predominantly by monocyte-derived cells (Tamoutounour et al. 2012, Mildner, Yona
and Jung 2013, Bain and Mowat 2014). This hypothesis is favored because the pathol-
ogy of DSS-induced acute colitis does not require LP T cells, and the primary function of
cDCs is the induction of T cell response (Dieleman et al. 1994, Kiihl et al. 2007, Tsuchiya
et al. 2003).

1.2.2 The cDC function is influenced by their metabolism

Within the last years, increasing research in immunometabolism suggests different met-
abolic pathways mediating the pro- and anti-inflammatory function of cDCs. For instance,
recent studies placed PI3K/AKT/mTOR and p38a MAPK signaling pathways in context
with the pro-inflammatory role of cDCs. The depletion of p38a MAPK in cDCs protected
mice from severe acute colitis and colitis-driven cancer formation (Zheng et al. 2018).
Moreover, cDC-specific deletion of PTEN, the primary negative regulator of the
PIBK/AKT/mTOR pathway, aggravates chemical-induced colitis due to increased Thl
response (Kuttke et al. 2022). Nevertheless, it has to be considered that another study
showed that CD11c**Pten™* mice have a 5 to 6-fold increase of cDC1 in lymphoid and
peripheral organs (Sathaliyawala et al. 2010). This effect of increased mTOR signaling
leading to cDC1 expansion might be explained by the activation of the PI3K pathway
upon FIt3L binding to its receptor, driving cDC development (McKenna et al. 2000). The
fact that cDC2 are not increased upon overactivation of PI3K signaling points towards
different metabolic requirements skewing cDC differentiation towards a specific subset.
This is further underlined by the increased mitochondrial membrane potential and higher
oxidative phosphorylation (OXPHOS) in splenic cDC1 compared to cDC2s (Mgller,
Wang and Ho 2022). Despite their distinct metabolic requirements for development and
homeostasis, a common feature of cDCs is the rearrangement of their metabolism upon
activation. This reprogramming is marked by a switch from a more catabolic (OXPHOS)
towards anabolic metabolism, predominantly glycolysis. This so-called glycolytic burst
has been attributed to be a conserved response upon PRR activation and further matu-
ration of immunogenic cDCs (Everts et al. 2014, Thwe et al. 2019). In contrast, there is
evidence that tolerogenic cDCs maintain high levels of OXPHOS in parallel to the upreg-
ulation of glycolysis (Wculek et al. 2019b). Leading to the assumption that cDC function

is marked and influenced by their metabolism.
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1.2.3 The cDC1s are essential for an effective anti-tumor response

Several other non-tumor cells can be found within a tumor, forming the tumor microen-
vironment (TME). Besides stromal cells, blood vessels, and extracellular matrix, immune
cells are localized to different extents within the TME (Hanahan and Weinberg 2011).
Within most solid tumors, monocytes and macrophages constitute the most significant
fraction of immune cells, and DCs, especially cDCs, are rare (Gentles et al. 2015, Broz
et al. 2014). Several cell subsets ingest tumor-derived antigens, although macrophages
are the most potent. However, the significant population transporting those tumor-de-
rived antigens into the tumor-draining LN (TDLN) are migratory cDCL1. In the TDLN,
cDCl1s can transfer antigens to the resident cDC population, although studies showed
that these resident cells could not stimulate naive CD8 T cells ex vivo (Salmon et al.
2016, Roberts et al. 2016). Some studies demonstrated that a small fraction of migratory
cDC2s contribute to the transport (Ruhland et al. 2020). The TDLN is the leading site of
T cell priming, and only a tiny fraction of naive T cells get primed in the TME (Thompson,
Enriquez, Fu and Engelhard 2010). The overall hypothesis is that an insufficient cytotoxic
CDS8 T cell response is the leading cause of cancer immunosurveillance failure (Gerner,
Casey and Mescher 2008), and the proportion of cDCs and CD8 T cells within the tumor
and TDLN correlate with better prognosis (Gentles et al. 2015).

Throughout the last years, research on the role of cDCs in cancer development and
cancer regression has increased, driven by the intense focus on immune therapies as
alternatives to conventional treatments (Ferlay et al. 2020). Most research studies on the
role of cDCs in cancer used transplantable tumor models, like cancer cell lines injected
subcutaneously into mice, leading to constantly growing tumors. So-called rejection
models use cancer cell lines forming an immunogenic TME, leading to tumor regression
or rejection under standard conditions (Lai et al. 2020, lwanowycz et al. 2021). Imple-
menting these models to mice with a Batf3” background identified a non-redundant role
of cDC1 in the immunogenic tumor regression and rejection process. However, cDC1
deficiency did not impact tumor growth if the tumor escaped from the immune response
(Hildner et al. 2008, Maier et al. 2020, Salmon et al. 2016).

Additionally, cDC1s have been implicated as essential for T cell-based immunotherapies'
effectiveness. For instance, the anti-tumor potency of adoptive T cell transfer or anti-PD1
treatment is lost in the absence of cDC1ls (Sanchez-Paulete et al. 2016, Garris et al.
2018). In line with these findings, the transfer of cDCL1s, pre-loaded with tumor antigens,
reduces tumor growth (Wculek et al. 2019a). Utilization of this vaccination strategy in-
duces a cytotoxic CD8 T cell response and leads to the induction of yd T cells (Van
Acker, Anguille, Van Tendeloo and Lion 2015). Latter ones kill tumor cells in a cytotoxic
manner via the secretion of granzymes and perforins, similar to CD8 T cells (Niu et al.
2015).
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The critical role of cDC1s during an anti-tumor immune response is further underlined by
studies that expanded the cDC1 population within the tumor through intratumoral FLT3L
injection, FLT3L expressing tumors or the transfer of FLT3L expressing T cells. This
cDC1 expansion reduces tumor growth or even leads to tumor rejection (Salmon et al.
2016, Lai et al. 2020). Combination of FLT3L treatment with a PRR adjuvant, like polyl:C
targeting TLR-3, induces an anti-tumor memory, whereby the formation of tissue-resi-
dent CD8 memory cells relies on cDC1 (Iborra et al. 2016, Salmon et al. 2016). This
FLT3L-induced expansion of cDCL1 is elevated in Clec9a knockout mice. However, under
homeostatic conditions, ablation of DNGR1 does not affect tumor growth (Cueto et al.
2021).

Besides transplantable tumor models, a recent study showed a similar effect of reduced
tumor growth after vaccinating mice with BMDCs mixed with tumor antigen in chemical-
induced inflammation-driven carcinogenesis (Murwanti et al. 2023).

cDC2s are essential for CD4 T cell responses and likely mediate CD4 T cell anti-tumor
immune responses. However, TME promotes their tolerogenic phenotype, favoring pro-
tumorigenic Treg induction, indicated by the positive correlation of cDC2 and Treg fre-
quency within the tumor (Binnewies et al. 2019). CD11c®Irf4"* mice underline this pro-
tumorigenic phenotype of cDC2s, as these mice show reduced tumor growth ascribed to
elevated levels of Thl cells infiltrating the tumor (Zhang et al. 2020). However, the de-
pletion of Tregs increases co-stimulatory molecules and pro-inflammatory cytokines in
tumor-associated cDC2s and expands the migratory cDC2 population (Binnewies et al.
2019).

The direct effect of CD4 T cells on tumor cells is low; they instead contribute to CD8 T
cell responses, promoting cDC1 maturation through CD40 ligation. CD40 signaling in-
creases the survival of cDCs stabilizes the MHCI:Antigen complex, and raises the ex-
pression of co-stimulatory molecules and IL-12 (Gerner, Casey and Mescher 2008). The
contribution of CD40 licensing is highlighted by the success of anti-CD40 combined with
anti-PD1 treatment, generating an anti-tumor immunity for immunogenic tumor types. It
reduces tumor growth in tumors that usually do not respond to anti-PD-1 therapy (Garris
et al. 2018). The induction of those cDC1-licensing CD4 T cells is driven by cDC1 them-
selves. This is most likely due to their capacity to present cell-associated antigens on
MHCI and MHCII (Ferris et al. 2020, Wu et al. 2022).

Besides directly activating CD8 T cells, cDC1s secrete CXC-chemokine ligand (CXCL)
9 and CXCL10, recruiting CXCR3 expressing cells into the tumor, especially cytotoxic
CD8 T cells, ILC1s, and NK cells. This property of cDC1s might explain their essential
role in the effectiveness of adoptive T-cell therapies (Spranger, Dai, Horton and Gajewski
2017, Wendel, Galani, Suri-Payer and Cerwenka 2008). In addition to the recruitment of
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T cells, CXCL9/10 secretion contributes to the positioning of T cells close to cDCl1s,
facilitating their local re-stimulation (Mikucki et al. 2015). Production of both chemokines
is induced by type | interferons (IFNa & IFNB) and IFNy, indicating a feedback loop be-
tween cDCs and the recruited cell type (Mikucki et al. 2015).

Furthermore, IFNy detected by cDCs induces their production of IL-12, leading together
with co-stimulation to further activation and expansion of the CD8 T cells (Gatrris et al.
2018). However, the co-stimulatory interaction between cDCs and T cells is often dis-
turbed within cancer. For instance, typical co-stimulatory interaction of either CD80 or
CD86 with CD28 is outpaced by CTLA4, possessing increased affinity compared to
CD28. CTLA4 expression inhibits co-stimulatory signaling and reduces T cell activation
(Rowshanravan, Halliday and Sansom 2018). Another route of limiting T cell activation
occurs via PD-L1 / PD-L2, expressed by APCs and several other cells in the TME, e.g.,
tumor cells. Both ligands bind PD-1 on T cells, inhibiting their proliferation and cytokine
production (Rowshanravan, Halliday and Sansom 2018). Throughout the population of
CD8 T cells localized in the tumor, the fraction of PD-1-expressing cells increases within

a more immunosuppressive TME (Garris et al. 2018).

Beyond their recruitment via CXCL9/10, NK cells, in turn, attract cDC1s into TME through
secreting CCL5 and XCL1. In addition, NK cells can produce FLT3L, contributing to
cDC1 survival and maintenance (Barry et al. 2018, Bottcher et al. 2018). Further on, it
has been shown that cDC1-derived IL-12 is required for NK cell-mediated suppression
of tumor metastasis (Mittal et al. 2017). Ultimately, the cytotoxic activity of NK cells can
be induced or further promoted by yd T cells through 4-1BB/CD137 signaling (Maniar et
al. 2010). Moreover, high NK and yd T cell levels correlate with a better prognosis (Gen-
tles et al. 2015). Along with their function within a tumor, NK cells can enter the LN and
promote T cell priming under inflammatory and tumorigenic conditions (Chiossone, Du-

mas, Vienne and Vivier 2018).

In conclusion, cDC1s are essential for an effective anti-tumor response, mediating cyto-
toxic CD8 T cell and NK cell responses if tumors do not escape the immune response.
In contrast, studies on cDC2s suggested that this cell type possesses a more pro-tumor-
igenic role. However, the function of cDCs is imprinted by the TME and, therefore, can
differ depending on the tumor, as cancer is a rather heterogeneous disease. Further on,
most of the studies used transplantable, subcutaneous tumors. Even though they used
a colorectal cancer cell line, the actual role of cDCs might differ in tumors located in the
colonic environment. Furthermore, the overall anti- or pro-tumorigenic function of the
cDC subsets might be altered if only a specific signaling pathway is disrupted within

these cells.
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1.3 Sensing of pathogens through SYK and CARD9 by
myeloid cells as an important mechanism in colorectal
cancer

1.3.1 Chronic inflammation as a major risk factor of Colorectal Cancer
Colorectal cancer (CRC) is the third most common type of cancer worldwide, with around

2 million new cases yearly, and the second most common cause of overall cancer mor-
tality (Ferlay et al. 2020). Besides age, environmental factors are major risk factors for
developing CRC, including several lifestyle habits like smoking, consumption of alcohol,
physical inactivity, and a Western diet (Johnson et al. 2013). And only 15 — 20 % of CRC
patients have inherited the predisposition of CRC development (Rustgi 2007).

Additionally, inflammatory bowel disease (IBD) is a significant risk factor for developing
CRC. IBD is a condition marked by a chronic inflammatory process within the intestinal
compartment (Jess, Frisch and Simonsen 2013, Mattar, Lough, Pishvaian and Chara-
baty 2011). Two common types of IBD are ulcerative colitis (UC) and Chron’s disease
(CD) (Abraham and Cho 2009). UC is restricted to the colon, affecting the mucosa and
submucosa pre-dominantly, whereas CD can affect the whole gastro-intestinal compart-
ment, involving all layers. (Abraham and Cho 2009). IBD-related CRC, termed colitis-
associated cancer (CAC), is responsible for approximately 2 % of the annual mortality
from CRC overall and makes up to 15 % of yearly deaths of IBD patients (Keller, Wind-
sor, Cohen and Chand 2019). The influence of the chronic inflammatory process in tu-
morigeneses is further highlighted by the fact that CD patients only have an increased
risk of CAC development if they have inflammation sites in the colon (Gatenby et al.
2021).

In the case of chronic inflammation in UC and CD, epithelial cells have a high turnover
to replace the tissue destroyed during inflammation. This recurring replenishment of
damaged tissue requires high cell division rates, which provide opportunities for muta-
tions and aberrant chromosome separations (Foster et al. 2018). However, epithelial cell
restitution alone does not drive cancer development. In addition, the repetitive inflamma-
tory processes lead to an oxidative environment caused by the release of reactive oxy-
gen and nitrogen species by innate immune cells, representing a key feature of chronic
inflammation. These reactive oxygen and nitrogen species interact with the DNA of sur-
rounding epithelial cells, inducing DNA damage (Waldner and Neurath 2015). Both fac-
tors can lead to mutations in tumor suppressor genes or oncogenes (Beaugerie and ltz-
kowitz 2015).

Immune cells also secrete a wide range of cytokines and chemokines, harboring pro-

and anti-inflammatory functions. For instance, a key cytokine during acute inflammation
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is the pro-inflammatory TNFa and mice deficient for TNFa, or its receptors are less sus-
ceptible to CAC due to reduced inflammation (Szlosarek and Balkwill 2003), underlying
the critical role of the inflammation during tumorigenesis. Further on, IL10 knockout mice,
a standard mouse model to study colitis, develop spontaneous colitis when mice are kept
under normal but not germ-free conditions. The inflammation-driven tumorigenesis is
emphasized in this model because the additional treatment of these mice with the muta-
genic chemical Azoxymethane (AOM) leads to tumor formation only in those suffering
from colitis (Uronis et al. 2009).

The immune response during colitis can be influenced by the invasion of pathogens and
microbial products from the intestinal lumen into the epithelial layers, further activating
the immune system. However, the effect of the microbiota breaching the intestinal barrier
during acute inflammation on tumor progression depends on the involved PRR and its
downstream signaling cascade (Waldner and Neurath 2015). For instance, the TLR-2
and TLR-4 show contradicting outcomes when studied in AOM-DSS, a mouse model of
CAC. TLR-4 deficient mice are protected from cancer development, whereas TLR-2 de-
ficient mice have increased tumor development (Lowe et al. 2010, Fukata and Abreu
2007).

Further PRRs implicated in IBD and tumor development belong to the NLR family. Com-
mon mutations found in IBD patients affect NOD2, an intracellular receptor for mycobac-
teria (Boyle, Parkhouse and Monie 2014). The loss of function of NOD2 has been impli-
cated in causing dysbiosis and increased intestinal inflammation (Waldner and Neurath
2015). In-depth GWAS studies identified NOD2 interaction partners, including Autoph-
agy related 16 like 1 (ATG16L1) and Caspase recruitment domain-containing protein 9
(CARD?9) as additional risk loci in IBD. As a result, Card9 polymorphisms have been
found in both forms of IBD, UC, and CD (Zhernakova et al. 2008). In the last decade,
CARD9 was implicated in playing a crucial role in the process from chronic inflammation

to tumor formation and progression.

1.3.2 CARDS9 is important for sensing of fungi by myeloid cells

CARD?9 is a protein exclusively expressed in myeloid cells, especially in macrophages,
DCs, and Neutrophils. CARD?9 is located in the cytoplasm and consists of an N-terminal
CARD domain and a coiled-coil region at the C-terminus. The CARD domain is respon-
sible for protein-protein interaction and can bind other CARD domains in a homophilic
manner (Roth and Ruland 2013).

Within the last decade, the CARD9 function was described downstream of several PRRs,
e.g., the intracellular receptors for virus or bacteria-derived nucleic acids RIG-1 or MDA5

or the dsDNA damage sensor Rad50 (Roth and Ruland 2013). However, its role below
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the CLRs Dectin-1, Dectin-2, and Mincle, major PRRs in anti-fungal immunity, is the best
characterized (Gross et al. 2006). Dectin-1 recognizes B-glucan carbohydrates derived
from fungal cell walls, and Dectin-2 is known to bind fungal-derived a-mannans. In con-
trast, the repertoire of potential Mincle ligands is quite broad. Besides fungi, Mincle can
bind the dead cell-derived ribonucleoprotein SAP130 and the glycolipid trehalose-6,6-
dimycolate (TDM) expressed in mycobacteria. Subsequently, additional PAMPs and
DAMPS were identified to activate Dectin-1, Dectin-2, and Mincle (Brown, Willment and
Whitehead 2018).

Dectin-1 owns an intracellularly located immunoreceptor tyrosine-based activation motif
(ITAM), which gets phosphorylated by Src family kinases upon ligand binding to the re-
ceptor. The receptor proximal recruitment of SYK requires two YxxxL motifs. As Dectin-
1 bound ITAM has only one of these motifs, Dectin-1 forms a homodimer upon ligand
binding, leading to a hemilTAM. Dectin-2 and Mincle recruit the adaptor proteins FcRy
or DAP12, which contain an ITAM domain, as the receptors lack this domain (Hartjes
and Ruland 2019).

The binding of the SH2-domain of SYK to phosphorylated ITAM induces its activation,
which is required for downstream initiation of phagocytosis, ROS production, and the
induction of gene expression of pro-inflammatory cytokines and chemokines. Additional
research has implicated SYK in the proximal activation of the NLR family, pyrin domain-
containing 3 (NLRP3) inflammasome, which is required to cleave pro-IL-1pB into its active
form (Mdcsai, Ruland and Tybulewicz 2010). SYK activation further induces the recruit-
ment of protein kinase C & (PKCd), mediating the phosphorylation of CARDS9, a critical
step for the assembly of CARD9 with its direct interaction partner B cell ymphoma 10
(BCL10) via the CARD domain. BCL10 is constitutively bound to multifunctional protein
mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1)
(Strasser et al. 2012). The interaction of CARD9 with BCL10 and MALT1 forms a signal-
ing complex called the CBM complex, leading to the activation of the canonical NFkB
pathway and p38 MAPK and JNK signaling (Roth and Ruland 2013).

CBM complex assembly triggers the activation of IKKB, thereby inducing the phosphor-
ylation and proteasomal degradation of the inhibitor of NFkB (IkBa) (Vornholz and Ruland
2020). This further leads to the release of NFkB subunits RelA and c-Rel for their trans-
location to the nucleus to induce transcription of pro-inflammatory cytokines like pro-IL-
1B, IL-6, IL-10, IL-23, and TNFa. MALT1 uses its catalytic caspase-like domain to cleave
the NFkB subunit RelB, which acts in the noncanonical NFkB pathway, leading to IL-5
production and thereby driving Th2 immunity (Hartjes and Ruland 2019). This cytokine

composition has consequences for further T-cell differentiation. Compared to TLR stim-

27



Introduction

ulation, CLR activation and receptor proximal signaling via SYK and CBM-complex fa-
vors a polarization of CD4 T cells towards the Th17 phenotype (Ruland 2008). However,
blocking of Dectin-2 in Dectin-1 deficient mice revealed that SYK-mediated Th17 induc-

tion is driven by Dectin-2 and not Dectin-1 (Drummond, Saijo, Iwakura and Brown 2011).
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Figure 3 CARD9 Signaling Cascade

Upon detection of PAMPs/DAMPS, the CLR Dectin-1 dimerizes and activates SYK via coupled
ITAM domains. Dectin-2 and Mincle recruit upon pathogen detection FcRy or DAP12, harboring
an ITAM domain and thereby inducing SYK activation. SYK mediates the assembly and activation
of the CARD9-BCL10-MALT1 complex, which induces p38 MAPK and JNK signaling. CBM com-
plex induces via the activation of IKK and inhibition of RelB the canonical NFkB pathway. CARD9
is also activated by the intracellular nucleic acid sensing PRRs MDA5, RIG-I, and RAD50. Pro-
moting NFkB signaling that leads to the production of pro-inflammatory cytokines.

1.3.3 The role of CARD9 in cDCs during IBD is unclear

Under homeostatic conditions, CARD9 deletion induces an altered microbiome, so-
called dysbiosis, with an increased fungal burden. Nonetheless, Card9™” knockout mice
show regular intestinal immune cell composition and epithelial barrier integrity and do
not develop spontaneous colitis (Sokol et al. 2013). Even though Card9” mice exhibit an
intact intestinal barrier in the colon, the deletion of its upstream receptor Mincle induced
a defect in barrier function in the small intestine marked by a reduction in antimicrobial

peptides like Regllly and reduced IgA production (Martinez-Lopez et al. 2019).

Several groups have demonstrated that upon DSS-induced acute colitis, Card9” mice
show increased loss of body weight and disease severity, marked by shortened colon
length (Lamas et al. 2016, Malik et al. 2018, Sokol et al. 2013, Wang et al. 2018). How-
ever, during CAC, results have been contradicting, most likely because the loss of
CARD?9 leads to alterations of the intestinal microbiome, and different housing strategies

have been used across studies. Altered microbiota causes differences in the production
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of microbial metabolites between Card9” and control mice. Especially aryl-hydrocarbon
receptor (AHR) ligands tryptophan-derived indole derivates are affected, leading to in-

creased susceptibility of Card9” mice to colitis (Lamas et al. 2016).

In one CAC study, Card9” mice develop smaller and less dysplastic tumors in the colon
(Bergmann et al. 2017), whereas other studies show increased tumor incidence (Malik
et al. 2018, Wang et al. 2018). Bergman et al., who co-housed knockout and control
mice, showed that the smaller tumors in the colon of Card9” mice result from decreased
IL-1B levels. The decreased IL-1B leads to diminished activation of ILC3 and results in
reduced IL-22 production and less activation of cell proliferation via STAT3 in epithelial
cells (Bergmann et al. 2017).
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Figure 4 Signaling mechanism of CARD9 in CAC depicted by several studies.

CARDS9 contributes to microbial homeostasis, and the deletion of CARD9 induces an expansion
of fungi. On the one hand, this dysbiosis affects the tryptophan metabolism that mediates epithe-
lial restitution via AHR signaling and Il-22 secretion. In addition, the heightened fungal burden
induces accumulation of MDSCs, suppressing anti-tumor immune response by cytotoxic CD8 T
cells. Further, SYK-CARD?9 signaling induces the secretion of IL-18, leading to a Th1-driven an-
titumor response. In addition, CARD9 mediates the secretion of IL-18 that activates ILC3. In turn,
ILC3s produce IL-22 driving epithelial restitution and malignant proliferation.

Besides the increased tumor load in single-housed Card9” mice, Malik et al. identified a
role of CARD9 in the release of IL-18 and downstream activation of Th1 response (Malik

et al. 2018). IL-18 is a cytokine transcribed into its pro-active form and requires cleavage
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by Caspase-1 (Dinarello, Novick, Kim and Kaplanski 2013). Utilization of the LysM®®
Syk™* mice identified a SYK-CARD9-mediated activation of the inflammasome in mye-
loid cell lineage (monocytes, macrophages, and granulocytes) induced by alterations in
the microbiota. In addition, they reversed the phenotype of increased tumor number by
co-housing Card9” with control mice (Malik et al. 2018). A fecal transfer study further
highlighted the role of CARD9-deletion-altered microbiota. Wildtype germ-free mice were
colonized with the microbiota of Card9” mice and showed increased disease severity in
subsequent DSS-induced colitis (Lamas et al. 2016).

Along with the increased tumor load in Card9” mice (mono-housed), Wang et al. showed
that the increased fungal burden in the gut promotes the accumulation of myeloid-de-
rived-suppressor cells (MDSCs) (Wang et al. 2018). These MDSCs have an immuno-
suppressive activity and can promote tumor development by suppressing cytotoxic T
cells (Gabrilovich and Nagaraj 2009). It was shown that, in fungal infections of the central
nervous system, neutrophils, which can fall under MDSCs gating, are recruited via the
IL-1B axis (Drummond et al. 2019). Actual IL-18 mRNA levels were increased in the
studies from Wang et al. but decreased in the contradictory publication from Bergmann
et al., suggesting that CARD9 mediates IL-1B production and secretion in a microbiota

dependent manner.

Besides the studies focusing on the role of CARD9 in colitis and CAC, it has been shown
that Dectin-1-SYK-CARD9 mediated maturation of DCs induces a potent expansion of
antigen-specific CD8 T cells in vitro and in vivo. This increased frequency of cytotoxic
CD8 T cells facilitates an anti-tumor immunity if mice were subcutaneously vaccinated
with ovalbumin (OVA) and curdlan, a Dectin-1 specific antagonist, and later on chal-
lenged with OVA-expressing tumor cells (LeibundGut-Landmann, Osorio, Brown and
Reis e Sousa 2008, Haas et al. 2017).

Further, a recent study dissected the role of CARD9 during acute colitis in different my-
eloid cell types and epithelial cells. Deleting CARD9 in epithelial cells (Villin®©) or CD11c
expressing cells (CD11c*), including DCs and macrophages, did not affect disease se-
verity. However, since CD11c®®¢ models are not cell-type specific, the role of CARD?9 in
cDCs during acute colitis is still unclear. Thus far, it has been shown that CARD9 plays
an essential role in colitis and oncogenesis. However, the myeloid cell type in which
CARD9 mediates the inflammatory signals and regulates the homeostasis of the colon
has yet to be defined. As cDCs have been shown to play an essential role in colitis,
especially cDC1s are critical for the anti-tumor response, this thesis aimed to go one step
further and study the signaling pathway around CARD9 in cDCs. In particular, the func-
tion of CARD9 with its interaction partners BCL10 and MALT1.
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1.4 Aim of the Thesis

By crossing mice with a floxed Bcl10 allele to Clec9a®® mouse, the thesis aims to inves-
tigate the effect of loss of CBM signaling specifically in cDCs and thus define if CARD9
mediates a functional role in cDCs in CAC. To analyze the contribution of SYK-mediated
activation, Clec9a®Syk"™ mice were used to abrogate CBM-complex activation via Dec-

tin-1, Dectin-2, and Mincle, specifically in cDCs.
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2. Material and Methods

2.1 Animal husbandry

Clec9a-cre (Schraml et al. 2013), Bcl10-flox (Rosenbaum et al. 2019), Syk-flox (Saijo et
al. 2003), and C57BL/6J mice were bred at the Center for translational Cancer Research
of the Technical University of Munich (TranslaTUM) and the Biomedical Center of the
Ludwig-Maximilian’s University in specific pathogen-free conditions. Mice over 8 weeks
were considered adults and used for experiments until 14 weeks. Mice were bred so that
conditional knockout (cKO) mice and controls were derived ideally from the same litter.
Further on, cKO and control mice were cohoused at least 2 weeks before experimental
use to minimize microbiota effects. All animal procedures were performed per national
and institutional animal welfare guidelines and approved by the Regierung of Ober-

bayern.

2.2 Genotyping

Transgenic mice were genotyped through ear snips and taken by the animal caretakers
in the animal facility. Tissues were digested in 200l quick lysis buffer (10 mM Tris, 150
mM NaCl, 5 mM EDTA, 0.05 % NP40, pH 8,0) supplemented with 0.2 mg/ml| Protein-
aseK. Digestion occurred in a thermoshaker (Eppendorf) for 3 hours at 56 °C and 300
rpm. Heat inactivation of ProteinaseK was done at 90 °C for 10 min at 300 rpm. Undi-
gested tissue was pelleted through centrifugation at max speed (~ 12700rpm) for 5 min
at room temperature (RT). From the supernatant, 1ul was used for genotyping PCR.
PCR

Table 1 Genotyping primers

PCR Primer - Locus | Sequence 5’ — 3’ End concen-
tration [um]

Clec9a cre — BS49 AAA AGT TCCACT TTC TGG ATG ATGA | 05

Clec9a cre — BS47 GGC TCT CTC CCC AGC ATC CAC A 0.25

Clec9a cre — A65 TCA CTT ACT CCT CCATGC TGA CG 0.25

Syk flox — Syk2 fwd GCC CGT TCT GTG CCT ACT GG 0.5

Syk flox — Syk2 rev TAG CTA ACC AAA CCC ACG GC 0.5

Bcl10 flox — fwd CTA TCT GTA CCA ACA ACT GAA GAG 0.5

Bcl10 flox - rev ATA CAG GAT TCT TAC ACACTC GT 0.5

Table 2 PCR product size overview

PCR Product Clec9acre Syk flox Bcl10 flox
WT 597 bp 234 bp 130 bp
Mut 407 bp 349 bp 240 bp
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Table 3 PCR Programs

Clec9a cre Syk flox Bcl10 flox

95 °C 3 min 94 °C 5 min 98°C 30 sec

95 °C 30 sec 35 cy- 94 °C 1 min 36 cy- 98°C 5 sec 30 cy-
60 °C 30sec | cles 63 °C 1 min cles 58°C 5 sec cles
72 °C 40 sec 72 °C 1,5 min 72°C 15 sec

72 °C 10 min 72 °C 10 min 72°C 1 min

4°C hold 10°C hold 8°C hold

2.3 AOM/DSS - Colitis associated cancer model

Colitis-associated cancer experiments were performed in collaboration with the group of
Prof. J Ruland at the TranslaTUM. Knockout mice and their controls were cohoused for
at least 2 weeks before and throughout the experiments to minimize variations in the
microbiota. Mice were injected intraperitoneally once on day 0 with 10 mg/kg AOM
(Sigma) in PBS (Sigma), followed by three cycles of 2.5 — 1.5 % DSS (MP Biomedicals)
dissolved in drinking water for five successive days at days 5, 26, and 47. Mice were
monitored for weight loss and further colitis symptoms throughout each DSS cycle until
mice recovered from acute colitis. Mice suffering from weight loss higher than 20 % of
their initial weight or showing indication of severe illness were euthanized by cervical
dislocation. Blood was collected from the submandibular vein (cheek punch) for systemic

cytokine analysis on days 13, 34, and 55.

2.4 DSS - Acute colitis

Colitis experiments with Clec9a°®Bcl10"* mice were performed at the TranslaTUM in
collaboration with the group of Prof. J Ruland. Colitis experiments with Clec9a®Syk"*
mice were performed at the BMC. Respectively, knockout mice and their controls were
cohoused for at least 2 weeks before and throughout the experiments to minimize vari-
ations in the microbiota. 2.5 — 3.5 % DSS (MP Biomedicals) was dissolved in drinking
water and administered to mice for 5 — 7 days, followed by 5 days of water only. Mice
were monitored daily for weight loss and disease activity until the endpoint was reached.
Disease activity index (DAI) score was calculated as a total score of body weight loss
and clinical score (physical inactivity, bent posture, bristled fur, stool consistency, and
rectal bleeding/prolaps). Mice suffering from weight loss higher than 20 % of their initial

weight or showing indication of severe illness were euthanized by cervical dislocation.
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2.5 Histological analysis of tissue sections

The AOM-DSS and DSS-treated mice colons were carefully cleaned from feces and mu-
cus and prepared as a Swiss role. Tissues from AOM-DSS treated mice were fixed in
10% formalin for 48h, transferred to PBS, and handed over to the Institute of Pathology
(Dr. K Steiger) for dehydration, paraffin embedding, Hematoxylin-eosin (H&E) staining,

and histological scoring of tumor invasiveness.

Swiss roles from colitis mice were embedded in O.C.T.™ compound (Tissue -Tek®) and
immediately placed on dry ice. After equilibration to -20 °C for 2 h, 10 pm sections were
generated with the Leica CM3050 S Kryostat. For H&E staining, sections were equili-
brated to RT and stained with ‘Hemalum solution acid acc. to Mayer’ (Roth) and ‘Eosin

Y solution 0.5% in water’ (Roth) according to the instructions supplied with the chemicals.

H&E stained colon sections were analyzed with the bright field microscope Leica
DM2500 and scored according to Siegmund et al., JPET, 2000 (Siegmund et al. 2001).

Table 4 Overview of scoring criteria (Siegmund et al. 2001)

Score | Inflammatory cell infiltrate Epithelial damage

0 Rare inflammatory cells in lamina propria | Absence of damage
Increased numbers of inflammatory cells, i L )
1 i ) o ) ) Discrete focal lymphoepithelial lesions
including neutrophils in lamina propria

Confluence of inflammatory cells, extend-

2 L Mucosal erosion/ulceration
ing into submucosa
) . Extensive mucosal damage and exten-
Transmural extension of inflammatory )
3 sion through deeper structures of the

cell infiltrate
bowel wall

2.6 Serum Preparation

Collected blood was transferred into a 1.5 ml Eppendorf reaction tube and left for 1h at
RT, allowing the blood to clot. The clot was removed through centrifugation at 10x g
10min at 4°C and collection of the supernatant. Collected serum was snap-frozen in lig-
uid nitrogen and stored at freeze at -80°C. Serum cytokines were analyzed by LEGEND-

plexTM Mouse Inflammation (BioLegend) according to manufacturers’ instructions.

2.7 Tissue explant cultures for cytokine detection

A 2 -3 mm colon piece was collected from the desired location (e.g., middle of the colon)
and transferred into a reaction tube containing 1 ml Gut medium to measure overall cy-
tokines in intestinal tissue. Via vortexing for 30 sec, feces and mucus were removed.
The tissue piece was weighed, transferred into 200 pl Gut medium, and incubated over-

night at 37 °C, 5 % CO.. The supernatant was collected, and cytokines were analyzed
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by LEGENDplexTM Mouse Th Cytokine Panel and LEGENDplexTM Mouse Inflamma-
tion (both from BioLegend) according to manufactures instructions. The resulting cyto-

kine values were normalized to tissue weight.

2.8 Immune cell Isolation from different tissues
2.8.1 Spleen and lymph nodes

Lymphatic organs, cleared from all fat, were cut into small pieces and digested for
30 min, shaking at 37 °C in a total volume of 1 ml RPMI (Thermo Fisher Scientific) using
0.2 mg/ml DNase | (Roche) and 200 U/ml CollagenaselV (Worthington). Afterward, the
cell suspension was passed through a 70 um strainer and washed with FACS buffer
(PBS (Sigma), 1 % FCS (Sigma), 2.5 mM EDTA (Invitrogen), 0.02 % sodium azide
(Sigma)). If cells were prepared for sorting or culture, FACS Buffer without sodium azide
(MACS buffer) was used. Red blood cells were lysed with Ammonium-Chloride-Potas-
sium buffer (ACK buffer: 0.15 M NH4CI, 0.01 M KHCOs3, 0.1 mM EDTA, pH 7.25) for 2
min at RT, washed once, and resuspended in FACS buffer or complete RPMI (RPMI +
10 % FCS, 1 % Pen Strep (Gibco), 1 % L-Glutamine (Sigma), 1 % non-essential amino
acids (Sigma), 1 % sodium pyruvate (Sigma), 0.05 mM 3-Mercaptoethanol (Gibco)) de-

pending on further analysis.

2.8.2 Intestines

Colon was cut at Cecum and Rectum, all fat was removed, and the colon was flushed
with ice-cold Gut wash solution (HBSS wo Ca/Mg (Gibco), 5 mM EDTA, 5% FCS,
10 mM HEPES (Gibco)). The colon was placed in ice-cold PBS, cut open, and the re-
maining feces and mucus were removed by gently wiping the tissue. Colon was cut into
1 cm pieces, placed in 20 ml Gut wash solution containing 1 mM DTT, and incubated for
30 min at 37 °C while shaking. After 15-sec vortexing, colon pieces are transferred into
fresh Gut Wash containing 1 mM DTT and incubated for 30 min, 37 °C, while shaking,
followed by 15-sec vortexing. After DTT incubation, colon pieces are transferred into
20 ml Gut digestion solution (HBSS with Ca/Mg (Gibco), 5% FCS, 10mM HEPES) and
washed for 15 min, rolling at 4 °C. Colon pieces are minced and digested in 3 ml Gut
digestion solution with 400 U/ml CollagenaselV and 0.4 mg/ml DNasel for 30 min shak-
ing at 37 °C. Cells and remaining tissue were meshed through a 100 pm strainer and
washed once with Gut medium (RPMI + 10 % FCS, 1 % Pen Strep, 1 % L-Glutamine,
10 mM HEPES, 0.05 mM R-Mercaptoethanol). Leukocytes were enriched over 70 % —
37 % — 30% Gradient, prepared from isotonic percoll solution (90% Percoll (Sigma), 10%
10x PBS (Gibco)).
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Table 5 Preparation of Percoll solutions

Percoll dilution Isotonic Percoll Additive

70 % \ 28.0 12.0 HBSS (Sigma)
37 % \ 14.8 25.2 PBS

30 % \ 6.0 14.0 HBSS

Interphase between 70 % and 37 % was collected and washed once with Gut Medium
and resuspended in FACS buffer or complete RPMI, depending on further analysis.

Sl was cut at the stomach and cecum. After fat removal and flushing with the Gut wash,
the small intestine was placed in ice-cold Gut Wash, Peyer’s Patches were removed,
and the intestine was cut open. S| was transferred to ice-cold PBS and treated in the
following steps, likewise the colon. Due to the different organ structures, one DTT incu-

bation is enough for the small intestine.

2.9 Exvivo cytokine production of intestinal cells

To assess the cytokine production of T cells, leukocytes were isolated from the respec-
tive tissue as previously described. 1-2x10° leukocytes from lymphoid tissues were
seeded in a 96-V bottom plate and restimulated with 10 ng/ml PMA (Calbiochem) and
1 pg/ml lonomycin (Sigma-Aldrich) for a total of 4 hours. Half of the leukocytes isolated
from the SI LP and total leukocytes isolated from CO LP were used for restimulation with
100 ng/ml PMA (Calbiochem) and 1 pg/ml lonomycin (Sigma-Aldrich) for a total of 4
hours. For lymphoid tissue and LP-derived leukocytes, brefeldin A (5 pug/ml, Biolegend)
was added after the first 2 hours of stimulation. Cytokines were detected by intracellular

staining.

2.10 Flow Cytometry

Before surface staining, cells were incubated with Fc Block (anti-mouse purified
CD16/32, 1:300 in FACS Buffer) for 10min at 4°C. Surface staining was performed in
100 pl for 20 min at 4 °C. Cells were washed twice with FACS buffer and resuspended
in FACS buffer for direct analysis. Live/Dead staining was done by adding 0.25 ug DAPI
(Sigma) 1 min before acquisition or for Zombie dyes (BioLegend) before Fc-Block. There-
fore, cells were washed twice with PBS, resuspended in 100 pl PBs containing the re-
spective Zombie dye (ZombieUV 1:500, Aqua Zombie 1:1000), and incubated for 15 min
at 4 °C. Alternative Fixable Viability Dye efluor™ 780 (Thermo Fisher Scientific, 1:1000)

was added with surface antibody master mix.
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For the measurement of mitochondrial membrane potential, surface-stained cells were
resuspended in Gut medium and incubated for 30 min, 37 °C, 5% CO; in the presence
of 10 nM MitoProbe™ TMRM (Thermo Scientific™). Cells were washed once with FACS

buffer and then directly acquired.

For intracellular and intranuclear staining, cells were first stained for surface epitopes
and incubated with fixable live dead dyes. After the washing steps, the ebioscience In-
tracellular kit (Invitrogen) or ebioscience Foxp3 transcription factor staining kit (Invitro-
gen) was used according to the manufacturer’s instructions. A general fixation with 2%
paraformaldehyde for 15min at RT was performed after surface staining to preserve
stained cells for up to 3 days.

Data was collected on an LSR Fortessa (BD Bioscience) or a Cytek® Aurora. Datasets
were further analyzed in FlowJo™ 10 (Tree Stra, Inc.), and R. Aria Ill Fusion (BD Biosci-
ences) or an Aria lllu was used for cell sorting. CountBrightTM Absolute counting Beads
(Thermo Fisher Scientific) were used for total cell quantification.

2.11 In vitro stimulation of cDCs

In vitro, cytokine-production splenocytes were isolated, as described before. After RBC
lysis, the resulting pellet was resuspended in 90 ul MACS Buffer without sodium azide
and 20 ul CD11c Microbeads (Miltenyi Biotech), incubated for 10 min at 4 °C in the dark.
Cells were washed once with MACS buffer, followed by magnetic enrichment via LS
columns according to the manufacturer’s instructions. To increase the purity of CD11c

cells, enrichment was performed over 2 consecutive columns.

10° CD11c enriched splenocytes were seeded per 96-well and stimulated overnight in

100 pl of complete RPMI substituted with the respective adjuvant.

Table 6 PRR Antagonist used for cDC stimulation.

Adjuvant Company Final concentration
Zymosan ‘ Sigma 100 — 0.1 pg/ml
cPG (ODN 1826) ‘ Invivogen 500 ng/ml

R848 (Resiquimod) ‘ Sigma 2 ug/ml

LPS ‘ Sigma 100 ng/ml

2.12 Real-Time PCR (qPCR)

Cells for Real-Time PCR were sorted directly in Extraction Butter using Aria Fusion (BD
Biosciences). PicoPure™ RNA Isolation Kit (Thermo Fisher Scientific) was used to ex-
tract total RNA from the sorted cells according to the manufacturer’s instructions. The

qguantity and quality of the isolated RNA were determined with the Nanodrop 2000
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(Thermo Scientific). Next, cDNA was generated using the SuperScript™ Il Reverse

Transcriptase (Invitrogen) according to the manufacturer’s instructions. Due to low

amounts of isolated RNA, an optional supplementation of the

RNaseOUTTM Recombinant RNase Inhibitor (Invitrogen) was performed.

reaction with

PowerUP™ Syber™ Green Master Mix (Applied Biosystems) was used to perform the

real-time PCR according to the manufacturer’s instruction with a total reaction volume of

10 pl. 1 pl of transcript cDNA was used as input, and the final concentration for all primers

was 500 nM. All primers were obtained from Sigma.

Table 7 Real-time PCR Primer pairs

Target ) Amplicon
Primer Sequence (5' -> 3) Tm [°C] )
gene size
Polr2l fwd GGGAAGATCGTCGGCAACAAA 62.9 165
rev TAGGGGTGCATAGTTCAGCAG 61.3
fwd ATGTTGGGCCAGAGTATCCG 61.4
Cox7c 145
rev ACCCAGATCCAAAGTACACGG 61.5
fwd GCGTCTGCGGGTTCATATTG 61.5
Cox6c 102
rev TCTGCATACGCCTTCTTTCTTG 60.6
AtpSe fwd CAGGCTGGACTCAGCTACATC 61.9 84
P rev GTTCGCTTTGAACTCGGTCTT 60.8
AtpSk fwd GTTCAGGTCTCTCCACTCATCA 60.8 95
P rev CGGGGTTTTAGGTAACTGTAGC 60.4
fwd ATGGCCGGGAGAATCTCTG 60.8
Ndufa3 112
rev AGGGGCTAATCATGGGCATAAT 61.1
fwd TTGCGTGAGATTCGCGTTCA 62.7
Ndufa2 127
rev ATTCGCGGATCAGAATGGGC 62.7
) fwd GTT TGA GAC CTT CAA CAC CCC 57.3
3-Actin 318
rev GTG GCC ATC TCC TGC TCG AAG TC | 57.3

Real-time PCR runs were performed in the StepOnePlus Real Time PCR System (Ap-

plied Biosystems) and analyzed in the StepOne Software version 2.3.

Table 8 Real-time PCR Program

95 °C 20 sec
95 °C 3 sec
40 cycles
60 °C 30 sec
95 °C 15 sec
60 °C 1 min
95 °C 15 sec +0.3°C/ sec
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2.13 Clean-up of genomic DNA

Cells were sorted directly in Wizard® SV Lysis buffer using Aria Fusion (BD Biosciences).
Further extraction of the genomic DNA was performed with the Wizard® SV Genomic
DNA Purification System according to manufactures instructions for isolation of genomic
DNA from cells using a microcentrifuge.

2.14 Digital droplet PCR analysis

Bcl10 in different immune cells was quantified by a probe-based approach on the QX200
ddPCR system with automatic droplet generation (Bio-Rad Laboratories) by our collab-
orators in the lab of Prod J Ruland at the TranslaTUM. Reactions were run in duplicate
(BclLOWT/GT_cBCL10_del) or single (Cre/Tert) wells in a total reaction volume of 21 pl
using the ddPCR Supermix for Probes (no UTP, Bio-Rad Laboratories). 10 ng of gDNA
was used as an input for each reaction. An in-PCR-digestion was performed with Msel
for BclLOWT/GT_cBCL10_del and with Bbsl for Cre/Tert reactions.

Table 9 Bcl10 assay Primers and ZEN™ double-quenched hydrolysis probes (IDT)

Target Type Sequence 5’ > 3’

GT_cBCL10 del.for2 GAT TGC CAC AAG TTC AAG GC

GT_cBCL10 del.rev2 ACT GCTCTT CAG TTG TTG GT

GT_cBCL10 del.probe2 | /56-FAM/TC CCA GGT C/ZEN/A GCC TGG TCT GTG
GA/3IABKFQ/

BcllOWT for2 GCT CCTCTCTCACTT GCATC

BcllOWT rev2 GCA CCT AGA GAG GTT GTT GG

BcllOWT probe2 /SHEX/AG CCC TTT G/ZEN/C AGC CGG AGC CA/3IABKFQ/

BCL1OWT for3 GCT CCTCTCTCACTT GCATC

BCL10OWT rev3 GCA CCT AGA GAG GTT GTT GG

BCL1OWT probe3 /SHEX/AG CCC TTT G/ZEN/C AGC CGG AGC CA/3IABKFQ/

Final concentration of probes was 250 nM and primers were used at 900 nM. The gDNA
samples derived from mice with known Bcl10/Cre genotypes were used as positive and
negative controls, respectively. TagMan ready-to-use 20x assays for Cre (Assay ID
Mr00635245 cn) and Tert were purchased from ThermoFisher Scientific. The ddPCR
data was analyzed using QuantaSoft Version 1.7.4.0917 using the auto-analyze function
with manual correction and subsequently exported into a CSV file.

Table 10 PCR Program for the ddPCR

95°C 5 min
94 °C 30 sec
60 °C 1 min
98 °C 10 min
4°C hold

40 cycles
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2.15 Invitro T cell proliferation (CD4 and CD8)

DCs were sorted from colon LP Leukocytes as CD45.2* live, single, MHCII*CD11c* cells,
subdivided into the subsets by their expression of CD103 and CD11b. Sorted cells were
transferred to V bottom 96-plate, resuspended in complete RPMI, serially diluted, and
co-cultured with naive CTV-labelled OT-I or OT-II cells at the indicated ratios in the pres-
ence of 20 pg/mL Ovalbumin (Hyglos).

For OT-l and OT-II naive T cell isolation spleen was meshed through a 70 um strainer
and washed once with FACS buffer without sodium azide. For enrichment, the Mojo-
Sort™ Mouse CD8 Naive T Cell Isolation Kit (BioLegend) or MojoSort™ Mouse CD4
Naive T Cell Isolation Kit (BioLegend) was used according to the manufacturer’s instruc-

tions.

For CTV (Thermo Fisher Scientific) labeling, enriched naive T cells were resuspended
at 20x10° cells/ml. The same volume of CTV working solution was added to a final con-
centration of 5 mM. Labeling occurred for 20 min at 37 °C in the dark and was stopped
by adding pre-warmed PBS. Cells were washed once with PBS and resuspended in pre-
warmed complete RPMI. CTV labelled naive, transgenic T cells were analyzed for purity

by Flow Cytometry prior to use. (Representative Purity checks: Figure 5 & Figure 6)

Representative Purity Check of naive CD4* OT-II T cells
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Figure 5 Purity check of enriched naive CD4 T cells from OT-Il spleen.

Representative purity check of naive CD4 T cells isolated and enriched from OT-Il spleen. T cells
were identified as CD3¢ positive (pre-gated on live Leukocytes). Next, CD4* T cells were gated
and identified as naive by the expression of CD62L. And the expression of the transgenic TCR
Va2 was confirmed. Last, even labeling with CTV was checked.

For Treg polarizing conditions, the cultures were supplemented with 5 ng/mL recombi-
nant TGFB, 10 pg/mL anti-IL-4, and 10pg/mL anti-IFN-y (all Biolegend). For stimulation
of the DCs, depleted Zymosan (Ivivogen) or Zymosan (Sigma) were added with or with-
out 5 ng/ml TGFB.
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Representative Purity Check of naive CD8* OT-I T cells
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Figure 6 Purity check of enriched naive CD8 T cells from OT-I spleen.

Representative purity check of naive CD8 T cells isolated and enriched from OT-I spleen. T cells
were identified as CD3¢ positive (pre-gated on live Leukocytes). Next, CD8a* T cells were gated
and identified as naive by the expression of CD62L. And the expression of the transgenic TCR
Va2 was confirmed. Last, even labeling with CTV was checked.

Cultures were collected after 2.5 days for CD8 T cell assay and 3.5 days for CD4 T cell
assays. Supernatants were collected for analysis of secreted cytokines by LEGEND-
plexTM Mouse Th Cytokine Panel according to the manufacturer’s instructions. For in-
tracellular cytokine detection, cells were restimulated with 10 ng/ml PMA (Calbiochem)
and 1 pg/ml lonomycin (Sigma-Aldrich) for a total of 5 hours. After the first 2 hours, bre-
feldin A (5 pg/ml, Biolegend) was added. Cytokines and transcription factors were de-
tected by intracellular/intranuclear staining.

2.16 scRNA sequencing using 10x Genomics technique and
Seurat algorithm

Leukocytes from the desired tissue were isolated as previously described and sorted
according to the depicted gating strategy. For single sequencing of cells from steady-

state mice, genotypes were run in separate reactions.

Table 11 Overview of generated single-cell sequencing Datasets. *Mice per Genotype

Sequencing Dataset Genotypes Mice* Organ Cell Type
Clec9a**Bcl10flox
C9A_BCL10_SS DC 4 COLP MHCII*CD11c*
Clec9acre+Bcl10flox
Clec9a**Bcl10flox
C9A_BCL10_SS CD90 4 COLP CD90.2*
Clec9acre+Bcl10flox
Clec9at*Sykflox CD90.2+ &
C9A_SYK_SS_DC_CD90 2 SILP
Clec9acre+Sykflox cDCs
Clec9a**Bcl10flox Colonic
C9A_BCL10_AOMDSS DC 4 cDCs
Clec9acre+Bcl10flox Tumors
Clec9a**Bc|10flox Colonic
C9A_BCL10_AOMDSS_CD90 4 CD90.2*
Clec9acre+Bcl10flox Tumors
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For single sequencing of leukocytes sorted from colonic tumors, cells originating from
Clec9a**Bcl10"* or Clec9a®*Bcl10"* mice were stained with TotalSeq™-B0305 or To-
talSeq™-B0310 (both BioLegend), respectively, during normal surface staining. After
sorting CD90.2" and cDCs of both genotypes were combined in equal ratios, respec-

tively. To increase cell yield, two reactions were performed per cell type.

Cells were sorted into gut medium, counted, pelleted, and resuspended at 1x102 cells/uL
in PBS containing 0.04% BSA and loaded onto the Chromium Controller (10X Ge-
nomics). Samples were processed for single-cell encapsulation and cDNA library gener-
ation using the Chromium Single Cell 3’ v3 Reagent Kits (10X Genomics) or the Chro-
mium Next GEM Single Cell 3’ Kit v3.1 combined with the 3’ Feature Barcode Kit (10X
Genomics). The constructed libraries were sequenced on an Illlumina HiSeq2500 (Rapid
Run) sequencer with 28 (read 1) + 91(read 2) base pair paired-end reads and a sequenc-
ing depth of 200 — 250 million reads per library. Sequencing data were processed using
10X Genomics Cell Ranger v6.0.0 pipeline. Sequencing reads were mapped to the
mouse genome (mm10) using STAR {Dobin:2012ts} after spiking in the sequences of
iICRE (GenBank iD: AY056050.1). Default parameters were selected for the Cell
Ranger’s count pipeline. The Cell Ranger’s count pipeline gene matrix output was used
as input for the Cell Ranger Aggregate pipeline. The latter was used to combine the
samples of the different genotypes for the sequencing data from steady-state mice. And
the multiple reactions of cells sorted from colonic tumors were combined with this pipe-

line.

Table 12 Gene matrix results after Cell Ranger Pipeline.

Sequencing Dataset Number | Normalized Median Median UMI
cells Reads / Cell Genes / Cell | Counts/ Cell

C9A_BCL10_SS DC 9512 49520 2654 9371

C9A_BCL10_SS_CD90 8671 40019 1428 3728

C9A_SYK_SS DC_CD90 19128 25205 1552 3288

C9A BCL10_AOMDSS_DC 11796 26779 1081 2564

C9A_BCL10_AOMDSS_CD90 | 18696 74496 1898 5350

The respective matrixes were further analyzed with the R (Version 4.1.0) software pack-
age Seurat (Version 4) (Stuart et al. 2019, Hao et al. 2021). During quality control, cells
expressing less than 200 genes or having more than 7.5% of mitochondrial genes and
genes were removed from the dataset. Cells expressing both barcodes or no barcode
were excluded from further analysis for datasets, including the barcode technology.

Further, cell cycle regression was performed to score cells according to their cell cycle

and regressed differences between G2M and S phases. Datasets were normalized and
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scaled using the SCTransform package (Hafemeister and Satija 2019). Determined var-
iable features of the dataset were used for principal component (PC) analysis. Depend-
ing on the datasets, genes associated with the top 25 — 35 PCs were used for subse-
quent graph-based cluster identification with different resolutions and Uniform Manifold
Approximation and Projection (UMAP) for dimensionality reduction. The Seurat package
included FindAllMarkers and FindMarkers commands used to define cluster-specific

markers and identify differentially expressed genes between the genotypes.

2.17 Statistical Analysis
The statistical significance was calculated using a two-tailed t-test in Prism 8 software
(GraphPad). A p-value < 0.05 was considered significant.

2.18 Table of Antibodies

Antigen Clone Fluorochrome Company
CD3¢ 145-2C11 BVv421, PE, PE/Cy5 BioLegend
CD4 RM4-5 PB, BUV395 BioLegend
CD4 GK1.5 APC, BUV737 BioLegend
CD8a 53-6.7 BV605, FITC BioLegend
CD11b M1/70 BVv421, AF647, AF700, BioLegend
BUV737
CD11c N418 BVv421, BV785, PE, PB BioLegend
CD16/CD32 2.4G2 purified BD Biosciences
CD19 6D5 BV650, FITC, PE/Cy5 BioLegend
CD24 M1/69 FITC, BUV395 BioLegend
CD25 PC61 BV785 BioLegend
CD40 3/23 PE BioLegend
CD44 IM7 APC/Cy7, BV650, PB BioLegend
CD45.2 104 PB, FITC, PE/Cy7, PE/Daz- BiolLegend
zle594, BUV395
CD62L MEL-14 PE/Cy7 Tonbo Bioscience
CD64 (FcyRI) X54-5/7.1 PE, PE/Cy7, APC BioLegend
CD69 H1.2F3 PerCP/Cy5.5 BioLegend
CD80 16-10A1 FITC BioLegend
CD86 GL-1 BV605 BioLegend
CD90.1 OX-7 AF700 BioLegend
CD90.2 30-H12 AF700, PE/Cy7 BioLegend
CD103 M290 BUV395 BD Biosciences
CD103 2E7 PE, BV605 BioLegend
CD152 (CTLA4) UC10-4B9 PE/Cy7 ebioscience
CD161c (NK-1.1) PK136 PE/Cy5, BV711 BioLegend
SiglecF E50-2440 PerCP/Cy5.5 BD Bioscience
CD172a (SIRPa) P84 PE/Cy7, PerCP/eFluor710 BioLegend
CD274 (PD-L1) 10F.9G2 Bv421 BioLegend
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CD274 (PD-L1) MIH5 BUV737 ebioscience
CD279 (PD-1) J43 BUV805 ebioscience
CD279 (PD-1) 29F.1A12 Bv421 BioLegend
CD369 (Dectin-1) bglfpj PerCP/eFluor710 ebioscience
CD369 (Dectin-1) self-cojugated with PE
F4/80 BM8 AF647 BioLegend
I-A/I-E (MHCII) M5/114.15.2  APC/Cy7, AF700 BioLegend
MHC class | 28-8-6 FITC BioLegend
Ly-6C HK1.5 BV605, PB, FITC BioLegend
LY-6G 1A8 FITC, PerCP/Cy5.5 BioLegend
V-alpha2 TCR B20.1 FITC, BUV395 BD Biosciences
TCR yd GL3 BUV737 BD Biosciences
TCR R chain H57-597 BV785 BioLegend
XCR1 ZET BV421, AF647, BV650 BioLegend
FOXp3 150D AF647 BioLegend
FOXp3 FJK-16s PE ebioscience
IFN-y XMG1.2 APC, BV650 BioLegend
IL-10 JES5-16E3 PE BioLegend
IL-17F 9D3.1C8 AF647 BioLegend
IL-17A TC11- FITC BioLegend
18H10.1
IL-22 Poly5164 PE BioLegend
IL-22 1H8PWSR PerCP/eFluor710 ebioscience
KI-67 SolA15 PerCP/eFluor710, PE ebioscience
Roryt Q31-378 BV421 BD
TNF-alpha MP6-XT22 PE, PerCP/Cy5.5, PE/Cy7, BiolLegend
FITC, APC/Cy7
SYK 5F5 PE Biolegend
Perforin S16009A APC BioLegend
Granzyme B QA16A02 PE/Dazzle594 BioLegend
Mouse IgG1, k MOPC-21 PE, AF647 BioLegend
Rat IgG1, RTK2071 PE/Cy7, FITC, PE, APC, BiolLegend
PerCP/Cy5.5
Rat 1gG2a, k eBR2a PerCP/eFluor710 BioLegend
Rat 1gG2a, k RTK2758 APC, PE BioLegend

44



Results

3. Results
3.1 Flow Cytometric profiling of Clec9a°°Bcl10"°* mice under
steady-state conditions

3.1.1 Flow cytometric profiling of BCL10 deficient cDCs

Clec9a®® mice were crossed with a mouse bearing a floxed Bcl10 allele to obtain cDC-
specific deletion of BCL10. Overall, Clec9a®®*Bcl10"" mice appeared healthy. To assess
if the deletion of BCL10 in cDCs impacts cDC development, cDCs were analyzed by flow
cytometry in multiple organs of Clec9a“®*Bcl10"" and control mice. In the spleen, auto-
fluorescent F4/80" red pulp macrophages (RPMs) were excluded before the identifica-
tion of cDCs through their expression of CD11c and MHCIIl. CD172a and CD24 further
segregated this population, whereby the CD172a* fraction resembles cDC2, and within
the CD24* gate, XCR1" cDC1s could be identified (Figure 7). Quantification of total
cDCs, RPMs, and the ¢DC subsets in the spleen showed similar frequencies and cell
counts for Clec9a®®*Bcl10"" mice compared to the control mice.

A Representative Gating for cDCs in Spleen
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Figure 7 Quantification of cDCs in the Spleen of Clec9a°**Bcl10"" mice.

A. Representative gating strategy of cDCs in the spleen from Clec9a**Bcl10%" (top) and
Clec9ace+Bcl10™ (bottom) mouse. First, live leukocytes were gated, and auto-fluorescent F4/80"
RPMs were excluded, and cDCs were gated as CD11c* MHCII*. Further, cDC2s were identified
by CD172a, and cDC1s were gated in the CD24* population as XCR1*. B. Frequency and cell
counts of cDCs, and RPMs and C. Frequency and cell counts of cDC1 and cDC2 in the spleen of
Clec9ace*Bcl10"" and control mice. Data from three independent experiments. Each dot repre-
sents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses were
done by t-test.
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In SI LP (Figure 8) leukocytes were identified and quantified as CD45.2* live cells.
MHCII* were gated from CD19" cells, and Macrophages were separated from the cDCs
by their expression of CD64. Within CD11c"CD64 cDCs, cDC1s (CD103*CD11b),
CD103 positive (DP) and CD103 negative (SP) cDC2 and double negative (DN DC) were
gated. No difference in cell counts or frequency was observed for the indicated popula-

tions (Figure 8) between Clec9a®*Bcl10" mice and their controls.
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Figure 8 Occurrence of cDCs and Macrophages in the SI LP of Clec9a®¢*Bcl10"" mice.

A. Representative gating strategy of cDCs and macrophages in the SI LP from Clec9a**Bcl10%
(top) and Clec9ace*Bcl10% (bottom) mouse. CD45.2*, CD19 negative live leukocytes were gate
and MHCII* cells were gated. Macrophages were separated from CD11ch ¢cDCs by CD64. And
cDCs were subdivided by their expression of CD103 and CD11b. B. Frequency and cell counts
of cDCs, and Macrophages (M®) and C. Frequency and cell counts of cDC subsets in the SI LP
of Clec9ace*Bcl10%" and control mice. Data from two independent experiments. Each dot repre-
sents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses were

done by t-test.

In the PPs (Figure 9), MHCII*CD11c" cells were designated as DCs, not cDCs, due to
the lack of markers to exclude lysozyme expressing DCs derived from monocyte precur-
sors. MHCII*CD11c" were gated on CD45.2* leukocytes and subdivided through CD103
and CD11b into the four classical intestinal DC subsets. Frequency and total quantifica-
tion of cell counts revealed no difference in total DC population nor in any subset upon

BCL10 deletion in cDCs.
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Figure 9 Identification and quantification of DCs in the PPs of Clec9a®¢*Bcl10"" mice.

A. Representative gating strategy of DCs in the PPs from Clec9a**Bcl10" (top) and
Clec9ace+Bcl10™" (bottom) mouse. CD45.2*, live cells were gated and MHCII*CD11c" DCs were
identified. DCs were subdivided into the four intestinal DC subsets by CD103 and CD11b. B.
Frequency and cell counts of DCs, and C. Frequency and cell counts of DC subsets in the PPs
of Clec9ace*Bcl10 and control mice. Data from two independent experiments. Each dot repre-
sents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses were
done by t-test.

In parallel, the Sl draining LN (SI LN) of Clec9a®*Bcl10" mice was analyzed for the
distribution of the cDC subsets (Figure 10). T and B cells were excluded before cDC
identification through gating on CD3¢'CD19" fraction. Migratory cDCs were separated
from their resident counterparts by their increased expression level of MHCII and lower
CD11c. Further, migratory cDCs were subdivided into CD103*CD11b" cDC1,
CD103*CD11b* cDC2, CD103 negative counterparts, and the DN DC population. LN
resident cDCs were separated into XCR1 expressing cDC1 and CD172a positive cDC2.
Subsequent quantification of cell frequency and cell counts showed no difference in res-

ident or migratory cDCs nor their respective subsets when BCL10 is deleted in cDCs.
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A Representative Gating for cDCs in Sl dr. LN
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Figure 10 Quantification of resident and migratory cDCs in the SI LN of Clec9a®**Bcl10™
mice.

A. Representative gating strategy of cDCs in the SI LN from Clec9a**Bcl10"" (top) and
Clec9ace+Bcl10™" (bottom) mouse. Resident (res cDCs) and migratory (mig cDCs) cDCs were
identified as CD11chMHCII* and CD11c*MHCIIN, respectively (Pre-gated on CD3e-CD19" live leu-
kocyte). Res cDCs were subdivided into cDC1 as XCR1* and cDCs as CD172a*. CD103 and
CD11b segregated mig DCs into the four intestinal cDC subsets. B. Frequency and cell counts of
res cDCs and mig cDCs and C. Frequency and cell counts of the respective cDC subsets in the
SI LN of Clec9ace*Bcl10%" and control mice. Data from two independent experiments. Each dot
represents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses
were done by t-test.

Next, CO LP leukocytes were identified, similar to the SI LP. MHCII*CD11c" were directly
gated on CD45.2" live cells, CD64" Macrophages excluded, and the four intestinal cDC
subsets were identified. As published, the overall frequency of APCs, including cDCs
and Macrophages, decreased from S| LP (Figure 8) towards the colon (Figure 11). Fur-
ther, as expected, the cDC compartment shifted towards cDC1s and CD103" ¢cDC2 dom-
inated the cDC2s (Cerovic et al. 2014, Esterhazy et al. 2019). Even though expected
changes within the cDC compartment between S| LP and CO LP were found, no differ-
ence was observed between Clec9a®®*Bcl10"" mice and control mice regarding cell fre-

quency and cell counts of total cDCs and macrophages or any cDC subset.
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A Representative Gating for cDCs in Colon LP
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Figure 11 Quantification of cDCs and Macrophages in the CO LP of Clec9ac®*Bcl10"" mice.
A. Representative gating strategy of cDCs and macrophages in the CO LP from Clec9a*+Bcl10f/
(top) and Clec9ace*Bcl10"" (bottom) mouse. CD45.2*, live leukocytes were selected and
MHCII*CD11c* cells were gated. Macrophages were separated from CD11c* cDCs by CD64. And
cDCs were subdivided by their expression of CD103 and CD11b. B. Frequency and cell counts
of cDCs, and Macrophages (M®) and C. Frequency and cell counts of cDC subsets in the CO LP
of Clec9ace*Bcl10"" and control mice. Data from two independent experiments. Each dot repre-
sents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses was done
by t-test.

In addition to CO LP, colon draining LN (CO LN) of Clec9a®®*Bcl10"" mice was dissected
for cDC frequency and counts (Figure 12). As previously described, resident and migra-
tory cDCs were separated based on their MHCII level and subdivided into cDC1 and
cDC2 by XCR1 and CD172a or CD103 and CD11b. The analysis showed similar fre-
quency and cell counts for total migratory and resident cDCs. However, migratory cDC1
subsets were significantly decreased in frequency but not in counts in the CO LN of
Clec9a"Bcl10"" mice. A similar trend towards reduced frequency can be observed for
the total population of migratory cDCs, presumably caused by the reduction of cDC1, the
major subset within the migratory cDCs in the CO LN. No other differences were ob-

served in the additional migratory cDC subsets, neither in resident cDC1 nor cDC2.
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Figure 12 Distribution of resident and migratory cDCs in the CO LN of Clec9ac®*Bcl10""
mice.

A. Representative gating strategy of cDCs in the CO LN from Clec9a**Bcl10" (top) and
Clec9ace+Bcl10" (bottom) mouse. Resident (res cDCs) and migratory (mig cDCs) cDCs were
identified as CD11cM"MHCII* and CD11c*MHCIIN, respectively (Pre-gated on CD3¢'CD19- leuko-
cyte). Res DCs were subdivided into cDC1 as XCR1* and cDCs as CD172a*. CD103 and CD11b
segregated Mig DCs into the four intestinal cDC subsets. B. Frequency and cell counts of res
¢DCs and mig cDCs and C. Frequency and cell counts of the respective cDC subsets in the CO
LN of Clec9ace*Bcl10% and control mice. Data from two independent experiments. Each dot
represents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses was
done by t-test. *** p-value < 0.001

In summary, the occurrence of total cDCs and the subdivision into organ-specific cDC1
and cDC2 subsets was not affected in the spleen and the intestinal tract when BCL10
was deleted in cDCs. However, within the CO LN, a significantly decreased frequency of

migratory cDC1 was found.

3.1.2 Phenotypic profiling of the intestinal T cell compartment of
Clec9ac®*Bcl10" mice

The next step assessed the influence of BCL10 deletion in cDCs on intestinal T cell
homeostasis. Therefore, the intestinal T cell compartment of Clec9a®®*Bcl10"" and con-
trol mice was investigated at steady state. T cells in the intestinal compartment were
identified by expressing CD90.2 and CD3¢ and subdivided into CD4 T cells, CD8 T cells,
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and double-negative unconventional T cells (Figure 13). Whereas CD4 T cells were pre-
dominantly TCRaf positive, a small fraction of CD8 T cells expressed TCRyd. And un-
conventional T cells consisted of 50 % TCRaf* and 50 % TCRyd" cells (Data not shown).
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Figure 13 Gating strategy for intestinal T cells.

CD3e* CD90.2* T cells were gated on non-autofluorescent CD45.2* leukocytes. T cells were sub-
divided into CD4, CD8, and double-negative unconventional (unconv.) T cells. CD4 T cells were
segregated through Roryt and Foxp3 into Th17, Roryt* Tregs, and classical Tregs. In the double
negative T cells, unconventional Th17 cells were identified as Roryt-expressing cells.

Within the CD4 T cells, regulatory T cells (Tregs) were identified through their expression
of Foxp3. In doing so, a gut specific Treg subset could be identified by the co-expression
of Roryt. Further, Roryt single positive CD4 T cells were classified as Th17 cells. A similar
Roryt* population can be found within the CD4°CD8" T cell population termed unconven-

tional Th17 cells.
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Figure 14 Equal quantification of T cells in the SI LP of Clec9a°®*Bcl10™" mice.

Frequency and cell count of A. Total T cells, B. CD4, CD8, and Unconv. T cell subsets, C. Th17,
Roryt* Treg and classical Treg, D. Unconv. Th17 cells. Data from two independent experiments.
Each dot represents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical
analyses were done by t-test.
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In the SI LP (Figure 14) of Clec9a®*Bcl10" and control mice, similar frequencies and

cell counts were found for the indicated T cell populations.

Further, cytokine production of CD4, CD8, and unconventional T cells was assessed for
both genotypes after ex-vivo re-stimulation with PMA and lonomycin (Figure 15).
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Figure 15 Equal cytokine production of SILP T cells from Clec9ac®*Bcl10"" mice.
Frequency of A. IL17A* and IFNy* cells of CD4 T cells, B. IFNy* cells of CD8 T cells, and C.
IL17A* and IFNy* cells of unconv. T cells after ex-vivo re-stimulation with PMA and lonomycin.
Data from two independent experiments. Each dot represents one mouse. Bars indicate mean,
and error bars indicate SEM. Statistical analyses were done by t-test.

For CD4 T cells, similar frequencies of the Th17 cytokine IL-17A and Th1 characteristic
cytokine IFNy were detected in Clec9a®®*Bcl10"" SI LP and their controls. Equal levels
of IFNy were measured in CD8 T cells from both groups. However, IFNy levels spread
between the two independent experiments. Also, cytokines secreted by unconventional
T cells showed similar frequencies for Clec9a®®*Bcl10" and Clec9a**Bcl10" mice.
Taken together, the deletion of BCL10 in cDCs did not alter the T cell compartment in
the SI LP.

Analysis of the T cells in the CO LP revealed similar frequencies and numbers for total
T cells and the CD4, CD8, and DN subsets in Clec9a®®*Bcl10™ mice compared to con-
trol mice (Figure 16). Further on, cDC-specific BCL10 deficient mice showed regular fre-
quencies and numbers for classical and Roryt* regulatory T cells. However, whereas the
unconventional Th1l7 subset was detected in an equal frequency and cell count,

Clec9a®®*Bcl10™" mice showed a trend towards less CD4 Th17 cells.

Corresponding to the trend towards a decrease in Th17 cells, cytokine production of
colonic CD4 T cells was significantly lower for IL-17A and IL-17F in Clec9a®®*Bcl10""
mice (Figure 17). Additional cytokines (IL-10, IL-2, IFNy, and TNFa) detected in CD4 T
cells had a similar frequency in both groups. Further, no difference could be observed in
the production of cytokines by CD8 and unconventional T cells in Clec9a®®*Bcl10"" mice

compared to control mice.
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Figure 16 Equal quantification of T cells in the CO LP of Clec9a*¢*Bcl10"" mice.
Frequency and cell numbers of A. Total T cells, B. CD4, CD8, and Unconv. T cell subsets, C.
Th17, Roryt* Treg and classical Treg, D. Unconv. Th17 cells. Data from three independent ex-
periments. Each dot represents one mouse. Bars indicate mean, and error bars indicate SEM.
Statistical analyses were done by t-test.
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Figure 17 Decreased Th17 cytokines in the colon of Clec9a®®*Bcl10"" mice.

Cytokine production of CD4, CD8, and unconv. T cells after ex-vivo re-stimulation with PMA and
lonomycin. A. Frequency of IL17A* and IL17F*, IL10*, IL2*, IFNy* and TNFa* cells of CD4 T cells,
B. Frequency of IL2*, IFNy* and TNFa* cells of CD8 T cells, C. Frequency of IL17A* and IL17F",
IL2*, IFNy* and TNFa* cells of unconv. T cells. Data of 3 independent experiments. Each dot
represents one mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses
were done by t-test. * p-value < 0.05
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Besides the analysis of T cell occurrence in the CO LP and their capacity to produce
cytokines, the activation state of CD4, CD8, and unconventional T cells was determined
(Figure 18). Effector T cells were identified by their CD44 expression and lack of CD62L.
Memory T cells expressed CD44 and CD62L; naive T cells were identified as CD62L
positive and CD44 negative. Within the CD8 and unconventional T cell subsets, a small
fraction of cells neither expressed CD44 nor CD62L. Comparison of the proportion of
CDA4 T cells, CD8 T cells, and unconventional T cells in these different activation states

revealed no difference in T cell activation in Clec9a®®*Bcl10™" mice and control mice.
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Figure 18 Similar activation of T cells in the CO LP of Clec9a®®*Bcl10"" mice.

A. Representative gating strategy to identify effector (CD44*), memory (CD44+*CD62L*) and naive
(CD62L*") T cells. For CD8 and unconv. T cells and an additional CD44-CD62L- population was
identified. B. Frequency of effector, memory, naive, and CD44-CD62L- T cells within CD4, CD8,
and unconv. T cells, respectively. Data from three independent experiments. Bars indicate mean,
and error bars indicate SEM (Control mice n = 6, Clec9a%¢*Bcl10™" n = 7). Statistical analyses
were done by t-test.

Since cytokines secreted by cDCs can activate ILCs, NK cells, and IEL, which also con-
tribute to intestinal homeostasis, colitis, and CAC pathology, the occurrence of those cell
populations in the CO LP of Clec9a®®*Bcl10"" was analyzed (Data not shown). This flow
cytometric profiling revealed similar frequencies and cell numbers for the identified ILC1,
ILC2, ILC3, lymphoid tissue inducer (LTi) cells, and NK cells in Clec9a“®*Bcl10"" mice
compared to their controls. Likewise, no differences were found in the IEL compartment
of Clec9a“®*Bcl10"" mice, neither for TCRaB* or TCRy&* IEL and their respective sub-

sets.

In summary, deletion of BCL10 in cDCs has no effect on the proportion and activation of
the primary T cell subsets in the CO LP, identified based on their expression of CD4 and
CD8. Neither ILCs, NK cells, nor IEL showed any frequency or cell count alterations.
Nonetheless, cDC-specific knockout of BCL10 altered the polarization of CD4 T cells, as
Clec9a™"Bcl10"" mice showed decreased levels of Th17 cells and their characteristic

cytokines.
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3.2 Transcriptional profiling of intestinal cells from
Clec9a°°Bcl10™* mice

The previous finding of an alteration in T cell polarization in the CO LP implicates a
change in cDC function upon BCL10 deletion. To address the influence of BCL10 dele-
tion on ¢cDC function, a transcriptional profiling of cDCs from CO LP of Clec9a**Bcl10""
and Clec9a®*Bcl10™ mice was performed, utilizing a single-cell sequencing approach

from 10x genomics.
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Figure 19 Workflow, sorting strategy, and sort purity of MHCII*CD11c* cells and c¢D90.2*
from CO LP for scRNA sequencing.

A. CO LP leukocytes were isolated from Clec9a**Bcl10"" and Clec9ac¢*Bcl10"" mice. CD90.2*
cells were gated directly on CD45.2* live leukocytes. MHCII*CD11c* cells were identified and
sorted from CD19-CD90.2- gate. B. Purity check of MHCII*CD11c*and C. Purity check of CD90.2*
from CO LP of Clec9a**Bcl10"" and Clec9ace*Bcl10"! mice.

Therefore, MHCII*CD11c" cells were sorted from four mice per genotype to achieve a
sufficient number of cells (Figure 19). The sorted MHCII*CD11c" population contained
cDCs and macrophages. The latter was included as a control population since BCL10
should not be deleted in this cell type. In addition, CD90.2* cells were sorted from the
CO LP of both groups to gain more insight into possible alterations within the T cell com-
partment. Both cell populations were processed in parallel, whereby cells of different
genotypes were in separate reactions. Sequencing datasets of Clec9a**Bcl10™ and
Clec9a®"*Bcl10"" derived cDCs and CD90.2* cells were combined by cell type through

the 10x genomics cell ranger aggregate platform.
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3.2.1 Unbiased clustering of colonic DCs and macrophages

The combined dataset of sequenced MHCII*CD11c* cells from the CO LP of
Clec9a™Bcl10" and Clec9a“®*Bcl10™ mice revealed 9492 cells with an average of
9372 reads and approximately 2500 detected genes per cell. UMAP approximation of
the combined MHCII*CD11c* cells resulted in nine clusters (Figure 20). Expression of
FIt3l, ltgax, and Zbtb46 allowed the distinction of cDCs from macrophages (Cxcr3, Mafb,
and Cd63) and a small fraction of monocytes (Ccr2). CDC1s were further identified
through Irf8, Xcrl, and Itgae. Two cDC clusters shared the expression of Irf4, Sirpa, and
ltgam and were separated through Itage into SP ¢cDC2 and DP cDC2, respectively. A
small cDC cluster was marked by a migratory signature (Ccr7, Fscnl, Ccl22) but lacked
specific cDC1 or cDC2 markers and therefore was termed mig DCs. Small pDC (Siglech)
and B cell (Ly6c2) contaminations were found and excluded from downstream analysis.

Cell cycle regression identified the last cluster as highly proliferating cells.
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Figure 20 cDC1 from Clec9ac®*Bcl10"" separate from their BCL10 sufficient counterparts.
A. Unbiased clustering of colonic MHCII*CD11c* resulted in nine clusters. B. cDC clusters sepa-
rate based on their genetic background. C. highly proliferating cells (G2M phase) form a separate
cluster. D. Dot plot shows cluster identification based on cell-specific genes like transcription
markers. E. Genotype distribution within every cDC, monocyte, and macrophage cluster.
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Even though the distribution of cells derived from Clec9a™*Bcl10" and Clec9a®®*Bcl10""
mice was equal within all clusters, the division of the clusters based on the genotype
revealed a clear separation of the cDC1 cluster. This segregation was visible to a lesser
extent in DP ¢cDC2 and SP cDC2 clusters and was absent in monocyte and macrophage
clusters. This separation of cDC clusters indicates a transcriptional difference within the
cDC1s and cDC2 subsets from Clec9a**Bcl10"" and Clec9a®®*Bcl10"" mice caused by
the deletion of BCL10 in cDCs, but not monocytes and macrophages. That cDC1s show
the most significant separation is expected, as they express Clec9a again in their differ-
entiated state and, therefore, the Cre recombinase, both confirmed by the scRNA se-
quencing data (Figure 21). This Cre recombinase expression in the differentiated cDC1s
presumably leads to a higher deletion of BCL10 compared to the deletion in cDC2 sub-
sets. However, assessing the deletion of Bcl10 in the scRNA dataset showed similar
expression levels in cDC1, cDC2, and macrophage clusters separated by genotype. This
can be explained as the sequencing occurs from the 5’ end; transcripts of BCL10 could

be detected even though floxed exon 2 was excised.
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Figure 21 Colonic cDC1s have the highest Bcl10 deletion.

A. Transcriptional level of iCre in cDC subsets and macrophages. B. Bcl10 expression in cDC
subsets and macrophages. C. Representative gating strategy to sort T cells, macrophages, and
the four cDC subsets in the intestinal LP for subsequent isolation of genomic DNA. D. Quantifica-
tion of floxed Bcl10 locus in CO LP derived cDCs, macrophages, and T cells. (D) Data of 3 ex-
periment; Clec9a**Bcl10¥" n = 9, Clec9ace*Bcl10"" n = 8 (1 n = two pooled mice). Error bars
indicate SEM. Statistical analyses were done by t-test. * p-value < 0.05, ** p-value < 0.01, *** p-
value < 0.001, **** p-value < 0.0001
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To analyze to what extent the floxed Bcl10 allele is excised and if this correlates with the
separation of the respective clusters, cDC subpopulations and macrophages were sorted
from the intestinal LP, genomic DNA was extracted, and deletion efficiency of the floxed
Bcll10 allele was determined by digital droplet PCR. The ddPCR was performed by the
collaborators’ lab (Prof. Ruland’s research group). In addition, T cells were sorted as a
control population as they are not labeled in the Clec9a“® Fate mapping models. As
expected, the highest deletion rate was found in cDC1, followed by DP c¢DC2 and SP
cDC2. No significant deletion of the floxed Bcl10 locus was found in the DN DCs. How-
ever, macrophages showed a significant decrease in the copy number of floxed Bcl10
locus, though the reduction was lower than in cDC subsets. Nonetheless, according to
the sequencing data, this reduction did not lead to transcriptional alterations within this
cell type. T cells from Clec9a“®*Bcl10" mice showed similar copy numbers of the floxed
Bcl10 locus compared to control mice (Figure 21).

3.2.2 DEG analysis of cDC clusters

A pairwise comparison of cDC clusters was performed to assess transcriptional differ-
ences between cDCs from Clec9a**Bcl10" and Clec9a®®*Bcl10"" mice. This analysis
identified 1665, 421, 942, and 152 differentially expressed genes (DEGSs) in cDC1, DP
cDC2, SP cDC2, and migratory DCs, respectively. Within those genes in cDC1s, Clec7a
was the gene with the highest positive log.foldchange. Clec7a encodes Dectin-1, the
CLR upstream of the CARD9-BCL10-MALT1 signaling complex. Increased Dectin-1 was
confirmed by flow cytometric analysis of cDC1 isolated from CO LP of Clec9a®®*Bcl10""
and control mice (Figure 22), performed by the collaborators’ lab (Prof. Ruland’s re-

search group).
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Figure 22 Clec7a/Dectin-1 expression increases in BCL10 deficient cDC1.

A. Transcriptional level of Clec7a in colonic cDC1, SP cDC2, and SP cDC2 from Clec9a**Bcl10%f
and Clec9ac¢*Bcl10™ mice. B. Representative histograms of surface staining of Clec7a encoded
protein Dectin-1 on cDC1, DP ¢DC2, and SP cDC2 isolated from CO LP of Clec9ace*Bcl10%! and
their controls.

Having confirmed that the increased expression of the top differentially expressed gene

Clec7a is also present in the protein level, gene set enrichment analysis (GSEA) was
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performed based on total DEGs from the cDC1 cluster. This revealed a downregulation
of genes involved in OXPHOS (Figure 23) and decreased levels of ribosomal genes
(NES =-2.4931). A positive correlation between these two pathways is described in the
literature (Arguello et al. 2020). In addition to reduced Rps and Rpl transcripts, genes
mapped to the Cap-dependent translation (e.g., Eif3j1 and Eif2s2) were expressed to a
lesser extent in BCL10 deficient cDCL1.
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Figure 23 Downregulation of OXPHOS-related genes in BCL10 deficient cDC1.

A. Enrichment score of OXPHOS found in KEGG pathway GSEA of DEGs from cDC1. B. Area
under the curve score of gene sets for the ribosome, mTOR signaling, and Myc target genes for
cDC1 from Clec9a**Bcl10%" and Clec9ac¢*Bcl10"" origin. C. Gene expression of top seven dif-
ferentially expressed OXPHOS gene in cDC1 cluster and D. Their expression level determined
by qPCR in cDC1 sorted from CO LP of Clec9a%¢*Bcl10"" and their controls. (D) Data of 1 ex-
periment; Clec9a**Bcl10"" n = 3, Clec9a®®*Bcl10"" n = 3. Error bars indicate SEM. Statistical
analyses were done by t-test. * p-value < 0.05

Utilization of different GSEA platforms identified several Myc target genes downregu-
lated in cDC1 from Clec9a*Bcl10"" mice. Induction of the Myc family through mTOR
signaling is known to be involved in the metabolic reprogramming of the cDCs (Anderson
[ll, Murphy, Eisenman and Murphy 2020). Therefore, the overall expression of genes
involved in mTOR signaling was assessed by determining the area under the curve (AUC
score) of the mTOR gene signature, revealing a decreased mTOR signaling BCL10 de-
ficient cDCL1. Differential expression of the top seven DEGs in cDC1, mapped to the
OXPHOS pathway, was confirmed by gPCR.
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Several differentially expressed genes involved in OXPHOS in BCL10 deficient cDC1
were found downregulated in DP ¢DC2, SP ¢cDC2, and migratory DC, but in a smaller
number and log.foldchange. However, several genes upregulated upon Bcl10 deletion
excelled in cDC1. An over-representation analysis (ORA) mapped these genes to anti-

gen processing and presentation pathways via MHCI and MHCII.
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Figure 24 Colonic cDC subsets from Clec9a®*Bcl10"" mice share downregulated genes,
and cDC1s have the highest number of upregulated DEGs.

Shared DEGs between different cDC clusters either A. downregulated, or B. upregulated in cDCs
from Clec9ace*Bcl10"" mice. C. Over-representation analysis (ORA) of 374 genes only upregu-
lated in Bcl10 deficient cDC1.

Some of these upregulated genes were mapped to antigen processing and loading on
MHCII (e.g., Cd74 and Ifi30). Additional genes upregulated in BCL10 deficient cDC1
were depicted in cross-presentation pathways, including the heat shock protein 70
(HSP70), HSP90, and the transporter associated with antigen processing (TAP) machin-
ery. Further on, this group of genes included genes directly encoding parts of the MHCI
and MHCII complex. Flow cytometric analysis addressed whether this differential expres-

sion results in increased MHCI and MHCII levels (Figure 25).
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Figure 25 Increased MHCI and MHCII expression on migratory cDC1 in CO LN from
Clec9a®®*Bcl10™" mice.

Representative histograms from flow cytometric analysis of MHCI and MHCII surface expression
on MHCII*CD11c*CD64-CD103* c¢cDC1 in CO LP (left) and MHCIINCD11c*CD103* migratory
c¢DC1 in the CO LN (right) from Clec9a**Bcl10% (grey) and Clec9ac*Bcl10" (red) mice.

No difference in MHCI or MHCII complex expression was observed in cDCs isolated
from CO LP between the genotypes even though cDC1 from Clec9a®®*Bcl10"" mice mi-
grated from CO LP into the draining LN showed increased MHCI and MHCII, suggesting

an increased activation of Bcl10 deficient cDC1s.

3.2.3 In-depth investigation of the altered metabolism of cDCs from
Clec9a®®*Bcl10"M CO LP and a possible cause

Upon activation and maturation, a metabolic switch from OXPHOS towards glycolysis
occurs in DCs. Therefore, the possibility of an altered activation state in cDCs derived
from CO LP of Clec9a®®*Bcl10"" mice was examined. Before this, the cell cycle phase
was assessed to exclude that the altered metabolism of cDCs with Clec9a®®*Bcl10™"
background is caused by a difference in the cell cycle (Figure 26). Cell cycle regression
in the scRNA sequencing data set mice revealed equal cell phase distribution between
the genotypes for all cDC and macrophage clusters. The latter were used as controls,
showing no noticeable transcriptional differences in single-cell sequencing despite a
slight reduction in BCL10. In addition to cell cycle regression based on the transcriptional
profile of the respective cell type, the common proliferation marker Ki67 was stained in
CO LP leukocytes and analyzed by flow cytometry. A previously described gating strat-
egy was used to identify cDC subsets and macrophages in the CO LP. Equal staining
intensities were observed for cDC1, both cDC2 subsets, the DN DC population, and
macrophages. Therefore, the altered metabolism in colonic cDCs from Clec9a*®*Bcl10™"

is not caused by a difference in the cell cycle.
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Figure 26 Deletion of Bcl10 from cDCs does not affect their proliferation capacity.

A. Cell cycle regression grouped cDC subsets by their transcriptional expression profile into G1,
G2M, and S Phase. B. Representative histogram of flow cytometric analysis of intracellular Ki67
and C. Geometric mean fluorescent intensity (gMFI) of the Ki67 signal in CD103* ¢cDC1, CD103*
CD11b* DP ¢DC, CD103- cDC2, DN DC and MHCII*CD11c*CD64* M® isolated from CO LP of
Clec9a**Bcl10"" and Clec9ace*Bcl10™ mice. Data of 1 experiment. Each dot represents one
mouse. Error bars indicate SEM. Statistical analyses were done by t-test.

Having excluded a difference in cell cycle as a cause for the altered metabolism, in the
next step, classical activation markers CD40 and CD86, and PD-L1, as a marker for
tolerogenic DCs, were selected to address the activation state of cDCs derived from CO
LP of Clec9a*®*Bcl10"" mice by flow cytometry (Figure 27).
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Figure 27 Expression of activation markers upon Bcl10 deletion in ¢cDCs from CO LP.

A. Representative histogram of flow cytometric analysis of CD40, CD86, and PD-L1 and gMFI of
B. CD40 C. CD86 and D. PD-L1 on CD103* cDC1, CD103* CD11b* DP c¢DC, CD103- cDC2, DN
DC and MHCII*CD11c*CD64* M® isolated from CO LP of Clec9a**Bcl10" and
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Clec9ace*Bcl10"" mice. Data of 2 independent experiments. Each dot represents one mouse.
Error bars indicate SEM. Statistical analyses were done by t-test. * p-value < 0.05

A similar gating strategy, as described in Figure 11, was applied to identify cDC1,
CD103* cDC2 and their CD103 negative counterparts, DN DC fraction, and macro-
phages. Comparison of the histogram display of CD40 showed slight alterations towards
decreased CD40 expression in cDCs and macrophages with Clec9a®*Bcl10"" back-
ground. However, total quantification of the fluorescent intensity revealed no difference
in the expression level of CD40 in any of the identified cell populations. Further on, a
similar expression pattern of CD86 was found on cDCs and macrophages from CO LP
of Clec9a®Bcl10™ mice compared to their controls. Histogram plots of PD-L1 dis-
played a shift of cDC1, both ¢cDC2 subsets and macrophages, towards an increased
signal intensity. Further analysis of the gMFI depicted a significant increase of PD-L1 on
SP ¢DC2, and a similar trend was observed for DP ¢cDC2 and macrophages but not for
cDC1.

It should be considered that the increased transcriptional levels of genes encoding MHCI
and MHCII complex in BCL10 deficient cDC1 were not found in protein level on cDC1
isolated from CO LP but on migratory cDC1 in the colon-draining LN. Therefore, a similar
analysis of the activation state for CO LP cDCs was performed with cDCs isolated from
CO LN of Clec9a**Bcl10"" mice and their controls and identified according to the gating
strategy described in chapter 3.1.1. Similar expression patterns of CD40 and CD86 were
observed for migratory and resident cDC subsets, indicating an equal activation of
BCL10 deficient cDCs compared to controls. Despite overlapping histograms of PD-L1
for all CO LN-derived cDC populations, the quantification of gMFI depicted a trend to

increased PD-L1 expression in migratory cDC subsets.

In summary, no difference in activation was found in cDCs isolated from CO LP and CO
LN of Clec9a“®*Bcl10"" mice based on their expression level of CD40 and CD86. How-
ever, cDC2 in the CO LP and migratory cDCs in CO LN showed a slight, partially signif-
icant increase of PD-L1. Although no increased expression of the activation markers was
found on cDCs, the increased expression of MHCI and MHCII and the altered expression
of PD-L1 suggest an increased activation of cDCs leading to the decreased level of
OXPHOS genes in cDCs from the colon of the Clec9a®®*Bcl10™ mice.
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A Representative histograms of activation markers
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Figure 28 Clec9a®**Bcl10"" have comparable levels of activation markers in ¢cDCs from
COLN.

A. Representative histogram of flow cytometric analysis of CD40, CD86 and PD-L1 and gMFI of
B. CD40 C. CD86 and D. PD-L1 on migratory and resident cDC subsets isolated from CO LN of
Clec9a**Bcl10" and Clec9ace+Bcl10M mice. Data of 2 independent experiments. Each dot rep-
resents one mouse. Error bars indicate SEM. Statistical analysis were done by t-test.

To evaluate if the decreased transcriptional level results in a lower OXPHOS rate, the
mitochondrial function was compared between colonic cDCs from Clec9a*®*Bcl10"" and
control mice (Figure 29). In doing so, a flow cytometric approach was used to measure
the mitochondrial membrane potential with the Mito Probe TMRM, allowing the investi-
gation of mitochondrial function in a limited number of cells. Therefore, isolated leuko-
cytes from either CO LP or CO LN were incubated at 37°C in the presence of TMRM,
allowing the cells to restart their metabolism after being on ice during the tissue isolation
procedure. cDC1 showed the highest TMRM signal intensity compared to cDC2s. How-
ever, no variation was found when each cDC subset was compared between genotype
groups, and the lower expression of OXPHOS genes does not lead to a decrease in

mitochondrial membrane potential, an indicator of OXPHOS.

After incubation at 37 °C, migratory and resident cDCs could no longer be segregated
by their differential expression of MHCII; thus, an alternative gating had to be used to
identify cDC subsets (Figure 29). Therefore, total MHCII*CD11c" cells were selected

from live leukocytes. Next, the XCR1 expression allowed the separation of cDC1 from
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cDC2. Within the XCR1* cDC1, migratory cDC1s were identified through their expression
of CD103, and resident cDC1s were defined as XCR1*CD103". XCRL1 negative fraction
of cDCs was subdivided by CD103 and CD11b. Migratory CO LP-derived DP cDC2 pop-
ulations were uncovered by CD103 and CD11b expression and DN DC through their lack
of both markers. A fourth detected CD103*CD11b" population could not be assigned to
a previously described cDC subset due to the lack of XCRL1.

Quantification of the gMFI of TMRM revealed no significant changes in the mitochondrial
membrane potential of cDCs in the CO LN of Clec9a“®*Bcl10"" mice. Nevertheless, mi-
gratory cDCl1s isolated from these mice tended to lower TMRM gMFI than migratory
cDC1 isolated from CO LN of control mice. However, the latter group displayed a high

spread.
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Figure 29 Similar mitochondrial membrane potential in intestinal cDCs from
Clec9a®®*Bcl10™" mice.

A. Representative histogram of flow cytometric analysis of TMRM and B. GMFI of TMRM in
CD103* cDC1, CD103* CD11lb* DP cDC, CD103- cDC2 and DN DC from CO LP of
Clec9a**Bcl10" and Clec9ace+Bcl10"" mice. C. Representative gating strategy to identify cDC
subsets in CO LN after culture. Total MHCII*CD11c* cells were gated on live leukocytes. XCR1
expression segregated cDCL1 from cDC2. Migratory cDC1 were further identified as CD103* and
resident cDC1 as CD103-. XCR1 negative fraction was subdivided by CD103 and CD11b, leading
to CD103*CD11b* DP cDC2, CD11b* cDC2, DN DC, and CD103*CD11b-XCR1- population. D.
Representative histogram of TMRM staining and E. GMFI of TMRM in ¢cDC subsets in CO LN
identified in (C.). Data of 2 independent experiments (CO LP) or 1 experiment (CO LN). Each dot
represents one mouse. Error bars indicate SEM. Statistical analyses were done by t-test.
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3.2.4 Transcriptional profiling of T cells and ILCs from CO LP of
Clec9ac¢*Bcl10"

Next, CD90.2* cells from Clec9a**Bcl10" and Clec9a®®*Bcl10"" mice were analyzed by
single cell sequencing. Aligned data files from both genotypes were combined using the
Cell Ranger Aggregate platform. Subsequent quality control and cleanup led to 7892
cells with an approximate sequencing depth of 4406 reads and 1581 detected genes per

cell. These cells were used as an input for unbiased clustering (Figure 30).
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Figure 30 Comparable transcriptional profile of CD90.2* cells from CO LP of
Clec9ac*Bcl10".
A. Unbiased clustering of colonic CD90.2* cells resulted in 13 clusters. B. Cluster were separate
based on their genetic background. C. Highly proliferating cells (G2M phase) form a separate
cluster. D. Dot plot shows cluster identification based on cell-specific genes like Cd3e and TCR
gene expression for T cells combined with transcription factor expression.

Unbiased clustering segregated 13 individual clusters, of which three clusters were com-
posed of contaminations by B cells, macrophages, and DCs. In addition, cell cycle re-
gression identified one cluster as highly proliferating cells. Expression of CD3¢ and TCR

encoding genes could identify six T cell clusters. Of those, only one cluster expressed
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genes of the TCRyd complex, together with Rora and Rorc, and therefore was deter-
mined as y® Th17 cells. Another cluster of non-classical T cells was marked by high
Cd3e but low TCR gene expression and was identified by Kilrd1 and Xcll as NK T cells.
Two CD8 T cell clusters were further segregated into naive and activated through their
Cd44, Sell (CD62L), Pdcdl, and Ctla4 expression patterns. Residual T cells cluster in-
cluded CD4 T cells, separated in activated CD4 T cells (Cd4 & Cd44) and Tregs (Foxp3
& Ctla4). The remaining non-T cell clusters were classified into NK cells (Kirblc, Klrd1,
Xcll), ILC2 (Rora, Gata3), and ILC3 (Rora, Rorc).

A pairwise comparison of the two genotypes within each cluster revealed a low number
of DEGs (30 — 154) with a log.foldchage > 0.02. These DEGs were primarily shared
between the clusters and belonged to a group of genes encoding parts of the ribosome,
which may be due to a possible batch effect. Throughout all these DEGSs, no hit candi-
dates could be identified. However, the sequencing depth was too low to detect most
cytokines.

3.3 BCL10 in cDCs has no severe impact on acute Colitis

3.3.1 DSS-induced acute colitis in Clec9ac¢*BCl10"1 mice

Having found that BCL10 deletion does not affect overall cDC development but alters
some intrinsic metabolic pathways, the next step was investigating the role of BCL10 in
cDCs during acute colitis. Challenging Clec9a®®*BCI10"" and control mice with the
chemical DSS via the drinking water for seven days induced acute colitis marked by rapid
weight loss without recovery (Figure 31). Acute colitis in Clec9a®®*BCI10"" mice was
performed in collaboration with the Ruland lab (TUM). Mice were analyzed after ten days
or when termination criteria were reached. Even though the disease activity score (DAI)
revealed decreased severity in Clec9a®*BCI10"" mice, a weight loss comparison
showed no significant difference. In addition, endpoint analysis of colon length and colon
length/bodyweight ratio were similar in both genotypes, and no significant difference was
determined through histological evaluation of immune cell infiltration and epithelial dam-
age. Serum cytokine analysis performed by the collaborators depicted lower levels of IL-
23 and a trend toward a decrease in pro-inflammatory cytokines like IL-17A, IL-6, IFNy,
and TNFa. At the same time, the anti-inflammatory cytokine IL-10 was increased in the
Clec9a®®"BCI10"" mice serum. Taken together, serum cytokine analysis points towards
a decreased level of inflammation in Clec9a“®*BCI10"" mice, which, however, does not

change the colitis's severity.
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Figure 31 Potential attenuation of acute colitis severity in Clec9a°¢*BCl10™" mice.

A. Weight loss, B. Disease activity index/score (DAI), C. Colon length and colon length vs. body-
weight ratio at endpoint analysis and D. Histological score of immune cell infiltration (ICF) and
epithelial damage determined in H&E stained cryo-sections of the colon from Clec9ace*BCI10%
mice (n = 6) and their controls (n = 6) upon DSS induced acute colitis. E. Level of cytokines in the
serum sampled on day 8 (n per group = 10), two pooled experiments. (A-D) Representative data
of one experiment out of three independent repeats. Statistical analyses were done by t-test. ***
p-value < 0.001

An influx of neutrophils usually accompanies colon inflammation, and the grade of in-
flammation correlates with the number of neutrophils. Therefore, neutrophil infiltration of
the CO LP was assessed by flow cytometric analysis after DSS-induced acute colitis
(Figure 32).
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Figure 32 Increased cellularity of CO LN in Clec9a®¢*BCI10"" mice in acute colitis.

A. Total leukocyte count isolated from CO LP (CD45.2*) or CO LN of Clec9ace*BCI10"1 mice and
their controls after acute colitis. B. Gating strategy to identify Neutrophils as Ly6G*CD11b* and
monocytes from Ly6G- fraction as Ly6C*CD11b*. C. Frequency of neutrophils and monocytes in
CO LP and D. CO LN of Clec9ace+BCI10"" mice and their controls after acute colitis. Representa-
tive data of one experiment out of three independent repeats. Each dot represents a mouse.
Statistical analyses were done by t-test. * p-value < 0.05
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Upon leukocyte gating, neutrophils were identified through their expression of Ly6G and
CD11b. In addition, monocytes were gated within the Ly6G negative gate as the
Ly6C*CD11b* population. The frequency of neutrophils and monocytes determined in
CO LP and CO LN were similar between Clec9a®*BCI10"" and control mice. Even
though neutrophil and monocyte numbers were increased in the CO LN of
Clec9a®®*BCI10" mice, overall leukocyte count was significantly increased in these

mice. This increase could not be traced back to a single immune cell population.

3.3.2 Flow cytometric profiling of cDCs and T cells in CO LP and CO LN
Clec9a°®*BCI10"" mice with acute colitis

Within the flow cytometric analysis of CO LP upon acute colitis induction (Figure 33),
cDCs, and macrophages were identified in the CO LP as CD64 negative or positive

CD11c*MHCII* cells, respectively, using the gating strategy described previously.

A COLP B COLPcDCsubsets C Rep. histograms D CO LPPD-L1oncDCs

1.5 1.5
4 8 | cDC1 }
§ § 10{ O 2 & 10 * :
4 = g S DPcDC2 X $6 ? ié
o [} E — 5 l@ :E .
:I u__l 0.5 e u§' 05 . *o
5] 5] ° o 8
© 2 .0 e g SP cDC2 ]

ool f}? ?ﬁ L

E N QL8
& & & 5 DN DC &8 T ¥
S F S S K
Mo
PD-L1APC

E COLN F CO LN cDC subsets G Rep. histograms of PD-L1 in CO LN

0.25 . @
8 & o * S cDC1 B res
% 5“ : o . <] £ cDC1
e S 015 e °*0 E DP o —
3 3 H o lE =2 ocDC2 = res
o 2 010 {E o .o I e T g cDC2
5 5 00540 4 §§ . oF . B SP 2
® R ol sa i 28 ¢ E__ 4\ cDC2 PD-L1APC

’ N N o

OISO G 2 DN DC
X c<.) Q&C) 0000$0 00 c_<,)
N < LT
€ o 9 res cDCs PD-L1APC
H CO LN cDC PD-L1
25 Iil

- 20 o '3 %
=) X o 2 ‘g [] 0O e Clec9a** Bcl10™
= 151 9 . o ]
= . [ & O Clec9a* Bel10™
T B L g8 3®
o o5{¢® i

00.0
N N
O v v L o v
o O s

QO
oY o C %)
<)Q °JQ res cDCs
Figure 33 Increased PD-L1 on ¢cDCs from CO LN of Clec9a°®*BCI10"" mice during acute
colitis.
Flow cytometric analysis of CO LP and CO LN of Clec9ac*BCI10%"" mice and control mice on

day 9 of DSS-induced acute colitis. A. Frequency of cDCs and macrophages and B. cDC1 and
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cDC2 subsets in the CO LP. C. Representative histogram and D. Quantification of PD-L1 expres-
sion on cDC1, DP cDC2, SP cDC2, DN DC, and macrophages from CO LP. E. Frequency of total
migratory and resident cDCs and F. cDC subsets in the CO LN. G. Representative histogram and
H. Quantification of PD-L1 expression on migratory and resident cDC1 and cDC2 subsets from
the CO LN. Representative data of one experiment out of three independent repeats. Each dot
represents a mouse. Statistical analyses were done by t-test. * p-value < 0.05, ** p-value < 0.01

No difference could be observed between the genotypes regarding the frequency of total
cDCs and macrophages, nor in the frequency of identified cDC subsets. The assessed
expression level of PD-L1, which was slightly increased on ¢cDC2 under homeostatic
conditions, was similar when Clec9a“®*BCI10"" mice were compared to control mice.
Next, resident and migratory cDCs and their respective subsets in the CO LN were ana-
lyzed. However, no change in frequency in any population was detected. However, cell
counts of all migratory and resident cDC1 and cDC2 subsets were increased in
Clec9a®®*BCI10"" mice due to the overall increase in cellularity of the CO LN. As in the
CO LP, the expression of PD-L1 on cDCs in CO LN was evaluated. Visual comparison
through overlaid histograms of cDCs derived from Clec9a“®*BCI10"" mice with their con-
trols revealed an increased expression level of PD-L1 in migratory and resident cDC

subsets. This was confirmed when PD-L1 fluorescent intensity was quantified.

After the analysis of cDCs in the CO LP and CO LN of Clec9a®*BCI10"" mice with DSS-
induced acute colitis, T cell compartment in both organs underwent in-depth phenotypic
flow cytometric profiling (Figure 34 & Figure 35). Autofluorescent cells, predominantly
macrophages, were excluded, and T cells were identified as the CD3¢" population and
subdivided by CD4 and CD8a. Within the CO LP of Clec9a®*BCI10™ mice and their
controls, equal frequencies of total T cells and the CD4, CD8, and unconventional T cell
subsets were determined. Further gating of Foxp3* Tregs and identifying different acti-
vation states of the T cells based on CD44 and CD62L were described before. However,
no difference was observed in the frequency of Tregs. Neither an alteration in the pro-
portions of effector, memory, and naive CD4, CDS8, or unconventional T cells. Additional
analysis of PD-1 expression by the three T cell subsets showed similar levels between
Clec9a™"BCI10"" and control mice. However, according to decreased Th17 cytokines
in steady state, colonic CD4 T cells from Clec9a“®*BCI10" mice with acute colitis se-
creted significantly less IL-17A upon ex-vivo re-stimulation. At the same time, unconven-
tional T cells expressed similar amounts of IL-17A but increased levels of IL-22. No dif-
ferences were detected between the two groups in IL10 expression by CD4 T cells or for

IFNy production by any of the three T cell subsets.
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Figure 34 Clec9a°**BCI10"" mice with acute colitis have decreased IL-17A* CD4 T cells
and increased IL-22* unconventional T cells in the CO LP.

Flow cytometric profiling of T cells in CO LP of Clec9ac¢*BCI10"" mice with acute colitis. A. Rep-
resentative gating strategy to gate non-autofluorescent CD3¢* T cells out of CD45.2* live leuko-
cytes. Further subdivision of T cells into CD4*, CD8a* and DN (unconv.) T cells. B. Frequency of
total T cells and C. the CD4, CD8, and unconventional T cell subsets in CO LP. D. Frequency of
Tregs out of CD4 T cells. E. Frequency of naive, effector, memory, and CD44-CD62L- within the
T cell subset. F. PD-1* cells of CD4, CD8, and unconventional T cells. Expression of G. IL-17A,
IL-22, IL-10, and IFNy by CD4 T cells, H. IFNy by CD8 T cells, and I. IL-17A, IL-22, and IFNy by
unconventional T cells after re-stimulation with PMA/lonomycin. Representative data of one ex-
periment out of three independent repeats. Each dot represents a mouse. Statistical analyses
were done by t-test. * p-value < 0.05, ** p-value < 0.01

A similar gating strategy for the CO LP was used to identify T cells and the respective
subsets in the CO LN of Clec9a**BCI10"" and control mice suffering from acute colitis.
T cell frequency and the proportions of the CD4 and CD8 T cells showed similar values
for Clec9a®®*BCI10"" mice compared to control mice. Also, a small fraction of double-
negative unconventional T cells was detected in equal frequencies. Within the CD4 T
cells of Clec9a®*BCI10"" mice, the percentage of Tregs appeared partially decreased,
even though this trend was not statistically significant. Assessment of the cytokine ca-
pacity of CD4 and CD8 T cells showed no changes in IL17-A, I1L-22, IL10, and IFNy.
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However, like increased IL-22 production in the CO LP, unconventional T cells isolated
from the CO LN of Clec9a®®*BCI10" mice produced more IL-22.
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Figure 35 T cell compartment in the CO LN of Clec9a°®*BCI10"" mice with acute colitis.

Flow cytometric profiling of T cells in CO LN of Clec9ac*BCI10"" mice with acute colitis. A. Fre-
quency of total T cells and B. the CD4, CD8, and unconventional T cell subsets in CO LN. C.
Frequency of Tregs out of CD4 T cells. D. Frequency of naive, effector, memory, and CD44-
CD62L- within the T cell subset. Expression of E. IL-17A, 1L-22, IL-10, and IFNy by CD4 T cells,
F. IFNy by CD8 T cells, and G. IL-17A, IL-22, and IFNy by unconventional T cells after re-stimu-
lation with PMA/lonomycin. Representative data of one experiment out of three independent re-
peats. Each dot represents a mouse. Statistical analyses were done by t-test. ** p-value < 0.01

In summary, Clec9a®®*BCI10"" mice showed no alteration in disease severity upon
DSS-induced acute colitis. And the cDC compartment within the CO LP, the site of in-
flammation, appeared unchanged. At the same time, cDCs in the CO LN showed in-
creased levels of the tolerogenic marker PD-L1. Last, a decreased level of the pro-in-
flammatory cytokine IL-17A was detected in colonic CD4 T cells, and IL-22, known to
support epithelial restitution, was increased in unconventional T cells in CO LP and CO
LN of Clec9a“®*BCI10"" mice.
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3.4 Deletion of BCL10 in cDCs increases the susceptibility for
colitis-associated-colon cancer

3.4.1 AOM-DSS induced CAC in Clec9ac¢*BCI10"f mice

The next step after assessing the role of BCL10 in cDCs in acute colitis was the study of
its role in colon cancer induced by chronic colitis. In collaboration with the Ruland lab
(TUM), Clec9a®*BCI10" mice were challenged with three repetitive cycles of DSS
treatment after one single injection of AOM (i.p.) (Figure 36). In doing so, mice commonly
develop tumors, in the form of adenomas, throughout the colon within 2 — 3 weeks after
the last DSS cycle.
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Figure 36 Deletion of BCL10 in cDCs aggravates tumor development in CAC.

A. Scheme of AOM-DSS treatment to induce tumor growth upon three repetitive DSS treatments
mimic chronic colitis. B. Colon length, C. Tumor number, and D. Tumor burden of
Clec9ace*Bcl10"" mice and control mice after AOM-DSS treatment (Each dot represents a
mouse). E. Weight curves of Clec9ace*Bcl10% mice (n = 17) and control mice (n = 17) for the
three DSS cycles. E. Histological scoring of tumor invasiveness (Mice per group: control mice n
= 15, Clec9ace*Bcl10"" mice n = 11). G. Histological quantification of pStat3 and Ki67 in tumor
and stroma areas to assess cell proliferation (Each dot represents the mean of one mouse, 3 — 4
areas were analyzed per mouse, per area type). Data from three independent experiments. Bars
indicate the mean; error bars indicate SEM. Statistical analyses were done by t-test. * p-value <
0.05, ** p-value < 0.01
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Monitoring the mice within each DSS cycle showed no differences in weight loss and
recovery. Endpoint analysis of Clec9a®®*BCI10"" and their controls revealed a similar
colon length between the groups. Even though tumor numbers and burden were in-
creased upon AOM-DSS treatment when BCL10 was deleted in cDCs. The histological
evolution of colon sections was assessed in collaboration with the Institute of Pathology
(TUM). This histological analysis revealed more invasive tumors in Clec9a®®*BCI10""
mice. However, this aggravated tumor development was not due to elevated proliferation
within the epithelium, determined by the histological staining and quantification of
pSTAT3 and Ki67 in stromal and tumor cells.

3.4.2 Immune profiling of the intestinal compartment affected by CAC
from Clec9ac®BCI10"°* mice after AOM-DSS

To uncover the cause for the increased tumor development in Clec9a®®*BCI10"" mice
upon AOM-DSS challenge, in-depth immune phenotyping was performed in the colon
and CO LN with a focus on cDCs and T cells. This analysis should allow the detection of

a failure in anti-tumor immunity induced by the loss of BCL10 in cDCs.

Before this, several organs not directly affected by the AOM-DSS treatment were exam-
ined for signs of inflammation, determined by the infiltration of monocytes and neutrophils
of the respective organ. Further, the cDC compartment was analyzed in those organs to
check for systemic changes in the cDC compartment when BCL10 is absent in cDCs
during chronic colitis followed by tumor development. Therefore, the spleen and the in-
testinal compartment upstream of the colon, including SI LP, SI LN, and the PPs of
Clec9a“®*BCI10"" mice and control mice were analyzed. However, no difference could
be observed for monocytes or neutrophils, neither for total cDCs nor the cDC subsets
(Data not shown).

3.4.2.1 Profiling of the cDC compartment in the colonic compartment of
Clec9ace*Bcl10%" mice after AOM-DSS

For the analysis of the colonic compartment, first, the proportion of immune cells local-
ized in the remaining non-tumorigenic CO LP was determined, and similar cell counts
were measured in Clec9a“®*BCI10"" mice compared to control mice (Figure 37). Mono-
cytes and Neutrophils were detected, and similar frequencies of both cell populations
indicated an equal level of inflammation in the CO LP after AOM-DSS treatment. As in
steady state and acute inflammation, BCL10 deletion in cDCs did not alter their occur-
rence in the CO LP after the AOM-DSS challenge. Similar frequencies of total cDCs and
cDC1, DP cDC2, SP cDC2, and DN DC subsets were detected. Further, macrophages

were detected in equal amounts in the CO LP of Clec9a®®*BCI10"" and control mice.
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Figure 37 Equal frequencies of myeloid cell populations in the colonic compartment of
Clec9ac®*BCl10"" and control mice after AOM-DSS.

A. Cell counts of CD45.2" live leukocytes in the CO LP. B. Frequency out of leukocytes of Mon-
ocytes and Neutrophils, C. cDCs and Macrophages, and D. cDC1, SP cDC2, DN DC and DP
c¢DC2 in the CO LP of Clec9ace/*Bcl10% mice and their controls after AOM-DSS treatment. E.
Cell counts of live leukocytes in the CO LN. F. Frequency out of leukocytes of monocytes and
neutrophils, G. resident and migratory cDCs and H. the subsets cDC1, DP cDC2, SP cDC2, DN
DC (mig cDCs) and cDC1 and cDC2 (res cDCs) in the CO LN of Clec9ace/*Bcl10% mice and their
controls after AOM-DSS treatment. Each dot represents a mouse. Data of one (CO LP) or two
(CO LN) independent experiments. Bars indicate mean, error bars indicate SEM. Statistical anal-
yses were done by t-test.

In line with the increased cellularity of the CO LN of Clec9a®®*BCI10"" mice during acute
colitis, the same trend was noted after AOM-DSS. Even though a specific cell population
accounting for this increase could not be identified with the selected parameters for anal-
ysis. Monocytes and neutrophils, total resident and migratory cDCs, and the respective
cDC1 and cDC2 subsets were detected in similar frequencies in Clec9a®®*BCI10"" and

control mice.

To complete the analysis of the cDC compartment at the site of cancer development,
tumors were dissected from the remaining CO LP. Immune cells infiltrating the tumor
and contributing to the TME were isolated and analyzed for different myeloid cell types
(Figure 38). Leukocytes were identified like in other peripheral organs as CD45.2" live
cells. Neutrophils were identified as Ly6G*CD11b*, and from Ly6G negative fraction, the
expression of Ly6C and CD11b determined monocytes. It must be considered that

MDSCs express similar markers and contribute to both populations. MHCII*CD11c" cells
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were gated and further dissected into cDCs and macrophages through the expression of
CD64 by the latter one. The ¢DC population was further subdivided into the classical
intestinal subsets cDC1, SP cDC2, DP cDC2, and the DN DC population.

A Representative Gating of colonic Tumors induced by AOM-DSS
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Figure 38 Identification of myeloid cells in colonic tumors after AOM-DSS and their fre-
quencies.

A. Representative gating strategy to identify myeloid cells in AOM-DSS induced colonic tumors
in Clec9a**Bcl10™ (top) and Clec9ace+Bcl10™" mice (bottom) mice. Neutrophils were identified
as Ly6G*CD11b* cells from CD45.2* live leukocytes and further exclusion of B cells (Gate on
CD19" population). Ly6C*CD11b* monocytes were gated on Ly6G- fraction. In parallel
MHCII*CD11c*, identified from CD45.2* live, CD19- cells, were segregated into cDCs and CD64*
Macrophages (M®). CDCs were further subdivided by CD103 and CD11b into cDC1, CD103*
cDC2 (DP cDC2), CD103- cDC2 (SP cDC2) and DN DCs. B. Cell counts of live CD45.2* leuko-
cytes in the tumor. F. Frequency out of leukocytes of Monocytes and Neutrophils, G. cDCs and
Macrophages, and H. the subsets cDC1, DP ¢cDC2, SP ¢cDC2, and DN DC in the colonic tumors
of Clec9ac¢*Bcl10" mice and their controls after AOM-DSS treatment. Each dot represents a
mouse. Data of one experiment. Bars indicate mean, error bars indicate SEM. Statistical analyses
were done by t-test.

Assessing the overall immune cell infiltration by cell counting and normalization based
on the tumor burden revealed increased amounts of immune cells within the tumors of
Clec9a"Bcl10"" mice. However, only a tiny fraction of mice were used for this meas-
urement; hence, the other mice were used to perform single-cell RNA sequencing of
tumor-derived cDCs and T cells. The same applies to the analysis of monocytes and
neutrophils, even though a trend towards decreased neutrophils was observed in
Clec9a®®"*Bcl10"" mice, whereby the frequency of monocytes spread throughout the

group.
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Analysis of total cDCs and macrophages revealed no difference in their frequency. In
addition, cDC1, DP cDC2, SP ¢DC2, and DN DCs were found in similar frequency in the

tumors of Clec9a®®*Bcl10"" and control mice.

In summary, the deletion of BCL10 in cDCs did not affect the occurrence of cDC1s and

the different cDC2 subsets in the colonic compartment during CAC.

3.4.2.2 Multiparameter spectral analysis of T cells from the tumor
environment of Clec9ac®*Bcl10%" mice after AOM-DSS

The primary function of cDCs is the activation of T cells, and the kind of T cell response
highly influences tumor growth. Therefore, a multi-parameter spectral analysis profiled

intra-tumoral T cells and T cells from surrounding non-tumorous CO LP and the CO LN.
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Figure 39 Identification of ILCs and T cells in colonic tumors after AOM-DSS and their fre-
quencies.

A. Representative gating strategy to identify ILCs and T cells in AOM-DSS induced colonic tumors
in Clec9a**Bcl10"M (top) and Clec9ace*Bcl10"" mice (bottom) mice. Before T cell identification
NK1.1 positive NK T cells (NK1.1*CD3¢*) and NK cells (NK1.1*CD3¢") were excluded from
CD45.2" live leukocytes. From NK1.1 negative fraction, T cells were identified as CD3¢*CD90.2*
double positive cells and further subdivided by CD4 and CD8a. CD3¢-CD90.2* were classified as
ILCs. B. Frequency of T cells and ILCs in the tumor, the CO LP, and the CO LN of
Clec9ace*Bcl10"" mice and their controls after AOM-DSS treatment. Each dot represents a
mouse. Data of two independent experiments. Bars indicate mean, error bars indicate SEM. Sta-
tistical analyses were done by t-test.

The overall presence of T cells and ILCs was determined in the tumor, CO LP, and CO
LN. In doing so, a similar gating strategy was used for all three organs (Figure 39). First,
NK1.1 expressing NK cells and NK1.1"CD3¢™ NK T cells were gated on CD45.2" live
leukocytes. T cells were identified within the NK1.1 negative population as double posi-
tive for CD90.2 and CD3k.
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Further, ILCs were detected in the same fraction of cells as CD90.2* and the lack of
CD3e. Similar frequencies of T cells and ILCs out of total leukocytes could be observed

throughout all three organs in Clec9a®®*Bcl10"" mice compared to control mice.

Comparison of the NK cell gating revealed a shift of this population within the gate in
Clec9a®®*Bcl10"" mice towards lower NK1.1 intensity. This decreased expression of
NK1.1 was observed in the tumor, the CO LP, and the CO LN (Figure 40). Determination
of the NK cell frequency revealed comparable values for the tumor and the CO LP,
whereas NK cell frequency was increased in the CO LN of Clec9a“®*Bcl10"" mice. Ad-
ditional activation markers and cytokine production were analyzed because decreased
NK1.1 can be a sign of NK cell exhaustion.
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Figure 40 Reduced NK1.1 expression on NK cells from Clec9a®¢*Bcl10"" mice upon AOM-
DSS treatment.

A. Frequency out of leukocytes of NK cells in the tumor, CO LP, and CO LN. B. Representative
histogram overlays and C. GMFI of the NK1.1 fluorescent intensity of NK cells from tumor, CO
LP, and CO LN of Clec9ace/*Bcl10" mice and their controls to compare NK1.1 expression level.
D. Frequency of PD-1* NK cells, E. GMFI of the CTLA expression on NK cells, F. Frequency of
Perforin A* NK cells, G. GMFI of the IFNy expression in NK cells and H. GMFI of the TNFa ex-
pression in NK cells from the tumor, CO LP and CO LN of Clec9a%¢*Bcl10"" mice and their con-
trols after AOM-DSS treatment. Each dot represents a mouse. Data of two independent experi-
ments. Bars indicate mean, error bars indicate SEM. Statistical analyses were done by t-test. * p-
value < 0.05

Similar amounts of PD-1-expressing cells and an equal expression level of CTLA4 were
detected in the tumor, CO LP, and CO LN of Clec9a“®*Bcl10" mice. Further, no differ-
ence was observed in the production of IFNy or the cytotoxic molecules Perforin A and
Granzyme B. Therefore, besides the decreased level of NK1.1, no additional signs of NK

cell exhaustion were observed.
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Next, the frequency of the classical CD4 and CD8 T cells and the proportion of uncon-
ventional T cells were determined. This revealed an equal infiltration of the tumors by all
three T cell subsets and similar T cell frequencies within the CO LP of Clec9a®®*Bcl10""
and control mice. Nevertheless, the CO LN of Clec9a®*Bcl10" mice harbored fewer

CDS8 T cells, whereas CD4 and unconventional T cells appeared normal.
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Figure 41 Reduction of CD8 T cells in the CO LN of Clec9a‘®*Bcl10"" mice after AOM-DSS

treatment.

Frequency out of leukocytes of CD4, CD8, and unconventional T cells in the A. Tumor, B. CO LP
and C. CO LN of Clec9a®<*Bcl10"" mice and their controls after AOM-DSS treatment. Each dot
represents a mouse. Data of two independent experiments. Bars indicate mean, error bars indi-
cate SEM. Statistical analyses were done by t-test. ** p-value < 0.01

For in-depth analysis of T cell phenotype, CD90.2*CD3¢* T cells from both genotypes
were concatenated in a 50:50 ratio and subjected to unbiased clustering (Figure 43).
Manually gated Tregs are depicted separately, and the remaining Foxp3 negative CD4
T cells were subdivided into CD44" and CD44" fractions. CD8-expressing T cells and
unconventional T cells were identified and, like CD4 T cells, segregated into a CD44"
and CD44" population. This separation by CD44 was done, as each T cell subset formed
two distinct clusters, whereby the main feature of this division was the CD44 expression.
UMAPs of the tumor, the CO LP, and the CO LN were split based on the genetic back-
ground of the cells. Comparing the cluster appearance revealed no significant difference
since every cluster was found in both genotypes. Besides the general occurrence of each
T cell population, the overall T cell composition was assessed in each profiled organ.
Whereas a similar distribution of activated and CD44 negative CD4, CD8, and uncon-
ventional T cell and Tregs was found in the CO LP and CO LN, a shift towards increased
CD4 T cells was observed in the tumor of Clec9a®®*Bcl10"" mice whereby unconven-
tional T cells decreased. Further, the proportion of activated CD44" CD8 T cells was

reduced, wherein overall CD8 T cell presence was not altered.
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Figure 42 Unbiased clustering of multi-parameter spectral analysis of T cells from tumor,
CO LP, and CO LN from Clec9a®®*Bcl10"" mice after AOM-DSS.

A. UMAP projection of T cells from tumor, CO LP, and CO LN separated by the genotypic back-
ground. (Clec9a**Bcl10" (top) and Clec9acre’*Bcl10% mice (bottom)) B. Cluster distribution within
total T cells of tumor, CO LP, and CO LN from Clec9a**Bcl10"" and Clec9ac*Bcl10%" mice.

Next, each cluster was compared between the genotypes for the expression of the acti-
vation markers CD69, CD44, and CD25. In addition, the expression pattern of PD-1 and
CTLA4 was assessed, markers known to be expressed on exhausted or pro-tumorigenic
T cells (Figure 43). No significant alterations were observed in the T cells from CO LP
and CO LN (data not shown). Further on, expression of CD69 and CD44 appeared in a
similar intensity and frequency in CD4, CD8, and unconventional T cell clusters from the
Clec9a®"Bcl10"™ mice tumors. For CD25, a slight increase was observed for activated
CD4 T cells but not in other T cell subsets in those mice. Evaluation of PD-1 expression
revealed a substantial rise in PD-1 positive CD44* CD4 T cells in the tumors isolated

from Clec9a®®*Bcl10" mice.

In contrast, PD-1 level in Tregs appeared slightly diminished, and CTLA4 was signifi-
cantly less expressed on tumor-derived Tregs from mice with BCL10 deficient cDCs.
Within CD8 and unconventional T cells, no drastic differences were observed. Even
though, in both CD44" fractions, PD-1 expressing cells were marginally decreased in
tumors originating from Clec9a“®*Bcl10" mice. Thus, the distribution of T cell subsets
within total T cells and the alterations in PD-1 and CTLA4 expression revealed consid-

erable changes in the CD4 T cell compartment.
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Figure 43 Histogram depiction of surface marker expression by each T cell cluster from
the tumor.

Comparison of each identified T cell cluster from the tumors of Clec9a**Bcl10" (line, clear) and
Clec9ace*Bcl10"" mice (dotted line, filled) for the expression of CD4 and CD8a and different ac-
tivation markers.

As previously observed in CD4 T cells isolated from the CO LP from steady-state or
Clec9a“®*Bcl10™ mice with acute colitis, CD4 T cells derived from the tumor environ-
ment of those mice showed a trend towards decreased Th17-related cytokines, in par-
ticular IL-17F and IL-22. However, the decrease was not statistically significant, and un-
conventional T cells produced the same cytokines in equal amounts. The frequency of
CD4 T cells, positive for the anti-inflammatory cytokine IL-10, appeared similar in both
groups. Cytotoxic molecules like Granzyme B and Perforin A were produced predomi-
nantly by CD8 and unconventional T cells. However, no difference was observed be-
tween the T cells of Clec9a®®*Bcl10" and control mice. Last, IFNy production was as-
sessed in all three T cell subsets, and equal frequencies of IFNy* cells were detected in

the tumors of Clec9a®®*Bcl10"" and control mice (Figure 44).

In addition to cytokine measurement within certain cell types via flow cytometric analysis,
the overall cytokine milieu was analyzed through tissue cytokine extraction from tumors.
This method revealed comparable levels of TNFa but decreased IFNy in the colonic tu-
mors of Clec9a“®*Bcl10" mice. As the detected IFNy in NK and T cells was similar be-
tween the genotypes, this overall reduced IFNy might reflect a reduced presence of T
cells. Further, the same trend of less IL-17F and IL-22, found in tumor CD4 T cells, was
observed in the total tumor cytokine milieu. Last, the total amount of IL-10 was detected

in equal amounts in tumors of Clec9a®®*Bcl10" and the control mice.
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Figure 44 Cytokine expression of the different T cell subsets in Clec9acre/+Bcl10fl/fl mice
colonic tumors after AOM-DSS.

Frequency out of the respective T cell subsets A. of IL-17F, IL-22, IL-10, and IFNy expression in
CDA4 T cells, B. of IFNy, Granzyme B, and Perforin A expression in CD8 T cells, and C. of IL-17F,
IL-22, IFNy, Granzyme B and Perforin A expression in unconventional T cells from the tumors of
Clec9ace*Bcl10"! mice and their controls after AOM-DSS treatment. Each dot represents a
mouse. (Representative data of one out of two independent experiments.) D. Analysis of IFNy
and TNFa, IL-17F and IL-22 and IL-10 in the tissue cytokine extraction supernatants of tumors
(Data from two independent experiments. Mice per group: control mice n = 13, Clec9ace+Bcl10"
n = 10). Bars indicate mean, error bars indicate SEM. Statistical analyses were done by t-test.

To conclude findings within the T cells and ILC compartment, decreased expression of
NK1.1 was found on NK cells in all three colonic organs (CO LP, CO LN & tumor) of
Clec9a®"Bcl10"" mice, indicating NK cell exhaustion. Further on, fewer CD8 T cells
were detected in the CO LN and fewer activated CD8 T cells in the Clec9a®®*Bcl10""
mice tumors. Last, a shift towards CD4 T cells and less unconventional T cells were
found in the tumor environment, with a lower level of Th17-related cytokines when BCL10

was deleted in cDCs.

3.4.3 scRNA seq of the colon from Clec9ac®BCI10"°* mice after AOM-DSS

AOM-DSS treatment led to increased tumor development in the colon of
Clec9a“®*Bcl10™ mice. Even though the frequency of cDCs with BCL10 deletion was
not altered, changes within the T cell compartment could be observed in the tumor. To
further dissect the effects of loss of BCL10 in cDCs in a tumor environment, transcrip-
tional profiling was performed on a single cell level. In addition, the T cell and ILC com-
partment were subjected to similar analysis to gain in-depth information about altera-

tions. For this purpose, leukocytes were isolated from tumors from Clec9a®®*Bcl10""and
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control mice. First, CD90.2" were sorted directly from CD45.2" live leukocytes. From
CD90.2 and CD19 double negative cells, MHCII*CD11c* were selected. Next, CD64
negative cells were identified as cDCs and sorted. Purity for cDCs and CD90.2* sorted
from the tumor of Clec9a”*Bcl10" and Clec9a®®*Bcl10"" after AOM-DSS (Figure 45)
was confirmed. After sorting, genotypes were pooled per cell type for further processing
and sequencing.
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Figure 45 Sort strategy and purity check of cDCs and CD90.2* isolated from colonic tumors
induced by AOM-DSS.

Representative gating to sort cDCs and CD90.2* cells for scRNA sequencing from the tumors of
Clec9ace*Bcl10"! mice and their controls after AOM-DSS treatment. CD90.2* cells were directly
identified and sorted from pre-gated CD45.2* live Leukocytes (Plots on the right). For cDC gating,
CD90.2* and CD19* B cells were excluded before MHCII*CD11c* gating. From there, CD64*
macrophages were excluded, and CD64- cDCs were identified and selected for sorting.

3.4.3.1 Single-cell RNA sequencing of tumor-derived cDCs from
Clec9ace*Bcl10" mice

Aligned sequencing data was put through quality control, resulting in 4180 cells with an
overall sequencing depth of 15711 reads per cell and an average number of 3285 genes
per cell. UMAP approximation of this data set revealed seven clusters upon which one
could be identified as highly proliferating cells (Figure 46). In contrast to the previous
sequencing of cDCs from CO LP, cDCs derived from the tumors of Clec9a“®*Bcl10""
cluster together with control cells. Examination of the cluster for the expression of clas-
sical cDC genes (Flt3l, Itgax, Zbtb46) identified four clusters of cDCs. One cluster
showed Cx3crl, Mafb, and Cd63 expression and was classified as a macrophage pop-
ulation. The last cluster consisted of a small fraction of cells positive for Siglech and,
therefore, identified as pDCs. Two out of four cDC clusters expressed Irf8, Xcrl, and

Itgae, allowing their classification as cDCL1.
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The separation into two clusters was attributed to the increased expression of activation
markers (e.g., Ccr7, Ccl22, Cd40, Cd86), whereby one of these cDC1 clusters was clas-
sified as activated cDCL1. Further on, cDC2s were encountered by detecting Irf4, Sirpa,
Itgam, and Cd209a. The remaining cDC cluster was classified as a migratory DC popu-
lation marked by high Ccr7, Fscnl, and Ccl22.

Comparison of the occurrence of both genotypes showed an equal distribution within

each identified cluster of cells derived from either Clec9a**Bcl10"" or Clec9a®®*Bcl10™"

tumor mice.
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Figure 46 UMAP depiction of tumor cDCs based on their transcriptional profile.

A. Unbiased clustering of colonic tumor MHCII*CD11c*CD64- cDCs resulted in seven clusters. B.
cDCs from different genetic background overlap in UMAP depiction. C. Highly proliferating cells
(G2M phase) form a separate cluster. D. Dot plot shows cluster identification based on cell-spe-
cific genes. E. Genotype distribution within every cDC and other clusters.

Having identified several cDC clusters, the transcriptional level of classical activation
markers was compared between Clec9a“®*Bcl10"" derived cells and their controls (Fig-
ure 47). Within the cDC1s, no Cd40 expression could be detected in both genotypes,
whereas a decreased level of Cd40 was detected in the activated cDC1ls of
Clec9a®®"*Bcl10"" mice. Less Cd40 could also be observed for cDC2 and migratory DCs.
Latter ones showed a reduction in Cd86 as well. No differences could be detected in the

expression levels of Cd80 and Cd274, encoding PD-L1, in any of the cDC clusters.
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Figure 47 Transcriptional expression level of activation markers by cDCs.
The expression level of Cd40, Cd80, Cd86, and Cd274 by cDC1, activated cDC1, cDC2, and
migratory DCs cluster derived from the tumors of Clec9a**Bcl10% or Clec9ace*Bcl10"" mice.

Based on the previous finding of an altered metabolic state in cDCs upon deletion of
BCL10, the same pathways were investigated in the current sequencing data set of tu-
mor-derived cDCs from Clec9a®®*Bcl10" mice. However, no changes in the overall ex-
pression of genes contributing to OXPHOS were detected. Further, equal levels of ROS
response and mTOR signaling were determined within cDC1, activated cDC1, cDc2, and

migratory DCs.
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Figure 48 AUC score of metabolic and stress response pathways in different DC clusters.

Analysis of the area under the curve for gene signatures of OXPHOS, ROS response, and mTOR
signaling for each (c)DC cluster with the two genotypes obtained from scRNA sequencing of cDCs
from colonic tumors.

Next, differential gene expression analysis between cells from Clec9a**Bcl10" and
Clec9a™"Bcl10"" mice was performed for all identified clusters. Subsequently, genes
compiling the heat shock protein 70 (HSP70) complex were the differential expressed
genes with the highest negative log.-foldchange in both the cDC1 and cDC2 clusters
(Figure 49). Calculating the average expression of all genes contributing to HSP70 re-

vealed a decreased level in cDC1s and cDC2s.
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Figure 49 Decreased transcriptional level of Hsp70 genes in cDCs derived from colonic
tumors of Clec9a®¢*Bc¢l10™M mice.

A. Expression level of Hspa8, Hspala and Hspalb and B. AUC score of all Hsp70 contributing
genes in the four different DC clusters identified in the UMAP analysis of cDCs from colonic tu-
mors of Clec9a**Bcl10"! and Clec9ace+Bcl10%" mice.

3.4.3.2 Single-cell RNA sequencing of CD90.2" from colonic tumors of
Clec9ace*Bcl10" mice

For the CD90.2* cells isolated from the AOM-DSS-induced colon tumors of
Clec9a**Bcl10"" and Clec9a®®*Bcl10"" mice, 11984 cells were recovered after align-
ment and downstream quality processing. Within these ~12.000 cells, approximately
2378 genes were detected per cell, and 8181 total transcripts were sequenced per cell.
UMAP approximation of these T cells and ILCs led to 17 clusters (Figure 50). Separation
based on the genotypic background of the cells showed an overlap of Clec9a**Bcl10™"
and Clec9a™®*Bcl10"" derived cells for all clusters. Cell cycle regression and projection
onto the UMAP identified one cluster as highly proliferating cells. Examination of Cd3e
expression identified 10 clusters as T cells. Out of these, one cluster expressed high
levels of Sell (CD62L) together with Cd4, Cd8a, and Cd8b, therefore classified as naive
T cells containing CD4 and CD8 T cells. Three clusters of conventional CD4 T cells were
detected and further subdivided into Treg (Foxp3 & Ctla4), Roryt" Treg (Foxp3, Rorc &
Ctla4d), and a CD4 T cell cluster expressing Gata3 and Thcld4. Further on, conventional
CD8 T cells (Cd8a & Cd8b) cluster close to other cytotoxic cells, like NK cells (Klrblc,
Kird1l & Xcl1l) and NK T cells (Cd3e, Klrd1 & Xcl1). An additional CD8a expressing cluster
was identified as CD8aa IEL. Three clusters of T cells neither expressed Cd4, Cd8a, or
Cd8b and were identified as the unconventional T cells known from flow cytometric anal-
ysis. All three expressed Rorc; however, only the larger clusters were classified as
TCRYy® cells, separating due to high Areg and Pdcdl. The last T cell cluster lacking Cd4
and Cd8a/b expression was DN Th17. Besides the two clusters, consisting of DC (Itgax,
Ccr7) and B cell (Jchain) contaminations, one more cluster was identified as ILC2s

through the expression of Gata3, Rora, and the lack of Cd3e.
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Figure 50 Unbiased clustering of CD90.2* cells from AOM-DSS induced tumors.

A. Unbiased clustering of colonic tumor CD.90.2* cells resulted in 17 clusters. B. Cells from dif-
ferent genotypes cluster together. C. Highly proliferating cells (G2M phase) form a separate clus-
ter. D. Dot plot shows cluster identification based on cell-specific genes like transcription markers.

Next, the frequency of each cluster/cell type out of all sequenced cells was determined.

Before doing so, DC and B cell contaminations and the highly proliferating cells were

excluded. The distribution of these cells derived from Clec9a**Bcl10™""

or

Clec9a"Bcl10"" mice was equal; therefore, the exclusion did not influence further cal-

culations.

Clec9a**Bcl10™

NK cell
NK T cell

Areg® TCRyd

IEL CD8aa T cell CD8 T cells

Clec9a<*Bcl10""

ILC2

CD4 T cells

Treg

Roryt* Treg

Naive T cells

Figure 51 Distribution of clusters within

total cells derived from tumors of
Clec9a**Bcl10" or Clec9ac*Bcl10"
mice.
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clusters per genotype. (Exclusion of DC and
B cell contamination and highly proliferating
cells)
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All CD4 T cell clusters (CD4 & Treg clusters) showed an equal presence in both geno-
types. However, alterations could be observed within the compartment of cytotoxic cells.
Whereby the fraction of CD8 T cells and IEL CD8aa T cells was increased in
Clec9a®®*Bcl10"" mice, the proportion of both y& T cell clusters was diminished. This
decrease was already visible in the UMAP projections, as the density of
Clec9a“®*Bcl10"" derived cells was less within the yd T cell clusters. No significant
changes were found for NK (T) cells and ILC2s.

Nevertheless, CD4 T cells were detected in similar frequency in both genotypes. DEG
analysis revealed the most significant changes in this cell type. Within this, the pro-in-
flammatory cytokines II17f and ll17a were decreased together with [122. Further, addi-
tional markers of Th17 cells like Batf, Ikzf3, and Ccr6 were lower expressed in CD4 T
cells isolated from the Clec9a“®*Bcl10™" mice tumors. Along with this loss of pro-inflam-
matory Th17 markers, the immuno-suppressive markers Pdcdl, Cd274, and 1110 ap-
peared to be increased, with a significantly higher expression of Lgals3. This gene en-
codes the lectin Galectin-3, described in the literature to suppress cytotoxic CD8 T cells
in the anti-tumor response (Kouo et al. 2015).
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Figure 52 Gene expression comparison within different T cell and NK (T) cell clusters.

A. Differential gene expression of the Th17-related 1122, 1117f, 1117a, Batf, Ikzf3, and Ccr6 and the
tolerogenic markers Lgals3, Pdcdl, Cd274, and 1110 within CD4 T cell cluster between-
Clec9a**Bcl10" and Clec9ace*Bcl10%f derived cells. B. Expression level of Pdcd1l and Cd274
in CD8 T cell cluster separated by genotype origin. C. Comparison of the transcriptional level of
Gzma and Gzmb in different clusters between cells originated from Clec9a**Bcl10"" or
Clec9ace+Bcl10M1,

Even though the DEG analysis did not reveal significant alterations between CD8 T cells
from Clec9a"*Bcl10" and Clec9a“®*Bcl10"" mice, less Pdcdl expression was found in
CD8 T cells from Clec9a®®*Bcl10"" mice, whereas Cd274 was increased.
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Last, the expression of genes encoding cytotoxic molecules was assessed in several cell
types known to harbor cytotoxic functions. In doing so, less Gzma and Gzmb expression
was detected in the vy T cell clusters, CD8 T cells, and NK and NK T cells. Indicating a
loss of cytotoxicity within the tumor T cell compartment in parallel to a shift towards a
more immuno-suppressive, less inflammatory CD4 T cell population, leading to in-
creased tumor growth in Clec9a“®*Bcl10™" mice.

3.5 In-vitro T cell Assays to assess T cell activation capacity
of colonic cDCs from Clec9a°®*Bcl10™ mice

To investigate if intestinal cDCs from Clec9a™®*Bcl10"" mice have a defect in activating

and polarizing T cells, in vitro co-cultures were performed with cDCs sorted from the CO

LP of Clec9a™*Bcl10"" and Clec9a®®*Bcl10"" mice. Representative sorting strategy and

purity check are depicted in Figure 53.
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Figure 53 Sorting strategy and purity check of cDCs and B cells from the CO LP.
Representative gating strategy to sort three cDC subsets and B cells from the CO LP (Top). Leu-
kocytes were identified as CD45.2+ live cells. Next, CD11c+MHCII+ cells were gated, and cDCs
were further identified as CD64- population. The three cDC subsets were sorted and purity was
assessed cDC1 (2" row), DP ¢cDC2 (3 row), and SP cDC2 (4" row) were selected for sorting.
From the CD11c negative fraction, B cells were identified as CD19*MHCII* cells (Purity check:
bottom).
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As previously described, within the MHCII*CD11c* population, cDCs were segregated
from macrophages by CD64 and further subdivided into CD103* cDC1, CD103* CD11b*
cDC2, and CD103" cDC2. In parallel, CD19*MHCII* B cells were selected for sorting.
Sorted APCs were co-cultured in different DC : T cell ratios in the presence of OVA
protein with either CD4 or CD8 T cells.

3.5.1 In-vitro T cell Assay to address the capacity of colonic, BCL10-
deficient cDCs to activate and polarize CD4 T cells

The capacity of BCL10 deficient cDCs to activate and polarize CTV labeled CD4 T cells
was determined in the first step through the amount of activated and proliferated T cells
(CD90.1* CD4* TCR Va2*) identified based on the diluted CTV signal (Figure 54). Within
these CTV-negative T cells, the expression of Foxp3 was analyzed to identify Tregs. In

parallel, the production of TNFa and IFNy was determined.

To investigate the capacity of colonic cDCs from Clec9a®®*Bcl10" mice to induce Tregs,
cell counts of proliferated T cells (CTV") and frequency of Foxp3* cells were determined
after co-culturing cDC1, DP cDC2, and SP cDC2 with CD4 T cells under Treg polarizing
conditions. In doing so, no differences in total proliferated T cells nor the presence of

Tregs were observed when comparing BCL10 deficient cDCs to control cells.
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Figure 54 CD4 T cell activation by colonic cDC subsets under Treg polarizing conditions.
A. Representative gating to analyze proliferated CD4 T cells in the presence of colonic cDCs
without polarizing conditions (ThO). T cells were identified as CD90.1* live cells and further gating
on CD4 and TCR Va2. Proliferated cells were selected based on their CTV expression. Within
proliferated (CTV-) cells, TNFa and IFNy expressing cells were gated. And Tregs were identified
as Foxp3*. B. Cell counts of proliferated (CTV") T cells and frequency of Foxp3* cells within the
proliferated T cells after co-culture of OT-II cells in the presence of cDC1, DP cDC2 or cDC2 from
Clec9ace+Bcl10%" CO LP or their controls, under Treg polarizing conditions. Data of two inde-
pendent experiments. Each dot represents a mouse. Bars indicate mean, and error bars indicate
SEM. Statistical analyses were done by t-test.
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Further on, CD4 T cell proliferation was examined in the presence of PRR stimuli. As
BCL10 is in the signaling cascade downstream of Dectin-1, Zymosan was added to ac-
tivate cDCs. However, as Zymosan is recognized by the TLR2, too, a second stimulus
was the depleted Zymosan, specifically detected by Dectin-1. In addition, one condition

without polarizing conditions and any stimulus (Th0) was analyzed.

e Clec9a**Bcl10™ 0O Clec9a®**Bcl10""

A cDC1-ThoO B DP cDC2-ThO

— 8 3 40 807 o — 6 3 407 g o

2 K”] [} b @ 60

= 3 . = 3 o T

e 7 8 3 "3 wft® x g g, 30 : &

“ ok LTI 20 ¢ o L8«

D 4 ? é s | 2011 L a0 @ a5 |8 20

= a1 - 2 5 1

w27 O g 10 g 20 o g 10 20

2 " e "

T o =g 0 0 a0 ) 0 0
Foxp3* IFNy  TNFa Foxp3* IFNy  TNFa

C cDC1 - depZymosan D DP cDC2 - depZymosan

4 15 30 60 . 20 60 20

mO % o a V’o % L]

x 3 3 . x, 8 151 e " 151 o O

P u] e 10 a ZO:D 405% » — . 40.u .

© 2 Iu = - a . © = 10 ) 10

© <] . - i‘ © o .

= 1 -g S ; 014 20 o ~ 5 s E 20 O s

% § " 5 E "E L4 'u;u

a0 0 0 0 o S 0 0 0
Foxp3* IFNy TNFa Foxp3* IFNy TNFa

E cDC1 - Zymosan F  SPcDC2 - depZymosan

— 157, 0 ® 40 100 5 15 i a0,

=) = o o B & a o 80

*, 8 15 30 801, % ¢ g e -"’? w08

gl £ le e w7 ca, 8 R0 % L

— 05 0% s '] I . = : 2 sl @ |

o & 5{e 101 4 | B . aQ 20 10!

= 5] O =1 ‘S L]

2 o e & S o 1

o 00 S 0 0 0 g o = oll 11 ol
Foxp3®  IFNy TNFa Foxp3* IFNy  TNFa

Figure 55 Proliferation and activation of CD4 T cell by colonic cDC subsets in the presence
of Dectin-1 antagonists.

Cell counts of CTV-T cells and frequency of FOXp3*, IFNy* and TNFa* cells within the CTV
negative cells after co-culture of OT-II cells in the presence of A. cDC1 or B. DP ¢cDC2 without
polarizing conditions. Cell counts of proliferated (CTV-) T cells and frequency of Foxp3*, IFNy*
and TNFa* T cells after co-culture with C. cDC1 and depleted Zymosan, D. DP cDC2 and depleted
Zymosan, E. cDC1 and Zymosan and F. SP cDC2 and depleted Zymosan. APCs were isolated
from the CO LP of Clec9ac<*Bcl10% or controls mice. Data of two independent experiments.
Each dot represents a mouse. Bars indicate mean, and error bars indicate SEM. Statistical anal-
yses were done by t-test.

ThO conditions led to similar T cell proliferation and cytokine production for cDC1 and
DP cDC2 from Clec9a“®*Bcl10"" and control mice. Stimulation of cDC1, DP cDC2, or
SP cD2 with depleted Zymosan induced less T cell proliferation and a large spread of
the data points. However, comparing BCL10 deficient cDCs to sufficient ones revealed

no differences for CTV" cell counts, Treg (Foxp3*) frequency, or the production of IFNy
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and TNFa. Due to the limited cell number of both cDC2s in the CO LP, only cDCL1 ca-
pacity to activate T cells was investigated in the presence of total Zymosan. As a result,
a trend towards less proliferated T cells was found for cDC1s from Clec9a®®*Bcl10™"
mice. However, this decrease was not statistically significant, and no additional changes

were found concerning Foxp3, IFNy, and TNFa expression frequency.

Analysis of Th17 polarization failed within the flow cytometric examination as no signifi-
cant IL-17A signal could be observed. Therefore, the supernatants of each condition
were analyzed for several Th cytokines, including IL-17A, IL-17F, and IL-22. No signifi-
cant differences were observed for the produced levels of all three Thl7-related cyto-
kines if CD4 T cells were activated and polarized by cDC1 under ThO conditions. Also,
activating cDC1s through Dectin-1 by depleted Zymosan or Dectin-1 and TLR3 by Zy-
mosan did not induce significant changes in the production of IL-17A, IL-17F or IL-22
when BCL10 deficient cDC1s were compared to their controls.
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Figure 56 Secreted Th17 cytokines from in-vitro CD4 T cell assays.

IL-17A, IL-17F, and IL-22 secured by CD4 T cells activated bc colonic ¢cDCs from
Clec9ace*Bcl10"" mice or their controls A. T cells activated by cDC1 in the presence of no-
stimulus (ThO; ncx = 3, nko = 3), depleted Zymosan (ncx = 4, nko = 6) or Zymosan (ncx = 4,
nko = 5) or B. DP ¢DC2 activated T cells without additional stimuli (ThO; ncx = 2, nko = 3) orin the
presence of depleted Zymosan (ncx = 4, nko = 5). Data of two independent experiments. Each
dot represents a mouse. Bars indicate mean, and error bars indicate SEM. Statistical analyses
were done by t-test. * p-value < 0.05

No significant differences could be observed in the presence of DP cDC2 without further
PRR stimuli for the secreted Th17 cytokines. However, IL-17A was not detected if CD4
T cells were activated by control DP ¢cDC2 and measured IL-17F were lower than the
levels induced by DP c¢cDC2 from Clec9a®**Bcl10"" mice. Therefore, under non-polariz-
ing conditions without PRR antagonists, DP ¢cDC2 induced slightly more Th17 cytokines.
However, this observation reversed in the presence of the Dectin-1-specific PAMP, de-
pleted Zymosan. A decreased IL-17A and IL-22 trend was detected, and significantly

less IL-17F was measured.
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Overall, no significant alterations were detected for the in-vitro activation of naive CD4 T
cells by intestinal cDC1 and the two cDC2 subsets. Nevertheless, the trend towards

fewer Th17 cells observed in the CO LP under different conditions could be observed.

3.5.2 In-vitro T cell Assay to address the Capacity of colonic, BCL10-
deficient cDCL1 to activate CD8 T cells
According to the literature, cDC1s are the main inducers of cytotoxic CD8 T cells. In a

first step, this was confirmed for the in-vitro CD8 T cell assay with colonic cDCs. If the
antigen had to be ingested and loaded on the MHCI by the cell themselves, B cells failed
to induce CD8 T cell activation. Likewise, SP cDC2 and DP cDC2 showed only a minor
activation of T cells. Only cDC1s were able to induce extensive proliferation of the CD8
T cells (Data not shown). Having confirmed that only colonic cDC1s can activate CD8 T
cells in the presence of OVA protein, in the next step, cDC1s from Clec9a®®*Bcl10" and

control mice were compared.

A Representative Readout of proliferated CD8* OT-I T cells

Leukocytes 7 CTV-CD8 T cells
: " TCRva2' CD8' | - 'S :

IL2* 58.3

Ny 304 TNFa'47.0

Live/Dead ——
Modal

ey

TCR Va2

CTV ————  IFNy ——— TNFa- L2 —

B CTV counts C Division Index D Proliferation Index
5 x
= x z
X ) £
0 = c
e o
8 § 5

= s
= > 2
S = g
o 0.0 o g o/ i

15 110 1:20 15 110 1:20 15 1:10 1:20 * Clec9a™Bcl10
DC : T cell ratio DC : T cell ratio DC : T cell ratio a Clec9ac**Bcl10™
E F IFNy G TNFa
50 100
2 L] 2
& g 40 [S: - e
- F a0 P oeol, . B
= S 20e0 B $§ !@ i%
o Q. Q * E L
‘s 5 10 % S 20
= R &,
15 140 1:20 15 110 1:20 15 140 1:20
DC : T cell ratio DC : T cell ratio DC : T cell ratio

Figure 57 CD8 T cell activation by cDC1s isolated from the CO LP of Clec9a®®*Bcl10™.

A. Representative gating to analyze proliferated CD8 T cells in the presence of colonic cDC1 and
OVA protein. T cells were identified as CD90.2* live cells and further gating on CD8a and TCR
Va2. Proliferated cells were selected based on their CTV expression. Within proliferated (CTV-)
cells IFNy, TNFa, and IL-2 expressing cells were gated. B. Cell counts of proliferated CD8 CTV-
T cells, C. Division Index, and D. Proliferation index of CD8 T cells after co-culture with Bcl10
deleted cDC1s or control cDC1 at different APC: T cell ratios. E. IL-2, F. IFNy, and G. TNFa
positive proliferate CD8 T cells induced by cDC1 from the CO LP of Clec9as¢*Bcl10" or their
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controls. Data from three independent experiments. Each dot represents a mouse. Bars indicate
mean, and error bars indicate SEM. Statistical analyses were done by t-test.

Activated and proliferated CD8 T cells (CD90.2" CD8a* TCRVa2*) were identified as
CTV- and within those cells expressing IFNy, TNFa, or IL-2 were analyzed. Different cDC
versus T cell ratios were used to investigate how efficiently BCL10 deficient cDC1s in-
duce CD8 T cell cells compared to control cDC1s. Nevertheless, the analysis of cell
counts of proliferated CD8 T cells showed that neither the division nor proliferation index
revealed any defect in cDC1s from Clec9a®®*Bcl10" CO LP. Further, the frequencies of
T cells expressing IL-2, IFNy, or TNFa were similar for both genotypes at any cDC: T cell

ratio.

Even though no alteration in the capacity to activate CD8 T cells could be observed for
BCL10 deficient cDCs in this assay, it must be considered that the processing of cell-
associated antigens differs from how OVA-protein is ingested and loaded to MHCI.
Therefore, the processing or presentation of tumor-derived antigens in BCL10 deficient

cDC1 may still be impaired.
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3.6 Flow Cytometric profiling of Clec9a°®*Syk™" mice

In parallel to the study of BCL10 in intestinal dendritic cells in health and disease, the
kinase initiating the activation of the CARD9-BCL10-MALT1 complex was studied, too.
Using the combination of Clec9a-driven Cre recombinase together with a floxed Syk al-
lele should lead to a cDC-specific deletion of this respective kinase. Deleting SYK in
cDCs had no general effect on mouse constitution as Clec9a®*Syk™ mice appeared
healthy.

3.6.1 Immune profiling of myeloid and lymphoid cells in Clec9a¢*Syk""

In the first step, flow cytometric analysis was used to profile the cDC compartment in
several organs. With this, developmental effects induced by the deletion of SYK should
be assessed. In doing so, Clec9a“®*Syk" and control mice's spleen were analyzed com-
bined with the intestinal compartment, including the SI and CO LP and the mLN. Total
leukocyte counts were determined for each organ and showed equal amounts of overall
immune cells between Clec9a®®*Syk™ mice compared to their controls (Figure 58). In
non-lymphatic organs, leukocytes were identified as CD45.2" cells.
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Figure 58 Total leukocyte counts in the Spleen and in intestinal organs.

Leukocyte cell counts isolated from the spleen, mLN, SI LP, and CO LP of Clec9ace*Syk"f and
control mice. Data from three (Spleen, mLN + S| LP) and one (CO LP) independent experiments.
Each dot represents a mouse. Bars indicate mean, and error bars indicate SEM. Statistical anal-
yses were done by t-test.

Next, the frequency of cDCs and other myeloid immune cells was determined (Figure
59). The respective markers and gating strategies to identify macrophages, cDCs, and
their organ-specific subsets, as well as monocytes and neutrophils, were described pre-
viously. Doing so, monocytes and neutrophils were found in similar frequencies in all

analyzed organs.

Analysis of the mLN, consisting of CO LN and SI LN, revealed a normal distribution of
total migratory and resident cDCs along with similar frequencies of their respective sub-
sets. Likewise, no differences were found in the occurrence of macrophages, total cDCs,
and the cDC subsets in the CO LP of Clec9a®®*Syk™ mice.
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Figure 59 Frequency of several immune cell types in the spleen and three intestinal organs.
A. Frequency of monocytes and neutrophils in the spleen, mLN, SI LP and CO LP of control mice
and Clec9ace+Syk mice. Frequency of total cDCs, macrophages, the respective organ-specific
cDC subsets in the B. Spleen, C. mLN, D. SI LP and E. CO LP of Clec9ac®*Sykff mice and their
controls. Data from three (Spleen & Sl LP) and two (mLN & CO LP) independent experiments.
Each dot represents a mouse. Bars indicate mean and error bars indicate SEM. Statistical anal-
yses were done by t-test. * p-value < 0.05

A comparison of the frequencies of total cDCs and RPMs showed normal proportions of
both immune cell types in the spleen of Clec9a®®*Syk™ mice. However, a slight trend
towards fewer cDC2s could be detected, whereas cDC1s appeared normal. Similar re-
sults could be obtained from the Sl LP of Clec9a®®*Syk™ mice. Whereby total cDCs and
macrophages already showed a trend towards decreased frequency in Clec9a®®*Syk™"
mice. Within the cDC subsets, a significant decrease of the SP cDC2s was detected with

a similar trend for DP ¢cDC2, whereas cDC1 and DN DC were found in equal amounts.

Even though cDC2s were slightly decreased in the spleen and Sl LP, the deletion of SYK

in cDCs does not significantly affect cDC development within several organs.
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3.6.2 In-depth phenotypic profiling of intestinal T cells from
Clec9ace*Syk™ mice

As it is described in the literature that CD11c*®Syk"™ mice have a deficiency in intestinal

Th17 cells, in-depth flow cytometric analysis was performed to dissect the intestinal T

cell compartment of Clec9a®®*Syk"" (Figure 60). In doing so, T cells were identified ac-

cording to the gating strategy described in chapter 3.1.2.

The frequency of these cells was compared between Clec9a®®*Syk™ and control mice
(Figure 60). Starting with the mLN, the same frequency of T cells and a normal distribu-
tion of CD4, CD8, and unconventional T cells were found. Even though the latter one
was nearly absent in the mLN and only a tiny fraction expressed Roryt* in comparable
frequencies in Clec9a™®*Syk™ and control mice. No differences could be detected in the
CDA4 T cells for the presence of Th17, Treg, and Roryt" Tregs.

Further, analysis of the T cells in the SI LP revealed similar frequencies of total T cells
and the three subsets identified by CD4 and CD8a. Likewise, the distribution of Th17
and both Treg subsets was comparable between Clec9a®*Syk™ and the control mice.
However, unconventional Th17 cells were decreased in part of the Clec9a®®*Syk™ mice.
In the PPs, a trend towards increased T cells could be detected, derived by an increase
of CD4 and CD8 T cells. However, this increase was not statistically significant, and the
control group was relatively small. No alterations were found for the identified subsets of

CD4 T cells nor the unconventional Th17 cells.

As the last intestinal organ, the CO LP was analyzed for the presence of total T cells and
further subsets. No difference could be observed in the frequency of the total T cell pop-
ulation, neither in one of the three subsets marked by their individual expression pattern
of CD4 or CD8. Further, the proportion of Th17, Tregs, and Roryt* Tregs was assessed,
and a slight decrease in both Treg populations could be detected. However, this could
be observed only as a trend due to the low number of control mice. In addition, no sig-
nificant difference was found in the frequency of unconventional Th17 cells between

Clec9a®®*Syk™ and control mice.

Besides the T cells, ILCs and the NK T cells were assessed for their appearance in the
intestinal compartment of Clec9a™*Syk"™ mice; likewise, it was done for
Clec9a“®*Bcl10"" mice. Comparison of the frequency of these cell types in the mLN, SI
LP, PPs, and CO LP revealed no alterations in the proportions of each cell type within

the respective organ (Data not shown).
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Figure 60 Frequency of T cells and several subsets in four intestinal organs of
Clec9a®®*Syk/" mice.

Frequency of total T cells, the subsets identified by the expression or lack of CD4 and CD8 and
their respective subsets in the A. mLN, B. SI LP, C. PPs and D. CO LP of Clec9ace*Sykff and
control mice. Data from three (S| LP) and two (mLN, PPs & CO LP) independent experiments.
Each dot represents a mouse. Bars indicate mean, and error bars indicate SEM Statistical anal-
yses were done by t-test.
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Last, T cell's capacity to produce cytokines was analyzed. Overall, cytokine production
was low within the CD4 T cells isolated from the mLN. Even though a trend towards a
reduction of IL-17A positive CD4 T cells was found in Clec9a®®*Syk™ mice. For IL-22
and IFNy, no difference was found. However, the data points spread in both groups and
separated based on the experiment. The same applies to the cytokines, especially the

IFNy produced by CD8 and unconventional T cells.

The cytokines produced by T cells derived from the SI LP showed no difference in the
percentage of IL-17A, IL-22, and IFNy expressing CD4 and unconventional T cells. Fur-
ther, an average frequency of IFNy producing CD8 T cells was found in the SI LP of

Clec9a®®"*Syk™ mice.
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Figure 61 Cytokine production by intestinal T cells from Clec9ac®*Syk/M mice.

Frequency of A. IL-17A, IL-22, and IFNy and TNFa produced by CD4 T cells, B. IFNy produced
by CD8 T cells, and C. IL-17A, IL-22, and IFNy produced by unconventional T cells in the mLN,
SI LP, PPs and CO LP from control mice and Clec9ace*Syk¥" mice. Data from three (SI LP) and
two (mLN, PPs & CO LP) independent experiments. Each dot represents a mouse. Bars indicate
mean and error bars indicate SEM. Statistical analyses were done by t-test.
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Analysis of the CD4 T cells of the PPs revealed a non-significant decrease of IL-17A
positive T cells, like the trend observed in the mLN. No additional alterations were found
in the IL-22 and IFNy production of CD4 T cells nor the frequency of IFNy* CD8 T cells.
Consequent analysis of IL-17A, II-22, and IFNy in unconventional T cells showed no
difference between the cells derived from the PPs of Clec9a®®*Syk™ mice or their con-

trols.

Subsequently, the assessment of the cytokine production of colonic T cells revealed no
significant differences in CD4 T cells expressing IL-17A or IL-17F nor IFNy and TNFa,
nor in unconventional T cells. Further on, similar values were obtained for the frequency
of IFNy and TNFa positive CD8 T cells. Even though no significant differences could be
observed, it must be considered that the groups for the cytokine production by colonic T

cells were small.

3.7 Transcriptional profiling of intestinal cDCs and T cells
from Clec9a°®*Syk™" mice under steady-state conditions

Single cell sequencing was performed to assess if loss of SYK in ¢cDCs influences the
transcriptional profile of cDCs or T cells. Doing so, cDCs and CD90.2* cells, including T
cells and ILCs, were sorted from the S| LP of Clec9a**Syk™ and Clec9a®*Syk™. Cells
were isolated from the S| LP as a previous publication on mice showed a reduction of
Th17 cells in the Sl if SYK is deleted in CD11c-expressing cells, including cDCs (Mar-
tinez-Lopez et al. 2019). The sorting strategy and the purity checks of sorted cells from

both genotypes are depicted in Figure 62.

Sort strategy and purity check for Cd90.2+ cells and cDCs from S| LP
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Figure 62 Sort strategy and purity check of cDCs and CD90.2* cells from the Sl LP of
Clec9ac®*Syk™ mice.
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Representative gating strategy to identify and sort cDCs and CD90.2* from the S| LP of
Clec9ace+Syk mice and their controls (top row). CD90.2* cells were gated directly from live
leukocytes. Out of CD90.2-CD19- cells, MHCII*CD11c* cells were selected, and cDCs were iden-
tified as CD64 negative. CD90.2* and cDCs were sorted in a 50/50 ratio. Purity was checked for
sorted cells from Clec9a**Syk™" (controls) and Clec9acre/*Syk™ mice.

The CD90.2" cells were gated and selected for sorting out the CD45.2" live leukocyte
population. From the CD90.2 negative cells, CD19-expressing B cells were excluded,
and MHCII"CD11c" cells were determined. Last, intestinal macrophages were separated
from the targeted cDC population by the expression of CD64. CD90.2" cells and cDCs
were sorted in a 50/50 ratio, and cells of both genotypes were subjected to single-cell
sequencing in separate reactions. Sequencing data from Clec9a”*Syk™ and
Clec9a“®*Syk™ derived cells were combined in the Cell Ranger Aggregate pipeline,
cleaned in the quality control steps, and cDCs were separated from CD90.2" cells and

analyzed separately.

3.7.1 Transcriptional profiling of cDCs from S| LP of Clec9ac®*Syk"" mice

After quality control and separation of cDCs from the T cells and ILCs, 5493 cells were
recovered with an average of 3138 genes detected per cell and a total of 12490 reads
per cell. Slightly more cells from Clec9a"*Syk" were found with a ratio of 60 to 40. In
the next step, unbiased clustering was performed with these cells, resulting in seven
individual clusters (Figure 63). Depiction of these clusters based on the genotypic back-
ground of the cells revealed that cells derived from different genotypes cluster by cell
type. Cell cycle regression identified a small cluster of highly proliferating cells, including
different cDCs, and therefore was excluded from further analysis. An additional non-DC
cluster was identified as T cells through the high expression of Cd3e, excluded from
downstream analysis as well. The expression of cDC-specific markers like Flt3, Itgax,
and Zbtb46 marked the remaining clusters. One of these clusters separated from the
others and could be identified as cDC1s (Irf8, Xcrl, Itgae). High levels of ltgae were
found in another cluster, with Irf4, Sirpa, and Itgam, classifying them as the intestine
characteristic CD103" ¢cDC2 (DP cDC2) subtype. Following the flow cytometric data
where DP cDC2s are the primary cDC type in the S| LP, this cluster of DP cDC2s con-
tained the highest number of cells. Two additional clusters of cDC2s were identified, out
of which one was marked by the expression of genes upregulated during cell activation
(e.g., Dusp2, Nr4al, Nfkbia). The remaining cluster had a similar signature of cDC2 and
activation markers. However, it separated from the other cDC2 clusters through the ex-

pression of genes (Ccr7, Fscnl, Ccl22), classifying it as migratory cDCs.
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Having identified each cluster, the distribution of the genotypes within the cDC clusters
was determined. It revealed a slightly higher occurrence of cells derived from
Clec9a**Syk" S| LP in all clusters.
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Figure 63 Transcriptional profiling of cDCs from the SI LP of Clec9ac®*Syk"" mice and
their controls.

A. Unbiased clustering of SI LP-derived cDCs resulted in seven clusters. B. cDC from different
genetic background overlap in the UMAP. C. Highly proliferating cells (G2M phase) form a sepa-
rate cluster. D. Dot plot shows cluster identification based on cell-specific genes like transcription
markers. E. Genotype distribution within every cDC cluster.

The first approach in further analysis of the transcriptome was to assess the presence of
the Syk mRNA (Figure 64). A comparison between Clec9a™*Syk™ and Clec9a®®*Syk™"
derived cells revealed no significant decrease within all cDC clusters. However, tran-
scripts were sequenced from the 5" end, and the floxed allele is localized towards the 3’
end. The iCre expression was detected only in cDC1s derived from Clec9a“®*Syk"" S|
LP, confirming the genotype. As no difference was seen in the transcript level of Syk, the
protein expression was assessed through flow cytometric analysis. In doing so, several
immune cell populations isolated from the spleen, mLN, and SI LP were analyzed for
their expression level of SYK. Gating strategies to identify the organ-specific cDC and

macrophage populations were described previously.
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Figure 64 The efficiency of Clec9a-cre-dependent SYK deletion in different cDC subsets.
A. Transcriptional expression of iCre and B. Syk within the five identified cDC clusters separated
by their genetic background. C. Representative gating of SYK protein staining in cDC subsets
and macrophages from the control spleen and Clec9a%*Sykf mice. Gates were set based on
Isotype control staining (top row). D. Frequency of SYK-positive cells within the respective im-
mune cell population in the spleen, E. the mLN, and F. the SI LP of Clec9ace*Syki mice and
their controls. Data from two (D - F) independent experiments. Each dot represents a mouse.
Bars indicate mean, and error bars indicate SEM. Statistical analyses were done by t-test. * p-
value < 0.05, ** p-value < 0.01, *** p-value < 0.001

Throughout the immune cell types determined in the spleen and investigated from their
expression level, only cDC1 and cDC2 significantly reduced their SYK positive fraction.
In addition, the fluorescent intensity of the SYK-positive population of cDC1 and cDC2
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but not RPMs was decreased, which is already visible within the dot plots. The fluores-
cent intensity correlates with the protein level present in the cell. Therefore, Syk-express-
ing cDCs and the SYK protein level within the cDCs are decreased in Clec9a®®*Syk""
mice. Within the analyzed intestinal organs, a significant reduction of SYK* cells was
determined in all migratory and resident cDC subsets but only in two out of four cDC
subsets from the S| LP. However, a clear difference could be observed within cDC1, both
cDC2 subsets and DN DCs, even though not all turned significant. No reduction of the
SYK-expressing population could be observed in monocytes, neutrophils, or T and B
cells, neither in the mLN nor in the SI LP. Further on, SI LP-derived macrophages and
eosinophils showed a similar expression level of SYK when Clec9a®®*Syk™"" derived cells
were compared to their controls.

In summary, SYK-expressing cells could be reduced within the cDC compartment, but
no complete deletion of SYK in any of the cDC subtypes was found, even though the
SYK protein level was decreased in the remaining SYK* cDCs. No reduction of SYK”*
was found in any of the other investigated immune cell populations in all three organs.

The transcriptional profile of cDCs from Clec9a®®*Syk™ S| LP was further dissected by
identifying differentially expressed genes across genotypes within each cDC cluster.
Clec7a turned up as the top differentially expressed gene in the cDC1s, being highly
upregulated in cDC1 from Clec9a®®*Syk™ mice. This phenotype could be confirmed on
the protein level by flow cytometry. Compared to their controls, increased Dectin-1 stain-
ing was found on cDCl1s isolated from the S| LP of Clec9a®®*Syk™ mice. No transcrip-

tional or protein level difference was observed in any other cDC subset.
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Figure 65 Increased expression of Clec7a/Dectinl upon SYK deletion in cDC1.

A. Transcriptional expression of Clec7a in all five cDC clusters, identified in the previously per-
formed unbiased clustering. Clusters are divided based on the genotype of the cells they derived
from. B. Representative histogram overlays of the flow cytometric analysis of Dectin-1 staining
on cDC1, DP, and SP cDC2 isolated from the SI LP of Clec9ace*Syk™" mice or their controls.

Further analysis of the DEGs within each cDC cluster using a gene set enrichment anal-
ysis revealed an upregulation of IFNy response (e.g., Ifngrl, Itgb7, Ciita, Ccl5) and TNFa
signaling via NFkB (e.g., Zfp36, Pik2, Jun, Fos, Duspl) in multiple cDC clusters from

104



Results

Clec9a®®*Syk™ mice. Nfkbl, encoding the NFkB subunit p105, is downregulated in
cDC1, activated cDC2, and migratory DCs originated from Clec9a®®*Syk™ mice. The

p105 subunit is the precursor of p50, which is generated by co-translational processing.
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No additional hits could be identified among the other differentially expressed genes.
However, the total number of DEGs did not exceed 50, including up- and downregulated
genes, in any of the cDC clusters.

3.7.2 Transcriptional profiling of CD90.2* from SI LP of Clec9a*®*Syk™
mice

Separation of CD90.2* cells from cDCs through their transcriptional profile led to 11953
sequenced cells, with an average read number of 3454 per cell and 1557 different de-
tected genes. The proportion of Clec9a™*Syk™ and Clec9a*®*Syk" derived cells was
equal. The unbiased clustering of these cells led to 12 clusters, whereby these cells
clustered into two meta-cluster consisting either of conventional T cells (Thy1.2, Cd3e)
or ILCs (Thy1.2, no Cd3e) together with NK T cells (Cd3e, Klirdl, Xcl1) and DN yoT cells
(Cd3e, Trdc). Cells of different genetic origins cluster together, and cell cycle regression

identifies proliferating cells within each cluster (Figure 67).

Within the T cell meta cluster, four CD4 T cell (Cd4) clusters could be identified, whereby
individual clusters were characterized by the expression of the Foxp3, Rorc, and high or
low Cd44, respectively. The expression of these genes and each cluster’s top differen-
tially expressed genes allowed their classification as Tregs, Th17, and activated and
non-activated CD4 T cells. Further on, two CD8 T cell clusters were detected and sepa-
rated by the expression of Trdc by one of them. The last cluster of this group showed

high levels of Ccr7 and Sell and was assigned as migratory (naive) T cells.
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Figure 67 Unbiased clustering of CD90.2* cells from the SI LP of Clec9ac®*Syk™ mice.

A. Unbiased clustering of SI LP-derived CD90.2 expressing cells, resulted in 12 clusters. B. T
cells and ILCs from different genetic background overlap in the UMAP depiction. C. Cell cycle
does not exceed the clustering based on cell type-specific markers. D. Dot plot shows cluster
identification based on cell-specific genes like transcription markers.

Besides the CD8 yd T cells, two additional clusters were marked by the expression of
Trdc. Within those, one of them expressed, in addition, Rorc, leading to the identification
of this cluster as unconventional yd Th17 cells. ILC clusters included NK cells (KlIrblc,
Kirdl, Xcll1), ILC2s (Rora, Gata3), and ILC3s (Rora, Rorc).

Further, transcriptional differences should be investigated. However, differential gene
expression analysis revealed barely any differences between CD90.2" derived from
Clec9a™Syk™ and Clec9a®®*Syk™ S| LP. This might be due to the low sequencing
depth of approximately 3500 reads per cell.
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3.8 Loss of SYK in cDCs has no impact on acute Colitis

CD11c®Syk"* mice were described to be more susceptible to acute colitis and CAC
(Malik et al. 2018). Even though CD11c-cre is often used to target DCs, intestinal mac-
rophages also express high levels of CD11c. Therefore, the Clec9a®®*Syk™ allows a
more specific deletion in cDCs. To investigate if SYK in cDCs protects mice from acute
colitis, Clec9a“®*Syk™ and control mice were treated with DSS-supplemented drinking
water to induce colitis. A low concentration of DSS was selected to mimic the colitis,
usually caused during the AOM-DSS model, where mice can recover from colitis.

3.8.1 Acute Colitis in Clec9ac®*Syk™f mice

Challenging Clec9a™®*Syk™ and their controls to DSS-induced colitis and monitoring
them for weight loss and disease activity revealed no significant differences between the
groups (Figure 68). However, Clec9a®®*Syk™ mice showed slightly less weight loss and

seemed to start to recover earlier than the control mice.
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Figure 68 Acute colitis performed with Clec9a°®*Syk™" mice and their controls.

A. Weight in percent of starting weight and B. Disease activity score upon DSS-induced acute
colitis in Clec9ace+*Syk and control mice (n per group = 8). C. Colon length and colon
length/weight ratio at the endpoint analysis. Each dot represents a mouse. D. Immune cell infil-
tration (ICF) and epithelial damage (ED) were determined by histological scoring (n per group =
8). E. Levels of the cytokines IL-23, IL-17A, IL-6, IFNy, TNFa, and IL-10 in the Clec9ace+Syk/f
mice serum and their controls at the endpoint analysis (n per group = 8). Data from two independ-
ent experiments. Bars indicate mean, and error bars indicate SEM. Statistical analyses were done
by t-test.

Analysis of the colon length and determination of the colon length/bodyweight ratio

showed similar values obtained from both groups. Histological scoring of H&E-stained
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colon swiss roles uncovered a relatively increased immune cell infiltration of the colon
tissue of Clec9a®®*Syk™ mice. The detected epithelial damage was scored equally in
Clec9a®®*Syk™ mice and their controls. Last, serum cytokines were measured, and a
trend of increased pro-inflammatory cytokines, like I1L-23, IL-17A, IL-6, and IFNy, was
detected in the serum of the Clec9a®®*Syk™ mice. However, none of them significantly

increased. No differences could be observed for the anti-inflammatory cytokine IL-10.

3.8.2 Flow cytometric analysis of immune cell compartments in CO LP
and CO LN of Clec9ac®*Sykf mice with acute colitis.

Even though no significant differences were detected in the clinical scorings of
Clec9a®®*sSyk™ mice suffering from acute colitis, the immune cell compartment of the
CO LP and the CO LN was investigated. A comparison of the cell counts of total leuko-
cytes showed no difference in the total amount of immune cells in the CO LP or the CO
LN (Figure 69). However, cell counts for leukocytes in the CO LP were only obtained

from one cohort.
Figure 69 Leukocyte counts in the COLP and CO
LN upon DSS-induced acute colitis.

COLP CO LN
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g 6 }t % g 2 l i » LP and the CO LN of Clec9ace*Syk™ mice and their
3 +|° 3 "8 & Gt controls after DSS-induced colitis. Data of one (CO
E 4. E LP) and two (CO LN) independent experiments.

Lgukocytes L(;ukocytes Each dot represents a mouse. Bars indicate mean,

and error bars indicate SEM. Statistical analyses
were done by t-test.

The leukocytes isolated from the CO LP were further dissected for the presence of sev-
eral immune cell types (Figure 70). Total cDCs and macrophages were identified as pre-
viously described (3.1.1), and no difference in their frequency within the CO LP of
Clec9a™®"*Syk™ mice was found. Further, cDC1s and both cDC2s subsets and the DN
DCs were analyzed for their occurrence, and similar values were obtained. Even though
data points were spread within both groups. Determination of eosinophils, monocytes,
and neutrophils showed a similar proportion in the CO LP of Clec9a®®*Syk"" and control
mice. Last, B and T cells were identified, and T cells were further subdivided based on
their expression of CD4. The CD4 negative fraction contained the CD8 T cells and the
unconventional T cells. Similar frequencies of B cells, total T cells, and the subdivided
CD4* and CD4" T cells were found in the CO LP of Clec9a“®*Syk™ and control mice.
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Figure 70 Frequency of cDCs and other myeloid and lymphoid cells in the CO LP of
Clec9a®®*Syk" mice upon acute colitis.

Frequency of total cDCs and macrophages and the four intestinal cDC subsets in the CO LP of
Clec9ac*Syk"f mice and their controls after DSS-induced colitis. The frequency of eosinophils,
monocytes, and neutrophils as well as T and B cells in those mice is shown. T cells were further
divided into CD4* and CD4- and analyzed for their frequency. Data of one experiment. Each dot
represents a mouse. Bars indicate mean and error bars indicate SEM. Statistical analyses was

done by t-test.

For the analysis of the CO LN, the focus was set on the occurrence of T cells and their
capacity to produce cytokines. To assess the latter, isolated leukocytes were re-stimu-
lated ex-vivo, which induced massive down-regulation of CD4. Therefore, T cells could
only be subdivided based on their expression pattern of CD8a. However, the fraction of
unconventional T cells lacking CD4 and CD8a is negligible in the LN, and CD8 negative
T cells are predominantly CD4 T cells.
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Figure 71 Frequency of T cells and several subsets in the CO LN of Clec9a®®*Syk™ mice
upon acute colitis.

Frequency of total T cells and the two subsets subdivided by CD8a expression Clec9ace*Sykf
mice and their controls after DSS-induced colitis. CD8- cells were analyzed for the frequency of
Roryt* Tregs, Th17, and Tregs and the production of IL-17A, IL-22, and IFNy. Further on, the
frequency of IFNy expressing CD8 T cells was analyzed. Data of two independent experiments.
Each dot represents a mouse. Bars indicate mean and error bars indicate SEM. Statistical anal-

yses was done by t-test.

109



Results

In the CO LN of Clec9a®*Syk™ mice, an increase of total T cells was observed, caused
by a higher frequency of ‘CD4’ T cells, whereas CD8 T cells were found in similar pro-
portions. Subdividing CD4 T cells by the Foxp3 and Roryt expression identified Tregs,
Th17 cells, and Roryt* Tregs. All three subsets could be detected in a similar frequency
within the CD4 T cells. Measuring the production of IL-17A, IL-22, and IFNy by CD4 T
cells revealed a significant reduction of IL-17A* CD4 T cells, whereby the other two cy-
tokines were produced in similar proportions in CD4 T cells from Clec9a®®*Syk"" and
control mice. Further on, no difference could be found in the capacity of CD8 T cells to
produce IFNy. A similar trend of decreased Th17 and less IL-17A production by CD4 T
cells was found in a cohort of 2 vs. 2 mice, which had to be sacrificed on day 8 due to
reaching termination criteria (Data not shown).
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4. Discussion
4.1 The Role of BCL10 in Intestinal cDCs in Health and
Disease

4.1.1 Deletion of BCL10 does not alter cDC development but influences
their capacity to polarize CD4 T cells

This study aimed to characterize the role of the signaling cascade of the CBM complex
in cDCs in colitis and colitis-associated cancer. First, steady-state profiling was per-
formed to exclude possible pre-dispositions of Clec9a“®*Bcl10"" mice for later induction
of acute and chronic colitis. Doing so, Clec9a®*Bcl10™ mice showed an overall normal
cDC compartment in the spleen and the SI. However, the frequency of total migratory
cDCs in the CO LN from Clec9a®®*Bcl10™ mice tended to be decreased, caused by a
significant decrease in the migratory cDC1 subsets. As migratory cDC1s in the CO LN
migrated in a CCR7-dependent manner from the CO LP via the lymphatics into the LN,
it may be presumed that cDC1s are increased in CO LP. The decrease could be caused
by less migration or, alternatively, decreased overall presence of cDC1s in the colon
(Cerovic et al. 2013, Esterhazy et al. 2016). Analysis of the CO LP revealed a slight but
not statistically significant increase of cDC1s in frequency. Therefore, an overall reduc-
tion of cDC1s within the colon does not cause a decrease in migratory cDC1 in its drain-
ing LN. Since no differences were found in examining the Sl and its draining LN, a defect
in the migration of cDC1s is unlikely. CD103* cDC1s migrate upon activation into the
colon-draining LN; a difference in activation and, therefore, less migration could explain
the reduction migration of cDC1 into the CO LN (Cerovic et al. 2013).

In conclusion, BCL10 is dispensable for the overall development of cDCs and their col-
onization of the intestinal compartment. Whereas its deletion might alter the activation of
colonic cDC1, leading to a reduced migration of cDC1s from the CO LP into the CO LN,
where they usually cross-present self-antigens, induce CD8 effector T cells, and polarize

CD4 T cells predominately to Thl and Treg phenotype.

Therefore, the intestinal T cell compartment was investigated to address whether the
deletion of BCL10 alters the activation of cDCs and, thus, their primary function to acti-
vate and polarize CD4 and CD8 T cells. No differences were found in the overall abun-
dance and activation of CD4, CD8, and unconventional T cells, and further on, regulatory
T cells occurred in a similar frequency in the intestines of Clec9a“®*Bcl10"" and control

mice.
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Previously, it has been described that recognizing fungal PAMPs by Dectin-1 and Dectin-
2 drives the induction of Th17 and Thl cells (Drummond et al. 2011). However, profiling
of the SI LP of Clec9a®®*Bcl10"" mice revealed no difference in the occurrence of these
CD4 T-helper subsets or their capacity to produce specific cytokines. In contrast, Th17
cells were reduced in the CO LP when the signaling cascade downstream of these CLRs
was disrupted by deleting BCL10 in cDCs. A possible explanation for why this Th17 re-
duction can be observed in the colon but not within the Sl is the change in the microbiota
throughout the intestinal axis. Whereas food-derived antigens imprint the SI microbiota,
the colon harbors increased amounts of microbes (Mowat and Agace 2014). This hy-
pothesis is favored because Sl-restricted Th17 deficiency in CD11c®®Syk™™ mice was
traced back to one specific pathogen activating Mincle but not Dectin-1 or Dectin-2 (Mar-
tinez-Lopez et al. 2019). Therefore, this respective pathogen, inducing CBM complex
activation, might be absent within the Sl luminal content, and alternative microbes are
present in the colon. No matter what this Th17 deficiency triggers, this might influence
the disease outcome of Clec9a“®*Bcl10"" mice in colitis and CAC, as it has been shown
that the increased susceptibility of CARD9 KO mice is in part mediated by the critical role
of CARD?9 in inducing adaptive Th17 cell responses (Sokol et al. 2013, Bergmann et al.
2017).

4.1.2 BCL10 deficiency alters the metabolism of cDCs

Profiling of the intestinal cDC and T cell compartment of Clec9a“®*Bcl10"" mice pointed
towards a difference in the activation of cDC1 and revealed a reduction in Th17 cells in
the CO LP. However, cDC1s are not described to induce Th17 cells, but cDC2s were
shown to induce Th17 cells (Schlitzer et al. 2013, Persson et al. 2013, Satpathy et al.
2013). Leading to the assumption that the deletion of BCL10 in cDCs alters the function
of cDC1s and cDC2s. Therefore, transcriptional profiling was performed on colonic cDCs
and macrophages to gain insights into the altered processes induced by the lack of
BCL10. Unbiased clustering of those cells revealed a separation of all identified cDC
clusters, but not macrophages, based on the genetic background of the cells. The most
significant separation was observed for cDC1 and, to a lesser extent, in other cDC clus-

ters.

That differential expression of Bcl10 causes this separation could be excluded as similar
transcript levels were detected in all cDC subsets from Clec9a”"Bcl10"™ and
Clec9a®®Bcl10"" mice. As the sequencing occurred from the 5’ prime end of the mRNA,
Bcl10 transcripts detected in the cDCs from Clec9a®®*Bcl10™ could lack exon 2 that is
excised when the Cre recombinase is active. Therefore, the efficiency of the Cre recom-

binase under the Clec9a promoter was determined and revealed a deletion of the floxed
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region in cDC1s and, to a lower extent, in the two intestinal cDC2 subsets. Whereby the
DN DCs were unaffected, intestinal macrophages showed a slight reduction of the floxed
Bcll10 allele. This different efficiency of the Cre recombinase resembles observations
from the Clec9a®® Fate mapping model in the lab, where some staining of the intestinal
macrophages could also be observed in Clec9a®®*Rosa™" but not in Clec9a®®“®Ro-
sa" . Whether this is an effect of background labeling or the hint of a Clec9a expression
history of some intestinal macrophages is still being investigated. Nonetheless, the slight
decrease of Bcl10 in the intestinal macrophages from Clec9a“®*Bcl10™ mice presuma-
bly is not enough to induce an altered immune response as the single-cell sequencing
data set revealed no significant effect on macrophages and transcriptional alterations
were predominantly found in cDCs.

Further on, when heterozygous Clec9a“® mice were used for fate mapping analysis,
cDC2s were not as efficiently labeled with the respective fluorescent reporter as when
homozygous Clec9a“® mice were used. However, homozygous Clec9a®® mice are in
parallel knockouts for Clec9Qa/DNGR1, an essential receptor during cross-presentation
of cell-associated antigens. Therefore, Clec9a®*Bcl10™ mice had to be used, and less
efficient deletion of BCL10 in ¢cDC2s had to be accepted. As currently no antibody is
available for flow cytometric application, a comparison of the final protein level in intesti-
nal cDCs was not possible. However, considering the high deletion efficiency of the
floxed Bcl10 allele in cDC1 and cDC2, it can be assumed that cDC1s lack a sufficient

amount of BCL10, and cDC2s at least should have a significant reduction.

The cluster separation based on the genetic background of the cDCs could be traced
back to a reduction of the mitochondrial function depicted by a decreased expression of
several genes involved in OXPHOS. That the most significant separation is detected with
the cDC1s can be explained by two plausibilities: On the one hand, differentiated cDC1s
express Clec9a and therefore have the highest deletion of BCL10. Conversely, cDC1s
rely the most on OXPHQOS, indicated by an increased mitochondrial membrane potential
compared to cDC2s (McKenna et al. 2000, Sathaliyawala et al. 2010). Despite their dis-
tinct metabolic requirements for development and homeostasis, a common feature of
cDCs is the rearrangement of the metabolisms upon activation from OXPHOS towards
glycolysis. This glycolytic burst has been attributed to be a conserved response upon
PRR activation and further maturation of the immunogenic cDCs (Everts et al. 2014,
Thwe et al. 2019). However, transcriptomic profiling revealed only a downregulation of
OXPHOS, and no alternative metabolic pathway, like glycolysis or fatty acid oxidation,

was upregulated. Speaking against a metabolic switch upon PRR stimulation.
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In addition to reduced OXPHOS genes, a downregulation of multiple Rps and Rpl genes,
constituting the ribosome, could be detected. It has been shown that the translation level
directly correlates with ATP production (Arguello et al. 2020). Therefore, this decreased
expression of ribosomal genes encoding the primary translation site could result from
decreased OXPHOS in the cDCs.

Furthermore, several MYC target genes were found in the list of downregulated genes
in cDC1. Previous studies showed that a reduced MYC expression is associated with
the terminal differentiation of several cellular lineages and a reduction of cell growth and
proliferation (Carroll, Freie, Mathsyaraja and Eisenman 2018). In addition, another down-
regulated signaling cascade mediated by mTOR drives metabolic reprogramming, pro-
tein synthesis, and transcription downstream of PRRs and growth factor receptors (Su-
khbaatar, Hengstschlager and Weichhart 2016). Furthermore, a connection between
MTOR and MYC was identified, as the mTOR-driven phosphorylation of 4EBP1/elF4B
enhances the translation of MYC (Pourdehnad et al. 2013, Csibi et al. 2014). This phos-
phorylation of 4EBP1/ elF4B promotes the CAP-dependent translation, an additional
pathway downregulated in BCL10 deficient cDCs (von der Haar, Gross, Wagner and
McCarthy 2004).

MY C-supported transcription has been shown downstream of TCR signaling in Tregs to
mediate optimal mitochondrial metabolism for Treg expansion. This pathway is mediated
by the protease activity of MALT1 within the CARD11-BCL10-MALT1 signalosome com-
plex in T cells (Rosenbaum et al. 2019, Rosenbaum et al. 2022). It is possible that the
CBM complex in cDCs has a similar function, and therefore, the deletion of BCL10 leads
to less MALT1 signaling, followed by a reduction of MYC activity. However, in T cells,
the activation of ribosomal genes and mitochondrial biogenesis through MYC and mTOR
signaling drives T cell expansion (Preston et al. 2015). Whereas differentiated cDCs
were described as predominantly post-mitotic (Ginhoux et al. 2009). Nevertheless, it has
been shown that increased mTOR signaling leads to cDC1 expansion and might be ex-
plained by the activation of the PI3K pathway upon FIt3L binding to its receptor, driving
cDC development (McKenna et al. 2000). However, further analysis of their cell cycle
through cell cycle regression in the single-cell sequencing dataset combined with flow

cytometric analysis of Ki67 levels revealed no difference in proliferation.

Three MYC paralogues have been identified: c-MYC, n-MYC, and I-MYC (He et al.
1998). Whereas c-MYC and n-MYC are involved in embryonic development and later, in
general hematopoiesis, I-MYC is exclusively expressed in cDCs. The transition from c-
MYC expression in cDC committed precursors to I-MYC in ¢cDCs is driven by IRF8 up-
regulation, and higher expression can be found in cDC1 than in cDC2 (Kc et al. 2014,
Anderson Il et al. 2021). L-MYC is not required for cDC development but regulates core
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biosynthetic processes, like ribosome synthesis, translation, and cell respiration, imprint-
ing the biological fitness of the cell (Anderson Il et al. 2020). Therefore, I-MYC was de-
scribed as a regulator of the transcriptional program that changes throughout the DC
maturation (Anderson Il et al. 2020). Further, it has been claimed that I-MYC is sup-
pressed during DC maturation (Ardouin et al. 2016, Manh et al. 2013).

Taken together, it is likely that the deletion of BCL10 leads to an altered early activation
or maturation of cDCs. A current model of mTOR signaling in DCs described a rapid
activation of mTOR upon PAMP recognition, promoting early pro-inflammatory response.
In contrast, mTOR signaling decreases while the DC matures and migrates to the LN
DC. During maturation, DCs shut down antigen uptake and optimize antigen processing
and presentation (Sukhbaatar, Hengstschlager and Weichhart 2016). In accordance with
this model, genes upregulated in BCL10 deficient cDC1 were mapped to antigen presen-
tation pathway and genes constituting MHCII and MHCI, even though no differential ex-
pression of classical activation markers was found on the transcript level. This differential
expression of MHCI and MHCII transcripts could not be confirmed in protein levels on
cDC1 isolated from the CO LP of Clec9a“®*Bcl10"" mice. However, migratory cDC1s in
the CO LN showed increased MHCI and MHCII expression, likely explained by the delay
between transcription and translation. Even though it seems like the deletion of BCL10
affects the activation of colonic cDCs, a recent study on the role of CARD9 in neutrophils
revealed an increase of apoptotic metabolically stressed neutrophils upon CARD9 dele-
tion (Danne et al. 2022). Additional studies addressing mitochondrial wellness by deter-
mining the mitochondrial membrane potential and mitochondrial mass using flow cy-
tometric probes and Annexin staining to detect apoptotic cells should be done on colonic
cDCs from Clec9a°®*Bcl10" mice. In doing so, it is suggested to restart the metabolic
activity of isolated cells for a specific time by incubating them at 37°C as the cells are
kept on ice for the whole isolation procedure, which might alter their active metabolism.
This might explain why the analysis of the mitochondrial membrane potential with the
TMRM probe did not reveal any differences in colonic BCL10-deficient cDCs, as the in-

cubation at 37°C occurred only for a short time.

Flow cytometric analysis was used to investigate whether BCL10 deletion in cDCs leads
to an altered activation. However, normal levels of the classical activation markers CD40
and CD86 were found on cDC1 and cDC2s isolated from the CO LP of Clec9a®®*Bcl10""
mice. As the differential expression of MHCI and MHCII complexes was only seen on
migratory cDC1 in the CO LN, the activation status of cDCs isolated from this organ was
determined. Nevertheless, a similar expression of CD40 and CD86 was detected on
BCL10 deficient and sufficient cDCs. This leads to the assumption that the altered mTOR

and MYC activity in colonic cDCs is not caused by an increased activation state. Quite
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the opposite might be the case, as a significant increase of PD-L1 could be detected in
the colonic CD103" ¢cDC2 population. Similar trends were observed for CD103* cDC2s
and all migratory cDC subsets within the CO LN.

An increased level of PD-L1 points towards a tolerogenic phenotype of BCL10 deficient
cDCs. Additionally, tolerogenic cDCs are described in the literature as marked by main-
taining high OXPHOS; other studies reveal that the inhibition of mTOR induces a tolero-
genic phenotype in DCs (Wculek et al. 2019b, Shao et al. 2020, Avancini et al. 2023). A
more tolerogenic phenotype of cDCs from the CO LP of Clec9a®*Bcl10"" mice is un-
derlined by the decrease of the inflammatory Th17 cells even though regulatory T cells

did not increase.

4.1.3 Deletion of BCL10 in cDCs has no impact on acute colitis

Having identified a trend towards a tolerogenic phenotype of BCL10 deficient cDCs com-
bined with a reduction of Th17 cells, the next step was to assess how this impacts acute
colon inflammation. Even though a similar increased expression of PD-L1 on CO LN-
derived ¢DCs and a reduction in IL-17A-producing CD4 T cells in the CO LP could be
found in Clec9a®®*BCI10" mice suffering from acute colitis, no differences could be ob-
served in disease severity. This was unexpected, as previous studies showed an in-
creased susceptibility of CARD9 KO mice attributed to reduced Th17 induction (Sokol et
al. 2013). However, the overall role of Th17 cells in experimental colitis and human IBD
is controversial. In one study, neutralizing IL-17A and IL-17F ameliorated colitis, while
others showed that anti-IL17 mAb aggravates colitis (Wedebye Schmidt et al. 2013, Og-
awa et al. 2004, Maxwell et al. 2015). Further, it has been demonstrated that the ame-
liorated T cell-induced colitis in CD11cIRF4"* is mediated by a decrease of Th17 cells
(Pool, Rivollier and Agace 2020). However, CD11c®IRF4"* mice had no altered disease
severity in DSS-induced colitis despite reduced Th17 cells in homeostatic conditions
(Welty et al. 2013). Therefore, a reduction in Th17 cells does not necessarily mean an
aggravated outcome in colitis. Further, it has been proposed that neutrophils and mono-
cyte-derived cells predominantly mediate DSS-induced colitis. In contrast, T cell-medi-
ated colitis largely depends on LP T cells and the cDC function (Tamoutounour et al.
2012, Mildner, Yona and Jung 2013, Maxwell et al. 2015).

Although the IL-22 production by CD4 T cells was similar between the genotypes, un-
conventional T cells showed significantly increased production. Previous studies de-
picted that secreted IL-22 acts on the epithelial cell to induce STAT3 and downstream
cell survival and proliferation to induce epithelial restitution (Bergmann et al. 2017, Wald-

ner and Neurath 2015, Frigerio, Lartey, D’Haens and Grootjans 2021, Lamas et al.
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2016). Unconventional T cells are predominantly yd T cells, which develop in the embry-
onic thymus and migrate to peripheral tissue rather than lymphoid organs. These yo T
cells are critical for intestinal epithelial permeability and barrier integrity as they promote
the release of antimicrobial peptides and regulate tight junctions between enterocytes
(Mielke et al. 2013, Zheng et al. 2008, Lee, Yang, Racke and Lovett-Racke 2015). Even
though their functions are independent of MHC-dependent antigen presentation, it has
been shown that cDCs are critical for their activation and expansion (Zheng et al. 2008,
Muzaki et al. 2017, Willcox, Mohammed and Willcox 2020). Besides the classical Th17-
polarizing cytokines produced by cDCs to enhance IL-17 production by yd T cells, a study
revealed that RA stimulated y® T cells to produce IL-22 and thereby attenuated DSS-
induced acute colitis (Muzaki et al. 2017, Mielke et al. 2013). A primary source of RA in
the intestine are cDCs, facilitating tolerance under basal conditions (Guilliams et al.
2010). Considering the increased PD-L1 and the possible tolerogenic phenotype of
BCL10 deficient cDCs, it is likely that their production of RA is enhanced and should be
investigated.

However, the detected alterations in the T cell compartment of Clec9a®®*BCI10™ mice
had no significant impact on the DSS-induced acute colitis. Nevertheless, these altera-
tions might influence the recovery of mild colitis. This hypothesis is further underlined
through the shift towards a tolerogenic phenotype in the cDC compartment, observed in
the CO LN of Clec9a“®*BCI10"" mice, marked by the upregulation of PD-L1 on the sur-

face of several cDC subsets.

4.1.4 Deletion of BCL10 in cDCs aggravates colitis-associated-cancer

In the next step, the Clec9a“®*BCI10" mouse model was utilized to study the role of the
CBM complex in ¢DCs during inflammation-driven cancer development. When these
mice were subjected to the AOM-DSS model to mimic CAC, increased tumor number,

burden, and invasiveness were observed.

Based on weight loss and clinical scores, no significant difference in inflammation was
detected in Clec9a®"BCI10"" mice compared to their controls. Therefore, increased tu-
mor development is presumably not caused by heightened inflammation, which typically
increases the risk of adenoma development (Gatenby et al. 2021). A previous study on
Card9” mice revealed a pivotal role of IL-22, driving epithelial restitution and later foster-
ing tumor development by activating STAT3 in epithelial cells (Bergmann et al. 2017). In
line with this, increased IL-22 production by colonic unconventional T cells was observed

after acute colitis in Clec9a®*BCI10"" mice, suggesting that deletion of BCL10 in cDCs
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seems to cause an increase of IL-22 and thereby promotes tumor growth through in-
creased proliferation. However, analysis of pSTAT3 and Ki67 in tumor areas and non-
tumor tissue of the colon revealed similar epithelial cell proliferation, ruling out this pos-

sibility.

Increased tumor development did not impact surrounding intestinal organs in terms of
inflammatory signs, as assessed by the infiltration of monocytes and neutrophils into the
respective tissues. However, lymphadenopathy was observed in Clec9a®®*BCI10" mice
with CAC, similar to acute colitis. This effect was limited to the CO LN and did not affect
the other mesenteric lymph nodes draining the small intestine or the spleen, the largest
lymphoid organ. Increased cellularity of the CO LN could be a side effect of the increased
tumor burden, as it has been described overall cellularity of TDL increases with tumor

progression (Roberts et al. 2016).

4.1.5 Loss of BCL10 alters tumorigenic cDCs

Profiling of the cDC1 and cDC2 subsets in the colon, within tumors and non-tumor tissue,
and in the colon-draining LN depicted a similar presence of all determined subsets.
Therefore, the deletion of BCL10 does not influence the infiltration of cDC1 and cDC2
subsets into the tumor or their migration into the CO LN for T cell priming. Due to the
lack of respective analysis, no conclusion can be drawn regarding the activation of
BCL10-deficient cDCs in the CO LP or CO LN. Specifically, it could be crucial to investi-
gate whether there is an increased expression of PD-L1 in the lymph node during tumor

development, likewise the observations in steady state and upon acute colitis.

Additional transcriptional profiling of cDCs isolated from the Clec9a*BCI10"" mice tu-
mor after AOM-DSS treatment was performed to assess the previous finding of reduced
mitochondrial and ribosomal biogenesis, presumably caused by reduced mTOR and
MYC signaling. However, inflammation and tumorigenesis abrogated this phenotype, as
similar levels of OXPHOS and ribosomal genes could be detected, along with equal lev-

els of MYC target genes.

Nonetheless, a significant reduction in Cd40 expression was found in activated cDC1s
and cDC2s. Other activation markers were expressed equally in activated cDC1s and
cDC2s, with only migratory DCs showing reduced levels of CD86. CD40 signaling is
known to increase the survival of cDCs and plays a critical role in their activation, antigen
presentation, cytokine production, and immune regulatory functions (Gerner, Casey and

Mescher 2008). Anti-CD40 treatment has been shown to enhance anti-tumor immunity
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during anti-PD-1 treatments (Garris et al. 2018). It is unclear whether the reduced tran-
script level of CD40 results from decreased activation or reduced presence of pro-inflam-
matory cytokines. Moreover, the overall presence of IFNy, a known stimulator of CD40

expression, was reduced in the Clec9a®®*BCI10™ mice tumor tissue.

In addition to the reduced Cd40 expression, genes encoding the HSP70 protein complex
were decreased significantly in cDCs from Clec9a“®*BCI10"" mice. HSPs are generally
upregulated in cells in response to various forms of stress to prevent cellular damage
and increase immunoregulation. The decreased capacity for stress-induced HSP ex-
pression has been associated with immune disorders (Wieten et al. 2010). A common
form of stress within the tumor microenvironment is oxidative stress (Szatrowski and
Nathan 1991). However, the transcriptional levels of genes responding to oxidative
stress were expressed at equal levels in BCL10-deficient and sufficient cDCs. Nonethe-
less, several studies depicted that HIF1a, a transcription factor known to drive Hsp70
gene expression (Tsuchida et al. 2014, Xia et al. 2009), can be induced via mTOR sig-
naling. Even though genes involved in mTOR signaling were not differentially expressed,
MTOR activity might be reduced in BCL10 deficient cDCs (Land and Tee 2007, Dodd et
al. 2015).

In addition to stress-induced upregulation of HSPs, it has been shown that pro-inflam-
matory cytokines like IFNy, TNFa, or IL-1B can increase the levels of HSP70 and HSP90
by enhancing the activity of the Hsp70 and Hsp90 promoters. These effects depend on
the STAT-1 transcription factor activation by IFNy (Stephanou and Latchman 1999).
HSP70 plays a vital role in cDCs, modulating their maturation, antigen presentation, and
general immune response. HSP70 exhibits chaperone activity, assisting in protein fold-
ing and assembly. Furthermore, HSP70 can interact with specific antigens in cDCs to
promote their processing and presentation on MHC complexes, thereby facilitating the T
cell induction (Figueiredo et al. 2009, Takemoto et al. 2010). Nevertheless, HSP70 can
also possess a tolerogenic function, as demonstrated by Hsp70” dendritic cells, which

showed increased activation that inhibits tumor growth (Giri et al. 2021).

Overall, cDCs from Clec9a“®*BCI10"" colonic tumors show hints towards an impaired
capacity to activate T cells. However, the single-cell sequencing of isolated cDCs may
hit only a fraction of tumor-infiltrating cDCs. It has been described that cDCs can upreg-
ulate CD64 under inflammatory conditions, which is the case for a colitis-induced tumor
setting. These cells were excluded during the sort to perform transcriptional profiling of

tumor-infiltrating cDCs.
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4.1.6 BCL10 deficient cDCs lead to immuno-suppressive CD4 T cells and
less cytotoxicity in colonic tumors

Profiling of T cells and innate lymphoid cells (ILCs) in the organs directly affected by
colitis-associated cancer revealed a reduced NK1.1 expression on NK cells throughout
the tumors, the surrounding non-tumor CO LP, and the CO LN. Reduced NK1.1 expres-
sion is associated with NK cell dysfunction and exhaustion (Li et al. 2022, Ni et al. 2020).
However, no additional markers assessed in the spectral analysis nor transcriptomic pro-
filing provided further evidence of NK cell exhaustion in Clec9a®®*BCI10™ mice after
AOM-DSS treatment.

Within the CO LN of tumor-bearing mice, a reduced frequency of CD8 T cells was found
in Clec9a®®*BCI10"" mice. Since similar frequencies of cDC1s were detected in the CO
LN of Clec9a®®*BCI10"" mice, it is more likely that their ability to prime or promote clonal
expansion of CD8 T cells was affected. A general defect in CD8 T cell activation by
CO LP-derived cDC1s has been ruled out through in-vitro proliferation assays. However,
it's important to note that the antigen used in this assay was a soluble protein. The uptake
and processing of cell-associated antigens, such as tumor-derived antigens, may differ.
At this point, it has to be further considered that Clec9a, encoding DNGR-1, a mediator
of cross-presentation of dead cell-associated antigens, is less expressed in
Clec9a“®*BCI10"" derived cDC1 due to the insertion of Cre in one of the alleles (Canton
et al. 2021, Hanc et al. 2015). Whether this affects the protein level and the ability of
cDCl1s to cross-present should be further investigated. Nevertheless, a recent study sug-
gested a role for DNGR-1 in limiting anti-tumor immunity in a setting where tumor cells
overexpress the DC growth factor FIt3L (Cueto et al. 2021).

Analysis of tumor infiltration showed similar frequencies of CD4, CD8, and unconven-
tional T cells among total leukocytes. However, the distribution of these T cell subsets
within the T-cell compartment revealed a shift towards CD4 T cells and a reduction of
unconventional T cells in Clec9a®®*BCI10"" mice. This observation was consistent with
the single-cell sequencing analysis of CD90.2* cells, where more cells derived from
Clec9a“®*BCI10"" mice were detected in the CD4 clusters. In contrast, their presence
within the TCRy® cluster was significantly reduced. A previous study observed a corre-
lation between the frequency of y& T cells in tumor tissue and better outcome, underlining
the anti-tumorigenic capacity of yd T cells (Gentles et al. 2015). Further, it has been
shown that yd T cells can enhance the maturation and activation of DCs through the
production of IFNy and TNFa and promote the cytotoxic function of NK cells (Wang et
al. 2021, Ni et al. 2012, Devilder et al. 2006, Maniar et al. 2010). Therefore, their reduced
presence in the AOM-DSS-induced colonic tumors in Clec9a*®*BCI10"" mice might lead
to increased tumor development.
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Within the CD4 T cell subset, a reduction in IL-17F production was observed. Addition-
ally, measurement of IL-17A and IL-17F in tumor tissue revealed a corresponding de-
crease in Th17 cytokines, consistent with the deficiency of Th17 cells observed in home-
ostatic conditions and during acute colitis. Several studies have demonstrated the critical
role of IL-17 in promoting tumor progression, invasion, and angiogenesis (Nam et al.
2008, Wang et al. 2009, Tartour et al. 1999). On the other hand, Th17-driven inflamma-
tion can play a crucial role in anti-tumor immunity as Th17 cells can recruit several im-
mune cell types into the TME, including cytotoxic CD8 T cells, and promote their activa-
tion and expansion (Martin-Orozco et al. 2009). Together with the increased PD-1 on the
cell surface, the CD4 T cell compartment within the tumors of Clec9a®*BCI10™ mice

appears more immuno-suppressive and anti-inflammatory than in the control mice.

In contrast, Tregs identified in the spectral analysis of the colonic tumors from
Clec9a®®*BCI10" mice showed significantly less CTLA4 on their cell surface. The ex-
pression of the costimulatory regulator CTLA4 on Tregs in vivo directly results from their
rapid, constant homeostasis, and CTLA4 negatively regulates steady-state Treg home-
ostasis (Tang et al. 2008). Nevertheless, the immuno-suppressive phenotype of the CD4
T cells in Clec9a®*BCI10"" mice could be observed in the transcriptional profiling of the
T cells isolated from the tumor environment after AOM-DSS. Whereas pro-inflammatory,
Thl7-associated genes were significantly downregulated, tolerogenic markers like PD-1
and PD-L1 were higher expressed. Furthermore, CD4 T cells expressed high levels of
Lgals3, encoding Galectin-3, which has been described to suppress cytotoxic CD8 T
cells in a tumor environment and thereby shape the anti-tumor immunity (Kouo et al.
2015). Furthermore, Galectin-3 has been shown to promote tumor cell survival and pro-
liferation, angiogenesis, and modulate immune responses in the tumor microenviron-
ment. It can inhibit the function of immune cells, such as T cells and NK cells (Farhad,
Rolig and Redmond 2018).

In parallel with the increased immuno-suppressive phenotype of the CD4 T cells, single-
cell sequencing revealed a reduced expression of granzymes in multiple cytotoxic cell
types with Clec9a®*BCI10"" genetic background. Even though this could not be de-
tected on a protein level, the reduction in transcript level favors the heightened suppres-

sive function of the CD4 T cell compartment.

Furthermore, CD8 T cells isolated from the colonic tumors of Clec9a®®*BCI10"" mice
showed increased transcriptional expression of PD-L1 and a reduction in PD-1. The dif-
ferential expression of the latter was already detected at the protein level during the

spectral profiling of the tumor T cell compartment. While the primary role of PD-L1 is
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often associated with its expression on tumor cells, Tregs, and APCs, recent research
has revealed additional roles for PD-L1 on cytotoxic CD8 T cells within the tumor micro-
environment. In particular, the upregulation of PD-L1 on CD8 T cells modulated T cell
exhaustion. Like its role on other immune cells, PD-L1-expressing CD8 T cells can co-
regulate the T cell-mediated immune response and contribute to an immunosuppressive

environment (Zheng et al. 2022, Brochez et al. 2018).

In summary, a trend towards increased suppressive function in CD4 T cells was de-
tected, and a reduced presence of the pro-inflammatory cytokines IL-17A and IL-17F.
There was also a reduced presence of cytotoxic TCRyd cells and an increased number
of exhausted CD8 T cells. The subject of further research should be whether the latter is
caused by the increased immuno-suppressive profile of CD4 T cells or originates in the
reduced co-stimulation by cDCs. In particular, the capacity of BCL10 deficient cDC1 and
cDC2s to produce the Th17-promoting cytokines IL-6, IL-1[3, and IL-23 should be inves-
tigated to rule out if a deficiency of those leads to reduced Th17 induction (Heink et al.
2017, Chung et al. 2009, Korn et al. 2007). Furthermore, the capacity of cDCs to secrete
the more tolerogenic factors TGFB and RA should be addressed to clarify if increased
production of those induces the tolerogenic T cell compartment (Lee et al. 2015,
Guilliams et al. 2010).

4.2 The Role of SYK in Intestinal cDCs in steady state and
acute colitis

4.2.1 Deletion of SYK has no impact on cDC development or their
function to polarize T cells

In parallel to the studies on Clec9a®®*Bcl10" to investigate the role of BCL10, mainly
the function of CBM complex in cDCs, Clec9a“®*Syk™ mice underwent intense profiling
for their intestinal cDC and T cell compartment. The SYK kinase is the critical link be-
tween surface CLRs Dectin-1, Dectin-2, and Mincle and the downstream initiation of
CBM complex formation and activation. Therefore, the deletion of SYK in Clec9a ex-

pressing CDPs and in the cDC lineage should abrogate this signaling cascade.

Assessment of the organ-specific cDC populations in the spleen and several intestinal
organs revealed no significant difference in the occurrence of cDC1s and cDC2s within
each organ. However, a slight reduction of the cDC2 population could be observed in
the spleen and the SI LP. Nevertheless, SYK in cDCs appears redundant for their overall

development.
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A previous study identified that dome-CD11b* DCs and LysoDCs located in PPs mediate
Mincle- and Syk-dependent Th17 differentiation in the SI LP upon commensal bacteria
encountering (Martinez-Lopez et al. 2019). Therefore, the T cell compartment of
Clec9a®®*Syk™ mice was investigated for similar alterations. Analysis of mLN, PPs, and
the LP from Sl and colon revealed identical CD4, CD8, and unconventional T cell fre-
gquencies. No alterations regarding the CD4 Thl7, Treg, and gut-specific Roryt* Treg
subsets have been found. Nonetheless, intestinal CD4 T cells showed a trend for a re-
duced capacity to produce IL-17A if re-stimulated ex-vivo. This decrease was not statis-
tically significant but could be observed in all four analyzed intestinal organs. One reason
the phenotype observed in CD11c“®Syk™™ mice does not appear in Clec9a®®*Syk™" mice
could be that LysoDCs are monocyte-derived and will not be targeted in the Clec9a-
driven model. Additionally, SYK deletion might be more efficient in CD11c-driven Cre
recombinase, particularly for the cDC2 lineage, as CD11c is constantly expressed in
cDCs, whereas the Clec9a-cre model targets the cDC progenitor. From Fate Mapping
models, it is already known that labeling is lower in cDC2 despite different ontogeny
(Schraml et al. 2013).

Furthermore, microbiota significantly impacts Th17 development, and Martinez-Lopez et
al. traced the Mincle-Syk-dependent Th17 generation to vancomycin-resistant intestinal
bacteria (Martinez-Lopez et al. 2019). It might be possible that the respective microbes
leading to the activation of the Mincle-SYK cascade are not present in the microbiota of

mice from our facility.

4.2.2 Transcriptomic profiling of intestinal cDCs from Clec9ac®*Syk

Even though ¢cDC1 and cDC2 appeared normal in the intestine, transcriptomic profiling
was used to clarify whether the function of cDCs was altered. Therefore, cDCs, isolated
from SI LP, were subjected to single-cell sequencing. The first approach to analyzing the
transcript levels of Syk revealed a similar expression in Clec9a®®*Syk™ derived cDCs
and their controls. This was entirely surprising as the deletion of Syk should be very
efficient in cDC1s as they continue to express Clec9a. However, it is unclear if the exci-
sion of the floxed exon influences the transcription. As the sequencing occurs from the
5’ prime end of the mRNA, and the floxed exon is more localized towards the 3’ prime
end, the selected sequencing method presumably detects Syk mRNA despite the ex-
cised floxed exon. As a commercially available antibody is there to detect SYK protein
by flow cytometry, cDCs were isolated from different organs, and the SYK protein level
was assessed. Even though this method did not allow quantification of the excised exon,
cDC1 and cDC2 showed a reduction of SYK expression in terms of SYK* cells and the

level of SYK in the remaining cells. This analysis revealed that the main fraction of cDCs
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still expressed SYK at a reduced frequency. This fact might contribute to the previous
findings that deleting SYK in ¢cDCs does not induce the Th17 deficiency in the SI LP as
published for CD11°Syk™*. The remaining amount of SYK protein might still be able to
mediate signaling from surface CLRs and activate downstream signaling cascades un-
der homeostatic conditions like control cells. How potent cDCs from Clec9a®®*Syk™"
mice drive an immune response against pathogens targeting PRRs upstream of SYK,
like Dectin-1, Dectin-2, or Mincle, might be addressed in ex-vivo stimulation assays. This
should provide information on whether the remaining SYK protein is sufficient to transmit
the receptor's signal entirely or whether this reduction already leads to a defect in the
SYK signaling pathway.

Further analysis of the sequencing data set revealed multiple differentially expressed
genes in more than one cDC cluster. All these genes could be mapped to the IFNy re-
sponse or the TNFa signaling via NF-kB. These pathways were upregulated in cDCs
derived from the SI LP of Clec9a®®*Syk™. However, both signaling pathways were not
previously described as connected to SYK kinase. Nevertheless, both TNFa signaling
and SYK lead to the activation of MAPK and NF-kB (Maney, Reynolds, Krippner-Hei-
denreich and Hilkens 2014, Mdcsai, Ruland and Tybulewicz 2010).

TNFa and IFNy signaling in DCs has been described to regulate their maturation and
survival. DCs further shape their immune response by influencing their antigen presen-
tation, co-stimulatory molecule expression, and cytokine production, thereby contributing
to the coordination of innate and adaptive immune responses (Maney et al. 2014, Pan
et al. 2004). Although no maturation and activation markers were found upregulated on
the transcriptional level, this should be confirmed on the protein level in the future. Sev-
eral immune cells such as T cells, ILCs including NK cells, and to a lesser extent, mac-
rophages and DCs can produce TNFa and IFNy. IFNy has been addressed in the T cells,
and no difference could be observed. Nonetheless, the spread of IFNy production was
relatively high in CD8 and unconventional T cells. Therefore, future investigations should
clarify if TNFa and IFNy levels are increased in the SI LP of Clec9a®®*Syk™"

4.2.3 Reduced level of SYK in cDCs has no significant impact on acute
colitis

During acute and chronic inflammations in patients suffering from IBD, an increased ex-

pression of SYK has been found at the sites of the inflammation (Biagioli et al. 2018). As

SYK is widely expressed in hematopoietic cells, this could be the consequence of im-

mune cell infiltrations. Some studies started to investigate the role of SYK kinase during

acute colitis and found that the abrogation of SYK signaling in all hematopoietic-derived
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cells attenuates acute inflammation (Biagioli et al. 2018). However, this study used Syk-
deficient radiation chimeras, as full-body knockouts are lethal. These chimeras have
been previously described to fail the accumulation of mature B cells and showed im-

paired development of some thymocytes (Turner et al. 1995).

In contrast, the deletion of SYK in the myeloid branch, in particular in macrophages of
the immune system, increased inflammation during chemical-induced colitis (Malik et al.
2018). Reduction of SYK in ¢DCs in the Clec9a“®*Syk™ model and subsequent treat-
ment with a low dose of DSS showed no significant influence on disease outcome. None-
theless, Clec9a“®*Syk™ started to recover slightly earlier than control mice, even though
reduced inflammation was not underlined by serum cytokines or histological analysis of
colon tissue at end-point analysis.

Further analysis of the colon-draining LN revealed a reduced capacity of CD4 T cells to
produce IL-17A. Unfortunately, data regarding the T cell compartment at the site of in-
flammation is missing and should be investigated in the future. Furthermore, in-depth
phenotyping of the cDC compartment in the CO LP and CO LN should be included.
Nonetheless, a reduced presence of IL-17A in LN-derived T cells upon acute inflamma-
tion and the trend towards reduced Th17 cells under homeostatic conditions is not un-
expected. The activation of the CLRs inducing SYK kinase and further CBM-complex
activation has been described to favor Th17 polarization through the production of IL-6,
[I-23, and TGFB (Ruland 2008).

Whether this trend of faster recovery or reduced inflammation, together with the potential
reduced Thl7 cells, impacts chronic colitis and tumor development is part of future in-
vestigations. Previous studies described an anti-tumorigenic role of SYK in Lysm-ex-
pressing cells. However, this function was predominantly traced back to its role in main-

taining microbial homeostasis (Malik et al. 2018).

4.3 The Role of SYK-mediated BCL10 Signaling in Intestinal
cDCs

Deletion of BCL10 in cDCs led to a metabolic alteration in colonic cDCs, which can be
traced back to reduced BCL10-MALT1 signaling, reducing mTOR and MYC signaling.
Whether this signaling occurs in a CARD9-dependent manner is part of future investiga-
tions. Furthermore, it is still being determined if the signal that drives this function of
BCL10 originates from the SYK kinase. Transcriptional profiling of intestinal cDCs from
Clec9a®®"*Syk™ revealed no differences in OXPHOS, mTOR signaling of MYC target
gene expression. However, cDCs for this analysis were sorted from the SI LP and not
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the CO LP for the cDCs' profiling of Clec9a®®*Bcl10"". Even though both intestines har-
bor the same subpopulations of cDCs, the composition shifts from a cDC2 dominant cDC
compartment towards a cDC1 overload.

Furthermore, the microbial signals activating the cDCs differ between the two intestinal
organs. As a previous study showed that SYK-mediated signaling upon helminth infec-
tion induces regulatory DCs that can block T cell-dependent colitis (Hang et al. 2016), it
is likely that SYK indeed activates BCL10 to mediate mTOR and MYC signaling. There-
fore, additional studies should directly compare cDCs derived from the CO LP of
Clec9a®®*Syk™ and Clec9a®®*Bcl10"". A further point regarding the microbiome should
be considered here, as mice of both genotypes originated from different mouse houses
when transcriptional profiling was performed.

However, it must be considered that cDCs from Clec9a“®*Syk™" retain SYK protein even
though its expression is decreased compared to control cells. In particular, detected SYK
expression is still relatively high in cDC1 even though this cDC subset expresses Cre
recombinase, and a high deletion would be expected. Whether this is a result of the
reduced excision efficiency of the Cre recombinase has to be investigated through the
guantification of either the floxed allele in the genomic DNA or the presence of the floxed
exon in mMRNA transcripts, as Cre efficiency depends on the accessibility of the floxed
locus (Tian and Zhou 2021, Liu et al. 2013). This is further highlighted by the fact that
intestinal macrophages from Clec9a®**Bcl10"" mice showed a slight reduction of floxed
Bcl10 locus, whereas no reduced SYK protein was observed. However, it might be worse
to investigate the protein level of BCL10 in cDCs from Clec9a®®*Bcl10™ mice to clarify
if this small Cre activity in macrophages results in reduced protein levels.

A similarity between BCL10 and SYK deleted/reduced cDC1 was the significant upreg-
ulation of Clec7a, which could be confirmed through increased Dectin-1 detection on the
cell surface. Currently, it is known that Dectin-1 expression can be enhanced upon mi-
crobial stimuli either binding directly to Dectin-1 or other PRRs or proinflammatory cyto-
kines like TNFa, IL-1p, or IL-6 (Willment et al. 2003, Ozment-Skelton et al. 2009, Feriotti
et al. 2015). As none of these signaling pathways is consistently upregulated in both
BCL10 and SYK deficient cDC1, the increased expression of Dectin-1 could be a rescue
mechanism of the cell to compensate for the reduced signaling through BCL10 and SYK,
respectively. Alternatively, the SYK-BCL10 axis further mediates a feedback loop to reg-
ulate Dectin-1 expression.

In summary, it could be shown that the deletion of BCL10, and thereby the disruption of
CARD9-BCL10-MALT1 signaling complex, in colonic cDCs altered their metabolism,
leading to an increased tumor development upon chronic colitis. If this function of BCL10
depends on CARDS9 interaction and requires activation via SYK kinase, is part of future
investigations.
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