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IV Abstract

IV Abstract

Tm cells are a CD4* T cell subset that, together with cognate B cells, establishes the
germinal center reaction. By providing unique signals for B cell help, T cells support
B cell differentiation into high-affinity plasma cells and long-lived memory B cells,
thereby playing a crucial role during the humoral immune response.

Furthermore, exaggerated T cell numbers are involved in autoimmune disorders,
while diminished T cell function causes immunodeficiency. Thus, identification and
characterization of molecules involved in the generation and maintenance of T cells
are of high clinical interest.

A transcriptome analysis of T and Non-T cells revealed 19 signature genes with so
far unknown function in T cells. Retroviral infection of transgenic T cells allowed
effective screening for these gene’s function by means of genetic overexpression or
CRISPR Cas9-mediated knock out. Additionally, adoptive transfer of modified cells
enabled the tracking of antigen-specific, modified T cells in vivo.

The Rara gene, encoding for retinoic acid receptor a (RARa), was found significantly
downregulated in T cells and positively influenced the humoral immune response
upon overexpression, reflected in enhanced germinal center reactions. Thus, targeting
RARa might be a relevant target for treating allergic disorders and for enhancing
vaccine efficacy. The remaining 18 genes did not directly affect T cell biology, since
targeting these genes did not affect unique T cell function.

Nevertheless, screening for T cell signature gene functions by means of genetic
modification proved to be an efficient tool to gain novel insights into T cell biology,
especially given that the function of many selectively regulated T cell molecules
remains still unknown calling for further investigations.



V Zusammenfassung

V Zusammenfassung

Tm Zellen stellen eine Subpopulation der CD4* T-Zellen dar und sind gemeinsam mit
kognaten B-Zellen Trager der Keimzentrumsreaktion. T Zellen fordern dabei die
Differenzierung von B-Zellen in hochaffine Plasmazellen und langlebige Gedachtnis-
B Zellen durch die Bereitstellung hierfur essenzieller Signale. Dadurch spielen sie eine
entscheidende Rolle in der humoralen Immunantwort. Darlber hinaus konnen
verstarkte Tm Zell-Reaktionen zur Entstehung von Autoimmunerkrankungen beitragen
und verminderte Tm Zell-Funktionen Immundefekte verursachen. Daher sind die
|dentifizierung und Charakterisierung von Molekulen, die an der Entstehung und
Aufrechterhaltung dieser T Zell-Untergruppe beteiligt sind, von hohem klinischem
Interesse.

Eine Transkriptomanalyse von Tm und Nicht-Tm Zellen ergab 19 T Zell-Signaturgene
mit bisher unbekannter Funktion fur diese Zellpopulation. Ein effektives Screening der
Funktion dieser Signaturgene wurde mittels retroviraler Infektion transgener T-Zellen
zur Signaturgen-Uberexpression oder einem CRISPR Cas9-vermitteltem knock out
ermoglicht. Ein adoptiver Transfer modifizierter Zellen erlaubte die Verfolgung
antigenspezifischer modifizierter T-Zellen in vivo.

Das Gen Rara kodiert fur den Retinsaurerezeptor-a (RARa) und wurde als in T Zellen
signifikant herunterreguliert gefunden. Eine Uberexpression des Rara-Gens zeigte
einen positiven Einfluss auf die humorale Immunantwort und aulerte sich in
verstarkten Keimzentrumsreaktionen. Somit konnte eine Einflussnahme auf RARa ein
relevantes Ziel zur Therapie allergischer Erkrankungen sein oder zur Erhdhung der
Effizienz von Impfungen beitragen. Die Untersuchung der 18 weiteren, in diesem
Projekt identifizierten Signaturgene zeigte keinen direkten Einfluss auf die Tm Zell-
Regulation; die weiteren identifizierten Gene scheinen daher redundante oder nicht
essenzielle Funktionen in T Zellen aufzuweisen.

Das Screening der Funktion von T Zell-Signaturgenen durch genetische Modifikation
von T-Zellen stellt sich als ein effizientes Werkzeug heraus, um mehr Einblick in die
Biologie von Tm Zellen zu erhalten, insbesondere im Hinblick auf die nach wie vor
unklare Funktion vieler essenziell an der humoralen Immunantwort, und im
Besonderen an der Tm Zell-Regulation beteiligter Molekile, die weiterer
wissenschaftlicher Auseinandersetzung bedurfen.

Xl



Introduction

1 Introduction

Follicular T helper cells (Tm) belong to the cluster of differentiation 4 positive (CD4")
T cell family and are specialized in B cell help within germinal center (GC) reactions.
Due to their unique function in the provision of essential signals for B cell proliferation
and differentiation, T cells are the key cell subset leading to the generation of high-
affinity plasma cells (PC) and long-lived memory B (Bmem) cells. Therefore, Tm cells
exhibit a crucial role within the humoral immune response and thereby represent a
target of high clinical relevance. While immune-deficient patients and vaccination
strategies profit from enhanced T cell functions, excessive Tm cell responses have
been shown in autoimmune disorders and allergies. Increasing our understanding on
the mechanisms underlying Tm cell generation and maintenance is therefore of high
relevance. ldentifying so far unknown molecules essential in these processes is the

focus of this project.

1.1 Tm cell-dependent GC reactions and the humoral immune response

Long-term immunity is achieved by long-lived PC and Bmem cells, which are reactivated
upon repeated encounter with harmful substances and pathogens. The subsequent
antibody-mediated humoral immune response leads to the neutralization of toxins,
complement activation, antibody-dependent cellular cytotoxicity, and phagocytosis via
opsonization (L. L. Lu et al., 2018). Longevity of B cells and the generation of high-
affinity antibodies, however, is strongly dependent on cognate interaction with a
specific subset of T cells, so called T cells, that takes place in secondary lymphoid
organs (SLOs; Akkaya et al., 2020; Good-Jacobson & Shlomchik, 2010).

Generally, mature but naive CD4" T cells leave the thymus and circulate between
blood and secondary lymphoid organs (i.e. the spleen, lymph nodes, and mucosa-
associated lymphoid tissues; Qi et al., 2014). When naive T cells recognize their
specific antigen via T cell receptor (TCR): peptide-major histocompatibility complex
(PMHC)-interaction presented by antigen-presenting cells (APCs), T cells become
activated. Besides the recognition of antigen by the TCR, activation by co-stimulatory

signals is necessary. T cells are further influenced by cytokines that are released in
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the surrounding microenvironment. This so-called priming leads to clonal expansion
and the upregulation of various surface molecules as well as intracellular changes,
encouraging CD4* T cell-differentiation into various subtypes with corresponding
effector functions (J.-R. Hwang et al., 2020; Zhu & Paul, 2008). Activated T cells either
migrate as effector cells to the site of inflammation or remain within secondary
lymphatic organs to provide B cell assistance. Main CD4* T helper subsets are Thy,
Thz, Thi7; and T cells as well as regulatory T cells (Treg; Hilligan & Ronchese, 2020;
J.-R. Hwang et al., 2020; Kumar et al., 2018; Qi et al., 2014; Tomura et al., 2010; Zhu
& Paul, 2008).

Priming of naive T cells takes place in secondary lymphoid organs which are highly
organized structures divided into T and B cell zones. The lymph node as a
characteristic secondary lymphoid organ, has a cortex containing B cell zones (Figure
1, yellow areas), in which B cells and stromal cells, particularly follicular dendritic cells
(FDCs), form B cell follicles (Figure 1, dark yellow areas). FDCs are specialized in
capturing immune complexes and in presenting them to B cells. T cell zones surround
these B cell follicles in paracortical areas, similarly containing dendritic cells (DCs) as
well as fibroblastic reticular cells (FRC) (Figure 1, green areas). The organization of
the lymph node structure is supported by stromal cell-secreted chemokines which
ensures the segregation of T and B cells in their distinct niches via expression of the
corresponding chemokine receptors. Production of C-C-chemokine ligand 19 (CCL19)
and CCL21 by FRCs and DCs directs C-C-chemokine receptor type 7 positive
(CCR7") naive T cells into the T cell zones. Similarly, stromal cells and FDCs in the
B cell follicles secrete C-X-C motif chemokine 13 (CXCL13) to attract C-X-C
chemokine receptor type 5 positive (CXCR5") naive B cells (Forster et al., 1996; Grant
et al., 2020; Qi et al., 2014).
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Figure 1 Schematic illustration of the lymph node structure

Naive T and B cells circulate through blood and lymphatic vessels and enter the lymph node either via afferent
lymphatic vessels or high endothelial venules (HEV). Lymph node stromal cells such as follicular dendritic cells
(FDCs) in B cell zones (yellow) and fibroblastic reticular cells (FRCs) in T cell zones (green) organize lymph node
structures by secretion of chemokines (CXCL13 and CCL19/CCL21, respectively). DCs and FDCs additionally
serve as antigen-presenting cells (antigen depicted in red). (Figure adapted and modified from Murphy & Weaver,
2016)

Naive CD4" T cells recognize their specific antigen presented by DCs (Hilligan &
Ronchese, 2020) and, depending on appropriate signaling in their microenvironment,
differentiate into pre-Tm cells followed by migration towards the border between the
T cell zone and the B cell zone (T/B border; Haynes et al., 2007; Takaharu Okada et
al., 2005; Qi et al., 2014).

Like naive T cells, naive B cells circulate throughout the organism and become
activated within SLOs upon encountering their cognate antigen in form of immune
complexes presented by DCs, subcapsular sinus macrophages, and FDCs (Akkaya
et al., 2020; Heath et al., 2019; Phan et al., 2009). B cell receptor (BCR) signaling then
triggers the upregulation of distinct molecules and promotes B cell migration towards
the T/B border (Takaharu Okada et al., 2005).

Here, the so-called cognate interaction, i.e. the first interaction of activated T and
B cells recognizing the same antigen, is accomplished. Subsequently, some of these
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cells form so-called primary foci, within which activated B cells proliferate and provide
a first humoral immune response via the generation of plasmablasts. This B cell
subpopulation is highly proliferative and secretes low-affinity antibodies as an early
defense against invading pathogens (Allen, Okada, & Cyster, 2007; McHeyzer-
Williams et al., 2012). Other B cells however migrate, together with their cognate Tm
cells, into B cell follicles which thereupon turn into secondary lymphoid follicles — the
germinal centers (Allen, Okada, Tang, et al., 2007; De Silva & Klein, 2015; McHeyzer-
Williams et al., 2012).

GCs are highly organized microstructures within the SLO, structured into three areas
by stromal cell-secreted chemokines: The outermost mantle zone is comprised of
naive B cells, the light zone below contains antigen-presenting FDCs and T cells,
and in the innermost dark zone extensive B cell proliferation and BCR diversification
occurs via somatic hypermutation (SHM) and class switch recombination (Figure 2;
De Silva & Klein, 2015). Germinal center B cells (Bcc) leave the dark zone towards
the light zone after SHM and class switch recombination and are again scanned by
FDCs testing their modified BCR affinity. If the BCR-antigen binding capacity is lost,
Bec apoptosis is induced (negative selection). Otherwise, Bac cells take up the specific
antigen to subsequently present it to T cells (Allen, Okada, & Cyster, 2007; De Silva
& Klein, 2015; McHeyzer-Williams et al., 2012). T cells positively stimulated this way
in turn provide help signals to B cells, leading to a positive B cell selection. This
interaction is crucial for Bec and T cell maintenance and determines B cell fate (Gitlin
et al., 2014; Shulman et al., 2013).

Upon the germinal center Bgc: T cell interaction, Bac cells either migrate back into
the dark zone to further increase antigen affinity by SHM (cyclic reentry model).
Alternatively, Bgc cells exit the germinal center in order to differentiate into long-lived
antibody-producing PCs or Bmem cells (Allen, Okada, Tang, et al., 2007; De Silva &
Klein, 2015; McHeyzer-Williams et al., 2012), ideally resulting in life-long protection
against distinct pathogens.

T follicular regulatory cells (T#) cells, which also reside in the light zone, share
phenotypic similarities to Tm cells and are associated with the negative regulation of
the magnitude of the germinal center reaction. Recently, the presence of Ts cells has
been shown to promote selection of high-affinity antibody-secreting B cells (Linterman
et al., 2011; Figure 2 and 3).
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Figure 2 Schematic representation of a germinal center

GCs are highly organized microstructures with a dark zone (dark grey) containing Bsc cells (yellow) and a light
zone (light grey) containing FDCs (blue), GC T cells (bright blue), GC Tg, cells (dark blue) and Bgc cells. In the
dark zone, extensive B cell proliferation, somatic hypermutation (SHM) and class switch recombination occurs.
Subsequently, Bgc cells migrate to the light zone for uptake of antigens (red) provided by FDCs and antigen
presentation to GC T cells. B cells presenting antigen that lack affinity to Tw cells undergo apoptosis. B cells
presenting antigen with sufficient T cell-recognition either exit the GC to differentiate into memory B cells or long-
lived plasma cells (PC) or re-enter the dark zone to undergo further SHM. GC Ty cells negatively regulate the GC
response.

1.2 Tm cell generation and maintenance

T cell differentiation is a complex but crucial step in germinal center formation. The
multi-step process involves interactions with DCs and B cells and ultimately leads to
the generation of high-affinity long-lived PCs and Bmem cells.

While most effector T cell subsets and the necessity of T cells for successful antibody

production have been known for decades, the responsible T cells were not identified
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as a distinct T cell subset until the early 2000s (Breitfeld et al., 2000). Furthermore,
the identification of Bcl-6 as the Tm cell master transcription factor established them
as a segregated T cell population (Crotty, 2019; Johnston et al., 2009; Nurieva, Chung,
Hwang, et al., 2009; Yu et al., 2009). In addition to Bcl-6, T cells characteristically
express the chemokine receptor CXCR5 and Programmed cell death
protein 1 (PD- 1), as well as other key molecules such as Inducible T cell costimulator
(ICOS) and a member of the tumor necrosis factor (TNF) superfamily CD40 Ligand
(CD40L). Furthermore, Tm cells characteristically secrete interleukin (IL) cytokines
(IL.-4 and IL-21) that mediate B cell survival and differentiation. How T cell
differentiation proceeds in detail and which molecules are known to play a role in its
maintenance will be described in further detail in the following chapter.
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Figure 3 Ty cell dependence of the humoral immune response

1) Upon priming of naive CD4* T cells by DCs and co-stimulatory molecules (CD28-B7), additional IL-6 cytokine
signaling determines the early fate of the Ty, cell. This is accompanied by activation of Bcl-6 and other molecular
changes. 2) Downregulation of CCR7 and PSGL-1 as well as upregulation of Ebi2 and CXCR5 enables migration
to the T/B border. In parallel, activated B cells (Baciivateq) migrate towards the T/B border by upregulation of CCR7
and Ebi2 and downregulation of CXCRb5. Upon initial contact with cognate B cells the pre-Tw cell phenotype is
stabilized. Subsequently, activated B cells either 3a) differentiate directly into short-lived plasmablasts (PB) and
secrete low-affinity antibodies for an initial immune response, or 3b) migrate together with Ty cells into B cell
follicles to initiate a germinal center (GC) response. Migration is enabled by downregulation of Ebi2 and
upregulation of S1PR2. The Ebi2 ligand 7a,25-dihydroxycholesterol (7a,25-HC) is highly abundant at the T/B
border, while S1P, the ligand for S1PR2, is established as a negative concentration gradient from the perimeter to
the center of the B cell follicle. T, cells subsequently differentiate into full Ty, cells expressing multiple transcription
factors such as Bcl-6, c-Maf, and NFAT. Fully differentiated Ts cells express molecules essential for repeated
interaction with B cells (ICOS, PD-1), B cell help (CD40L), and secrete the cytokines IL-4 and IL-21. This interaction
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provides both, Bac cells and Ty, cells with survival signals and supports B cell differentiation into memory B cells

(Bumemory) and long-lived plasma cells (PC) secreting high-affinity antibodies.

In addition to the initial activation of naive CD4* T cells by TCR: pMHC interaction, co-
stimulation of CD28 by B7 molecules (CD80/ CD86) expressed on DCs is essential
for full activation (Weber et al., 2015). Following sufficient activation, the cell fate
decision towards T cells is influenced by TCR signaling strength and the interplay of
diverse factors (Bartleson et al., 2020). Sustained antigen stimulation (Deenick et al.,
2010) and enhanced IL-6 signaling induce expression of the Tm master transcription
factor Bcl-6 and initiate Tm cell programming (Vinuesa et al., 2016). In contrast,
Interleukin-2 receptor alpha chain (IL2Ra) signaling suppresses T cell differentiation
(Ballesteros-Tato et al., 2012; Johnston et al., 2012; Nurieva et al, 2012).
Subsequently, other molecules essential for T cell development, such as IL-21, are
being upregulated. The cytokines IL-6 and IL-21 signal through Signal Transducer and
Activator of Transcription 3 (STAT3), further enhancing Bcl-6 expression by direct
binding to its gene’s promoter region (Diehl et al., 2012; Dienz et al., 2009). Besides
Bcl-6 and STATS3, there are other known transcription factors positively influencing
early Tm cell differentiation, including TCF1, LEF1, and Ascl2 (Vinuesa et al., 2016).
The interplay of these various factors leads to the upregulation of CXCRS5, the receptor
for CXCL13, and Epstein-Barr virus-induced G protein coupled receptor 2 (Ebi2).
7a,25-dihydroxycholesterol (7a,25-HC), the ligand for Ebi2, is highly abundant at the
outer and interfollicular regions, enabling correct localization at the T/B border
(Baptista et al., 2019; J. Li et al., 2016; Moriyama et al., 2014). Besides, CCR7 and
selectin P ligand (PSGL-1), which are both receptors for CCL19 and CCL21, are
downregulated. In parallel, activated cognate B cells upregulate CCR7 and Ebi2 and
downregulate CXCRS5 (Gatto & Brink, 2013; Reif et al., 2002). According to chemokine
gradients created by stromal cells, changes in chemokine receptor expression enable
migration towards the T/B border and the initiation of the first interaction between
cognate T and B cells. T cells at this stage are referred to as pre-Tm cells, which
already express their signature molecules CXCR5 and PD-1 (Webb & Linterman,
2017; Figure 3 part 2). Stable and long-lived interaction between cognate T and B cells
at the T/B border is supported by signaling lymphocyte activation molecule (SLAM)
family receptors Ly108, CD84 and SLAM-associated protein (SAP; Cannons et al.,
2010; Takaharu Okada et al., 2005; Qi et al., 2008).
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Supported by bystander B cells, ICOS and PD-1 signaling enables T cell migration
into follicles (Shi et al., 2018; Xu et al., 2013). This migration goes along with Ebi2
downregulation (Suan et al., 2015) and upregulation of sphingosine-1-phosphate
receptor 2 (S1PR2, Moriyama et al., 2014). S1PR2 ligand S1P is a lipid signaling
molecule that negatively regulates S1PR2" cell migration. By the establishment of a
negative periphery-to-center concentration gradient within the B cell follicle, the
combination of S1P gradient and S1PR2 upregulation promotes Bgc cell and T cell
migration into the center of follicles (J. A. Green & Cyster, 2012). Within follicles,
signaling between T and B cells leads to final differentiation into GC T cells and
Bac cells and the initiation of the GC response (Stebegg et al., 2018).

Tm cells migrate between neighboring GCs and the follicle, scanning Bgc cells by short,
rapid contact (Allen, Okada, Tang, et al., 2007; Shulman et al., 2013). At this stage,
GC Tm cells exhibit the highest CXCR5 and PD-1 expression (Haynes et al., 2007).
Continuous antigen stimulation and interaction with B cell-expressed ligands is
essential to stabilize short T/B contacts and to support B cell survival and proliferation
(Shulman et al., 2014). Only B cells with high receptor affinity to specific antigens take
up and subsequently present antigens on MHC class || molecules, thereby receiving
the required T cell help (Depoil et al., 2005; Shulman et al., 2014). Expression of
Tm cell transcription factors Bcl-6, c-MAF, and NFAT coordinate the expression of
other essential molecules, such as SAP and ICOS (Elgueta et al., 2009; Joyce Hu et
al., 2013; Weber et al., 2015), finally leading to IL-4 and IL-21 secretion from T cells
and high expression of CD40L (Bauquet et al., 2009; Deenick et al., 2010; Hiramatsu
et al., 2010; Rolf et al., 2010; Shulman et al., 2014; Figure 3 part 3b). CD40L is one
the most important molecules within T/B interaction and within GCs, and it acts as a
limiting factor for Bgc cell competition and thereby determines Bgc cell fate.
CD40- CD40L signaling results in a CD40-ICOS-L-ICOS-CD40L intra- and
intercellular positive-feedback loop which prolongs cognate T/B interaction and
enhances Tm cell-delivered B cell help (Wan et al., 2019). Moreover, secreted
cytokines not only provide the signal for antibody isotype switching and somatic
hypermutation, IL-21 is also involved in autocrine T cell maintenance (Bélanger &
Crotty, 2016; Ozaki et al., 2002; Spolski & Leonard, 2008; Vogelzang et al., 2008).
To prevent excessive humoral immune responses, various negative regulatory
mechanisms exist. These include the inhibitory molecules cytotoxic T-lymphocyte-
associated Protein 4 (CTLA-4), B- and T-lymphocyte attenuator (BTLA), and Ephrin
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1B receptor (P. Lu et al., 2017; Sage et al., 2014). Furthermore, cytokine-mediated,
transcription factor-mediated, and metabolic regulatory mechanisms exist, which are
effective at all stages of the T cell life cycle (Dong et al., 2020).

1.3 Clinical relevance of T cells

Diverse molecules responsible for maintaining the T cell phenotype and thus the GC
response are known to date. Due to limited access to the relevant human tissues and
the lack of manipulability of human cells in vivo, most data on GC reactions are
obtained from murine model systems. Fortunately, human and murine T cells are
comparable in their hallmark features such as surface markers and gene expression
profiles, suggesting a robust evolutionary conservation of Tr cell physiology (Ueno et
al., 2015).

The importance of Tr cell regulatory pathways is highlighted by patients suffering from
ineffective or exaggerated humoral immune response, leading to immunodeficiency or
autoimmune diseases, respectively. In a subset of these patients, dysregulations of
distinct molecules or polymorphisms within genes encoding essential Tm cell
molecules were found. Deficiency of ICOS for example, one of the key molecules in
Tm activation, is responsible for the development of common variable
immunodeficiency caused by impaired GC responses (Grimbacher et al., 2003).
CDA40L, SAP, and STAT3 signaling are also essential for a fully developed germinal
center response and have been shown in patients suffering from hyper-lgM syndrome
(Aruffo et al., 1993), X-linked lymphoproliferative disease (Qi et al., 2008), and hyper-
IgE syndrome (Ma et al., 2012), respectively. Besides, integrin LFA-1 (Meli et al.,
2016), and miRNAs (R. Hu et al., 2014; Kang et al., 2013; Pratama et al., 2015;
Ripamonti et al., 2017; Zeitrag et al., 2020) only recently proved to be crucial in the

maintenance of the T cell phenotype.

While the absence of these regulatory molecules causes immunodeficiencies,
excessive Tm cell responses show the opposite effect: Overly responsive Tm cells
result in a lack of B cell competition for T cell help, thereby supporting clones with low
or self-reactive receptor affinity leading to autoimmunity (Ueno et al., 2015).

Conclusively, autoimmune diseases such as systemic lupus erythematosus, Sjogren's
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syndrome, or rheumatoid arthritis were previously shown to involve Tr dysregulation
(Liu et al., 2012; Pontarini et al., 2020; Simpson et al., 2010).

1.4 Identification of Tt cell signature genes by genetic modification of antigen-
specific T cells

Signature genes are genes that are strongly expressed in particular cell types and
significantly contribute to their function. In order to uncover new molecules essential
for Tm cell generation and maintenance, and due to the scarcity of relevant human
tissue and unavailability of robust protocols for the generation of T cells in vitro (Gao
etal., 2020; K. T. Lu et al., 2011), this study adopted a mouse model. Importantly, the
use of transgenic mouse models allows for the genetic modification of antigen-specific
T cells and the functional investigation of modifying factors.

1.4.1 The adoptive transfer of genetically modified transgenic T cells

Under physiological conditions, only a small number of T cells exhibit a TCR specific
for a given antigen. Therefore, detection of antigen-specific T cells in vivo is difficult to
perform. To facilitate their detection, their frequency was increased using an adoptive
transfer system employing transgenic donor animals. In the particular system used in
this study, mice were modified to express the so-called Smarta TCR, which specifically
recognizes a peptide derived from lymphocytic choriomeningitis virus glycoprotein 1
(GP1, so-called Smarta mice). Moreover, these animals carry the congenic surface
marker thymocyte antigen 1 isoform 1 (Thy-1.1), enabling their detection in Thy-1.1-
negative recipient animals (Figure 4A). In addition, adoptive transfer of transgenic
B cells was performed in a subset of experiments. These carried the congenic marker
CD45.1 and exhibited BCR specificity towards the hapten nitrophenol (NP; B7-8i
mice). Upon isolation from donor animals, T and B cells were transferred into recipient
animals. Due to expression of congenic markers in transgenic donor cells (Thy-1.1 for
T cells and CD45.1 for B cells), these were readily distinguishable from endogenous
wildtype (C57BL/6 mice) recipient T and B cell populations positive for Thy-1.2* and
CD45.2%, respectively (Figure 4B). A conjugate of Smarta peptide (GPs1-80; SM) and
iodinated nitrophenol coupled to mouse serum albumin (NIP-SM-MSA) was used as

an antigen to stimulate activation of transgenic T and B cells (Figure 4C).
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Figure 4 Principle of adoptive transfer and lymphocyte activation

A) T cells from TCR transgenic animals express the congenic surface marker Thy-1.1, allowing for the detection of
these cells in recipient animals. B) Thy-1.1* transgenic T cells from Smarta animals and CD45.1* transgenic B cells
from B1-8i mice were co-transferred into C57BL/6 WT recipient animals (Thy-1.2* CD45.2*). C) An antigen
conjugate consisting of Smarta peptide (SM) and iodinated nitrophenol (NIP) coupled to mouse serum albumin

(NIP-SM-MSA) was used for activation of transgenic T and B cells.

1.4.2 Principle of the CRISPR Cas9 system

Genetic manipulation of cells allows the investigation of the function of specific
molecules. One way to genetically modify cells is by use of the CRISPR Cas9 system,
which provides fast and efficient knock out of pre-defined genes of interest.

The CRISPR (Clustered Regularly Interspaced Palindromic Repeat) Cas system was
originally detected as a molecular mechanism employed during adaptive immunity in
procaryotes (Hille et al., 2018). The past decade has seen a growing interest in this
system as slight modifications enabled a simple and easy-to-use gene editing
technology that was to date successfully adopted in biotechnology, agriculture and
medicine (Doudna & Charpentier, 2014; Hille et al., 2018).

11
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Due to the requirement of only a single Cas enzyme type, Class 2 type || CRISPR
Cas9 is one of the most widely used gene editing systems (Doudna & Charpentier,
2014; Hille et al., 2018). Cas9 is a duplex-RNA-guided endonuclease that requires an
RNA duplex, consisting of a CRISPR RNA (crRNA) and a transactivating crRNA
(tracrRNA) for guidance to its target DNA sequence. The RNA-duplex can be
engineered as a single-guide RNA (sgRNA) consisting of a DNA-targeting site
(corresponds to crRNA, variable part; red sequence in Figure 5) located at the §' end,
and a Cas enzyme-binding site (corresponds to fracrRNA, constant part; green in
Figure 5) located at the 3' end (Doudna & Charpentier, 2014). Another critical aspect
for Cas9 guidance is the presence of a protospacer adjacent motif (PAM), usually
consisting of 3 nucleotides (5'NGG) located adjacent to the crRNA-targeted sequence.
Upon sgRNA binding within its central cleft, the Cas9 protein undergoes large
conformational changes, establishing the so called sgRNA-bound surveillance
complex. This complex scans DNA for target regions and upon recognition of DNA
sequences complementary to sgRNA and PAM, a local unwinding of the DNA is
established. Base-pairing of sgRNA and DNA promote additional conformational
changes within the Cas9 enzyme which stabilize the hybridization of RNA with double-
stranded DNA - the so-called R-loop formation - and subsequent DNA cleavage via
Cas9’s two nuclease domains (HNH and RuvC-like). The HNH domain cleaves the
DNA strand complementary to the sgRNA whereas the RuvC-like domain cleaves the
opposite strand (Doudna & Charpentier, 2014; Hille et al., 2018). Cas9-mediated
cleavage of DNA thereby leads to the introduction of DNA double-strand breaks
(DSBs).

There are two known DSB repair mechanisms —nonhomologous end-joining (NHEJ)
and the homology directed repair (HDR). Whereas the HDR requires exogenously
delivered or endogenous DNA templates that are usually available during specific cell
cycle phases only, NHEJ establishes religation of broken strands with little or no
homology. Since NHEJ is the repair mechanism mainly used for simple religation of
broken double strands, religated strands often contain insertional or deletional
mutations of variable length, thereby inducing frameshift changes often leading to the
knock out of genes coded on the religated strands (Figure 5; Boyle, 2008; El Khoury
et al., 2018; Sander & Joung, 2014).

12
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Figure 5 Principle of the CRISPR Cas9 system

Cas9 cleavage is guided by an RNA complex comprised of tracrRNA: crRNA on a single guide RNA strand (sgRNA)
and the presence of a protospacer adjacent motif (PAM) sequence. Upon recognition of a DNA sequence
complementary to the sgRNA, a double-strand DNA break is induced by cleavage with Cas9s two endonuclease
domains HNH and RuvC. The non-homologous end joining repair mechanism leads to insertion-deletion mutations
and thereby frameshifts, resulting in the knock out of the sgRNA-targeted genes of interest on the re-ligated DNA
strands (figure adapted and modified from Doudna and Charpentier, 2014).

1.5 Objectives

Due to the crucial role of T cells in the generation of an effective and long-lasting
antibody-mediated humoral immune response, a better understanding of T cells is of
high clinical interest. In this context, achieving both, the generation of protective
antibodies, e.g. in the context of vaccinations, as well as the suppression or elimination
of harmful autoreactive antibodies in autoimmune diseases or allergies are important
approaches.

Due to the accessibility and the simplicity of manipulating murine cells by use of the
CRISPR Cas9 system or viral overexpression, the unavailability of similar human cell
population in vitro, and the comparability of murine and human T, cells, the following
data were generated by using a transgenic mouse model.

The aim of this work was to define so far unknown molecules crucially involved in the
generation and maintenance of Tr cells. By means of transcriptome analysis of murine
samples, potential targets were defined and their function for the development and
maintenance of Tmcells were investigated by genetic manipulation (i.e.,

overexpression and knock out of target genes) in transgenic T cells.
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2 Methods
2.1 Mice

For adoptive transfer experiments, mice transgenic for the Glycoprotein (GP)s1-s0 TCR
(below referred to as Smarta-TCR; Oxenius et al., 1998) were crossed with B6.PL
mice (Jackson Laboratory) to obtain expression of the congenic marker Thymocyte
antigen 1 isoform 1 (Thy-1.1). Animals transgenic for both, the Smarta-TCR and Thy-
1.1, are in the following referred to as Smarta mice. To generate an inducible system,
Smarta animals were crossed to CreER’? mice (Seibler et al., 2003) where indicated.
This introduced a tamoxifen-inducible CreER fusion protein gene ubiquitously
expressed under the Rosa26 promoter.

To study the function of the molecule RANKL, Smarta.CreER™? mice were additionally
crossed to RANKL " mice (Xiong et al., 2011). These animals harbor a Tnfsf11 allele
encoding for RANKL flanked by loxP sites. By additional mating with Smarta.CreER™
animals, a tamoxifen-inducible knock out of the RANKL gene is achieved (below
referred to as Smarta.CreER™>/RANKL™). Since fewer cytotoxic side effects under
tamoxifen treatment were observed in heterozygous CreER'? animals (this study),
CreER'?-heterozygous animals were used for both Smarta.CreER™ and
Smarta.CreERT>/RANKL™ strains in later studies. For CRISPR/Cas9-mediated knock
outs, Cas9-GFP transgenic mice (Chu, Weber, et al., 2016) were crossed to Smarta
animals. For knock outs at defined timepoints, Cas9-GFP transgenic mice were
crossed to Smarta.CreER™ mice.

To investigate effects on B cells, BCR knockin animals specific for the hapten
nitrophenol (NP) were used (B7-8i;; Sonoda et al., 1997). B1-8i animals were
additionally crossed to k-light chain KO animals (Zou et al., 1993) and Ly-5.1 animals
(Jackson Laboratory) to ensure NP specificity and to introduce expression of the
congenic marker CD45.1 (subsequently animals transgenic for CD45.1 and NP-BCR
are referred to as B171-8i).

Recipients were either C57BL/6 animals (referred to as wildtype) or CD28 KO animals
(referred to as B6.CD28 KO, when crossed back to a C57BL/6NCrl background;
Shahinian et al., 1993). The latter were used in transgenic B cell-T cell co-transfer
experiments, since CD28 is a co-stimulatory molecule essential for T cell formation
(Weber et al., 2015). Because of the impaired generation of endogenous T cells in

14



Methods

B6.CD28KO mice, effects on adoptively transferred B71-8i B cells can directly be
attributed to co-transferred transgenic T cells. All used animals were crossed back to
animals of a C57BL/6NCrl background. Animals were bred under specific pathogen-
free conditions in the animal facility of the Federal Institute for Risk Assessment
(Berlin) and breeding as well as experiments were performed according to German
animal welfare protection laws and approved by the responsible local governmental
authority (LAGeSo, Berlin). Mice were kept in individually ventilated cages under a
12/12h light/dark cycle. Food and water were supplied ad libitum. For all experiments,
animals at an age of at least 6 weeks and of both sexes were used.

2.2 Cloning of plasmids for genetic manipulation of T cells

2.2.1 Cloning of overexpression plasmids

Genes of interest were amplified by polymerase chain reaction (PCR) from cDNA
generated from sorted non-Ts cells. For PCR, Q5 polymerase (New England Biolabs)
and the protocol according to the manufacturer's instructions were used. Primers for
amplification contained appropriate restriction sites for enzymes to clone the PCR

product into the pMSCV-IRES-GFP vector (Fig. 6) used for overexpression (Table 1).

pMSCV-IRES-GFP

6616 bp

Figure 6 Map of the eukaryotic expression vector pMSCV_IRES-GFP

Scheme of the murine stem cell virus (MSCYV) retroviral expression vector pMSCV-IRES-GFP consisting of 5’ and
3’ long terminal repeats (LTR, 5’ LTR blue, 3’LTR black), packaging (blue), a multiple cloning site (MCS, blue) for
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introduction of genes of interest, the fluorescence reporter eGFP (green) linked to an IRES site (light red), and
ampicillin resistance (Amp (R), red).

Table 1 PCR primers and corresponding restriction enzymes for cloning of cDNA into eukaryotic expression vectors
Table depicts genes of interest with corresponding primers for cDNA amplification. Primers include restriction sites
for enzymes displayed in the right column. Identical or compatible restriction enzymes are used for digestion of the

PCR product (insert) and vector.

Gene of . Restriction
interest PCR primer enzymes
5-AATTAAAGATCTGTTCAGCTGCCTGCAAAGAC-3’ Bglll
Cor2 5-AATTAACTCGAGCAAACTGCTCCCTCCTTCCC-3 Xhol
5-AATTAAAGATCTGCCACCATGGCTCAGGCACCAACAGTT-3’ Bglll
Placs 5-AATTAACTCGAGCTTAGAAAGCGTTCATGGCTCTCCTC-3' Xhol
Fam129b 5-AATTAAGGATCCGCCACCATGGGAGACGTACTGTCCAC-3' BamHI
5-AATTAACTCGAGCCATGCTTAGAACTCCGTCTGCAC-3’ Xhol
5-AATTAAAGATCTGCCACCATGTTCAGGACCAAACGATCTGC-3 Bglll
Smad7 5-AATTAACTCGAGACTACCGGCTGTTGAAGATGACC-3 Xhol
. 5-AATTAAAGATCTGCCACCATGCCGGAGGGTACATTCCTAGTTC-3 Bglll
Cish 5-AATTAACTCGAGGTCAGAGTTGGAAGGGGTACTGTCG-3 Xhol
5-AATTAAGGATCCGCCACCATGGATGATGGGCATCAAGAGTC-3 BamHI
Cxeré 5-AATTAACTCGAGGTGGCAAGGCCTACTACAATTGGAA-3’ Xhol
5- ATTAAAAGATCTCCCTCGCTTCGAGCAC-3 Bglll
Rara 5- ATTAAACTCGAGTCTGTCTGAGAGGACAAGCG-3’ Xhol
KIf2 5-GGAAGATCTATGGCGCTCAGCGAGCCTA-3 Bglll
5-GGAGTCGACACCCAGGCTACATGTGTCGC-3 Sall

2.2.2 Cloning of sgRNAs for knock out of genes

SgRNAs were designed using the CrispRGold tool (https://crisprgold.mdc-berlin.de;
MDC Berlin) This sgRNA design tool calculates off-target effects, specificity of the
used sgRNA in different isoforms of the gene, and sgRNA intrinsic properties, such as
GC content and folding energy to obtain an optimal sgRNA activity and specificity (see
also Chu, Graf, et al., 2016). Complementary oligonucleotides were ordered from
Eurofins (Table 2) and annealed and phosphorylated by the T4 polynucleotide kinase
according to the manufacturer’s protocol (New England Biolabs). Resulting double-
stranded oligonucleotides with 5' and 3' overhangs were cloned into the corresponding
plasmid upon cleavage by the restriction enzyme Bbsl (New England Biolabs). Initially,
pMSCV-hU6-gRNA-PGK-Puro-T2A-BFP (left in Fig. 7; Chu, Graf, et al., 2016) was
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used as backbone plasmid. However, as BFP proved to be immunogenic, the plasmid
was replaced by the pMSCV-mAmetrine_U6-gRNA plasmid (right in Fig. 7).

70
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pMSCV-U6-gRNA-PGK-PuroR-T2A-BFP g‘
7317 bp

=]

pMSCV-mAmetrine_U6-gRNA
6157 bp

Figure 7 Maps of the eukaryotic expression vectors pMSCV-U6-gRNA-PGK-PuroR-T2A-BFP and pMSCV-
mAmetrine_U6-gRNA

Scheme of the pMSCYV retroviral expression vectors pMSCV-U6-gRNA-PGK-PuroR-T2A-BFP (left) and pMSCV-
mAmetrine_U6-gRNA (right). Both plasmids contain 5’ LTR (blue) and 3’ LTR (black), packaging (blue), human U6
promoter (hU6, yellow), a Bbsl restriction site for introduction of annealed oligos (green), the constant part of the
SgRNA (gRNA, blue) and Amp (R). pMSCV-U6-gRNA-PGK-PuroR-T2A-BFP includes BFP as fluorescence
reporter (blue) whereas pMSCV-mAmetrine_U6-gRNA includes mAmetrine (orange). pMSCV-U6-gRNA-PGK-
PuroR-T2A-BFP additionally contains a phosphoglycerate kinase 1 promoter (PGK, orange), a puromycin
resistance (PuroR, grey) and a T2A sequence (orange) in front of the BFP.

Table 2 QOligos for the generation of sgRNAs
Complementary oligos annealed and phosphorylated to generate double-stranded DNA for cloning into the

eukaryotic expression vector used for CRISPR-Cas9-mediated knock outs.

Gene of interest Oligos

Padid 5-CACCGCAAACTGCCGTCCCGGTACA-3'
5-AAACTGTACCGGGACGGCAGTTTGC-3
5-CACCGGCCGTCCGAAATGTATTTGG-3'

Sostde 5-AAACCCAAATACATTTCGGACGGCC-3*
Tigit 5-CACCGTGCAAGCCTTACCTGTAGCG-3*
5-AAACCGCTACAGGTAAGGCTTGCAC-3'
5-CACCGCAGCTCATGCCGGTATACCC-3
Famada 5-AAACGGGTATACCGGCATGAGCTGC-3'
5-CACCGGAGCCAAAGAGTTCAAGACG-3'

Ros16 5-AAACCGTCTTGAACTCTTTGGCTCC-3

Angptl2 5*-CACCGAGACGGAGGCATCGTGAGCG-3
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5-AAACCGCTCACGATGCCTCCGTCTC-3*
RNf157 5-CACCGGACCGTGCACTACAAGCGAG-3*
5-AAACCTCGCTTGTAGTGCACGGTCC-3*
Dhrs3 5-ACCGTTCCAGCATACGTGGCAAAA-3'
5-AAACTTTTGCCACGTATGCTGGAAC-3
Hmox 1 5-CACCGCTTCCAGGGCCGTGTAGATA-3!
5-AAACTATCTACACGGCCCTGGAAGC-3*
Tromé 5-CACCGAGTCTCACCTGACTAAATTG-3*
5-AAACCAATTTAGTCAGGTGAGACTC-3
$100a11 5-AAACTCACAAAGGTATCTGTCCCAC-3
5-CACCGTGGGACAGATACCTTTGTGA-3'
CDAOL 5-CACCGCATCTCCTCACAGTTCAGCA-3*
5-AAACTGCTGAACTGTGAGGAGATGC-3'
cDa4 5-CACCGTATGGTAACCGGTCCATCGA-3'
5-AAACTCGATGGACCGGTTACCATAC-3*
Bl6 5-CACCGACCTTAATCGCCTCCGGAGT-3'
5-AAACACTCCGGAGGCGATTAAGGTC-3*
L2 5-CACCGTAAGGTGACGAAGTCTAATC-3'
5-AAACGATTAGACTTCGTCACCTTAC-3*

2.2.3 Generation of plasmids for genetic manipulation of target cells

Inserts and vectors were digested with appropriate restriction enzymes. Digestion was

followed by gel purification using the Gel Extraction Kit (Qiagen). Afterwards, products

were ligated by using the Quick Ligation Kit (New England Biolabs), followed by heat-

shock transformation into Top10 competent E.coli (produced according to Hanahan et

al., 1991). Plasmids were isolated and purified with a Plasmid Mini Kit (Qiagen). To

verify that the correct insert was contained, test digestion and subsequent Sanger

sequencing (carried out at the sequencing core facility of the Robert Koch Institute or

Eurofins) was performed. Additionally, plasmids were isolated using Plasmid Midi or

Maxi kits (Qiagen) to obtain higher amounts of plasmid DNA.
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2.3 Retroviral infection

2.3.1 HEK cell cultures and transfection by calcium phosphate precipitation

Human Embryonic Kidney (HEK) 293T cells were used as packaging cell line for virus
particle generation. Cells were cultured in DMEM (Gibco) containing 10% Fetal Calf
Serum (FCS), 50 uM 3-Mercaptoethanol (3-ME) and 100 pg/ml penicillin/streptomycin
at 37°C (5% COy). Cells were detached with trypsin/EDTA and seeded 12-18h before
transfection to achieve a confluency of = 70%.

As transfection method, calcium phosphate precipitation was used. To this end, the
previously generated pMSCV-plasmids were combined with the pECO (encoding for
ecotropic envelope proteins) and pCGP plasmids (encoding for gag and pol, i.e. core
structural proteins and protease/transcriptase/integrase, respectively). Equal volumes
of a phosphate buffer (2x Hanks’ balanced salt solution [50 mM HEPES, 10 mM KCI,
12 mM dextrose, 280 mM NaCl, 1.5 mM NaxHPO4, pH 7.05]) were added dropwise to
the simultaneously aerated DNA-CaCl> (1.25 M) solution. For transfection, the
resulting precipitates were then distributed on HEK cells for 4 h. Afterwards, HEK cells
were washed with phosphate buffered saline (PBS) and medium was refreshed. Cell
culture medium containing retroviral particles was harvested 24 and 48h later (filtered
[0.45 ym] and supplemented with HEPES [10 mM, pH 7.05]). Viral supernatants were

shock frozen in liquid nitrogen and stored at -80°C until use.

2.3.2 Retroviral transduction of transgenic T cells

Spleens from the TCR-transgenic donor mice were dissected and prepared under
sterile conditions. Spleens were first minced and passed through a 212 pym sieve to
obtain a single cell suspension. After lysis of erythrocytes (ACK-lysis buffer [final
composition: 155 mM NH4Cl, 10 mM KHCOs3, 0.1 mM EDTA, pH 7.2-7.4]) cells were
dissolved in ViaCount solution, counted on an EasyCyte capillary flow cytometer
(Millipore), seeded, and stimulated with Smarta peptide (GPs1-g0; final concentration
1 pg/ml). Cells were cultured in RPMI 1640 medium (Gibco) supplemented with
10% FCS, penicillin/streptomycin, 1% pyruvate, 1% non-essential amino acids and
50 uM B-ME and maintained in an incubator (37°C, 5% COz2, 95% humidity). 24 h after

activation, cells were infected with the retroviral supernatant in a centrifugation step at
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400 x g and 32°C for 90 min. To increase transduction rate, 8 ug/ml of polybrene was
added. Afterwards, cells were washed and cultivated for at least another 40 h before

used for the adoptive transfer.

2.3.2.1 In vitro polarization of Th, subsets

For in vitro polarization of Th subsets, TCR-transgenic cells were prepared and
cultured under sterile conditions as described above. In addition to stimulation with
Smarta peptide (GPe1-g0; final concentration 1 ug/ml), recombinant IL-4 (10 ng/ml) and
blocking antibodies against a-IL-12 (clone C17.8; 5 pg/ml) and a-IFNy (clone
AN18.17.24; 10 pg/ml) were added to the medium to induce Thz polarization. To
achieve complete polarization, the above-mentioned blocking antibodies were kept in

the culture medium over the whole course of the culture.

2.4 Mouse models

2.4.1 Adoptive transfer

For naive CD4"* T cells, 1.25x10° splenic transgenic cells were adoptively transferred
by intravenous tail base injection into recipient mice. For pre-activated and retrovirally
infected cells, 2.5x10° transgenic cells were transferred. To additionally investigate
effects on B cells, co-transfer with transgenic B7-8i cells was performed in a subset of
experiments. In those experiments, four times as many B cells as compared to T cells
were transferred.

Frequency of TCR transgenic T cells (CD4'Thy-1.1*Va2-TCR*VR8-TCR*) and
transgenic follicular B cells (CD19*Ac146*CD21'°CD23") were determined by flow
cytometry. If the cells had not been sorted for fluorescent markers before, cells were
first counted with the EasyCyte capillary flow cytometer (Millipore).
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2.4.2 Immunization methods

2.4.2.1 Subcutaneous immunization

For subcutaneous (s.c.) immunization, animals received 20 yg cognate antigen in
Complete Freund's Adjuvant (CFA; Sigma Aldrich) or Incomplete Freund's Adjuvant
(IFA; Sigma Aldrich) at the tail base. A conjugate of Smarta peptide (GPe1-80; SM) and
nitrophenol (NIP) coupled to mouse serum albumin (NIP-SM-MSA) was used as
antigen. In experiments with pre-activated cells, immunization was performed
immediately after adoptive transfer. In experiments with naive cells, immunization was

carried out 24 h after the transfer.

2.4.2.2 Intranasal immunization

To study T and B cell interaction in inflamed tissue, an airway inflammation model was
used. First, after adoptive transfer at least 4 h were granted for the distribution of the
transferred cells throughout the recipients’ organism. Subsequently, animals were first
anaesthetized by intraperitoneal (i.p.) administration of ketamine (75 mg/kg) and
xylazine (4 mg/kg) dissolved in 100 pl PBS, followed by intranasal immunization with
10 ug of cognate antigen and 5 ug LPS. A conjugate of Smarta peptide (GPs1-80; SM)
and nitrophenol (NIP) coupled to mouse serum albumin (NIP-SM-MSA) was used as
antigen. Further immunizations were carried out on days 1, 10 and 13 after transfer.

2.4.3 Tamoxifen administration

For inducible knock outs, Smarta.CreERT? animals were used to generate T cells for
transfer. CreER™ recombinase activity was induced by i.p. administration of 1.5 mg
tamoxifen (Sigma Aldrich) per animal dissolved in ethanol and sunflower oil (Feil et
al., 2009).
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2.4 4 Lymphocyte isolation out of tissue

2.4.4 1 Lymphocyte isolation of draining lymph nodes

After isolation of draining lymph nodes, these were cleared of excess tissue under a
binocular and transferred into medium (RPMI 1640 medium, Gibco; supplemented
with 10% FCS and 33 pg/ml DNase |) via a 70 ym sieve to achieve single cell
suspension. After another passage through a 70 ym sieve, cells were dissolved in
ViaCount solution and counted by EasyCyte capillary flow cytometer (Millipore), before
being resuspended at a defined cell concentration in either medium for restimulation
or in FACS-PBS (PBS supplemented with 0.25% BSA and 0.1% NaN3) for flow

cytometry.

2.4.4.2 Lymphocyte isolation of lung tissue

Mice were sacrificed by intraperitoneal injection of 60 mg/kg ketamine and 60 mg/kg
xylazine followed by blood withdrawal via lung perfusion. After removal of the draining
lymph nodes (preparation see chapter 2.4.4.1), lungs were minced using forceps and
transferred into medium (RPMI 1640 medium, Gibco; supplemented with 10% FCS,
0.5% BSA, 33 pg/ml DNase | and 0.5 mg/ml collagenase D). The tissue was then
further minced using gentleMACS™ Dissociator (Miltenyi Biotec) followed by
collagenase digestion at 37°C for 25 min. After addition of 10 mM EDTA, tissue was
incubated at 37°C for 5 min. Again, GentleMACS™ Dissociator was used, and cell
suspension was finally passed through a 70 um sieve to obtain single cell
suspensions. Cells were counted using a EasyCyte capillary flow cytometer (Millipore)
and resuspended at a defined cell concentration either in medium for restimulation or

in FACS-PBS for analysis by flow cytometry.

2.5 Fluorescence-activated cell sorting

To obtain and analyze cell populations enriched with defined surface molecules or
fluorescent markers, tissue-harvested mixed cell populations were sorted and
separated by fluorescence-activated cell sorting (FACS). For cell sorting, either the
FACSAria Il Flow sorter (BD Biosciences) or the SH800S Cell Sorter (Sony) was used
according to the guidelines published in 2017 (Cossarizza et al., 2017).
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2.5.1 Sort of Tm and non-Ts, cells for transcriptome analysis

For separating Tm from non-Tw cells, inguinal lymph nodes were prepared as
described above (section 2.4.4.1). To enrich transgenic T cells (Thy-1.1%), magnetic
activated cell sort (MACS) was carried out first. To this end, isolated cells were
incubated with anti-Thy-1.1 MicroBeads (Miltenyi Biotec) and then separated by a
magnetic column. The enriched cell fraction was then stained by fluorochrome-
coupled antibodies (Table 3) and FACS-sorted accordingly with a 70 ym nozzle into
live*dump CD44*Thy- 1.1*CXCR5"PD- 1" (T cells) and live*dump - CD44*Thy- 1.1*
CXCR5PD-1" (non-Ts cells).

2.5.2 Sort of fluorescence™ cells

In order to investigate effects on genetically modified cells in vivo, cells were sorted
before the adoptive transfer according to their fluorescent protein expressed upon
retroviral infection. Depending on the used transduction construct, transduction
efficiencies of up to 60% for living cells were achieved. Due to the pre-activation with
Smarta peptide (GPs1-80) and FACS-sorting 3 days after initiation of the culture, nearly
all cells were CD4" Thy-1.1*. If sorted cells were Thy pre-polarized, sorting was
performed 4 days after initiation of the culture. Besides viability staining, no additional
staining was applied.

2.5.3 Cell staining of surface molecules and intracellular staining

All flow cytometric analyses were performed using the multicolor BD™LSR Fortessa
(BD Biosciences) or BD™Symphony (BD Biosciences) flow cytometers according to
published guidelines (Cossarizza et al., 2017). Surface staining was performed by
adding a mixture of fluorochrome-conjugated antibodies. Before, Fc receptors were
blocked by 100 ug/ml 2.4G2 (anti-CD16/32) to prevent unspecific binding. For biotin-
labeled antibodies, secondary staining was performed with fluorochrome-conjugated
streptavidin. Dead cells were excluded by positive staining with 4’,6-diamidino-2-
phenylindole (DAPI, 0.33 uM) or propidiume iodide (Pl, 0.33 uM). For intracellular
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stainings, viability staining was performed for 25 min on ice using fluorophore-coupled
succinimidyl esters (/Invitrogen) according to published protocols (Perfetto et al.,
2006). For staining of transcription factors, a FoxP3 staining buffer set (eBioscience)
was used. Otherwise, cells were fixed using 4% paraformaldehyde (PFA) and
permeabilized using saponin buffer (5% (w/v) saponin in FACS-PBS).

2.5.3.1 Restimulation of isolated cells

For restimulation of isolated lymphocytes, cells were transferred into medium (RPMI
1640 medium, Gibco) supplemented with 10% FCS, penicillin/streptomycin,
1% pyruvate and 1% non-essential amino acids. Cells were restimulated with phorbol
12-myristate 13-acetate (PMA; 1 pg/ml) and ionomycin (10 ng/ml) or Smarta peptide
(GPe61-80; 1 ug/ml) for 4h at 37°C (5% COy). After 1 h of incubation, 5 pg/ml Brefeldin A
was added. After 4 h overall stimulation time, cells were further treated as described
in 2.5.3.

For data analysis, FlowJo™ Software (Treestar) was used. Doublets were excluded
via forward and sideward scatter characteristics. Subsequently, dead cells were gated
out by excluding DAPI* or PI* cells. Transgenic T cells were further gated as CD8"
B220-CD4'Thy-1.1* and transgenic B cells as CD4:CD8 CD45.2-CD45.1*. Gates with

numbers indicate percentages of cells within the displayed gate.
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Table 3 Fluorochrome-labeled antibodies used for flow cytometry

Antigen, conjugated fluorochrome, and antibody clone for individual used antibodies. Commercially available

conjugates were purchased from BiolLegend, eBioscience and BD. Otherwise, antibodies were purified from

hybridoma cultures and coupled to fluorochromes by standard protocols. The following fluorochromes were used:
fluorescein isothiocyanate (FITC), Peridinin-Chlorophyll-Protein (PerCP), Phycoerythrin (PE), PE-Dazzle, PE-
Cyanin 7 (PE-Cy7), Allophycocyanin (APC), Alexa Fluor 647 (A647), Alexa Fluor 700 (A700), APC-Cyanin 7 (APC-
Cy7), Pacific Blue (PacB), Pacific Orange (PacQ), Brilliant Violet 421 (BV421), Brilliant Violet 650 (BV650), Birilliant
Violet 711 (BV711), Brilliant Violet 785 (BV785), biotin conjugated and secondary stained with flurochrome-labeled

streptavidin
Specificity Fluorochrome Clone
CD4 BV711, BV785 RM4-5
CD8a PacB, BV711, BV785 53-6.7
CD19 BV711, BV785 6D5
CD21 FITC 7G6
CD23 PE B3B4
CD25 PE, BV650 PC61
CD38 APC-Cy7, PacB 90
CD44 FITC IM7.8.1
CD45.1 PerCP, PE-Cy7, Biotin A20
CD45.2 A700 104
CD45R (B220) APC-Cy7, PacB, BV711 RA3-6B2
CD62L FITC, PerCP, A700 Mel-14
CD69 FITC, PE, A647 H1.2F3
CD90.1 (Thy-1.1) PerCP, A647, A700, PacB OX-7
CD138 PE, PacB 281-2
CD154 (CD40L) PE MR1
CD183 (CXCR3) BV650 CXCR3-173
CD185 (CXCR5) BV421, Biotin L138D7
CD254 (RANKL) PE, Biotin IK22/5
CD278 (ICOS) AB47, PacB MIC-2043
CD279 (PD-1) PE, PE-Cy7, A647 J43, 29F.1A12
Tigit AB4T GIGD7
Va2-TCR FITC B20.1
VR8-TCR Cy5 F23.1
B1-8i BCR AB4T Ac146
GL7 AB4T GL7
Bcl-6 PE K112-91
IgA PE mABE1
IgD AB4T 11-26¢

25



Methods

IgE FITC R35-72
IgG1 PE-Dazzle A85-1
IgG2a APC-Cy7 RMG2a-62
IgG2b AB4T RMG2b-1

IgM FITC, PacB Bet-2
IL-21 AB4T IL-21R-hu IgG

2.6 Next generation sequencing

Tm and non-Tm cells from inguinal lymph nodes were FACS-sorted for subsequent
gene expression analysis. For RNA isolation, a RNeasy Micro Kit (Qiagen, Hilden,
Germany) was used and RNA quality was determined by a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). RNA-sequencing was then carried out in
cooperation with the group of Mir-Farzin Mashreghi (Deutsches Rheuma-
Forschungszentrum). A library was created using the Nextera XT Library Preparation
Kit (/llumina, San Diego, CA, USA) or, for samples with high RNA content, the
TruSeq® Stranded Total RNA Sample Preparation Kit (/llumina). Paired end
sequencing with 2 x 75 nucleotides was performed on a NextSeq500 device (/llumina).
Sequence reads were mapped to the mouse GRCm38/mm10 genome with TopHat2
(Kim et al., 2013) in very-sensitive settings for Bowtie2 (Langmead & Salzberg, 2012).
Gene expression was quantified using feature counts (Liao et al., 2014) and DESeq2
(Love et al., 2014). Gene expression between Tm and non-Tm cells, or Tm cells of
different groups was considered significant if the p-value was < 0.05 and log2 fold-
change was > 0.37 (analyzed by Wald test in the DESeq2 package and corrected for
multiple testing according to Benjamini & Hochberg, 1995).

2.7 Proof of Cas9 knock out efficiency

Cas9-mediated knock out efficiency was quantified in cultured Cas9-transgenic
splenocytes (chapter 2.3.2) retrovirally transduced with corresponding plasmids. Since
it has been shown that, depending on the quality of the used sgRNA, optimal knock
out efficiency can only be detected after approximately 5 days (Yuen et al., 2017), the
cells were kept in culture for 5 days. Fluorescence® retrovirally infected cells were then
sorted and DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen).
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2.7.1 T7 Endonuclease Assay

Target genes were amplified by PCR, for which Q5 polymerase (New England Biolabs)
and the protocol according to the manufacturer's instructions were used.
Subsequently, the PCR products of WT and KO DNA were mixed 1:1 and processed
according to the manufacturer's instructions (T7 Endonuclease |, New England

Biolabs). Finally, successful knock out was tested for via gel electrophoresis.

2.7.2 Sanger sequencing

Target genes were amplified using Q5 polymerase according to the manufacturer's
instructions (New England Biolabs). PCR products were purified using the QIAquick
Gel Extraction Kit (Qiagen) and cloned into the intermediate plasmid pJET1.2
(ClonedJET PCR Cloning Kit, Thermo Fisher Scientific Inc.) according to the
manufacturer's instructions. Plasmids were further prepared as described in chapter
2.2.3. and in order to make a quantitative statement about the KO efficiency, for each
target gene at least 10 clones were picked and subjected to Sanger sequencing.

2.8 Statistics

GraphPad Prism (GraphPad Software, Inc.) was used for statistical analysis. Unless
otherwise specified, if data were normally distributed (tested by Anderson-Darling test,
D’Agostino-Pearson omnibus normality test, Shapiro-Wilk normality test and
Kolmogorov-Smirnov normality test) unpaired t-test were performed (Welch's t-test for
unequal variances). Otherwise, the Mann-Whitney U test was performed for non-
parametric data. For the statistical analysis of more than two groups one-way ANOVA
(for normally distributed data) or Kruskal-Wallis test was performed. Subsequently, the
resulting p-values were corrected using the two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli and Holm-Sidak. In bar graphs, individual animals
are represented by symbols while bar length reflects the mean. p-values < 0.05 were
considered significant (* p < 0.05, ** p < 0.01,*** p< 0.001, ns p >0.05).
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3 Results

3.1 Screening for new T signature target genes

The aim of this thesis was the identification of new genes involved in the generation
and maintenance of Tm cells. To identify these so called Tm signature genes, a
transcriptome analysis of sorted T and Non-Ts cells utilizing a tail base immunization
model and a chronic airway inflammation model was performed (Figure 8A, bright
yellow and orange). The analysis revealed the 300 most specifically up- or
downregulated genes in T cells.

To constrain the analysis to setup- and mouse model-independent genes, these 300
candidate genes were further compared to two published transcriptome analyses
generated from different mouse models, organs and immunization methods
(Linterman et al., 2011; X. Liu et al., 2012, Figure 8A). This comparison revealed 221
of the 300 initial genes additionally present in at least one of the published
transcriptome analyses. These 221 genes were then further screened for their
reported function based on available literature (detailed analysis is depicted in Table
4 and 6, literature research via https://www.uniprot.org, https://scholar.google.com,
https://www.genecards.org, and https://pubmed.ncbi.nim.nih.gov). The 19 most
promising genes (Figure 8B) were further investigated. Functional analysis was
achieved by targeted overexpression or knock out of the respective genes and
investigation of potential effects on T cell populations in vivo. Specifically, genes with
negative logFC were overexpressed (Ccr2, Plac8, Fam129b, Smad7, Cish, Cxcr6 and
Rara; cf. chapter 3.3.1 and 3.3.1.1), whereas genes with positive logFC were knocked
out (Padi4, Sostdc1, Tigit, Fam43a, Rgs16, Angptl2, Rnf157, Dhrs3, Hmox1, Trpm6,
S100a11 and Tnfsf11; see chapters 3.2, 3.3.3, and 3.3.3.1).
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A B Reads TFH Reads Non-TFH
Cer2 24.4 15.0 1327 1520

Plac8 | 23 25 216 124

Fam129b 7.0 7.5 270 214
Lintermann, Nat Med 2011 Smad7 20.9 70.1 816 1266

genes Cish 26.7 15.0 178 383
(T cell subsets, SREC) Cxcr6 146 230 885 1058

Rara 148 230 599 889

Tnfsf11 1055 1271 589 864

PO Liv, JEM 2012 $100a11 906 653 466 302

300 genes 1129 genes Trpmé6 1188 1995 686 640
(dLNs, NP-OVA + CFA) (dLNs KLH + CFA) Hmox1 126 185 39.7 36.5
Dhrs3 294 523 68.7 66.4

Rnf157 1814 2768 342 353

Angpti2 [I11952901 8684 1541 902

Rgs16 116 736 17.2 26.6

ﬁGg Hutloff Fam43a 1197 1614 74.0 83.0

(Iung—dragisir:%sLN, Tigit 1645 2125 19 73.0

NP-SM + LPS) Sostdc1 1639 1805 50.4 23.2

Padi4 3664 6621 18.2 6.6

Figure 8 Comparison of four different Tw signature gene transcriptome analyses reveal 19 genes of interest

A) Venn diagram of 300 genes up- or downregulated in T cells compared to Non-Ts cells (yellow: peptide-
immunization with ovalbumin coupled to nitrophenol (NP-OVA) and CFA as adjuvant, subcutaneous immunization
and analysis of draining lymph nodes (dLN); orange: airway inflammation, intranasal peptide-immunization with
Smarta peptide coupled to nitrophenol (NP-SM) and LPS as adjuvant, analysis of lung and lung-draining lymph
nodes) were compared to transcriptome data including other experimental setups, organs and immunization
methods (Linterman et al., 2011 in dark grey for intraperitoneal injection of sheep red blood cells (SRBC), analysis
of spleen; Liu et al., 2012 in bright grey for subcutaneous immunization with keyhole limpet hemocyanin (KLH) and
CFA as adjuvant and subsequent analysis of dLN). The comparison revealed 221 genes at least occurring in one
additional data set. (B) Table of the 19 most promising T signature genes out of 221 differentially regulated T
cell genes identified in (A) adopted for subsequent analysis. Reads of Ty and Non-Ty, as well as logarithmic fold
chance (logFC) are shown (Methods section 2.6 for a detailed description of the transcriptome analysis utilized in
this study).

The protein-coding gene Tnfsf11 had a significantly higher expression in Tm cells
(logFC 0.7) compared to non-Tm cells. Although Tnfsf11 was not the most differentially
regulated gene within the group of 19 selected genes of interest, based on preliminary
work from the Hutloff group and the published involvement of the encoded protein in
the immune system, Tnfsf11 was regarded a promising candidate and first subjected
to the adopted experimental framework. To analyze the function of this gene and the
corresponding protein, an inducible Tnfsf11 knock out mouse was established.
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3.2 The T signature gene Tnfsf11 is highly upregulated on T cells but not
involved in Tt cell generation and maintenance

3.2.1 Early Tnfsf11-depletion does not alter T cell and Bec cell generation

The gene Tnfsf11 encodes the protein Receptor Activator of NF-kB Ligand (RANKL).
RANKL belongs to the TNF cytokine family and is also known as TRANCE, CD245,
OPGL, or ODF. In combination with its receptor RANK and the decoy receptor OPG,
it was first described in the late 1990s (Anderson et al., 1997; Wong et al., 1997) and
has since then been shown in multiple studies to play a major role in bone metabolism
as well as the immune system (Leibbrandt & Penninger, 2010; Ono et al., 2020).
Besides its pivotal role in lymph node development, RANKL is highly expressed on
T cells upon TCR stimulation. Moreover, the expression of its receptor RANK on DCs
is initiated by T cell/CD40L-induced stimulation (Anderson et al., 1997). Thus, RANKL
stimulation might promote T cell proliferation and T cell/DC interaction (Anderson et
al., 1997; Leibbrandt & Penninger, 2010; Mueller & Hess, 2012; Ono et al., 2020).
Moreover, RANKL/RANK signaling has been shown to contribute to autoimmune
diseases such as systemic lupus erythematodes, rheumatoid arthritis, myasthenia
gravis, and vitiligo, and enhanced RANK/RANKL signaling has been detected in
various B cell lymphomata (Alankus et al., 2020; Carmona-Fernandes et al., 2011;
Fonseca et al., 2005; Jin et al., 2016; Renton et al., 2015).

A recent transcriptomic analysis of Tm and Non-Tm cells revealed an increased
expression of Tnfsf11 in T cells and uncovered a link between Tnfsf11 and Bach2,
an antagonistic Tm cell regulator (Lahmann et al., 2019). Moreover, a significantly
reduced number of transgenic T cells and Tm cells in shRNA-mediated knock out
experiments targeting RANKL in vivo was found (unpublished data). Thus, RANKL

imposed as a likely candidate for the regulation of T, cell generation and maintenance.

Previous knock down of the Tm signature gene was induced by shRNA, which
inherently 1.) does not lead to complete absence of the targeted protein, 2.) poses the
risk of unspecific targeting and hence unspecific knock down (Boettcher & McManus,
2015; D. D. Rao et al., 2009), and 3.) is methodically constrained to constitutive knock
down. To circumvent these limitations, Smarta.CreER’/RANKL"" mice were
generated to allow for a specific and inducible knock out of floxed RANKL alleles.
Smarta.CreER™>/RANKL™" mice harbor the Smarta-specific TCR and ubiquitously
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express estrogen receptor-dependent Cre recombinase (CreER™). Upon application
of the estrogen-receptor agonist tamoxifen, cytosolic CreER™ translocates into the
nucleus and cleaves the floxed Tnfsf11 gene, leading to its knock out. For control
experiments, Smarta.CreER' wildtype animals were used (referred to as wt/wt
below).

First, the contribution of RANKL to Tm cell generation and the early phase of the
immune response was investigated. To this end, transgenic donor animals were
treated intraperitoneally with tamoxifen 11, 9, and 8 days before transfer of donor
T cells to recipient animals in order to deplete RANKL in transferred cells. Tnfsf11
knock out efficiency of the tamoxifen-treatment paradigm was verified in a fraction of
donor cells cultured and stained for RANKL protein, revealing a near-complete knock
out of the targeted gene in donor cells prior to transfer (mean fluorescence intensity
(MFI) RANKL; wt/wt 2555, fl/fl 224; Figure 9A). T cells were co-transferred with B7-8i
cells into recipient animals followed by s.c. immunization (NIP-SM-MSA in IFA) and
i.p. tamoxifen administration 24 h after transfer. 8 days after transfer, draining LNs
(dLN) were analyzed by flow cytometry (Figure 9A). An increased expression of the
RANKL molecule on wt/wt T cells compared to non-Tw cells (MFI RANKL; non-Tm
213.3 £ 22.85, T, 969.3 £ 102.4; mean = SD; p = 0.0001) confirmed previous results
from transcriptome analysis (cf. Figure 9B). However, knock out of RANKL prior to
immune response did not have an effect on the proliferation of transgenic T cells (%
Thy-1.1%; wt/wt 6.38 + 1.75, fl/fl 6.16 £ 1.24; mean + SD; p= 0.8011; Figure 9C), nor
did it affect Tm frequency as defined by CXCRS* PD-1" positives of all Thy-1.1* cells
(% Tm; wt/wt 45.20 £ 5.83, fl/fl 40.44 + 7.61; mean + SD; p= 0.3007; Figure 9C and D).
Moreover, early RANKL knock out did not affect the capacity of B cell help, and
percentages of transgenic B cells (% CD45.1%; wt/wt 1.53 + 0.37, fl/fl 1.47 £ 0.37;
mean + SD; p= 0.8029), Bgc cells (defined as CD38'°GL7"; % of wt/wt 39.27 + 7.45,
flifl 40.26 £ 10.24; mean + SD; p= 0.8519) and plasma cells (defined as
CD19°CD138*; % of wt/wt 6.68 + 3.27, fl/fl 8.70 + 4.49; mean * SD; p= 0.3914) were
unaffected by RANKL knock out (Figure 9C and D).

Thus, RANKL did not contribute to early T cell development and concomitant B cell
help during the early immune response.
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Figure 9 Early RANKL knock out does not affect Ty, cell development and B cell help during the immune effector

phase

(A) Scheme of the experimental setup. Transgenic T cells of tamoxifen-treated Smarta.CreER™/RANKL™ (fi/fl)
mice or control mice (Smarta.CreER'?, referred to as wt/wt) were co-transferred with transgenic B cells from B1-8i
mice into B6.CD28 KO recipients. Additionally, recipients were tail base-immunized and tamoxifen-treated. A
fraction of transferred T cells was cultured for 24 h and analyzed by flow cytometry for verification of RANKL KO.
Strong knock out of RANKL was selectively achieved in fi/fl animals with this protocol. (B) Representative contour
plot of Ts, staining and histogram of RANKL in wt/wt animals. RANKL expression was significantly higher in Ty, cells
compared to non-Ty, cells as assessed by analysis of RANKL MFI. (C) Percentage of marker-expressing transgenic
T cells (Thy-1.1* and CXCR5* PD-1*) and transgenic B cells (CD45.1*, CD38° GL7", and CD19°CD138*) of all
T/B cells in wt/wt compared to fl/fl mice (grey and red, respectively). (D) Contour plots of representative Tw cell
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stainings (left, CXCR5* PD-1*) and Bgc cell stainings (right, CD38F° GL7") *) in wt/wt compared to fi/fl animals
(color code as in C). Bar graphs as overall group mean, markers as individual animals, comparison by unpaired t-

test or Mann-Whitney-U-test, * p < 0.05, **p < 0.01, *** p< 0.001, ns p >0.05, 7 animals were analyzed for each
group.

3.2.2 Tnfsf11-depletion in primed T cells affects memory T cell maintenance in
draining lymph nodes

Previous studies on RANKL had proposed a role of RANKL/RANK interaction during
ongoing T cell activation and differentiation (Leibbrandt & Penninger, 2010). While for
T cell priming the T cell: DC interaction via CD40L/CD40 seemed to be important
(Anderson et al., 1997), concomitant RANKL/RANK binding was hypothesized to
enhance this interaction, thereby resulting in an altered cytokine expression and
subsequent altered immune response (Leibbrandt & Penninger, 2010).

Since RANKL KO during early T cell activation and priming did not affect T cell
generation (Fig. 9), long-term effects of RANKL depletion on T cell maintenance and
memory T cell generation were investigated in initiated T cells.

A clear separation of effector and memory cells in models with prolonged antigen
presence, as in the s.c. tail base immunization paradigm with water-in-oil emulsion +
Freund’s Adjuvant used here, is difficult to achieve. However, a comparable
experiment in our laboratory revealed a remaining fraction of = 10% fraction of Ki-67*
transgenic cells in lymph nodes and spleen > d40, indicating a memory status (i.e. a
resting state, data not shown) for the majority of cells according to proliferation,
transcription and mobility criteria (Okhrimenko et al., 2014). Therefore, an analysis at
= d40 was performed to analyze memory Tm cells, which were defined as
CXCRS5*PD- 1*. Since the vast majority of memory T cells is located in spleen and
dLN (Weber et al., 2012), these organs were analyzed.

To do so, transgenic Tcells and Bcells from donor animals
(Smarta.CreER™/RANKL™ or Smarta.CreER™? and B7-8i animals, respectively)
without prior tamoxifen treatment were co-transferred into B6.CD28KO recipients. Tail
base immunization was performed 24 h after transfer and, to study the effect of RANKL
deficiency after initial T cell priming, tamoxifen was administered three days after
transfer. For analysis of memory T cells, draining LNs and spleens were harvested
at day 43 post-immunization and transgenic T cells were analyzed via flow cytometry
(Figure 10A). Differences in the overall number of transgenic T cells (Thy-1.1%) were
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neither detectable in dLNs nor spleens of wildtype versus KO animals (dLN: wt/wt 1.41
+ 1.07, fl/fl 1.10 £ 0.81, p= 0.4431; spleen: wt/wt 1.12 + 0.84, fl/fl 0.85 + 1.09, p=
0.5594; mean = SD; data not shown).

Memory Tm cells (CXCR5'PD-1*) showed a significant = 30% reduction in cell
frequency in dLNs of RANKL-depleted animals (% memory Tm; wt/wt 27.7 + 10.65, fl/fl
19.61 £ 2.98; mean = SD; p=0.0498). This effect was not observed in the spleen of
RANKL KO animals where memory T cell frequency trended towards higher values
compared to control animals (% memory Tm; wt/wt 9.57 £ 6.86, fl/fl 17.25 £ 10.29, p=
0.1541; mean = SD; Figure 10C).

In addition to the classic Tm markers CXCRS5 and PD-1, further markers associated
with memory T cell status were investigated: CD44 as a marker for antigen-
experienced T cells, CD62L and CD69 as markers for homing phenotypes, and
CXCR3 as a marker for migratory behavior.

Firstly, as expected nearly all transgenic T cells expressed CD44 in both groups.
Nevertheless, there was a downregulation of CD44 in the spleen of RANKL-depleted
animals (% CD44*; wt/wt 98.31 + 1.74, fl/fl 94.14 + 3.33, p=0.0125; mean + SD).
Secondly, memory Tm cells were characterized by the expression of residence-
associated genes coding for CD62L and CD69 (Catron et al., 2006; Kunzli et al., 2020;
Pennock et al., 2013), genes linked to memory cells tissue localization and retention
(Weber et al., 2012) enabling homing to secondary lymphoid organs and proliferation
into effector cells upon antigen reencounter (Sallusto et al., 2004). RANKL-depletion
led to a significant upregulation of CD62L in dLN (% CD62L"*; wt/wt 6.66 + 2.03, fl/fl
16.16 + 6.19, p=0.0058; mean + SD) while no differences in CD69 expression were
detected (Figure 10C). Ongoing ICOS signaling is associated with maintenance and
survival of T memory cells (Kunzli et al., 2020; Latham et al., 2020) but was not
influenced by RANKL depletion (Figure 10C).

Finally, the impact of RANKL KO on the expression of the Th4/Thi7-associated,
especially splenic memory T cell-related chemokine receptor CXCR3 was quantified
(Asrir et al., 2017). While no differences were observed in dLNs, CXCR3 expression
was significantly reduced in spleens of RANKL KO animals (% CXCR3*; wt/wt 62.17
+ 10.10, fl/fl 32.70 £ 20.35, p=0.0050; mean + SD).

In summary, in contrast to the lack of an effect of RANKL KO on T cell generation
and the early immune phase, RANKL KO after T cell priming reduced memory T cell

formation in lymph nodes. This was accompanied by higher lymph nodal expression
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of CD62L and lower splenic expression of the migration marker CXCR3 compared to
wildtype littermates.
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Figure 10 RANKL depletion affects memory Tw cell numbers by phenotypical change of homing and migration

markers

(A)Scheme of the experimental setup. Transgenic T cells of KO animals (Smarta. CreER™2/RANKL™, subsequently
fiffl) and control animals (Smarta.CreER'?, subsequently wt/wt) as well as transgenic B cells (B1-8i) were co-
transferred into B6.CD28KO recipients. Animals received s.c. immunization 24 h post-transfer and tamoxifen-
administration 3 days post-transfer. DLN and spleen were analyzed at day 43. (B) Contour-plots of representative
memory T, cells percentages (CXCR5"PD-1*) of wt/wt (grey) and fl/fl (red) mice in dLNs and spleen. (C) Marker
expression of CD44, CD62L, CD69, CXCRS3, ICOS, RANKL, and counts of memory Tw cells (wt/wt in grey, fi/fl in
red) in dLN (upper panels) and spleen (lower panels). RANKL expression (% RANKL*) was significantly reduced
in fi/fl mice compared to wt/wt (dLN: wt/wt 32.93 + 13.6, fi/fl 4.10 £ 4.03, p=0.0010; spleen: wit/wt 9.41 + 8.2, fi/fl
1.13 £ 1.18, p=0.0383; mean + SD). Bars provide mean values, symbols represent individual animals, 7 animals
were analyzed for each group. Statistical testing with unpaired t-test or Mann-Whitney-U-test (* p < 0.05, ** p
<0.01, *** p< 0.001, ns p >0.05).
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3.2.3 T cell-specific Tnfsf11-depletion does not affect transgenic T and B cell
migration behavior in inflamed lung tissue

T cell: B cell interaction not only occur in secondary lymphoid organs (SLOs), but also
in inflamed tissue. In contrast to highly organized SLOs, tissue infiltrates rather form
unstructured, loose aggregates characterized by the absence of FDCs or clearly
separated T and B cell zones (Hutloff, 2018). Involved CD4"* T cells share Tm cell
features, such as PD-1, ICOS, CD40L, or IL-21 expression, but lack characteristic
markers such as Bcl-6 and CXCR5 (D. A. Rao et al., 2017; Vu Van et al., 2016). These
so called Tm-like or peripheral T helper cells have the ability to efficiently promote B cell
differentiation (Hutloff et al., 2004; Manzo et al., 2008; D. A. Rao et al., 2017; Vu Van
et al., 2016) and were shown to contribute to chronic inflammation in autoimmune
diseases or allergy (Bocharnikov et al., 2019; Coquet et al., 2015).

We have previously successfully established a chronic airway inflammation model that
allowed the study of T cell: B cell cooperation in inflamed tissue. In this model,
adoptive transfer of transgenic T and B cells into recipient mice was followed by
repeated intranasal immunization (see also Methods section 2.4.2.2), enabling the
characterization of Tm-like and GC-like B cells in the inflamed lung in direct comparison
to classical Tm and Bgc cells in the lung-draining LN.

Interestingly, adopting the chronic airway inflammation model for transcriptome
analysis of T cells in lung and lung-draining lymph node (Figure 8) had previously
shown strong RANKL expression within the Tm and Tm-like population (data not
shown). Moreover, several studies have reported an involvement of the RANKL/RANK
axis in tissue inflammation (Bando et al., 2018; Gregorczyk & Maslanka, 2020;
Guerrini et al., 2015; Loser et al., 2006; Shimamura et al., 2014). While an
immunoregulatory function was attributed to RANKL/RANK signaling in most studies,
Guerrini and colleagues (Guerrini et al., 2015) and Gregorczyk and Maslanka
(Gregorczyk & Maslanka, 2020) found opposing effects attributing a positive influence
on the migratory behavior of pro-inflammatory T cell subsets in the central nervous
system and in an allergy model, respectively. Thus, we aimed to further investigate
the role of RANKL in chronic tissue inflammation.

To this end, tamoxifen-treated T cells of Smarta.CreER?>/RANKL"" animals (fl/fl) or
Smarta.CreER™ animals (wt/wt) were co-transferred with transgenic B cells (B7-8i)
into C57BL/6 recipients (tamoxifen treatment similar to early immune phase scheme,
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i.e. treatment of donor animals on day 14, 11 and 9 pre-transfer, tamoxifen treatment
of recipients on transfer day, Figure 9). To evoke chronic airway inflammation,
intranasal immunization with cognate antigen (NIP-SM-MSA + LPS) was performed
according to the standard protocol (see below, for details also see Methods section
2.4.2.2) and lung and lung-dLN were dissected 17 days post-transfer (Figure 11A).
RANKL depletion did not affect numbers of transgenic T cells in lung-dLNs
(% Thy- 1.1%, wt/wt 12.19 £ 7.67, fl/fl 11.91 + 8.67, mean £ SD, p= 0.9553) or lungs
compared to wt/wt controls (% Thy-1.1%, wt/wt 57.45 + 11.65, fl/fl 59.28 £ 20.44, mean
+ SD, p= 0.8524). Similarly, the frequency of transgenic B cells was unaffected in the
knock out compared to the control condition (% CD45.1%, lung-dLN: wt/wt 0.78 £ 0.44,
fl/fl 1.12 £ 0.65, p= 0.3411; lung: wt/wt 2.77 + 0.57, fl/fl 2.35 £ 0.74, p= 0.3000, mean
+ SD, Figure 11B).

Next, Tm (CXCR5*PD-1*) and Twm-like (PD-1") cells were examined in lung-dLNs and
lungs, respectively, but no differences in frequency were noted in fl/fl mice compared
to wt/wt littermates (% Tm: wt/wt 26.15 + 7.61, fl/fl 30.00 + 11.46, p= 0.5087; % Tm-like:
wt/wt 12.20 + 1.62, fl/fl 16.75 £ 5.1, p= 0.1058, mean + SD, Figure 11C upper part).
In parallel, the homing markers CD62L and CDG69, as well as the lymphocyte migration
marker CXCR3 were examined (Figure 11D). CD62L was lost during lung tissue
preparation due to shedding during the 37°C incubation step, prohibiting analysis of
CD62L in lung tissue. CXCR3 however was significantly upregulated in lung T cells of
fl/fl mice (% CXCRS3*; wt/wt 59.02 £ 9.37, fl/fl 74.33 + 6.74; mean = SD; p= 0.0281,
Figure 11D). In dLNs, no phenotypic changes in CD62L and CDG69 expression were
observed in fl/fl compared to wt/wt animals.

Finally, B cell helper capacity was examined by quantification of B¢ cell (CD38°GL7")
and PC (CD19'°CD138") frequencies in lungs and lung-dLNs (Figure 11C lower part).
While RANKL depletion did not affect Bgc cell frequency in lung-dLN and lung, PC
frequencies were significantly reduced in lungs (% CD138%; wt/wt 35.9 + 9.75, fl/f
21.34 £ 9.32; mean £ SD, p=0.0245; Figure 11C).

In summary, T cell-specific RANKL depletion did not affect antigen-specific T and
B cell migration during chronic airway inflammation. No phenotypic changes or effects
on B cell help were found in lung-dLNs. In contrast, in lung tissue RANKL KO

increased CXCR3 expression while PC generation was impaired.
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Figure 11 Early T cell-specific RANKL-depletion limits B cell differentiation and changes chemokine receptor

expression in chronically inflamed lung tissue

(A) Schematic overview of the experimental setup. Tamoxifen-treated Smarta.CreERT2/RANKL™ (fi/fl) or
Smarta.CreER™ wildtype (wt/wt) cells were co-transferred with transgenic B cells (B1-8i) into C57BL/6 recipients
followed by tamoxifen treatment (d-1). Intranasal immunization with NIP-SM-MSA + LPS was started one day post
transfer (defined as day 0) and repeated 1,10, and 13 days after transfer. Lungs and lung-dLNs were analyzed on
day 17 post-transfer. (B) Frequencies of transgenic T cells (Thy-1.1*, left panels) and transgenic B cells (CD45.1*,
right panels) of lung-dLNs (top) and lungs (bottom; wt/wt in grey, fi/fl in red). (C) Top: Contour-plots of representative
stainings of T and Tw-like cells of lung-dLNs and lungs, bar graphs visualize quantification. Tw/ Tm-like cells were
defined as CXCR5*PD-1* and PD-1", respectively (upper part; wt/wt in grey, fi/fl in red). Bottom: Contour-plots of
representative Bgc cell (CD38°GL7") and PC (CD19/°CD138") stainings, quantification is displayed in bar graphs
(wt/wt in grey, fi/ffl in red). (D) Expression of CD62L, CD69, and CXCR3 in T cells of dLNs and lungs (wt/wt in grey,
fi/fl in red). (E) Percentage of RANKL* transgenic T cells in lung-dLNs and lungs (top) supported by representative
histograms (bottom). Bars depict mean, symbols represent individual animals. 6 animals were analyzed per group.
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Statistical analysis was performed using unpaired t-test or Mann-Whitney-U-test (* p < 0.05, ** p < 0.01, **p <
0.001, ns p > 0.05).

3.2.4 Transcriptome analysis of Tnfsf11-depleted Tm and non-Tm cells reveals
differentially regulated genes

In a final experiment, a transcriptome analysis of T cells from RANKL KO and WT
animals was performed to identify changes on the transcriptional level upon
interference  with  RANKL in Tm cells. Smarta.CreER™/RANKL™ (fl/fl) or
Smarta.CreER? (wt/wt) cells were transferred into B6.CD28KO animals, followed by
s.c. immunization. Pre-tests verified successful RANKL KO already 36h after
tamoxifen administration (data not shown). Therefore, an analysis 36 h post-transfer
was chosen to identify differential Tm cell gene expression upon RANKL depletion at
early stages. For transcriptome analysis, tamoxifen was administered 6 days after the
transfer and 36h later, cell sorting of wt/wt and fl/fl cells into Tm
(CD44*Thy- 1.1*CXCR5"PD-1") and Non-Tws (CD44*Thy-1.1*CXCR5PD-1") cells
was performed (Figure 12A). To verify a successful RANKL KO for transcriptome
analysis, one animal per group was analyzed the following day, revealing successful
RANKL depletion (data not shown). Samples were prepared according to standard
protocol (cf. Methods section 2.6) and gene expression was considered differentially
regulated if the adjusted p-value was < 0.05 (corrected according to Benjamini &
Hochberg, 1995) and the log2-fold change (log2FC) was > 0.37.

Out of > 39,000 analyzed genes (Figure 12B), 517 genes were found differentially
regulated. Only relatively low fold changes in gene expression were identified in wt/wt
Tm and fl/fl Tm cells (maximum log2 FC of upregulated genes in fl/fl Tm cells: -1.18;
maximum logz FC of downregulated genes in fl/fl Tr cells: 1.45, see Figure 12C Top50
regulated genes).

To investigate genes relevant for T cells, these 517 genes were compared to the top
300 genes differentially regulated in T versus non-Tm cells (see chapter 3.1, Figure
8). This comparison revealed 11 genes identified in both data sets, 3 of which were
expressed stronger in fl/fl Tm cells and belonged to the 50 most intensely regulated
genes (TubbZ2a, Atp1a3, and Dnase1I3; Figure 12C). Tubb2a (log2 FC 0.63) encodes
for tubulin beta-2A chain, Atp1a3 (log2 FC 0.67) for sodium/potassium-transporting
ATPase subunit alpha-3, and Dnase113 (log> FC 0.80) for deoxyribonuclease1 (source
UniProt: Q7TMM9, Q6PIC6 and P49183, respectively).
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After literature-based research revealing no apparent link to immunological processes,
and only small variations in expression levels between RANKL KO and control animals

for all identified genes, analysis of these genes was not pursued further.
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(A) Scheme of the experimental setup. T cells from Smarta.CreER™>/RANKL™ (fi/fl) or Smarta.CreER™ (wt/wt)
were transferred into B6.CD28KO mice followed by s.c. immunization (NP-SM-MSA in IFA) on day 1 after transfer.
Tamoxifen was administered 6 days post-transfer and sorting of T (CD44* Thy-1.1*CXCR5"PD-1") and non-Tsm
cells (CD44*Thy-1.1*CXCR5PD-1") was performed 36h after tamoxifen administration. (B) Volcano plot of
transcriptome data displaying -logio p-values (color coded) over log-FC changes, showing the most significantly
regulated genes in yellow. (C) Heat map of the Top50 most up- or downregulated genes in fl/fl Ty, cells compared
fo wt/wt Tp cells. Values were sorted according to the log.FC value. Red log-FC fields represent strongly
downregulated genes and green fields represent strongly upregulated genes in fi/fl Ty cells. The genes Tubb?2a,
Atpa3 and Dnase1I3 were significantly downregulated in fi/fl Ts cells and present in the Top300 list of genes

differentially expressed in T vs. non-Ts, cells (Fig. 8).
In summary, T cell specific RANKL KO showed only minor effects on Tr, cells and their

phenotype. Consistently, a complementary transcriptome analysis failed to provide

suggestive information on the function of RANKL in T cells.

In the following, further T signature-genes identified by the transcriptome analysis
(cf. Results section 3.1) other than the RANKL-encoding gene Tnfsf11 were
investigated by genetic modification of transgenic T cells. Specifically, overexpression

and CRISPR Cas9-mediated knock out of these genes were performed.
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3.3 Screening for T signature gene function by overexpression and CRISPR
Cas9-mediated knock out in transgenic T cells

The identification of molecules with to date unknown function for T cell generation
and/or maintenance is of great therapeutic relevance, context-dependently enabling
the promotion or inhibition of the humoral immune response.

Since a full functional characterization of the remaining 18 T cell signature genes was
beyond the scope of this study, a screening was carried out to address whether
overexpression or knock out of each particular gene affected Tm cell frequency.
Subsequently, the function of Tt cell-affecting genes was studied in detail.

Similar to the interference with the Tnfsf11 gene above, the adoptive transfer model
of transgenic T cells was used for functional screening. However, in contrast to RANKL
KO animals used above, retroviral infection was used for genetic modification of
Smarta TCR-specific transgenic T cells. This allowed to circumvent complex and time-
consuming mating and breeding of genetically modified animals for individual target

genes and enabled quick, cost-effective, and efficient functional screening.

3.3.1 Overexpression of seven negatively regulated T cell signature genes reveal a

unique function of RARa in T cell generation

Seven genes were considered interesting candidates for playing a role in T cell
homeostasis based on previously reported function (Table 4) and hence were further
investigated. Since these genes were strongly reduced in T cells, their function was
examined by use of an overexpression (OE) system. Based on published data (Table
4), six of those seven genes (Ccr2, Plac8, Fam129b, Smad7, Cish, and Cxcr®;
Table 4) were investigated via overexpression in T cells and analysis of lymph nodes
subsequent to adoptive transfer and s.c. immunization. In contrast, Rara
overexpression was studied using the chronic airway inflammation model.

First, the seven target genes were amplified from non-Tm cell-derived cDNA and
cloned into eukaryotic expression vectors. Target gene expression was linked to GFP
via an internal ribosomal entry site (IRES) site that allowed the isolation of cells
successfully expressing target genes for subsequent transfer by means of fluorophore
detection.
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Table 4 Screening of six downregulated T, cell signature genes for their role in Ty, cell generation

The genes depicted here have been selected for further screening based on their published function. Rara is not

included in this table and is described in detail in section 3.3.1.1.

T
signature Function Literature
genes
e corresponding ligand (CCL2) expressed on a variety of
C-C Motif . P 9719 ( ) exp Y
immune cells
Chemokine Bakos et al., 2017;
e recruitment of macrophages/monocytes & tissue localization
Receptor 2 Kara et al., 2015
(Cer2) of T cells; involved in several diseases, e.g. atherosclerosis
cr.
e balance between Thy7 and Ty populations
¢ identified as leukocyte inhibitory factor-regulated gene in Jia et al.. 2018:
Placenta murine uterus Jimenez-Preitner et al., 2011;
Associated | ® involved in immune system, cell differentiation, apoptosis, Johnson et al., 2012;
8 (Plac8) and control of several diseases Ledford et al., 2007;
» defense against bacteria, involved in Th-mediated immune | Tipbitt ef al., 2019
defense
Family
With e protein structure shows essential features of a signaling
Sequence molecule S. Chen et al., 2011;
Similarity e cell-cell-connection, reorganization of cytoskeleton; Jietal, 2016;
129 migration/invasion of tumor cells Oishi et al., 2012
Member B ¢ essential in wound healing
(Fam129b)
Fantini et al., 2004;
SMAD « fine tuning of TGF-B signals, thereby generating the balance Garo et al., 2019;
Family between pro- and anti-inflammatory conditions Gorelik et al., 2000;
Member7 | upregulation inhibits TGF-R & enhances Thyand Th, cell Haupeltshofer et al., 2019;
(Smad?7) differentiation Kleiter et al., 2010;
Troncone et al., 2018
Cytokine | o member of suppressors of cytokine signaling (SOCS) protein Carow et al.. 2017:
inducible - ’ '
family Guittard et al., 2018;
SH2- ¢ upregulated upon TCR signaling, involved in early T cell Periasamy et al., 2011;
containing signaling, T helper cell differentiation/ functional Seyfarth et al., 2018:
protein characteristics X. 0. Yang et al., 2013
(Cish) e associated to allergies, malignant and infectious diseases
C-x-C e expressed on a variety of immune cells
Motif ¢ in combination with its ligand CXCL16 essential for Ashhurst of al., 2019;
Chemokine localization/activation of lymphocytes in non-lymphoid tissue Latta et al., 2007
Receptor 6 ¢ associated with Thy-mediated diseases, e.g. O'Connor et al., 2012
(Cxcrb)

arthritis/sarcoidosis
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The experimental sets are summarized in Table 5. In general, transgenic Smarta-TCR
specific T cells were retrovirally infected (gene of interest-IRES—GFP vectors) and
cultured for four days. Subsequently, fluorescence®™ T cells were sorted and co-
transferred into B6.CD28KO recipients in combination with transgenic B7-8i cells.
Immediately after transfer, s.c. tail base immunization (NIP-SM-MSA in CFA or IFA)
was performed. DLNs were analyzed on day 7 or 10 by flow cytometry (Table 5 &
Figure 13A).

Additionally, in experiment 3, Kruppel-like factor 2 (KlIf2) overexpression was used as
a positive control, since this gene encodes for a transcription factor well-known as a

negative regulator of T cell differentiation (J.-Y. Lee et al., 2015; Weber et al., 2015).

Table 5 Experimental conditions for the overexpression of Tw signature genes

Grouping, p-values, and experimental scheme for target gene overexpression. Detailed information for statistical
analysis is given in the legend of figure 13. P-values indicate the significance value of the respective overexpression

group compared to the corresponding empty vector control group. As recipients, B6.CD28 KO mice were used.

# Overexpression of genes corresponding p-values Immunization | Day of analysis
Plac8, Cish, Cxcr6 Plac8: 0.99; Cish: 0.9691; CFA d7
Cxcr6: 0.4178
2 Fam129b, Smad7, Cish Fam129b: 1.0; Smad7: 0.8905; IFA d7
Cish: 0.99
3 Ccr2, Fam129b, Smad7, Cxcr6 Ccr2: 0.99; Fam129b: 1.0; IFA d10
(KIf2) Smad7: 0.99; Cxcr6: 0.99;
Kif2:0.26

Overexpression of none of the six signature genes significantly affected T cell
generation (defined as CXCR5*PD-1%) compared to the empty vector control group
(EV; % Tmnormalized to corresponding EV; EV 100 £ 40.32, Ccr2 82.44 + 30.5, Plac8
96.48 + 27.88, Fam129b 75.26 + 11.92, Smad7 89.25 + 24.49, Cish 113.1 + 47.11,
Cxcr6 111.7 £ 59.6, mean £ SD, p-values of the respective experiments are depicted
in Table 5).

However, due to high variability among the recorded T cell frequencies, also the
expected negative effect of KIf2 overexpression was not observed on the T cell
population (% Tm normalized to corresponding EV; EV 100 £ 40.32, Kif2 54.16 + 42.0;
p=0.26). In summary, even though retrovirally induced overexpression represented an
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efficient tool to screen for the function of distinct genes of interest, no significant effects
on Tm cells were detected and conclusively, none of these genes were further
investigated.
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Figure 13 Overexpression of T, cell signature genes has no effects on Ty, cell generation

(A) Schematic overview of the experimental setup. Transgenic Smarta T cells were retrovirally infected with plasmid
containing the gene of interest (GOI). GOl expression was linked to GFP via an IRES site and GFP* cells were
sorted and co-transferred (B1-8i) into B6.CD28KO recipients followed by s.c. immunization (NIP-SM-MSA in CFA
or IFA). Analysis of dLN was performed at day 7 or day 10 (day 10 for additional B cells analysis). (B) Frequencies
of T cells (CXCR5+PD-1*) normalized to the corresponding empty vector control group (EV) for overexpression
of GOlIs. Results for individual GOIs contained in multiple experimental groups (cf. Table 5) were pooled. Bars
indicate mean, symbols represent individual animals. For the statistical analysis of more than two groups one-way
ANOVA or Kruskal-Wallis test was performed. Subsequently, the resulting p-values were corrected using the two-
stage linear step-up procedure of Benjamini, Krieger and Yekutieli and Holm-Sidak (* p < 0.05, **p < 0.01, ***p <
0.001, ns p > 0.05).
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3.3.1.1 Nuclear retinoic acid receptor a promotes germinal center responses

Another Tm signature gene, the retinoic acid receptor alpha (RARa; also known as
vitamin A receptor), was analyzed in more detail. Vitamins and their metabolites fulfill
essential functions in the control of the innate and adaptive immune system. The
importance of vitamin A as an immune modulator has been known since the beginning
of the 20™ century, when it was reported as an anti-infectious agent (Bono et al., 2016;
H. N. Green & Mellanby, 1928; Hufnagl & Jensen-Jarolim, 2018). Vitamin A
metabolites are stored in the liver and use-dependently hydrolyzed to release retinol
into the circulation, where it binds to a variety of retinol binding proteins. Retinol can
subsequently be metabolized further to retinoic acid (RA), with all-trans RA (ATRA),
13-cis RA, and 9-cis RA being the main isomers (Bono et al., 2016; Goswami &
Kaplan, 2016). RA is membrane permeable and initiates signaling via nuclear retinoic
acid receptors (RAR) and retinoic x receptors (RXR), thereby e.g. leading to
lymphocyte activation, proliferation, and homing (Scholz et al., 2020). Interestingly,
vitamin A metabolites have been shown by several studies to play a role in the
pathophysiology of allergic responses like asthma, which was hypothesized to be
related to an increased generation of vitamin A-mediated Th2 responses (Matheu
et al., 2009). Even though conflicting statements on the effect of vitamin A on T cell
reactions have been published (Hufnagl & Jensen-Jarolim, 2018; Schuster et al.,
2008; H. Yang et al., 2020), the gene Rara, encoding the alpha form of the RAR
receptor, RARa (Nuclear retinoic acid receptor a), was identified as a strongly
regulated gene by the transcriptome analysis of T compared to Non-T cells (cf. Fig.
8B; Rara was downregulated in Tm cells, logFC -2.0). Due to the involvement of RA
signaling in T cell development and allergic diseases like asthma as described above,
the role of RARa was investigated in the following in a chronic airway inflammation
model, mimicking a chronic allergy-like respiratory inflammation.

To do so, transgenic Smarta TCR-specific T cells were first Th2-polarized (cf. Methods
section 2.3.2.1) before retroviral infection with a plasmid coding for RARa (IRES-GFP
additionally included in the vector; see Scholz et al., 2020). After five days in culture,
sorted GFP* T cells were co-transferred with B7-8i B cells into B6.CD28KO recipients
and chronic airway inflammation was induced by intranasal immunization (NIP-SM-

MSA + LPS). Due to the transfer of pre-polarized T cells and the focus on early T cell
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generation, analysis of lungs and lung-dLNs was performed 7 days after transfer
(Figure 14A).

RARa OE induced a significant 67% reduction in the numbers of transgenic T cells in
the lung (% Thy-1.1*; EV 52.17 + 11.72, RARa OE 16.95 + 5.70, mean = SD,
p=0.0001) and a nearly significant reduction in lung-dLNs (EV 12.21 + 6.00, RARa OE
7.76 £ 1.53; p=0.0541; Figure 14B). Moreover, RARa OE significantly increased
frequencies of Tm and Tm-like cells in both lung-dLNs and lungs (% CXCR5*PD-1%;
lung-dLN: EV 28.41 + 3.00, RARa OE 39.96 + 8.04, p=0.0043; lung: EV 7.26 + 1.69,
RARa OE 15.93 + 4.46, mean = SD, p=0.0010; Figure 14B) which was accompanied
by higher Bac cell frequencies in the lung (% CD38°GL7"; lung: EV 47.46 + 9.43,
RARa OE 71.20 + 4.98, mean + SD, p=0.0001; Figure 14B).

Besides the frequency of transgenic T cells, T cells and Bgc cells, additional markers
of T cell function were examined: The T cell antagonist CD25 (IL-2Ra), the essential
Tm cell molecule ICOS, and the activation and homing marker CDG69. In line with
increased Tm cell frequencies upon RARa OE, CD25 expression in lung-dLNs was
reduced (% CD25; lung-dLN: EV 7.01 + 1.64, RARa OE 3.8 + 1.4; p=0.0013; mean +
SD), accompanied by enhanced ICOS expression (% ICOS; lung-dLN: EV 11.06 +
3.09, RARa OE 27.8 £ 9.85, p= 0.0016; mean £ SD). In addition, enhanced RARa
expression led to upregulation of CD69 in both lung-dLNs and lungs (% CD69; lung-
dLN: EV 15.17 + 3.5, RARa OE 35.15 + 9.25, p= 0.0003; lungs: EV 50.11 + 11.54,
RARa OE 66.69 + 16.64, p=0.0459; mean + SD, Figure 14C). This indicates that RARa
OE promoted T cell activation and differentiation.

Since the production of allergen-specific antibodies is one of the key drivers in allergic
reactions (Williams et al., 2012) and 9-cis RA was shown to modulate the humoral
immune response (Heine et al., 2018), the generation of immunoglobulin subclasses
in the lung was studied next. A 2-fold upregulation of IgE- and IgG1-producing B cells
was found upon RARa OE (% IgE: EV 0.69 £ 0.43, RARa OE 1.9 + 1.08, p=0.0037;
% IgG1: EV 34.31 + 3.19, RARa OE 62.01 + 3.75, p=0.0001; mean + SD), whereas
IgG2b and IgM-producing B cells were decreased by RARa OE (% IgG2b: EV 9.93 +
2.2, RARa OE 1.97 + 0.43, p=0.0001; % IgM: EV 52.5 + 3.7, RARa OE 40.41 + 3.76,
p=0.0001; mean + SD; Figure 14E). Thus, enhanced RARa signaling not only
positively influenced the generation of T cells, but also guided the humoral immune
response towards a distinct direction.

46



Results

AThZ polarization
C

@@

(7
P Ny
C G\ B6.CD28KO

(v o)

30+

20

Lung-draining Lymphnode
% Thy1.1* (of CD4*)

801

60

140 -

Lung
% Thy1.1* (of CD4*)

20

0-

D Lung-draining Lymphnode

% Thy1.1* ~
0.0541 hE
>

£

. [~
s

. T
o

wn

T L] o

o

X

(&

EV RARaOE o
% Thyl.1*  —~
(N

ahs -
>

L] F
-

. —
o

a

L T}

o

(&

= x

EV RA 9
Ra OE 2

Overexpression

Empty Vector

274 %

0 10* 10 10°

Retroviral Rara |- GFP
@ infection
Sort i.n. Immunization Analysis
0 1 7 day
% T, % GCBCells % CD25
60 g ~15 ——
801 A
et =
40 § 60 ;510— .
z .
N k)
o ~ -
20 5 9 5- '
3 20-f a tH
[a] o -
O o R o
EV RARaOE &% EV RARa OE EV RARaOE
% T,-like 7~ % GC B cell-like
G 100 ~10- .
3 -
i = 84 °
2 ol . 6
R ooe s
- | w 44
9 40 8
B 20 O 2
a °
O o4 S o
EV RARaOE 32 EV RARa OE
Lung E
% IgA
T,-like GC B cell-like 8 ns
oy
3 6- b L]
[a]
o -
3 4 . L]
-’ -
S 2| B -
8.43 % *
- . 5 0-
0 10° 10¢ 10° 0 10" 10* 10° EV RARaOF
% 1gG2b

o
1

RARa OE

PD-1

3

o
1

0 10° 10° 10°

o 10*

% 1gG2b (of CD45.1%)

10¢ 10°

o
I

CXCR5

CD38

ok

(Lo

% CD69 % ICOS

**

)
¢

N
=]
1

-
o ©
1 1
.
LI RL T

% ICOS (of Thy1.1*

EV RARa OE

EV RARaOE

7100 100
- . -
S, 80 " S, 80+ .
E wF
T4 *e 8 S o a
X2 = =3
o 40 ) 40- e
8 - o) ",
O 20- O 20+ .
e B3
ES & ol —
EV RARa OE EV RARa OE
Lung
% IgE % IgG1
ek
~ 57 = 80 i
- .
DI
o - 0
B 2 2
w 4 - o
219 o i =]
M|

% IgM (of CD45.1*)

EV RARa OE

Figure 14 Overexpression of retinoic acid receptor alpha (RARa) influences T and Bgc cell generation

(A) Schematic overview of the experimental setup. Th, pre-polarized transgenic Smarta T cells were infected with

Rara-containing retroviruses (RARa OE) or empty vector controls (EV) and fluorescence™ T cells were sorted and

co-transferred with B1-8i B cells into B6.CD28KO recipients. Animals received intranasal immunization (NIP-SM-

MSA + LPS) on day 0 and 1 and analysis of lung-dLNs and lungs was performed on day 7 post-transfer. (B)
Percentages of transgenic T cells (Thy-1.1%, left panels), Tw/ Tm-like cells (CXCR5*PD-1*, middle panels) and Bec
cells/GC-like B cells (CD38°GL7", right panels) in lung-dLNs (upper row) and lungs (lower row; EV in grey, RARa

OE in orange). (C) Percentages of Tw cell antagonist CD25- (left), T cell activation marker ICOS- (middle part), and

activation and homing marker CD69-expressing T cells (right) in lung-dLNs (upper row) and lungs (lower row; EV
in grey, RARa OE in orange). (D) Contour plots of representative Ty (CXCR5*PD-1*) and Bgc cell (CD38°GL7")
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stainings in lung-draining LNs (left) and lungs (middle and right part) of EV- and RARa OE-vector treated animals
(EVin grey, RARa OE in orange). (E) Percentages of B cells generating immunoglobulin subclasses IgA, IgE, IgG1
(top row, from left to right) and IgG2b and IgM (lower row, left and right, respectively) withing lungs (EV in grey,
RARa OE in orange). Bar graphs depict mean, symbols represent individual animals. Statistical analysis was

performed using unpaired t-test or Mann-Whitney-U-test (* p < 0.05, **p < 0.01, *** p < 0.001, ns p > 0.05).

In summary, the comparison of different transcriptome data sets revealed signature
genes differentially downregulated in T cells. Overexpression of nuclear retinoic acid
receptor a highly promoted the humoral immune response. On the contrary, none of
the remaining six Tm cell-suppressed genes showed a unique functional contribution
to Tm cell generation upon overexpression in our adoptive transfer model. However,
the function of these genes and the encoded molecules should be investigated in more
detail, as its marked downregulation within the T cell population indicates a relevant

function in Ts generation or existence.

3.3.2 CRISPR Cas9-mediated knock out of eleven positively regulated T cell
signature genes in antigen-specific T cells

3.3.2.1 Establishment of an in vivo CRISPR Cas9-mediated knock out system

To knock out genes of interest in antigen-specific T cells in a fast and efficient manner,
a CRISPR Cas9-based system was developed. Transfer of the comparatively large
Cas9 enzyme into targeted cells is one of the major challenges related to effective
GOl knock out using the CRISPR Cas9-system and was overcome by utilization of a
newly generated Cas9-transgenic mouse line, kindly provided by Klaus Rajewsky
(MDC Berlin). These mice harbor a gene cassette containing the Cas9 gene as well
as an IRES-linked eGFP in the Rosa26 locus for constitutive Cas9 expression. These
animals were crossed to Smarta TCR transgenic mice (top left in Figure 15). To
additionally allow for a GOI knock out at defined timed points, Smarta.CreER"?xStopF-
Cas9 animals were generated that additionally harbored 1.) a floxed stop-cassette
upstream of the Cas9 gene that restricted the Cas9 gene transcription to the presence
of Cre recombinase, and 2.) expressed Cre recombinase fused to a modified human
estrogen receptor (CreER™). Binding of the estrogen-homologue tamoxifen to this
receptor resulted in nuclear translocation of the fusion protein, thereby enabling Cre
recombinase to excise the floxed stop-cassette, leading to the expression of the Cas9-
IRES-eGFP sequence (bottom left in Figure 15).
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T cells from both Cas9 mouse lines (SmartaxCas9-GFP and Smarta.CreER?xStopF-
Cas9) were isolated and retrovirally infected with plasmids containing specifically
designed sgRNA targeting genes of interest and the fluorescence reporter mAmetrine
enabling selection for successfully infected T cells (right in Figure 15). T cells
containing both, the Cas9 transgene and the retroviral sgRNA vector, were then
identified by dual fluorophore (eGFP and mAmetrine) expression.
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Figure 15 Transgenic mouse strains and experimental set-up for CRISPR Cas9-based knock out in antigen-specific
T cells

For constitutive Cas9 expression, SmartaxCas9-GFP transgenic mice were used (top left). For conditional Cas9
expression, Smarta.CreERT?xStopF-Cas9 transgenic animals were treated with tamoxifen to induce Cas9-
expression at distinct time points (bottom left). Isolated transgenic T cells were retrovirally infected with a plasmid
containing mAmetrine as fluorescent reporter and a gRNA consisting of a variable part (designed to be

complementary to the gene-of-interest) and a constant part (mandatory for Cas9 enzyme guidance; right).
3.3.2.2 Verification of knock out efficiency of genes of interest

The use of Cas9-transgenic animals has been shown to enable a knock out efficiency
of up to 90% on both alleles for transfected cells (Chu, Graf, et al., 2016). However,
knock out or DNA modification efficiency (e.g. the introduction of specific point
mutations) depend on base-pair composition of the designed sgRNA, PAM site
position, DNA accessibility related to chromatin structure in euchromatin and
heterochromatin, and nucleosome positioning (Isaac et al., 2016; Jensen et al., 2017,
Sentmanat et al., 2018). Therefore, it was mandatory to first quantify GOI knock out
efficiency of the used sgRNA in order to correctly interpret the results in targeted cells.
First, knock out of target genes was tested by the T7 Endonuclease | (T7El) assay

(Figure 16A and B). For this assay, retrovirally-infected fluorescence® cells were sorted
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and GOls were amplified by PCR after DNA isolation from WT and KO animals. Then,
amplicons were mixed 1:1, denaturated and subsequently reannealed. During
reannealing, DNA-heteroduplexes formed between both, WT DNA strands and
strands containing introduced mutations. These imperfectly base-paired
heteroduplexes characteristically form loops between both annealed DNA strands
which were recognized and cleaved by T7 endonuclease |. After cleavage, DNA
strands were denaturated again and DNA fragments were analyzed by gel
electrophoresis. In case of a successfully introduction of mutations, fragments of
multiple lengths were detectable whereas single fragment length was detected in WT
samples (grey box in Figure 16A).

The transcription factor Bach2 has previously been shown to act as a negative
regulator of specific sets of Tm cell signature genes, e.g. Bcl6 and Rgs16 (Lahmann
et al., 2019). To quantify Cas9-mediated KO, KOs of Bc/6 and Rgs16 were performed
and probed by the T7El assay. In the respective knock out groups, two fragments were
seen in mixed KO and WT samples after analysis by gel electrophoresis whereas only
a single band was detectable in control groups, confirming successful Cas9-mediated
KO of both genes (Figure 16B).

However, the T7EI assay inherently does not provide quantification of KO efficiency.
This is due to the heterogeneity in abundance and length of mutated sequences as
well as the formation of secondary structures (Sentmanat et al., 2018). Therefore,
Sanger DNA sequencing was additionally performed to determine both, modification
specificity and knock out efficiency introduced by Cas9. For the quantification of knock
out efficiency by sequencing, Cas9-transgenic T cells were retrovirally infected and
cultured in vitro for 5 days before double fluorophore-positive cells (GFP and
mAmetrine; i.e. virally infected, Cas9-transgenic cells) were sorted and genomic DNA
was isolated, amplified by PCR and cloned into a vector for sequencing. At least 10
clones per targeted gene were selected for subsequent Sanger sequencing. Figure
16C provides an example of Cas9-mediated IL-21 knock out. Three out of the five
shown exemplary clones harbored a mutation in the targeted sequence, reflecting a
knock out efficiency of 60%. Due to the qualitative and quantitative information on
knock out constructs gained by Sanger DNA sequencing; this sequencing method was
used subsequently to elucidate the specific modifications introduced by Cas9 for all
knock outs of GOls.
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Figure 16 Verification of Cas9-induced knock out by T7EI assay or Sanger sequencing

(A) Principle of T7 Endonuclease | (T7El) Assay. After amplification of genes of interest, amplicons are denaturated
and reannealed. Resulting mismatches are recognized by T7 endonuclease I, cleaved, and detected via gel
electrophoresis. (B) Representative result of a T7El assay used for knock out verification of Bcl6é and Rgs16.
Samples were mixed with the appropriate control and compared to wildtype (WT) DNA-only controls. (C)
Representative example verifying the knock out efficiency by IL-21 gRNA (depicted in yellow) using Sanger
sequencing. Sequences of analyzed clones were compared to WT sequence, Cas9-introduced mutations are

depicted in red.

3.3.2.3 Proof of principle of successful knock out and functional effects on T cell
numbers in vitro and in vivo

3.3.2.3.1 Successful in vitro knock out of Cd44 and Tigit

The experimental set-up was validated in vitro by the knock out of Cd44 and T cell Ig
and ITIM domain (Tigit), two surface molecules highly expressed on T cells providing
straightforward verifiability of knock out efficiency via surface staining. CD44 is a
widely used marker for antigen-experienced T cells whose expression is upregulated
and sustained upon TCR engagement (Baaten et al., 2012). Besides, it was also
shown to play an important role in various cellular processes like cell migration,
adhesion, and as a co-receptor in signal transmission via cytoskeletal interactions

(Huet et al., 1989; Ponta et al., 2003). TIGIT is known to be mainly expressed on
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activated T cells and natural killer cells. In T cells, TIGIT inhibits T cell responses and
plays a critical role as a negative regulator in autoimmune diseases (Lozano et al.,
2012; Mao et al., 2017).

To induce Cd44- and Tigit-specific KO, Cas9-transgenic T cells were isolated and
retrovirally infected with plasmids containing the target gene-complementary sgRNA.
After 5 days in culture, cells were restimulated with phorbol-12-myristate 13-acetate
(PMA)/lonomycin and 12 h later surface expression of the respective molecules was
analyzed via flow cytometry (Figure 17A). Expression of both molecules was almost
completely abolished compared to the empty vector control groups (EV, only coding
for BFP; MFI of CD44: EV 13275 + 693.5, CD44 KO 1144 + 39.80, p= 0.0011; MFI of
TIGIT: EV 185.7 + 24.44, TIGIT KO 2.74 + 2.60, p= 0.0055, mean + SD), thus

indicating near-complete knock out by the CRISPR/Cas9 system (Figure 17B).
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Figure 17 CRISPR Cas9-induced knock out of Cd44 and Tigit in vitro shows strong downregulation of both
molecules' surface expression

(A) Scheme of the experimental Setup. Cas9-transgenic T cells were retrovirally infected with plasmids containing
a fluorescence reporter and the target gene-complementary sgRNA as described. For comparison, an empty vector
control group (EV), only coding the reporter fluorophore, was used. After 5 days in culture, restimulation of T cells
was performed and cell surface expression was analyzed by flow cytometry 12 h after restimulation. (B)
Representative histograms and bar graphs displaying mean fluorescence intensity (MFI) of surface-expressed
target proteins in knock outs and corresponding controls (unstimulated EV condition as solid filled grey bars,
stimulated EV condition as empty grey bars, CD44 KO as red, TIGIT KO as green bars). Bars depict mean and
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symbols represent individual replicates. For stimulated empty vector and the knock out groups, 3 replicates were
recorded, the unstimulated empty vector control group represents a single measurement. Statistical analysis was
performed using unpaired t-test (* p < 0.05, **p < 0.01, *** p< 0.001, ns p >0.05).

3.3.2.3.2 Constitutive in vivo knock out of Cd40/g and //21 diminishes T cell help

T cell: B cell interaction establishes the so called ‘immunological synapse’, which is
crucial for GC formation and the generation of an effective humoral immune response.
For the formation of T cell: B cell synapse, several molecules play an important role
(Papa & Vinuesa, 2018). First, CD40L is a type Il membrane protein and member of
the TNF ligand family that is highly expressed on activated CD4" T cells. Interaction
with its B cell-expressed receptor CD40 not only promotes B cell survival and
proliferation, but also critically regulates Ig class switching, GC differentiation, and the
generation of PCs and Bmem cells (Bolduc et al., 2010; Kawabe et al., 1994; Weinstein
et al., 2016). Second, IL-21 is one of the main cytokines produced by T cells and a
key regulator of GCs. In combination with other cytokines like IL-4, it is essential for
the maintenance of Bcl-6 expression in Bgc cells and its absence leads to defects in
lg affinity maturation and PC generation (Bélanger & Crotty, 2016; Weinstein et al.,
2016). In T cells, IL-21 production is important for differentiation, however IL-6 and
probably other cytokines adopt the IL-21 function in its absence (Deenick & Ma, 2011).
Due to the essential contribution of CD40L and IL-21 to T and Bgc cell function, both
genes were interesting targets for the verification of the Cas9 system in vivo and the
investigation of their functional effects on T cell: B cell interaction.

Cas9-transgenic T cells were isolated, retrovirally infected and cultured according to
the above-described protocol. Double fluorophore-positive cells were sorted and co-
transferred with B71-8i B cells into B6.CD28KO recipients followed by tail base
immunization (NIP-SM-MSA in IFA). Antigen-specific T and B cells of dLN were
analyzed via flow cytometry 10 days after the transfer (Figure 18A).

A significant reduction in the frequency of Tm cells (defined as CXCR5*PD-1%) was
observed in both knock out conditions compared to the EV controls (% Tm; EV 41.48
+ 7.63, CD40L KO 14.21 + 4.44, IL-21 KO 26.68 + 5.83, p=0.0003 and p=0.0138,
respectively, mean + SD). Whereas the number of Tr cells generated in the CD40L
KO condition was reduced by > 50%, Tm cells in the IL-21 KO condition were reduced
by = 35%, potentially confirming earlier findings of other cytokines substituting 1L-21
functionally upon IL-21 loss. Accordingly, Bec cells (defined as CD38'°GL7") were
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almost completely absent in CD40L KO animals (Bcc cell counts; EV 115968 + 44709,
CD40L KO 6218 + 7727, p=0.0026, mean + SD) while cell counts were decrease by
IL-21 KO non-significantly (EV 115968 + 44709, IL-21 KO 63199 + 38163, p= 0.0997,
mean = SD), furthermore supporting the hypothesis of a compensatory rescue upon
IL-21 KO (Figure 18B and C).

Collectively, the Cas9 system achieved significant knock out efficiencies of
characteristic T surface makers in both, in vitro and in vivo models, thereby enabling
further functional investigation of these markers as well as novel signature genes in

T and Bac cells.
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Figure 18 Cd40Ig and 1121 KOs lead to decreased T, cells and reduced B cell helper capability

(A) Overview of the experimental setup. Cas9-transgenic T cells were retrovirally infected with plasmids containing
mAmetrine as fluorescent reporter and either control sgRNA (empty vector control, EV) or sgRNA targeting Cd40lg
and I121. To study effects on B cells, infected T cells were co-transferred with transgenic B1-8i B cells into B6.CD28
KO recipient animals followed by tail base immunization (NIP-SM-MSA in IFA). Flow cytometric analysis of dLN
was performed 10 days later. (B) Contour plots show representative stainings of T, cells (CXCR5*PD-1* gated on
transgenic fluorescence® T cells, upper part) and Bec cells (CD38°GL7" gated on transgenic B cells, lower part)
for EV (grey), CD40L KO (blue), and IL-21 KO (green). (C) Percentages of T, cells (upper panel) and total number
of Bac cells (lower panel) gated on transgenic fluorescence* T cells and transgenic B cells, respectively (color code
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as in B). Bars depict mean, symbol represents individual animals. Statistical analysis was performed using One-
way ANOVA (*p < 0.05, **p <0.01, *** p< 0.001, ns p >0.05).

3.3.2.3.3 Verification of an inducible in vivo Cas9-mediated Cd40Ig knock out

Especially for molecules suspected to play a role in T cell maintenance or memory
phase, inducible knock out at defined time points is desirable. Therefore,
Smarta.CreER™xStopF-Cas9 animals were generated (for details see Methods
section 3.3.2.1). To validate the functionality of the inducible KO system in vivo, a
knock out of Cd40lg after initial priming of the CD4* T cells was generated.
Cas9-transgenic T cells were retrovirally infected with a plasmid containing sgRNA
against Cd40lg and mAmetrine and fluorescence® T cells were transferred into
C57BL/6 recipient animals followed by tail base immunization (NIP-SM-MSA in IFA).
Two days after transfer, animals were treated with tamoxifen (+TMX) or remained
untreated (control group; w/o TMX) and antigen specific T cells of dLN were analyzed
by flow cytometry 4 days after Cas9 induction (Figure 19A).

The percentage of CD40L expressing T cells was reduced by = 75% in tamoxifen
treated animals (w/o TMX 91.65 £ 3.04, + TMX 22.87 + 4.96, p=0.0004, mean £ SD)
and the percentage of Tm cells (CXCR5*PD-1") was reduced by = 50% compared to
the untreated control group (wo TMX 41.60 £ 0.28, + TMX 20.13 = 5.67, p=0.0148;
Figure 19B), confirming results of the constitutive KO model (cf. section 3.3.2.3.2).
Moreover, the reduction in Tm cell counts by late CD40L KO provided that Tm cell
development not only depended on initial activation via CD40: CD40L interaction with
dendritic cells. Instead, ongoing CD40L signaling was required for T cell generation
and maintenance.

However, to temporally resolve the involvement of CD40L and further molecules in Tt
cell activation, further experiments systematically varying the timepoint for tamoxifen
administration will be needed, especially during memory phase as cells divide less

frequently.
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Figure 19 Inducible Cd40Ilg KO in vivo after initial T cell priming diminishes T cell numbers

(A) Scheme of the experimental setup. Transgenic T cells from inducible Smarta.CreER™xStopF-Cas9 animals
were retrovirally infected with plasmid containing mAmetrine as fluorescence reporter and sgRNA targeting Cd40lg.
Sorted cells were transferred into C57BL/6 recipient animals that were tail base immunized (NIP-SM-MSA in IFA)
and tamoxifen-treated 2 days post-transfer for Cas9 activation (+ TMX; w/o TMX control animals received no
tamoxifen treatment). Flow cytometric analysis of antigen-specific T cells of dLNs was performed 6 days after the
transfer. (B) Contour plots display representative CD40L and Ty cell (CXCR5* PD-1*) stainings with (+ TMX) and
without tamoxifen (wo TMX) treatment. Cells were gated on transgenic marker (Thy-1.1*) and positive fluorescence
markers (mAmetrine for retroviral infection and GFP for induced Cas9 expression, w/o TMX in grey, + TMX in
green). (C) Percentages of CD40L* T cells and T cells of transgenic and fluorescence™ cells (color code as in B).
Bars depict mean, symbols represent individual animals. 2 to 3 animals were used for each group. Statistical
analysis was performed using unpaired t-test or Mann-Whitney-U-test (* p < 0.05, **p < 0.01, *** p< 0.001, ns p
>0.05).

3.3.2.3.4 Fluorophore-dependent long-term stability of retrovirally infected cells

During Cas9-mediated target gene knock out in antigen-specific T cells in vitro and in
vivo, the numbers of adoptively transferred transgenic T cells were found to decrease
over time, especially when using a plasmid containing BFP as a fluorescence reporter
for retroviral infection (data not shown). We hypothesized this to be potentially caused
by harmful processing of cultured and transferred cells during the protocol, interfering
with long-term T cell survival. Known critical steps affecting cell viability are the
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mandatory activation of T cells, immunogenicity of fluorescent proteins, the process of
retroviral infection per se, and mechanical stress during the sorting procedure due to
the cell sorter's nozzle size as well as the adjusted sample and sheath pressure.
Moreover, probe handling and the duration of the sorting procedure are known
determinants impacting cell survival.

To confirm the observation of decreasing cell numbers and to exclude a suboptimal
sorting procedure, an experiment elucidating expression kinetics was performed.
Smarta transgenic T cells were retrovirally infected with a plasmid containing BFP as
fluorescence marker only. Afterwards, unsorted cells were transferred into C57BL/6
recipients that were subsequently immunized (NIP-SM-MSA in IFA). The frequency of
all transgenic T cells (Thy-1.1*) and of BFP-expressing transgenic T cells was
analyzed in draining LNs 6 and 13 days post-transfer by flow cytometry (Figure 20A).
Similar to the previous observation, numbers of transgenic T cells diminished over
time and on day 13 only 20% of the T cells observed on day 6 were detectable (%
Thy-1.1%; day 6 1.15 + 0.04, day 13 0.19 £ 0.07, mean = SD, p= 0.0001). This effect
was even more prominent if solely BFP* cells were analyzed, which on day 13
decreased to = 5% of those observed on day 6 (% BFP* of Thy-1.1%; day 6 39.83 *
5.1, day 13 1.88 £ 0.08, mean + SD; p=0.0002, Figure 20B). Thus, transferred T cells
decreased over time, with BFP* cells showing even lower long-term stability post-
transfer. Since cells were not sorted prior to transfer, FACS-sorting itself did not seem
to be a major determinant of the loss of transferred cells.

In addition, the relatively low number of retrovirally infected cells 6 days after transfer
(= 40%; % BFP* of Thy-1.1%) compared to a rate of 95% achieved using sorting,
indicated that sorting prior to transfer was mandatory to enable the investigation of a
homogeneous, genetically modified cell population.
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Figure 20 BFP* retrovirally infected cells were rapidly lost after transfer

(A) Scheme of the experimental setup. Smarta transgenic T cells were retrovirally infected with a plasmid coding
for the BFP fluorophore only. Cells were transferred into C57BL/6 recipient animals without sorting followed by tail
base immunization (NIP-SM-MSA in IFA). Cells of draining LNs were analyzed at day 6 and day 13 post-transfer
via flow cytometry. (B) Percentages of Thy-1.1" and BFP* transgenic T cells at day 6 (dark grey) and day 13 (light
grey). Bars depict mean, symbols represent individual animals. 3 animals were analyzed per group. Statistical
analysis was performed using unpaired t-test or Mann-Whitney-U-test (* p < 0.05, ** p < 0.01, *** p< 0.001, ns
p >0.05)

Since BFP as a surrogate marker for successful transfection turned out to be lost faster
than transferred cells on average, it seemed unsuitable for long-term monitoring of
genetically modified cells. Therefore, alternative fluorescence reporters were
investigated.

Transgenic T cells were retrovirally infected with plasmids containing BFP, dsRed,
GFP, or mAmetrine as fluorescence reporter. As for BFP, unsorted cells were directly
transferred into C57BL/6 recipients followed by tail base immunization (NIP-SM-MSA
in IFA). Additionally, to test whether antibody-dependent cellular cytotoxicity was
involved in the loss of fluorophore-expressing transgenic cells, animals received

retrovirally infected cells again at day 41. As control, retrovirally infected cells were
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transferred into so far untreated C57BL/6 animals. Spleens of both, retransferred
(transfer at day 0 and 41) and control animals (transfer at day 41 only) were analyzed
2 days after day 41-transfers by flow cytometry (Figure 21A). As for testing BFP
stability before, frequencies of transgenic T cells were normalized and compared to
their respective control groups (Ctl).

Surprisingly, three out of four tested fluorescence reporters showed variable degrees
of rejection over time. As expected, BFP* T cells were almost completely abolished
following a second transfer in comparison to the control group (% BFP*Thy-1.1%; Ctl
100 * 2.86, 2" transfer 1.88 + 0.82, p=0.0001, mean + SD). Furthermore, only 30—
40% of the cells positive for dsRed or mAmetrine were found in the double-
retransferred animals compared to the respective single-transferred controls
(% dsRed*Thy-1.1*: Ctl 100 = 1.70, 2" transfer 38.42 + 1.20, p=0.0001;
% mAmetrine*Thy-1.1*: Ctl 100 + 1.50, 2" transfer 27.74 + 7.42, p=0.0001, mean +
SD). In contrast, GFP-transfected cell counts turned out to be stable over time and did
not show immunogenicity, leading to only non-significantly, minimally reduced cell
numbers following retransfer (% GFP*Thy-1.1*; Ctl 100 + 1.50, 2" transfer 92.5 +
7.89, mean = SD, p= 0.2428; Figure 21B). In summary, GFP was found to be the only
marker exhibiting long-term stability, whereas BFP turned out to be most immunogenic
marker tested.

In the experiments above, transgenic Cas9 expression was linked to expression of
GFP. Therefore, viruses coding for GFP as a reporter for viral infection could not be
used in conjunction with Cas9-transgenic cells. Since the fluorophore mAmetrine has
successfully been used for overexpression experiments over at least 17 days (data
not shown) by the Hutloff laboratory, and since the following experiments investigated
the T cell effector phase, BFP was replaced by mAmetrine in viral constructs.
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Figure 21 Differential fluorophore immunogenicity and long-term stability of viral constructs encoding BFP, dsRed,

GFP, and mAmetrine

(A) Schematic overview of the experimental setup. Transgenic T cells from Smarta animals were retrovirally
infected with plasmid containing either BFP, dsRed, GFP, or mAmetrine as fluorescence marker. Upon transfer
into C57BL/6 mice, tail base immunization was performed (NIP-SM-MSA in IFA). At day 41, a retransfer of
retrovirally infected cells was performed. For control, retrovirally infected cells were transferred into untreated
control C57BL/6 animals. Spleens of all animals were analyzed 2 days after the last transfer via flow cytometry.
(B) Frequencies of fluorescence® T cells in control animals and retransferred animals normalized to the
corresponding control group receiving only a single transfer. For each group, 3 animals were analyzed. Bars depict
mean, symbols represent individual animals. Statistical analysis was performed using unpaired t-test or Mann-
Whitney-U-test (* p < 0.05, ** p < 0.01, *** p< 0.001, ns p >0.05).

3.3.3 Functional screening of eleven Tm signature genes by CRISPR Cas9-mediated
knock out

After the successful establishment of CRISPR Cas9-mediated target gene knock out
in vitro (Fig. 17) and in vivo (Fig. 18 and Fig. 19) as well as the determination of the
long-term stability of transfected cells in vivo (Figure 21), the function of molecules
encoded by positively expressed Tm signature genes (Fig. 8B) was analyzed by
CRISPR Cas9-mediated knock out. Eleven genes were selected based on either
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published immune cell-related or so far unreported function (Table 6). Of note, Bach2

is a negative regulatory transcription factor crucially involved in Ts cell maintenance

(Lahmann et al., 2019), and conclusively six of the eleven identified genes (Bcl-6,

Rgs16, Rnf157, Hmox1, Trpm6, and S100a11) were already reported to be regulated
by Bach2 (bold in Table 6).

Table 6 Eleven positively expressed T, cell signature genes screened for their function in Ty, cell generation by
CRISPR Cas9-mediated knock out.

The provided genes have been selected from the unbiased Tw signature gene transcriptome (Fig. 8) for further

screening based on their reported function or so far unknown function. Genes given in bold font were additionally

evaluated due to their known regulation by the Ty, cell transcription factor Bach?2.

T Signature Gene

Reported functions

Literature

Peptidyl arginine

deaminase (Padi4)

e protein citrullination

e generation of neutrophilic extracellular traps (NETSs)

e involved in pathology of rheumatoid arthritis

¢ gene regulation via citrullination of transcription factors/

histones

Li et al., 2010

Y. Liu et al., 2018
Sharma et al., 2012
Suzuki et al., 2016

Sclerostin domain-

¢ antagonist of BMP/Wnt signaling

Laurikkala et al., 2003

containing-1 )
(Sostdc1) » maturation of NK cells Millan et al., 2019
T cell e immunosuppressive effects (induction of anti-
immunoglobulin inflammatory cytokines, inhibition of NK cell D. J. Lee, 2020
and [TIM domain cytotoxicity) Lozano et al., 2012
(Tigit) e expressed on activated T cells, negative regulator of L. Mao ef al., 2017
autoimmune diseases
Family With e expressed in variety of tissues (brain, cerebellum, Baron-Cohen et al., 2014
Sequence Similarity | SPinal cord) Mulle et al., 2010
43 Member A e SNP found nearby Fam43 associated with autism, Sagar et al., 2013
(Fam43a) schizophrenia and learning difficulties; SNPS in genetic | \yjiliatt ot al., 2005
region associated with mental retardation
¢ belongs to regulators of G protein signaling (RGS) (Beadling et al., 1999;
Regulator Of G superfamily, negatively regulates G protein activity Ding et al., 2013; 1.-Y.
Pro:(ZIZRSig::)Iing e associated with T cell trafficking and homeostasis Hwang et al., 2017;
gs

e |L-17-mediated upregulation in Ts, cells promotes

ability of Tr, to form conjugates with B cells

Shankar et al., 2012)

Angiopoietin-like
protein 2 (Angptl2)

e pivotal roles in various inflammatory diseases

e required for maximal B cell activation and proliferation

Amadatsu et al., 2016
Bolger-Munro et al., 2019
Tatsuya Okada et al.,
2010
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pro-inflammatory, circulating levels of ANGPTL2 in
various chronic inflammatory diseases and associated
with poor prognosis of cardiovascular diseases,

diabetes, chronic kidney disease, and various types of

Sasaki et al., 2015
Thorin-Trescases &
Thorin, 2017
Yugami et al., 2016

Reductase 3
(Dhrs3)

cancers
Ring Finger Dogan et al.,
Protein 157 regulates important aspects of neuronal development 2017Kosacka et al.. 2018
(Rnf157) associated with cell cycle suppression and autophagy | Matz et al., 2015
Baldeén Rojas et al.,
Dehydrogenase/

involved in the biosynthesis of all-trans-retinoic acid,

cell adhesion, cell differentiation, and morphology

2016
Haeseleer & Palczewski,
2000

Heme Oxygenase

mediates cellular heme catabolism
suppression of CD4* T cell activation, regulation of

lineage-related cytokines and transcription factors to

Schipper, 2011

Cation Channel

1 (Hmox) participate in the Th/T.eg-mediated immune response
related to pathogenesis of Alzheimer disease (AD) and
other aging-related neurodegenerative disorders

Transient

Receptor Potential

regulation of Mg?*-homeostasis

Brandao et al., 2013
Perraud et al., 2004

Binding Protein
A11(S100a11)

Subfamily M TRPM6 deficiency lethal in embryonic mice
Member 6 (Trpm6)
member of the EF-hand Ca?*-binding family, activated
by increased Ca?* concentrations, interference with Heizmann. 2019
$100 Calcium ’

Ca?*-signaling pathways by binding to and regulation
of target proteins

associated with protein phosphorylation, cell growth,
motility, and cell survival

regulated by Th, cytokines

Howell et al., 2008
Santamaria-Kisiel et al.,
2006

Knock out efficiencies were again determined by Sanger sequencing (see Methods

chapter 2.7.2), reporting KO efficiencies of 67 - 90% (Table 7). However, as shown in

Figure 22, even a seemingly low knock out efficiency of 67% (e.g. for KO of Bcl-6)

proved to be sufficient to cause strong biological effects.
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Table 7 Knock out of Bach2-regulated target genes showed knock out efficiencies of up to 90%

Retrovirally infected cells were sorted 5 days after the start of the in vitro culture. Upon DNA isolation and
amplification of target genes via PCR, amplicons were cloned into intermediate plasmids and at least 10 clones
per target gene were selected for Sanger sequencing in order to verify the knock out efficiency. Results showed

an efficiency of 67 to 91%.

Verification of
Knockout-Efficiency

Target S/te nqa:gi:s Efficiency
Bcl-6 12 67%
Rgs16 11 91%
Rnf157 1 91%
Hmox1 11 91%
Trpm6 12 67%
S100a11 1 91%

For practical reasons, the analysis of the eleven target genes (Padi4, Sostdc1, Tigit,
Fam43a, Rgs16, Angptl2, Rnf157, Dhrs3, Hmox1, Trom6, S100a11) was performed
in several independent experiments (experimental combinations summarized in Table
8). Cas9-transgenic T cells were retrovirally infected with plasmids containing target
gene-specific sgRNAs and mAmetrine and cultured for four days (Fig. 22A).
Fluorescence™ cells were subsequently sorted, followed by adoptive transfer into
recipient animals. Transgenic B7-8i cells were co-transferred into B6.CD28KO
recipients for the analysis of effects on B cells in a subset of experiments (see below
and Table 8). Otherwise, C57BL/6 animals were used as recipients. In both cases, the
transfer was immediately followed by s.c. tail base immunization (NIP-SM-MSA in IFA
or CFA). Analysis of dLNs was performed either 6 days post-transfer to test the
knocked out genes’ effect on Tm cell generation, or 7 or 10 days post transfer to
simultaneously test effects on Bgc cells. Since Bcl-6 is the T cell master transcription
factor (Johnston et al., 2009; Nurieva, Chung, Martinez, et al., 2009; Yu et al., 2009),
Bcl6 knock out was included into one of the experimental sets as a positive control,
anticipating a strong suppressive effect of Bcl-6 KO on the T cell population.

Knock out of none of the investigated genes significantly affected the generation of
Tm cells (Fig. 22B), since no differences in T cell percentages were found compared

to the respective empty vector controls (% Tm cells normalized to EV; EV 99.57 *
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29.47, Padi4 116.3 + 26.87, Sostdc1 91.16 + 31.33, Tigit 101.3 £ 20.41, Fam43a 101.0
+ 26.50, Rgs16 98.08 + 44.20, Angptl2 122.3 + 41.74, Rnf157 122.2 + 26.57, Dhrs3
95.14 £ 26.07, Hmox1 104.90 + 32.80, Trpm6 72.45 + 13.84, S100a11 106.7 + 53.67;
mean = SD, p-values of the respective experiments are depicted in table 8). As
expected however, the Bcl6 KO positive control showed a significant reduction in the
percentage of Tm cells (Bcl6 9.14 + 3.73, mean £ SD, p=0.0040 compared to EV),
providing evidence for the efficiency of the Cas9 mediated KO per se.
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_ Tcells @@@ Retroviral
( @ infection

-~ Cas9-GFP
Sort J s.c. Immunization Analysis
"/B1)8(‘ o, B ce"S\A l
-0l =~ ! ,
- C\“CsBL6 = © 6,7,10 day
B6.CD28KO
B % T, cells
o +
a
* *
= 150 8 ¥
>
ﬁ AA v, o 8 a v * +
Y— ® o v <
I 0 — :
< : B c g @ v :
100 o NEREE = N B o [ [ ]
o A —Y v *
+ ¢ v * :
w0 v o o
14 vl |+] leo 8 *
(@] o I° [ ]
x v o o *
< 50 oo T
°\° v
+
|
0 T T ! T 1 T

Figure 22 A CRISPR Cas9-mediated knock out of eleven positively expressed T signature genes does not affect

Tw cell number

(A) Overview of the experimental setup. Cas9-transgenic T cells were retrovirally infected with plasmids containing
SgRNA targeting the respective GOI. Fluorescence™ cells were sorted and transferred into C57BL/6 recipient
animals when the effects on B cells were not investigated, or co-transferred with transgenic B1-8i cells into
B6.CD28KO animals for the concomitant analysis of B cells (see Table 8 or experimental grouping). Upon transfer,
s.c. tail base immunization was performed with NIP-SM-MSA in IFA or CFA. Subsequently, draining lymph nodes
were analyzed by flow cytometry 6, 7, or 10 days post-transfer. (B) Frequencies of Ty, cells (CXCR5*PD-1*) in the
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different knock out conditions were normalized to counts in empty vector (EV) controls included in each

experimental group. Results are shown pooled for individual genes. Bars depict mean, symbols represent individual

animals. For the comparison of two groups, unpaired t-test was performed for statistical analysis. For the analysis

of more than two groups a one-way ANOVA or Kruskal-Wallis test was performed. Subsequently, the resulting p-

values were corrected using the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli and Holm-
Sidék (* p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05).

Table 8 Experimental groups for CRISPR-Cas9 mediated signature gene knock out

The table depicts the experimental grouping for knock out experiment, p-values and experimental scheme.

Knocked out genes in individual experiment groups as well the recipient animals, used adjuvant, and day of

analysis are provided. P-values compare knock out groups to the corresponding intra-experimental empty vector

control groups. Detailed information for statistical analysis is provided in figure legend 22.

0.9818; Tigit:0.9949

# Knocked out genes P-values Recipients | Immunization | Day of
analysis
1 Bcl6, Rgs16, Rnf157, Bcl6: 0.004; Rgs16: 0.3424; C57BL/6 CFA dé
Hmox1, S100a11 Rnf157: 0.9999; Hmox1:
0.9999; S100a11: 0.5361
2 Bcl6, Rgs16, Rnf157, Bcl6: 0.004; Rgs16: 0.5230; C57BL/6 CFA dé
Hmox1, Trom6, S100a11 Rnf157: 0.4494; Hmox1:
0.7179; Trpm6: 0.9999;
S100a11: 0.4402
Tigit Tigit: 0.9488 C57BL/6 CFA dé
Padi4, Sostdc1 Padi4: 0.9109; Sostdc1: B6.CD28KO IFA d7
0.6891
5 Tigit, Fam43a, Angpti2, Tigit: 0.9999; Fam43a: B6.CD28KO IFA d7
Dhrs3 0.9898; Angptl2: 0.6079;
Dhrs3: 0.9969
6 Sostdc1, Fam43a, Tigit Sostdc1: 0.7035; Fam43a: B6.CD28KO IFA d10

To investigate whether knock out of signature genes affected B cell helper capability

or altered T cell phenotypes, the most promising gene - Sclerostin domain—containing-

1 (Sostdc1) - was identified based on available literature and studied in more detail

below.
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3.3.3.1 The cell signaling regulator Sostdc1 is highly upregulated in Tm cells but not
involved in T cell generation or maintenance

Although screening for signature gene function via Cas9-mediated knock out did not
significantly affect Tm cell frequencies, a more detailed analysis of Tm cell phenotype
and function was performed at the example of one of the most highly upregulated T
cell genes - Sclerostin domain—containing-1 (Sostdc1; cf. Figure 8B, logFC 5.6).
Sostdc1 encodes a secreted protein of the sclerostin family also known as Ectodin,
USAG-1, or WISE (Hu et al.,, 2019). Besides its negative regulation of the bone
morphogenic protein (BMP) and wingless/int (Wnt) signaling, making it a pivotal
regulator of developmental processes, SOSTDC1 has been shown to serve as an
inhibitor of cancer progression (Bartolomé et al., 2020; Cui et al., 2019; Laurikkala et
al., 2003; Millan et al., 2019; Zhou et al., 2017). Since SOSTDC1 has moreover been
shown to be a critical regulator in NK cell maturation and cytotoxicity (Millan et al.,
2019), we tested whether it also played a role in T and B cell regulation.

To this end, Cas9-transgenic T cells were retrovirally infected with plasmid coding for
Sosctd1-targeting sgRNA (SOSTDC1 KO) or empty control vectors (EV), sorted for
GFP*mAmetrine* T cells, and co-transferred with transgenic B7-8i cells into
B6.CD28KO recipients (tail base immunization with NIP-SM-MSA in IFA after
transfer). Draining LNs were analyzed 10 days post-transfer (Figure 23A).

In addition to unaffected Tm cell counts in the SOSTDC1 KO compared to the EV
condition (% Tm; EV 44.30 + 16.78, SOSTDC1 KO 50.78 + 8.33, mean % SD,
p=0.4715; Figure 23D, also cf. Fig. 22B), SOSTDC1-knock out did not affect the
number of transgenic T cells (% Thy-1.1"; EV 0.93 £ 0.54, SOSTDC1 KO 1.77 £ 1.01,
mean + SD, p=0.1426) or transgenic B cells (% CD45.1%; EV 0.98 + 0.36, SOSTDC1
0.85 £ 0.20; mean £ SD, p=0.4881; data not shown).

Additionally, KO of SOSTDC1 did not alter expression of the T cell activation markers
TIGIT, ICOS, and CD69 (% TIGIT*: EV 31.54 £ 10.95, SOSTDC1 KO 37.24 £ 4.97,
p=0.3202; % ICOS*": EV 16.48 + 3.96, SOSTDC1 KO 16.52 + 3.99, p=0.9877; %
CD69*: EV 10.30 + 1.20, SOSTDC1 KO 13.24 + 2.64, p=0.0952, mean + SD, Fig. 23B
and C).

Besides the analysis of phenotypic changes (i.e. T cell activation), T cell-derived
B cell helper capacity was examined via analysis of CD40L and IL-21 expression.
Additionally, percentages of Bgc cells (CD38°GL7") and PCs (CD19'°CD138*) were
quantified. Although Tm cells of the SOSTDC1 KO group showed an increased
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CDA40L/IL-21 double-positive cell fraction (% CD40L/IL-21; EV 41.28 + 7.75,
SOSTDC1 KO 52.58 £ 5.8, mean £ SD, p=0.0312), this was not reflected in changes
in B cell populations, as no differences in the fraction of Bgc cells (% Bec cells; EV
22.31 + 16.28, SOSTDC1 KO 26.84 + 11.68, mean + SD, p=0.6165) or PCs were
detected (% PC; EV 2.64 + 1.75, SOSTDC1 KO 3.82 + 0.87, mean + SD, p=0.2040;
Figure 23E).

To further examine the potential function of SOSTDC1, immunoglobulin subclasses
were quantified in the EV and SOSTDC1 KO condition, but no changes in
immunoglobulin subclass composition were detected (% IgA: EV 6.18 + 1.11,
SOSTDC1 KO 7.64 + 1.13, p=0.0602; % IgD: EV 81.85 + 5.27, SOSTDC1 KO 79.20
+ 2.68, p=0.2468; % IgG1: EV 23.85 + 5.52, SOSTDC1 KO 28.20 + 9.91, p=0.1775;
% 1gG2a: EV 5.05 + 0.63, SOSTDC1 KO 5.24 + 0.63, p=0.6403; % IgG2b: EV 12.01
+4.66, SOSTDC1 KO 14.52 + 2.43, p=0.3072; % IgM: EV 5.20 + 2.50, SOSTDC1 KO
6.08 £ 2.36, p=0.5648; mean + SD; Figure 23F). Only a trend towards an increased
IgA class switch was noted in the absence of SOSTDC1 (% IgA: EV 6.18 £ 1.11,
SOSTDC1 KO 7.64 + 1.13, mean + SD, p=0.0602).
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Figure 23 Knock out of Sostdc1 does not affect transgenic T and B cells function or B cell helper capacity

(A) Overview of the experimental setup. SMxCas9-GFP transgenic T cells were retrovirally infected with a plasmid
containing Sostdc1 sgRNA (SOSTDC1 KO) and mAmetrine or an empty vector (EV, mAmetrine only). Sorted cells
were co-transferred with transgenic B1-8i cells into B6.CD28KO recipients, which were tail base immunized (NIP-
SM-MSA in IFA) after transfer. DLN were analyzed 10 days post-transfer via flow cytometry. (B) Representative
contour plots (gated on CD4* T cells) and (C) corresponding bar graphs for T cell activation markers TIGIT, ICOS,
and CD69 gated on Thy-1.1"GFP*mAmetrine*CD4* Tcells (EV in grey, SOSTDC1 KO in purple). (D)
Representative contour plots and corresponding bar graphs depict percentages of Ty, cells (CXCR5*PD-1*, color
code as in C) and (E) T cell helper capacity by CD40L/IL-21 double-positive cells and percentages of Bac cells
(CD38°GL7") and plasma cells (CD19°CD138", color code as in C) in SOSTDC1 KO and controls. (F) Percentages
of immunoglobulin subclasses (gated on CD45.1*) in SOSTDC1 KO and controls. Bars depict mean, symbols



Results

represent individual animal. 5 or 6 animals were used for each group. Statistical analysis was performed using
unpaired t-test or Mann-Whitney-U-test (* p < 0.05, ** p < 0.01, ***p < 0.001, ns p > 0.05).

In summary, the use of Cas9-transgenic animals and sgRNA-mediated knock out via
retroviral infection provided an efficient method for the knock out of genes of interest.
The use of a suitable fluorophore was found to critically affect stability of the
transferred cells, enabling long-term detection of genetically modified transferred cells
in vivo.

None of the eleven Tr signature genes identified by unbiased transcriptome analysis
showed an essential contribution to the generation and/or maintenance of T cells
when investigated using an adoptive transfer model. Detailed analysis of the
particularly attractive Tm cell signature gene Sostdc? did not indicate a strong
involvement in general B cell and T cell function.

Given their strong differential expression in Tm cells however, further detailed
functional analyses of the remaining ten Tm signature genes may be required to
reconcile their differential expression with their functional role in T cell physiology and
pathophysiology.
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4 Discussion

Tm cells are a subpopulation of CD4" T cells mandatory for effective B cell help and
thus the humoral immune response. By interaction with their cognate B cells within the
germinal center, T cell-mediated signals promote B cell differentiation into memory
B cells and long-lived plasma cells, thereby enabling to the generation of high-affinity
antibodies.

The aim of this thesis was the identification of T signature genes and their functional
characterization in T cells. Genes involved in the maintenance of T cells are of
interest, since Tm cell have been shown to broadly contribute to autoimmune disorders
as well as allergies. Therefore, blocking Tm-maintaining molecules would have high
clinical and therapeutical relevance. Another clinically relevant aspect aims at
promoting T cell generation to enhance the generation of an effective and long-lasting
humoral protection, e.g. in the context of vaccinations. Nevertheless, for both,
inhibiting Tm cells to counteract autoimmunity and (positively) modulating T cell to
support efficient vaccination, maintenance of T cell activity within close physiological
boundaries is thought to be essential, as exaggerated or diminished T activation
themselves bear the risk of inducing autoimmune disorders or immune incompetence,
respectively. Thus, a targeted quantitative modification of T cell activity would be of
great benefit.

To identify new Tm signature genes, a novel set of transcriptome data from the
laboratory of Prof. Dr. Hutloff was compared to published analyses utilizing different
experimental setups in order to obtain universal gene candidates independent from
the adopted mouse model or immunization method. This comparison revealed 221
signature genes being either significantly up- or downregulated in Ts compared to
non-Tm cells, 19 of which were considered particularly interesting based on their
ascribed function in the literature. These genes were investigated by genetic
manipulation in transgenic T cells via either selective overexpression for signature
genes downregulated in T cells, or CRISPR Cas9-mediated knock out of signature
genes upregulated in Tm cells, both followed by quantitative and functional T cell
investigation. To specifically study the function of RANKL, an available knock out

mouse was used. Since under physiological circumstances (i.e. without immune
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system activation) only very few T and B cells specifically recognize individual
antigens (Moon et al., 2007), an adoptive transfer system was used. To this end,
transgenic T and B cells expressing the congenic markers Thy-1.1 and CD45.1,
respectively, were transferred into syngeneic recipient animals in vivo. This allowed
the tracking and unequivocal detection of transferred genetically modified lymphocytes
in recipient animals.

It turned out that of the 19 genes examined, only one had an essential function in T
cell generation and maintenance: Rara. The 18 remaining genes showed no
pronounced phenotypic changes within the T, cell population after overexpression or
knock out. However, one intrinsic limitation of the adoptive transfer system is the lack
of information on whether changes in target gene expression affected other cell types,
such as for example regulatory T cells. Furthermore, a detailed functional analysis of
the genes tested was beyond the scope of this work. Table 9 summarizes the
examined genes and provides the modification paradigm (overexpression or knock
out) as well as the investigated tissues.

Table 9 Summary of the experimental conditions of investigated T, cell signature genes

Novel Ty cell signature genes identified based on transcriptome analysis were investigated by overexpression or
knock out and analyzed in the tissues indicated by pictograms. The function of the genes in bold font was

additionally studied in a chronic airway inflammation model.

Screening of Tfh signature genes
Overexpression Knockout
0H cerzr O Padia ()
Plac8 Sostdc1
Fam129b Tigit
Smad7 Fam43a
. Cish Rgs16
0@ Cxcré* Angptl2
% Rara* Rnf157
Dhrs3
Hmox1
Trpm6
*additional analysis in airway S100a11
inflammation model
(KO and overexpression) % Tnfsf11*
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4.1 T cell specific RANKL expression does not play a major role in T cell

generation, maintenance, and tissue inflammation

The co-stimulatory molecule RANKL plays a pivotal role in bone homeostasis and the
immune system (Leibbrandt & Penninger, 2010; Mueller & Hess, 2012). Interestingly,
the transcriptome analysis of Tm and Non-Tm cells (cf. Fig. 8) unraveled an increased
expression of the RANKL-encoding gene Tnfsf11 in T cells. Furthermore, previous
preliminary results from the laboratory of Prof. Hutloff had shown significantly reduced
Tm cell numbers upon shRNA-mediated knock down of RANKL (unpublished
observation). Thus, RANKL appeared to be involved in T cell physiology and was
considered an interesting candidate gene for functional investigation. It has already
been shown that the RANKL/RANK axis is essential for T cell: DC interaction and the
resulting cytokine production (Josien et al., 1999). Therefore, the RANKL/RANK
interaction might be essential for IL-6 production by DCs, itself being crucial in early
Tm cell generation (Choi et al., 2013; Papillion et al., 2019) and thereby essential for
Tm cell stabilization.

To study RANKL function in this context, inducible T cell specific RANKL-depletion
was achieved by the generation of transgenic Smarta. CreER™/RANKL™ animals.
First, the impact of an early RANKL KO was investigated, with the intention to confirm
the preliminary results of shRNA-mediated knock down. However, previous results of
shRNA-mediated RANKL knock down impacting Tm cells could not be reproduced.
Early knock out did not shown an effect on Tm cell generation and B cell helper
capacity (Fig. 9). One explanation for the discrepancy compared to the effect of
shRNA-mediated knock down could be unspecific off-target effects of the utilized
shRNA, in contrast to the more precise genomic knock out achieved by using
transgenic animals in this study. Moreover, shRNA-mediated knock down only
reduced target gene expression, but did not fully abolish it. Supporting the hypothesis
of shRNA effects potentially being attributed to undefined side effects, blockade of
RANKL via monoclonal antibodies similarly did not reproduce prior findings
(Fuhrmann, 2013; data not shown). Thus far, the functional role of early Tt cell specific
RANKL expression remains elusive and warrants further investigation.
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Because of the lacking effects of early RANKL-depletion on T cell number and
function, we investigated whether interference with RANKL expression during later
time points altered Tm cell maintenance and generation of memory T cells (Fig. 10).
Generally, memory T cells and T cells can be distinguished into 2 subpopulations:
stationary cells located in secondary lymphoid organs like draining lymph nodes, and
T cells (re)circulating between blood and tissues (Asrir et al., 2017). Besides regarding
their location, memory T cell subpopulations can be characterized by expression of
distinct molecules. In contrast to other T cell populations, local memory Tm cells
residing within secondary lymphoid organs are CD62L" (Asrir et al., 2017; Fazilleau
et al., 2007), and they also show higher expression of characteristic Tm cell markers
such as CXCRS and PD-1 and enable tissue residency by expression of CD69 (Asrir
et al., 2017).

Regarding these markers, we hypothesized a RANKL-dependent effect promoting the
generation of local memory T cells within the dLNs, which was reduced in RANKL
depletion (cf. Fig. 10C) possibly resulting from poorer T cell activation. Reduced T cell
activation might be confirmed by reduced CD44 expression in RANKL-depleted T cells
in the spleen (cf. Fig. 10C). Moreover, CXCR3, a tissue residency marker for Th1-like
Tm cells, was lower in spleens of the RANKL KO group as well (cf. Fig. 10C).
Concluding, reduced memory Tm cell populations and lower expression of linked
markers might give a hint towards RANKL function in T cell maintenance and long-
term survival. However, these hypotheses are limited by the single iteration of these
experiments and need to be repeated for statistical assessment.

There are several studies attributing a role to the RANK/RANKL axis in tissue
inflammation (Bando et al., 2018; Gregorczyk & Maslanka, 2020; Guerrini et al., 2015;
Loser et al., 2006; Shimamura et al., 2014) and excitingly, transcriptome analysis of
T cells in lung and lung-dLN of our chronic airway inflammation model showed strong
RANKL expression within the Tm and Tm-like population (cf. Figure 8A, unpublished
data, raw data not shown).

So far, contradictory statements regarding the role of RANKL in tissue inflammation
have been reported. In the brain, intestines and skin, RANKL signaling negatively
enhanced immunoregulatory functions (Bando et al., 2018; Loser et al., 2006;
Maruyama et al., 2006; Shimamura et al., 2014), e.g. by selectively upregulating
molecules inducing immune tolerance (Lischke et al., 2012). On the contrary, other
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studies highlighted a pro-inflammatory role to RANKL by influencing cell migration in
a local inflammation model (Gregorczyk & Maslanka, 2020; Guerrini et al., 2015).

To further investigate T cell specific RANKL function in inflamed tissue, transgenic
Smarta.CreER™?’/RANKL™ animals were used in our chronic airway inflammation
model, enabling us to study T cell specific effects in non-lymphoid tissue and dLN.

In contrast to published reports, analysis of dLNs of WT and RANKL-depleted animals
in our model did neither show changes in the frequency, nor the phenotype of
transgenic T and B cells (cf. Fig. 11B, C, and D). However, in lungs of RANKL KO
animals, T cells exhibited significantly higher levels of CXCR3 expression (cf. Fig.
11D), which was accompanied by reduced PC counts by up to 40% compared to
wildtype littermates (cf. Fig. 11C).

The CXCR3 chemokine receptor is associated with effector T cell migration and
especially linked to the Th4 effector cell lineage (Groom & Luster, 2011). The
observation of increased CXCR3 expression in RANKL KO mice supports the
hypothesis of reduced T cell activation as a consequence of lower DC interaction and
priming of naive T cells. Subsequently, RANKL KO cells might favor differentiation into
T effector cell programs like Th+ cells. To elaborate this hypothesis, future experiments
should co-quantify master transcription factors T-bet and Bcl-6 to determine Thy and
Tm cell fractions, respectively. Furthermore, cytokine and chemokine/chemokine
receptor profiles should be generated to confirm the findings.

An additional hint towards altered Th subsets was the observation of reduced PCs
within RANKL KO mice. Reduced B cell helper capacity of transgenic T cells would
reduce GC reactions and thereby proliferation and maturation of PCs and Bmem cells.
Surprisingly, Bec cell frequencies did not differ between the two groups and as in dLN
(cf. Fig. 11B), Tm-like cell frequencies were not altered in lungs of WT versus RANKL
KO mice (cf. Fig. 11C). Since B cells, similar to DCs, express the RANKL receptors
RANK and OPG, and since both are upregulated upon CD40 stimulation (Yun et al.,
1998), RANK/RANKL signaling within GC reactions may promote Tm/Bec cell
interaction and support Tm cell survival, the latter already being known for T cells in
general (Yun et al., 1998). To investigate GC reaction effectiveness, future
experiments should address B cell functionality by the analysis of RANK expression

or immunoglobulin subclasses.
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These results are in contrast to the inflammation-promoting function of RANKL via
enhanced migration, as seen e.g. in CNS inflammation and asthma (Gregorczyk &
Maslanka, 2020; Guerrini et al., 2015), but might support the hypothesis of regulatory
functions of RANKL. The relatively minor effects of RANKL KO on Tm cells could
furthermore be explained using LPS as adjuvant in the immunization solution. LPS is
known to promote Th1 cell generation and IFN-y secretion and both, LPS
administration and IFN-y can interfere with RANKL/RANK signaling (Maruyama et al.,
2006; Takayanagi et al., 2000). Therefore, RANKL signaling in WT controls could be
altered and additional experiment are required to address the impact of LPS
administration onto RANLK signaling in the adopted model system. Finally, a
transcriptome analysis comparing gene expression profiles of Tm cells in WT and
RANKL KO animals did not unravel RANKL-induced changes in the Tm cell
transcriptome (cf. Fig. 12), supporting the above findings of a small impact of RANKL
on T and B cell function.

In summary, the use of RANKL KO animals revealed contradictory results compared
to previous shRNA-mediated RANKL knock down experiments and no direct
functional role of RANKL within T cells was identified.

Of note however, possible functional redundancy of RANKL should be considered.
Already in 1999, Bachmann and colleagues showed only minor contribution of
RANKL/RANK to CD40L/CD40 signaling during viral infections (Bachmann et al.,
1999), and the authors favored an indirect involvement of RANKL in T-B cell-signaling,
with functional impairment in antigen-presenting cells, such as DCs, and subsequent
effects on viability and cytokine production, rather than a direct impact on T cells. The
adaptor protein TRAF6, a downstream target of RANK, appears to be one of the
central molecules in RANK signaling, as TRAF”- mice show the same phenotype as
RANK-- mice (Mueller & Hess, 2012; Naito et al., 1999). As shown before (Kadono et
al., 2005; Walsh & Choi, 2014), CD40 can activate this signaling cascade as well,
albeit at reduced levels. Therefore, it would be important to analyze CD40, CD40L,
related cytokines and the corresponding receptors (especially IL-6 and IL-6R) in future
experiments in order to follow up the hypothesis of an indirect influence of
RANKL/RANK interaction in T cells via, e.g., IL-6 production by DCs.
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4.2 RARa signaling has a key role in the humoral immune response

Vitamin A is an essential vitamin for the human organism with important functions in
growth, reproduction, cellular integrity, vision, and the immune system. For the latter,
vitamin A and its derivate retinoic acid are known to influence immune cell regulation
and function, migration, and differentiation (Friesen et al., 2020; Liang et al., 2020;
Parastouei et al., 2020; Scholz et al., 2020). A special role is attributed to vitamin A
and its metabolites in the context of allergic diseases, such as bronchial asthma. and
various studies previously showed effects on T cell subsets, though reported results
were often contradictory. The Rara gene, encoding the nuclear retinoic acid receptor
a, emerged as one of the most strongly regulated genes in our transcriptome analysis
comparing Tm and Non-Tw cells (cf. Fig. 8B). Since still very little is known about
RA/RARa signaling in Tm cells, the functional analysis of this newly identified T
signature gene appeared of great interest. Firstly, the chronic allergy-like respiratory
inflammation was investigated using the airway inflammation model described above.
Secondly, characteristic, asthma-associated, and Thz cell-mediated responses
(Hufnagl & Jensen-Jarolim, 2018; Matheu et al., 2009) were evoked by Thz pre-
polarization prior to adoptive transfer.

Successful Thz pre-polarization was confirmed by increased expression of
Tho- mediated cytokines such as IL-4, IL-5, and IL-13 (Fig. 14 C, also see Scholz et
al., 2020). RARa overexpression strongly impacted the humoral immune response by
affecting both transgenic T and B cells. Increased activation of RARa significantly
increased Tm cells frequency in lungs and lung-dLNs, which was additionally
accompanied by an increased generation of lung GC-like B cells (Fig. 14B and D).
Finally, overexpression of Rara resulted in an additional downregulation of the Thi-
mediated cytokine IFN-y and the lineage-defining transcription factor T-bet (Scholz et
al., 2020).

In line with altered T cell subtypes, differences in immunoglobulin subtype composition
were detected: The Thy cell-related subtype IgG2a was significantly downregulated,
while the IgG1 subtype and IgE, both preferentially produced in Tho-mediated immune
responses, were significantly upregulated (cf. Fig. 14E). No change was found in the
production of IgA (cf. Fig. 14E), potentially due to the early time of analysis as a
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sufficient amount of IgA cannot be detected until 15 days following the first
immunization in our respiratory inflammation model (unpublished observation). In
general, increased RARa signaling led to an immunoglobulin class switch towards Thz
subtypes and a concomitant IgM downregulation (Fig. 14E). The increased expression
of IgE in Thz polarized environments has already been demonstrated previously
(Gould & Sutton, 2008) and IgE subclass immunoglobulins are a known driver in
allergies and bronchial asthma, with enhanced disease progression caused by vitamin
A derivates due to Thz induction (Gould & Sutton, 2008; Matheu et al., 2009).

Conclusively, the impact of vitamin A and its derivatives has been studied mostly by
hyper- or hypoalimentation in previous studies and often resulted in promotion of the
Thz cells. In addition, regulatory T cell generation was often enhanced, while Th; and
Th47 cell responses were suppressed (Dawson et al., 2006; Goswami & Kaplan, 2016;
Liang et al., 2020; Parastouei et al., 2020; Penkert et al., 2020; Xiao et al., 2008).

Furthermore, Xie and colleagues investigated the effect of vitamin A derivatives on Tt
cells using an autoimmune myasthenia gravis disease model (Xie et al., 2013). In
contrast to the findings reported here, the authors showed an effect of ATRA
supplementation on regulatory T cells, with decreased Tm cells under ATRA
supplementation and increased numbers of Tr cells. Interestingly, a recent publication
(Friesen et al., 2020) uncovered a dual functionality of RARa: In a ligand-bound state,
RARa exerted the known function as a transcription factor. Independent from ligand-
binding however, RARa was also involved in faster signaling via the PI3K/Akt/mTor
pathway, affecting especially T cell activation and metabolism. The authors concluded
that this ligand-independent RARa activation led to a general, polarization-
independent T cell activation and profiling. These effects seemed to be unique within
T cells and, similar to other studies, strongly concentration dependent (Friesen et al.,
2020).

In contrast to most previous studies, the results presented here used T cell specific
RARa overexpression to study the role of RARa signaling without the requirement of
differential supplementation of vitamin A or vitamin A derivates. This overexpression
showed a general activation of T, Th2 and Th17 cells, which was further supported by
an increased expression of the respective transcription factors and cytokines (Scholz
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et al., 2020) and correlated well with the data published by Friesen et al. (2020).
Consistent with Friesen et al. (2020), a significant reduction in the Thi-mediated
immune response was detected upon RARa overexpression. The fact that the
transferred cells differentiated strongly towards T cells despite Th2 pre-polarization
suggests RARa as a strong stimulus for T cell generation.

In summary, increased RARa signaling led to an enhanced humoral immune reaction
with a maintained Thz response. Thus, the administration of vitamin A and its derivates
may be contraindicated in e.g. asthma. In contrast, in the context of vaccines, vitamin
A supplementation might be useful as it supports the generation of Tm cells and
thereby the production of high-affinity antibodies and long-lived plasma cells.
Nevertheless, open aspects, e.g. the functional differences of ligand-independent
versus ligand-bound RARa states, the concentration-dependence of the recruited
downstream signaling pathways (Friesen et al., 2020), and possible means for

supplementation warrant further investigation.

4.3 CRISPR Cas9-mediated knock out in transgenic T cells provides an
efficient method for screening of gene function

For CRISPR Cas9 mediated knock out, Cas9-expressing Smarta or Smarta.CreER'
animals were generated. The resulting mouse lines harbored the Smarta transgenic
TCR, the congenic marker Thy-1.1, and the Cas9 either constitutively expressed or
inducible at defined timed points. To validate functional KO induction of genes of
interest in antigen-specific T cells in an adoptive transfer model, preliminary test trials
were carried out assessing KO efficacy and cell survival. KO efficiency of various
sgRNAs was systematically studied by the analysis of the sgRNA-targeted sequence
by means of T7El assays or Sanger sequencing (Fig. 16 and Table 7) to identify
constructs with high KO efficacy. High KO efficacy was crucial since for most
investigated genes no antibodies are available for rapid post hoc KO detection by e.g.
flow cytometry. Sanger sequencing was used as the method of choice for most of the
constructs and enabled reliable and quantitative determination of KO efficiency.

After a successful KO verification in vitro and in vivo (cf. Fig. 17-19), retrovirally
infected cells transferred into recipient animals were found to gradually diminish over

the course of 13 days (Fig. 20). Several steps of the used protocol were subsequently

78



Discussion

considered as potentially affecting T cell survival. One critical step was the T cell
activation itself, though activation was necessary for retroviral infection. Another factor
related to activation-induced cell loss could involve an upregulation of Fas and Fas
ligands upon repeated TCR stimulation, which leads to activation-induced cell death
(AICD). AICD physiologically serves as a feedback mechanism in ongoing immune
responses (Varadhachary et al., 1997) and in cell culture, comparatively strong
stimulation of cells prior to transfer might result in T cell exhaustion and AICD
induction. A third critical step affecting cell survival is the sorting procedure required
to isolate retrovirally infected cells, which imposes mechanical stress caused by small
nozzle size as well as sample and sheath pressure. Finally, sample handling and
duration of the sorting procedure are known to impact the viability of sorted cells.
Sorting was generally mandatory, since, first, the infection efficiency of transgenic
T cells is only about 40% (data not shown). Second, without sorting possible effects
of target gene KO could be concealed by functionally intact, genetically unmodified
cells, especially given potential survival advantage of non-transfected over infected
cells. To optimize cell viability, nozzle sizes of 85 ym or 100 ym were used in
subsequent experiments (Fig. 13 and Fig. 22) and for future experiments, magnetic
activated cell sorting (MACS) may be considered an alternative to flow-cytometry.
Disadvantages of MACS however are the loss of cells during the purification process
(own observations, data not shown) and the restriction to endogenously expressed or
labeled surface markers instead of utilizing cytosolic fluorophore expression.

To exclude the sorting procedure as a major cause of transgenic T cells loss, control
experiments were performed in which unsorted cells were transferred directly into
recipient animals (cf. Fig 20 and 21). In these experiments, rejection was present even
without prior cell sorting, but differential cell loss depending on the expressed
fluorophore was noted, with most rapid loss in BFP* T cells. BFP* T cells were hardly
detectable already 6 days post-transfer (Fig. 20), strongly suggestive of innate
immune system-mediated rejection. Therefore, survival of cells transfected with the
fluorescent markers dsRed, GFP, and mAmetrine were compared to BFP in a
subsequent experiment (cf. Fig. 21). All markers except GFP showed a variable
degree of rejection, with BFP showing the shortest survival times. GFP however could
not be used as a marker for retroviral infection, since Cas9 expression was coupled to
GFP expression in the utilized mouse model. Consequently, the second-most stable

marker mAmetrine was used for retroviral transfection, which had previously provided
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good results until at least day 17 post-transfer in overexpression experiments
performed in CD28 knock out mice in the Hutloff laboratory.

4.4 Limitations of the adoptive transfer model at the example of Sostdc1 knock

out in antigen-specific T cells

After successful establishment of the CRISPR-Cas9 system in transgenic T cells, 11
genes of interest (see Table 6) were functionally investigated. Surprisingly, none of
the examined genes affected the generation of T cells. Furthermore, neither defects
in B cell help, nor phenotypic effects on B cells or T cells were detected (cf. Fig. 22).
Sclerostin domain-containing-1 (Sostdc1) was selected for an in-depth functional
analysis, since it was found as one of the most highly regulated genes in T cells and
because a recent study found it to play a crucial role in T cell function (Wu et al.,
2020). SOSTDC1 is a secreted cell signaling regulator playing pivotal roles in
developmental processes and the inhibition of cancer progression by interference with
BMP and Wnt signaling (Bartolomé et al., 2020; Cui et al., 2019; Laurikkala et al.,
2003; Millan et al., 2019; Zhou et al., 2017). In addition, SOSTDC1 was already related
functionally to the innate immune system via its regulation of NK cells (Millan et al.,
2019). However, SOSTDC1 KO neither lead to changed Tm cell numbers, nor did it
impact the expression of various surface molecules or cytokines. Only an increased
expression of CD40L and IL-21 indicated an increased activation of SOSTDC1-
deleted cells compared to WT control animals. No reduction in the capacity of the
B cell help in SOSTDC1 KO animals was noted, as neither Bgc cells nor PCs were
altered. In addition, there were no significant changes within immunoglobulin
subclasses, indicative of an unaltered cytokine milieu within SOSTDC1 KO animals.
In summary, SOSTDC1 seemed dispensable for the generation and maintenance of
Tm cells or T cell function, specifically B cell help and the generation of high affinity
antibodies (cf. Fig. 23).

Similar to our study, a recent study by Hu and colleagues investigated the function of
SOSTDC1 in Tm cells (Hu et al., 2019). The authors adopted a Lymphocytic
choriomeningitis virus (LCMV) infection model and confirmed high expression of
Sostdc1 in Tm cells compared to Th1 cells. In accordance with our findings, no effects
of T cell specific SOSTDC1 KO on T cells or B cells were detected. In addition to Th
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cells, Treg cells and T cells were examined and similarly no changes were detected,
leading the authors to conclude that SOSTDC1 had no regulatory function on T, cells.
In contrast, based on an inhibition of Wnt signaling pathways by SOSTDC1, another
recent study found evidence for an involvement of SOSTDC1* Tw cells in the
generation and maintenance of T cells, thus indicating an essential role SOSTDC1 in
humoral immune regulation (Wu et al., 2020).

Since both, the route of antigen delivery and the used mouse model very likely have
a major influence on the gained results, the discrepant results on the role of SOSTDC1
in Tm cells may be brought into accordance, first, by considering the different antigen
delivery strategies. Here, a subcutaneous immunization model was used, while Hu
and colleagues used a LCMV-based model with intraperitoneal injection and similarly
found no involvement of SOSTDC1. The study by Wu et al. made use of both, an
influenza model adopting intranasal immunization and a subcutaneous inflammation
model. Regarding antigen delivery, it was found that intraperitoneal administration
promotes tolerance rather than immunity due to quick antigen degradation, whereas
subcutaneous antigen injection with Freund's adjuvant provided longer antigen activity
and thereby promoted humoral immune response (Kearney et al., 1994). Besides the
mode of antigen delivery, the used adjuvant, the aggregate state, and the tissue
residence time of the antigen are crucial determinants of the generation of a pro-
inflammatory or regulatory immune response (Kearney et al., 1994; Lischke et al.,
2012).

Second, in our study as well as in the study by Hu and colleagues, T cell-specific
SOSTDC1 KO was investigated, while Wu and colleagues used a global (i.e. a non-
T cell-specific) SOSTDC1 KO mouse model.

Moreover, in this study and partially in the study by Hu and colleagues, an adoptive
transfer system was used that is ideally suited to specifically identify molecular
mechanisms or key elements of T cell interaction within different tissues (Lischke et
al., 2012). In contrast, by introducing a global knock out, nonspecific non-T cell-derived
effects might have been detected by the authors’ experimental system. Moreover, one
limitation of most adoptive transfer models is that effects on regulatory T cells or
follicular regulatory T cells cannot be investigated, since the monoclonal TCR with

given affinity against an individual epitope prevents generation of these cell types.
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In conclusion, dissimilar experimental conditions could trigger differential immune
responses and complicates a direct comparison of the effect on specific cell
populations. With the conditions of the mouse system and the type of immunization
chosen in this study, potential effects on populations such as Ts cells might have been
masked or biased, inferring an additional reason for the lacking effects of the

remaining genes studied.

In summary, genetic modification of antigen-specific T cells by means of viral
overexpression or CRISPR Cas9-mediated knock out was found to be an ideal method
for fast and efficient screening for diverse gene’s function. 19 of the most highly up- or
downregulated Tm cell signature genes were systematically investigated. Besides
Rara, none of them individually seemed essential for the generation of T cell. These
findings could be related to the limitation of the utilized model system, as exemplified
by the knock out of SOSTDC1. To overcome its limitations, diverse immunization
models and organs might be studied. Moreover, this study primarily used constitutive
knock out and overexpression of target genes. The use of an inducible system will
expand future opportunities to e.g. investigate molecules essential for Tm cell
maintenance and memory formation during temporally well-defined, more restricted
developmental episodes. Nevertheless, if the highly differential expression of the
identified genes was taken as evidence for their essential role in Tm cells and the
functional immune responses, their indispensability might be evolutionarily
disadvantageous. Therefore, functional redundancy of the investigated molecules may
therefore potentially have occluded any apparent effect on T cells upon KO or OE of
individual signature genes. Proof of redundancy by parallel modification of multiple
genes and transcriptome analysis allow for in-depth analysis. Combinatorial genetic
interference or in-depth functional analysis of the identified signature genes may

therefore represent worthwhile routes to be considered for further experimental work.
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5 Conclusion

Due to the essential role of Tm cells in the humoral immune response and their
involvement in the generation of autoimmune disease, molecules generating and
maintaining the Tm phenotype are of particular interest. By comparing four different
transcriptome analyses of T versus non-Tm, cells, 19 molecules significantly over- or
underexpressed in T cells were identified and investigated functionally. To this end,
transgenic T cells were genetically modified by CRISPR Cas9-mediated knock out or
viral overexpression of the respective genes. The use of an adoptive transfer mouse
model enabled tracking of modified antigen-specific T cells in vivo and the analysis of
changes in Tw cell function and phenotype, thereby establishing a fast and efficient
screening paradigm for various gene’s function. Of the 19 molecules examined,
nuclear retinoc acid receptor RAR a (RARa), showed an essential function for T cells.
Rara overexpression showed a significant increase in the humoral immune response,
as shown by increased Tm and GC B cells, revealing RARa a potential target with
clinical relevance. The 18 remaining molecules however were not found to have a
significant impact on T cell numbers as a first assessment of their involvement in T
cell physiology. Our transcriptome analysis, besides the 19 genes studied here,
furthermore revealed a variety of differentially regulated T signature genes that
should be investigated further. To do so, the experimental approach established here
provides an efficient tool.

The importance of a better understanding about T cells has become increasingly
clear in recent years, with regards to both, their pivotal role in the physiological
adaptive immune response and their involvement in a multitude of immunological
pathologies. In these challenging times, when the headstone to overcome a global
pandemic has been the development of effective immunological treatments, T cells
residing at the crossroad between acute and maintained immune response have
moved into the focus of contemporary science and promise further important insights
to be revealed.
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