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Declaration:

It is planned to publish parts of this work in two separated publications. The first part relates to the
optimization of the Dithranol-Imiquimod-based transcutaneous immunization method DIVA, aiming to
induce protection against MC38mOVA tumor cells in a prophylactic setting (4.1 - 4.2). The second part
relates to the characterization of the Tumor Microenvironment upon Dithranol-Imiquimod-based
transcutaneous immunization and the identification of a suitable target for the therapeutic treatment

of immunosuppressive mechanisms in the Tumor microenvironment (4.3 - 4.7).
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Introduction

1 Introduction

1.1 The Tumor microenvironment and anti-tumor immunity

1.1.1 Formation of tumors

In an organism, the transformation of healthy cells into tumor cells occurs ubiquitously in every types
of tissue. This process is driven by tumorigenic factors such as carcinogens, radiation, viral infections,
chronic inflammation or inherited genetic mutations (Schreiber et al. 2011). The first barrier against
the establishment of such degenerated cells is formed by intrinsic tumor suppression mechanisms such
as the induction of senescence, DNA repair or apoptotic pathways in the tumor cells (DeGregori 2011).
However, if intrinsic tumor suppression is not sufficient to prevent the outgrowth of these cells,
extrinsic tumor suppression is necessary. The interaction of the innate and adaptive immune system
can prevent tumor formation from such degenerated cells in different ways. In this context, tumor cells

or tumors in early stages are eliminated before they can become clinically relevant.

The innate immune response is based on the recognition of pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) expressed by stressed tumor cells at an
early stage. Pattern recognition receptors (PRRs) on the cell surface of innate immune cells enable the
recognition of PAMPs or DAMPs. (Cheng et al. 2013). Myeloid immune cells such as monocytes,
macrophages and Neutrophils play an important role in this process. Activation of PRRs on their surface
induces cytolytic and phagocytic effector mechanisms, thereby eliminating tumor cells (Lebegge et al.
2020). Furthermore, Natural Killer (NK) cells recognize tumor cells via activating receptors which
induces secretion of perforin and granzyme-containing granules by the NK cells leading to apoptosis in
tumor cells. Dendritic cells (DCs) form a link between the innate and adaptive immune defense. They
take up tumor antigens released by eliminated tumor cells in the tissue and present them to naive
cluster of differentiation (CD)8* T cells via cross-presentation on major histocompatibility complex
(MHC) class | molecules (den Haan et al. 2000). Priming of CD8" T cells by DCs massively increases the
number of tumor-specific CD8* T cells. The binding of co-stimulatory molecules between DCs and
T cells during T cell priming amplifies the activating signal, crucial for a strong T cell proliferation.
Activated T cells can induce apoptosis of tumor cells by secreting perforin and granzyme-containing
granules. Furthermore, they secrete interferon (IFN)-y, contributing to the proliferation-inhibiting
effect of NK cells (Cheng et al. 2013). Since tumor cells also present tumor antigens on their cell surface
via MHC | molecules, the tumor-specific CD8* T cells can recognize and specifically eliminate these
tumor cells. Such elimination of degenerated cells occurs ubiquitously in various tissues of a healthy

organism.
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Figure 1.1: Formation and vascularization of a solid tumor

Formation of tumor cells can be induced by various factors such as carcinogens, radiation, viral infections, chronic inflam-
mation or genetic mutations. When intrinsic and extrinsic tumor suppressor mechanisms are not sufficient to eliminate tumor
cells, they accumulate and start to build a solid tumor. Tumor cell-derived cytokines such as VEGF induce the migration of tip
cells leading to the formation of new blood vessels. Endothelial cells are stimulated to produce PDGF, recruiting pericytes
providing structural support for vascularization. The progressive vascularization of the tumor ensures its development and
progression by transporting nutrients and oxygen to the tumor cells. Created with BioRender.com.

However, if more tumor cells are generated in a tissue site than the immune system can eliminate,
tumor cells accumulate and subsequently form a solid tumor (Figure 1.1). Tumor cells are characterized
by a greatly increased metabolism and division rate, crucial for tumor development and progression
(Hanahan and Weinberg 2011). Tumor cells secrete cytokines such as vascular endothelial growth
factor (VEGF), epidermal growth factor (EGF), Hypoxia-inducible factor 1o (HIF-1a), fibroblast growth
factor (FGF) or transforming growth factor (TGF)-B, driving the formation of new blood vessels that
continuously supply the tumor with nutrients and oxygen (Saman et al. 2020). VEGF binds to the VEGF
receptor 2 (VEGFR2) of an endothelial cell, which is selected to be the tip cell leading the outward
extension of the sprout. Neighboring endothelial cells remain attached to the tip cell and migrate
behind it, forming a stalk (Chappellet al. 2011). Endothelial cells produce platelet-derived growth
factors (PDGF) recruiting pericytes that provide structural support for vascularization (Thijssen et al.

2018).

1.1.2  The Tumor Microenvironment and cell types shaping its immune status

The accumulation of tumor cells leads to the formation of a solid tumor in the course of vascularization.
Already at an early stage, a large number of immune cells of the innate and adaptive immune system
migrate to the tumor site. If the immune system does not succeed in eliminating these tumor cells, the

tumor establishes and forms an individual, highly heterogeneous environment, which is referred to as
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Tumor Microenvironment (TME) (Whiteside 2008). The TME comprises the entirety of numerous cell
types, including tumor cells, fibroblasts, endothelial cells and various immune cell types, their secreted
mediators in addition to blood vessels and structure-giving extracellular matrix. The cytokines and
chemokines secreted by tumor cells, host cells and immune cells contribute significantly to the
modulation of the immune status of the TME (Lihong Li et al. 2020). Figure 1.2 schematically shows

the composition of the TME.
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Figure 1.2: The Tumor microenvironment

The tumor microenvironment consists of numerous cell types, including tumor cells, fibroblasts, endothelial cells and various
immune cell types, soluble components such as cytokines and chemokines and the structure-giving extracellular matrix. The
tumor antigens released during elimination of tumor cells by cytotoxic cells are taken up by DCs. These migrate to draining
lymph nodes and prime naive T cells activating and stimulating them for proliferation. The chemokines produced in the TME
form a gradient within the organism the activated T cells can migrate along to the tumor in order to eliminate tumor cells.
DC = Dendritic cell; TME = Tumor microenvironment; Treg = regulatory T cell. Created with BioRender.com.

Innate lymphoid cells

One of the first barriers of anti-tumor immunity represents the family of innate lymphoid cells (ILC),
which consists of NK cells, ILC1s, ILC2s and ILC3s (Jacquelot et al. 2022). In the context of TME mainly
the NK cells and ILC1s show an anti-tumor function. NK cells provide one of the first barriers against
the establishment of tumor cells. They are activated and stimulated to mature by cytokines such as
type | interferons, Interleukin (IL)-12, IL-18 or IL-15 (Waldhauer and Steinle 2008). Activated NK cells
are able to kill tumor cells directly in different ways. The best researched mechanism is the NKG2D-

NKG2DL-mediated release of perforin- and granzyme-containing granules inducing apoptosis in tumor

cells (Cheng et al. 2013). Upon activating signals, NK cells express the death ligands Fas antigen ligand

3
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(FasL) or Tumor necrosis factor related apoptosis-inducing ligand (TRAIL), also inducing apoptosis in
tumor cells (Rossin et al. 2019). In addition, activated NK cells produce IFN-y, inducing cell cycle arrest
in tumor cells which consequently prevents their proliferation (Ni and Lu 2018). Indirectly, NK cells can
activate cytotoxic CD8" T cells by producing IFN-y and thus also promote the differentiation of CD4*
T cells into T helper type 1 (Th1) cells, able to contribute to anti-tumor immunity by producing pro-
inflammatory cytokines (Chiossone et al. 2018). The role of NK cells in anti-tumor immunity has been
evaluated in various tumor models, where infiltration of the TME by NK cells contributed to tumor
growth control (Guerra et al. 2008; Mishra et al. 2010; Smyth et al. 2005). This is supported by the fact
that NKG2D knockout mice interbred with transgenic adenocarcinoma mouse prostate (TRAMP,
spontaneous prostate cancer model) mice or Epu-myc (lymphoma model) mice showed higher
susceptibility to tumor development (Guerra et al. 2008). ILC1s are mainly activated by the cytokines
IL-12, IL-15 and IL-18, leading to the production of the anti-tumor cytokines IFN-y and tumor necrosis
factor (TNF)-a (Bernink et al. 2013; A. Fuchs et al. 2013; Klose et al. 2014). In this setting, IFN-y induces
the upregulation of MHC | molecules on tumor cells, enabling them to be recognized and eliminated
by T cells to a greater extent (Martini et al. 2010). Since IFN-y is associated with inhibiting tumor cell
proliferation, promoting tumor cell apoptosis and inhibiting angiogenesis, ILC1s are able to contribute

to anti-tumor immunity in the TME in an indirect way (Beatty and Paterson 2001; Ni and Lu 2018).

Natural killer T cells

Another innate immune cell type contributing to tumor control are Natural killer T (NKT) cells, which
co-express T cell receptors (TCR) and NK lineage markers (Van Kaer 2007). There are 3 types of NKT
cells, including type | NKT, type Il NKT and NKT-like cells. Type | NKT cells are the most abundant and
are also called invariant NKT (iNKT) cells due to their restricted TCR set (Godfrey et al. 2004). The TCR
of NKT cells has an invariant TCRa- and a semi-variant TCRB-chain and recognizes lipid antigens
presented on the non-classical MHC class | molecule CD1d of antigen-presenting cells (APC) (Godfrey
and Berzins 2007). Tumor cells expressing CD1d molecules can be eliminated directly by iNKT cells via
Fas-FasL interaction, the release of granzyme- and perforin-containing granules or the expression of
TRAIL (Diaz-Basabe et al. 2020). Upon activation, iNKT cells express cytokines, including IFN-y, IL-2, IL-4,
TNF-a, Transforming growth factor (TGF) B and Granulocyte Macrophage colony-stimulating factor
(GM-CSF) affecting a wide range of anti-tumor immune cells making them to a linker between innate
and adaptive immune response (Coquet et al. 2007, 2008). Such a linker function of iNKT cells is the
expression of CD40 ligand (CD40L), which binds to CD40 on DCs inducing their maturation (Kitamura
et al. 1999). As a result, DCs express co-stimulatory molecules such as CD80, CD86 and CD40 to a
greater extent and produce IL-12, which in a positive feedback loop enhances IFN-y production by iNKT

cells, NK cells and CD8* T cells (Ma and Clark 2009; Taraban et al. 2008; Y.-F. Yang et al. 2000).
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Tumor-infiltrating monocyte-derived cells

Monocytes are circulating mononuclear phagocytes able to migrate into various types of tissues as a
response to inflammatory signals (Jakubzick et al. 2013). In mice, three types of monocytes have been
described, including classical monocytes (Ly6C" CD43'" CX3CR1'"°), non-classical monocytes (Ly6C",
CD43", CX3CR1") and intermediate monocytes (Ly6C™, CD43", CX3CR1") (Ziegler-Heitbrock et al.
2010). In the bone marrow (BM) classical Ly6C" monocytes arise from common monocyte progenitors
(cMoP) and can differentiate into non-classical or intermediate monocytes after entering the
circulating blood (Orozco et al. 2021; Sunderkotter et al. 2004; Yona et al. 2013). Classical monocytes
require the CC chemokine receptor 2 (CCR2) to leave the bone marrow and migrate within the
bloodstream along the gradient of CCR2 ligands such as Chemokine (C-C motif) ligand (CCL)2, CCL7 or
CCL12 into tissues (Jakubzick et al. 2013; Serbina and Pamer 2006). The recruitment of classical
monocytes to the tumor starts at an early tumor stage and proceeds during tumor progression
(Franklin et al. 2014). For numerous tumor models, it has been described that this recruitment mainly
takes place via the chemokine CCL2 (Chun et al. 2015; Franklin et al. 2014; Qian et al. 2011). Once in
the TME, monocytes can differentiate as response to environmental stimuli into monocytic myeloid-
derived suppressor cells (M-MDSC) and further into tumor-associated macrophages (TAM) or tumor-
associated dendritic cells (TADC) (Lavin et al. 2017; Ugel et al. 2021; Veglia, Perego, and Gabrilovich
2018; Zilionis et al. 2019).

MDSCs are a very heterogeneous myeloid cell population, characterized by their immunosuppressive
properties, favoring tumor progression. The accumulation of MDSCs depends on two groups of signals
(Condamine and Gabrilovich 2011). The first group of signals is driven by tumor-derived factors and
includes GM-CSF, G-CSF, M-CSF, Stem cell factor (SCF) and VEGF (Dolcetti et al. 2009; Umansky and
Sevko 2013). The second group includes inflammatory signals such as IFN-y, IL-1b, -4, -6, -13 or TNF-a
(Veglia, Perego, and Gabrilovich 2018). CD11b* Ly6G* Ly6C" polymorphonuclear-MDSCs (PMN-MDSCs)
are distinguished from CD11b* Ly6G™ Ly6C" CCR2* M-MDSCs (Damuzzo et al. 2015; Lesokhin et al.
2012). M-MDSCs can be distinguished from TAMs since TAMs show a high F4/80 expression and a

lower Ly6C expression compared to M-MDSC (D. I. Gabrilovich and Nagaraj 2009).

TAMs are the most abundant myeloid cell type in the TME and originate mostly from monocytes, as
they can be recruited in large numbers from the blood (Ginhoux et al. 2016). Once in the TME, CCR2*
monocytes can upregulate TAM-associated markers such as F4/80, CD11c, MHC class Il or vascular cell
adhesion molecule 1 (V-CAM1) within a few days. In the TME, these monocyte-derived TAMs show the
ability to proliferate which even increases their number (Franklin et al. 2014). Another source of TAMs

are tissue-resident macrophages (TRM), which arise from fetal-yolk sac or fetal-liver progenitors (Mass
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et al. 2016). While TRMs are more related to tissue remodeling and wound healing, monocyte-derived

TAMs are essentially considered to have a pro-tumor immunosuppressive function (Y. Zhu et al. 2017).

TADCs represent a smaller population in the TME, but with their ability to process and present
antigens, they link the innate and adapted immune response and can thus contribute to immune
control in the TME. DCs arise in the BM from macrophage/DC progenitors (MDP) and differentiate via
intermediates into conventional DCs (type 1 (cDC1) and type 2 (cDC2)), the plasmacytoid DCs (pDCs)
and the monocyte-derived DCs (moDC) (Broz et al. 2014). CDC1s are detectable by the surface markers
CD8a, CD103 and XCR1 (Gardner et al. 2020). A central function of CDC1s in TME is the uptake of tumor
antigen and cross-presentation to naive CD8" T cells in the tumor-draining lymph nodes (dLN). This
activates T cells and stimulates them to proliferate, enabling elimination of tumor cells in an antigen-
specific manner, thereby preventing tumor progression (Broz et al. 2014). This cross-presentation of
tumor antigen to naive CD8" T cells can also be supported by monocyte-derived Ly6C* moDCs with a
similar efficiency to cDCs (Diao et al. 2018). cDC2s are detectable by the surface markers CD11b and
Sirpa. (A. Gardner, de Mingo Pulido, and Ruffell 2020). In contrast to cDC1s, they contribute to anti-
tumor immunity by activating and stimulating CD4* T cells to proliferate through MHC class lI-mediated
pathways (Guilliams et al. 2016). Priming and activation of CD4* and CD8" T cells by cDCs is enhanced
by co-stimulatory molecules. In this regard, the interactions between DCs and T cells via CD80/86-
CD28, CD70-CD27 or OX40L-OX40 induce enhanced T cell activation and thus anti-tumor immunity
(Bottcher and Reis e Sousa 2018; Dannull et al. 2005; Kim et al. 2021). In addition, soluble factors such
as cytokines and chemokines are essential for the activation and migration of cytotoxic cells to the
TME. A central role is played by IL-12, which is produced by cDC1s and stimulates T cells and NK cells
to migrate to the TME for eliminating tumor cells (C. W. Kim, Kim, and Lee 2021). Taken together, DCs
as part of innate immunity exhibit a crucial role in TME by controlling the elimination of tumor cells by
activating the adaptive immune response. In this regard, a high density of TADCs in patients is
associated with improved overall survival and an enhanced anti-tumor T cell immune response which
has been described for breast, lung or head and neck cancer (Broz et al. 2014; Dieu-Nosjean et al.

2008).

Tumor-infiltrating T cells

T cells play a central role in the TME, as they can contribute decisively to the elimination of tumor cells
in addition to the cytotoxic cells of the innate immune system. In this respect, the infiltration of a tumor
by T cells is of central importance for anti-tumor immunity and thus for the rejection of a tumor.
Already at an early stage of tumor growth, tumor antigens get released when tumor cells are

eliminated. The tumor antigens are taken up by cDC1s which migrate to the dLN (Figure 1.2) (Broz et
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al. 2014). The CD8* T cells activated by cDC1s via cross-presentation in the dLN proliferate and migrate
along chemokine gradients to the tumor. The main interactions between chemokines secreted by the
TME and chemokine receptors on T cells include CCL2-CCR2, CXCL9/10-CXCR3 and CCL3/4/5-CCR5
(Fridman et al. 2012; Harlin et al. 2009). When activated and primed CD8* T cells enter the TME, they
recognize tumor cells since they present tumor antigens via MHC | molecules on their surface. T cells
bind with their antigen-specific TCR to the complex of MHC | molecule and antigen. This binding

process activates TCR signaling initiating the T cell-driven elimination of the tumor cell (Figure 1.3).
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Figure 1.3: Cytotoxic CD8" T cells eliminate tumor cells in an antigen-specific manner
DCs present tumor antigens that they have taken up in the TME to naive T cells in the draining lymph nodes on MHC |

molecules. During priming, co-stimulatory signals such as the binding of CD80/86 and CD28 lead to increased activation of
T cells. These proliferate and migrate to the TME, where they induce apoptosis in the tumor cell via the release of perforins,
granzymes, IFN-y and TNF-q.. Created with BioRender.com.

A key role in this T cell-driven elimination of tumor cells is played by IFN-y, which is also produced by
NK cells, NKT cells and ILCs (Shen et al. 2018). IFN-y inhibits tumor cell proliferation by enhancing the
expression of cell cycle inhibitors such as p27Kip, p16 or p21, which has been described for breast
cancer (Kochupurakkal et al. 2015), colorectal cancer (L. Wang et al. 2015) and hepatocellular
carcinoma (W. Li et al. 2012). Similar to NK and NKT cells, CD8" T cells also induce apoptosis in tumor
cells by the release of granzyme and perforin-containing granules (Voskoboinik et al. 2015). cDC2s take
up tumor antigens in the TME and migrate to the draining lymph node in the same way as cDC1s
(Guilliams et al. 2016). In the dLN, they prime naive CD4* T cells in an MHC llI-dependent manner.
During this process, cDC2s secrete IL-12, which triggers the CD4"* T cells to differentiate to Th1 cells.
Once in the TME, as response to cytotoxic lymphocyte-derived IFN-y, Th1 cells also produce IFN-y and
IL-2. These cytokines directly cause tumor cell elimination and indirectly recruit pro-inflammatory
macrophages and activate CD8" T cells, able to contribute to anti-tumor immunity (Saito et al. 2022).
Another subtype of T cells are the CD4* CD25* forkhead box P3 (FoxP3)* regulatory T (Treg) cells (Hori
et al. 2003; Sakaguchi et al. 1995). As mediators of self-tolerance, they inhibit an exuberant immune

response in peripheral tissues and thus prevent autoimmune diseases. In the TME, however, they
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suppress anti-tumor immunity via various mechanisms and thus promote tumor growth (Itahashi et al.

2022).

1.1.3 Immunosuppressive mechanisms driving cancer immune evasion

If innate and adaptive anti-tumor immune responses fail to eliminate a tumor, this is often due to
immunosuppressive mechanisms within the TME. Mechanisms that directly promote tumor growth
are distinguished from mechanisms that suppress anti-tumor immunity and thus prevent immune
control, indirectly leading to tumor progression. The immune system not only contributes to tumor
elimination but can also promote tumor progression. This process is called cancer immuno editing

(Schreiber, Old, and Smyth 2011) (Figure 1.4).
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Figure 1.4: Phases of cancer immuno editing

Cancer immuno editing describes the process in which the immune system can both prevent and support the development
of a tumor. After the initiation of a solid tumor, cancer immuno editing comprises three phases, immune control, immune
equilibrium and immune evasion (Schreiber, Old, and Smyth 2011). Created with BioRender.com.

Cancer immuno editing comprises three phases. In the immune control (or elimination) phase, the
immune system eliminates more tumor cells than proliferate, which in the best case leads to the
complete disappearance of a tumor. However, if immunosuppressive mechanisms are going on in the
TME, they inhibit the anti-tumor immunity leading to a reduced tumor cell elimination. The phase in
which eliminated tumor cells correspond to proliferated tumor cells, is called immune equilibrium.
This state is also called tumor dormancy and can last up to several years. If the immunosuppressive
mechanisms inhibit the anti-tumor immunity to such an extent that more tumor cells proliferate than
the immune system can eliminate, the phase of immune evasion (or immune escape) is reached. If a
tumor was initially successfully rejected but then reappeared, it can enter the process of cancer
immuno editing again. Depending on the intensity of the anti-tumor immunity and proliferation of
tumor cells, the phases of immune control and equilibrium can also be skipped and the state of

immune evasion is reached directly which is often associated with a rapid tumor growth and a poor
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outcome for a patient (O’'Donnell et al. 2019). In the following, we characterize immunosuppressive
mechanisms that inhibit anti-tumor immunity and thus induce the transition to the state of immune
evasion.

The infiltration of the TME by tumor-reactive T cells is of central importance for the successful
elimination of tumor cells. In this context, mechanisms have been described that induce T cell
exclusion, which Spranger and Gajewski refer to as innate evasion (Spranger and Gajewski 2018).
Tumors in which the B-catenin pathway is activated produce CCL4 in a reduced form, whereby Batf3-
lineage DCs in the TME are significantly reduced. However, pre-clinical mouse models showed Batf3-
lineage CD103* DCs in the TME are essential for T cell infiltration. This shows that there is a clear link
between the activation of -catenin in tumor cells and the absence of T cells in the TME, which is
associated with resistance to immunotherapy (Spranger et al. 2015). Another mechanism leading to a
non-T-cell-inflamed TME is a loss-of-function mutation of phosphatase and tensin homolog (PTEN) in
tumor cells (Peng et al. 2016). Tumors with reduced or no PTEN expression show reduced expression
of the autophagy-related genes LC3l and LC3II. Autophagy contributes to the activation of APCs and
cross-presentation of tumor antigens (Zhong et al. 2016). Thus, it is conceivable that the loss-of-
function mutation of PTEN in tumor cells leads to reduced activation of DCs and macrophages,
resulting in the absence of T cells and reduced anti-tumor immunity (Spranger and Gajewski 2018).
Another reason for the exclusion of T cells can be tumor cell metabolism. This is characterized by
hypoxia, which is triggered by rapid proliferation and inadequate angiogenesis (Vander Heiden et al.
2009). Hypoxia activates the HIF-1a signaling pathway, which results in the activation of VEGF and Cox
genes, thereby reducing adhesion molecules. This is accompanied with increased FasL-mediated T cell

death which even reduces the amount of T cells in the TME (Motz et al. 2014).

If infiltration of the TME by tumor-reactive T cells is not prohibited, numerous other mechanisms can
take place in the TME preventing potent anti-tumor immunity and thus promote immune evasion. Pre-
clinical models showed that strong selection pressure in the TME exerted by tumor-reactive T cells
leads to an outgrowth of tumor cell variants that exhibit antigen-loss or reduced antigen expression
(DuPage et al. 2012; Matsushita et al. 2012). In this regard, it has been described that reduced
expression or complete loss of B,-microglobulin expression in tumor cells leads to insufficient MHC |
expression. As a result, less antigen is presented or antigen presentation is completely suppressed and
CD8* T cells can recognize and eliminate the tumor cells less well or not at all (del Campo et al. 2014).
In addition, mutations in the antigen processing machinery can lead to the situation that intact MHC |
molecules cannot present antigens, as these are not or insufficiently processed. Tumor cells that do
not present antigens or do present antigens that are not recognized by the T cells, thus experience a

selection advantage and avoid elimination, which clearly supports ongoing tumor progression. Tumor
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cells can also avoid elimination by losing sensitivity to effector molecules from cytotoxic lymphocytes.
Janus kinases (JAK) are involved in the downstream signaling of IFN receptors (Castro et al. 2018). In
this context, it is known that loss-of-function mutations in JAK-encoding genes lead to insensitivity of
tumor cells to IFN-y (Zaretsky et al. 2016). As a result, IFN-y secreted by cytotoxic lymphocytes has no
eliminating effect on the tumor cells thereby supporting tumor progression. However, it has also been
shown that chronic IFN-y signaling in the tumor cells can lead to epigenetic changes and thereby induce
the expression of immunosuppressive mediators such as PD-L1 or indoleamine 2,3-dioxygenase (IDO)
(Benci 2016). This means that an exuberantly strong and long-lasting IFN-y production can lead in a

negative feedback loop to suppression of cytotoxic T cells.

A strong influence that the TME exerts on the immune system is direct suppression of cytotoxic
lymphocytes, especially T cells, prohibiting tumor cell elimination. In this regard, the immune
checkpoints programmed cell death 1 (PD-1) and Cytotoxic T-lymphocyte protein 4 (CTLA-4) on the
surface of T cells play an important role. PD-1 and CTLA-4 regulate exuberant immune reactions in
order to prevent autoimmune reactions and tissue damage in the host (Le Mercier et al. 2015). The
binding of the ligands PD-L1/PD-L2 to PD-1 or CD80/86 to CTLA-4 transmits inhibitory signals in T cells
limiting their effector function. PD-1 expression of T cells is regulated by activation of TCR signaling.
Thus, naive T cells show a very low PD-1 expression, whereas after activation, T cells show a rapid
increase in PD-1 expression (Agata et al. 1996). PD-1 expression increases when IL-12 and IL-6 act on
the activated T cell during the activation process (Austin et al. 2014). This shows that the stronger the
T cell activation, the stronger the PD-1 expression and thus the possibility that PD-L1* cells can regulate
the immune response of PD-1* cells. PD-L1 is strongly expressed by tumor cells, but also by myeloid
cells such as DCs, TAMs and inflammatory monocytes (Jiang et al. 2019). The regulation of CTLA-4 on
the cell surface of T cells follows an analogous pattern. The stronger the T cell activation, the stronger
the CTLA-4 expression and the possibility of an APC via CD80/86 to bind to CTLA-4 on the T cell and
restrict its effector function (Oyewole-Said et al. 2020). However, a central problem in the TME is that
activated T cells are continuously exposed to their antigen, as this is ubiquitous in the TME. This
continuous antigen stimulation, together with inhibitory signals acting on the T cells, can put them into
a state called exhaustion. T cell exhaustion leads to loss of effector function, upregulation of multiple
inhibitory receptors, altered expression of key transcription factors, metabolic dysfunction and failed
formation of responsive memory T cells (Doering et al. 2012; Wherry 2011). Sustained antigen
stimulation induces increased expression of PD-1, CTLA-4 and the inhibitory molecules lymphocyte
activation gene 3 (Lag3), T cellimmunoglobulin domain and mucin domain-containing protein 3 (TIM3),
T cell immunoreceptor with immunoglobulin and ITIM domains (Tigit), 2B4 and CD160. The higher the

number of co-expressed inhibitory receptors, the stronger the state of exhaustion (Wherry and Kurachi
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2015). Soluble mediators in the TME can also enhance the state of T cell exhaustion. These include, for
example, the immunosuppressive cytokines IL-10 and TGF-f as well as type | interferons, which can in
turn induce the expression of IL-10, PD-L1 or indoleamine 2,3-dioxygenase (IDO) upon continuous
exposure (Wherry 2011; Wherry and Kurachi 2015). Since Treg cells are also a source of IL-10, TGF-3

and IL-35, it is conceivable that they can also contribute to T cell exhaustion (Damo and Joshi 2019).

A large proportion of T cell inhibition in the TME is associated with myeloid cells. Their immuno-
suppressive function is mainly due to MDSCs and TAMs. The immunosuppressive function of MDSCs
mainly originates from arginase (ARG)1, inducible nitric oxide synthase (iNOS), TGF-B, IL-10,
cyclooxygenase 2 (COX2), IDO and prostaglandin E2 (PGE2), mainly inhibiting the function of effector
T cells within the TME (Gabrilovich et al. 2012; Tomi¢ et al. 2019). This MDSC-mediated immuno-
suppression is dynamically enhanced in the TME, as tumor-isolated M-MDSCs showed stronger
suppressive activity than MDSCs isolated from the spleen, indicating a stronger suppressed tumor cell
elimination by T cells in the TME (D. |. Gabrilovich, Ostrand-Rosenberg, and Bronte 2012). The
CCR2/CCL2 axis plays a crucial role in the recruitment of monocytes as precursors for MDSCs to the
TME. CCL2 is secreted by tumor cells, but also by MDSCs and TAMs, whereby these promote their
accumulation in the TME in a positive feedback loop (Xu et al. 2021). Besides immunosuppressive
functions, MDSCs and TAMs induce tumor progression by promoting angiogenesis through secretion
of VEGF, thereby promoting nutrient supply and thus tumor progression which is referred to as
angiogenic switch (Hanahan and Weinberg 2011; Riabov et al. 2014; Sorrentino et al. 2015). TAMs
modulate the TME by inducing cancer cell invasion, immunosuppression and metastasis, which
ultimately promotes tumor growth (Mantovani et al. 2017; Quail and Joyce 2013). TAMs express PD-
L1/PD-L2 and CD80/86 binding to PD-1 and CTLA-4 on the surface of T cells, NK cells and NKT cells,
inhibiting their effector function upon ligation (Belai et al. 2014). In addition, by secreting IL-10, TGF-3
and CCL22, TAMs inhibit the maturation of DCs and recruit Treg cells into the TME. This results in
reduced antigen presentation and increased suppression of cytotoxic T cells (Curiel et al. 2004;

Mantovani et al. 2017).

Immunosuppressive cytokines in the TME also inhibit the function of DCs, which indirectly promotes
tumor progression by reducing T cell priming. IL-6, IL-10, VEGF and TGF-J3 are known to inhibit DC
function in the TME (Zong et al. 2016). Tumor-derived IL-6 inhibits DC maturation and migration and
induces tolerogenic DC phenotypes (Alshamsan 2012; Chomarat et al. 2000; Pahne-Zeppenfeld et al.
2014). IL-10, which can be produced by MDSCs, TAMs and Treg cells, also inhibits the maturation of

DCs and their ability to secrete IL-12, which is important for potent T cell priming (L.-Y. Huang et al.
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2001; A. S. Yang and Lattime 2003). The maturation of DCs is also inhibited by VEGF and TGF-3 (Brown
et al. 2001; D. Gabrilovich et al. 1998).

Treg cells are another cell type that contributes significantly to the inhibition of T cell effector function
and thus limits anti-tumor immunity. APCs express CD80/86 as co-stimulatory molecules, which bind
to CD28 on the surface of T cells during priming. However, the affinity of CD80/86 to CD28 is weaker
than that to CTLA-4. Treg cells express CTLA-4 and bind CD80/86 on APCs with a higher affinity thereby
weakening the priming of T cells (Itahashi, Irie, and Nishikawa 2022). The cytokine IL-2 is essential for
the activation and proliferation of T cells, especially of Treg cells. Since the IL-2 production of Treg cells
is absent due to their FoxP3 expression, they consume the IL-2 produced by other immune cells in the
TME. This means that the effector T cells have less IL-2 available, which inhibits their activation and
proliferation (Spolski, Li, and Leonard 2018). Via the expression of CD39 and CD73, Treg cells induce
the production of the immunosuppressive adenosine in the TME (Allard et al. 2017). Adenosine binds
to the adenosine receptor A2A on effector T cells and induces inhibitory signals that lead to reduced
anti-tumor immunity. Treg cells even increase this process by the release of huge amounts of ATP
which is catalyzed by CD39 and CD73 to adenosine (Deaglio et al. 2007; Ohta et al. 2012; Stagg et al.
2011). In addition, Treg cells produce immunosuppressive cytokines such as IL-10, IL-35 and TGF-p,
which inhibit the activity of APCs and effector T cells. Through the secretion of granzymes and
perforins, they can even induce apoptosis in APCs and effector T cells (Jarnicki et al. 2006; Turnis et al.

2016).

12



Introduction

1.2 Cancer Immunotherapy

The complex network of the TME represents a major obstacle to the elimination of a tumor by the
immune system because of its great heterogeneity and multitude of immunosuppressive factors. In
addition to conventional cancer therapy approaches such as radiotherapy or chemotherapy, cancer
immunotherapy has been gaining importance for more than two decades now. Cancer immunotherapy
describes the therapeutic approach aiming to enable the host’s immune system to eliminate tumor
cells on its own. Since the beginning of cancer immunotherapy in the late 19th century by William B.
Coley (McCarthy 2006) who successfully treated many bone and soft-tissue sarcoma patients with
bacterial products, called Coley’s toxin, numerous other methods have been developed. In this regard,
therapeutic approaches are needed that specifically sensitize the host immune system to the tumor,
able to specifically address targets in the TME, that is mainly weakening the efficiency of immuno-

therapeutic approaches.

1.2.1  Immune checkpoint blockade-mediated cancer immunotherapy

The function of effector T cells is controlled by various negative regulators known as checkpoint
molecules. These have the task of preventing exuberant immune reactions that could lead to
autoimmune reactions and host tissue damage. CTLA-4 and PD-1 are the most potent checkpoint
molecules for T cell regulation. CTLA-4 primarily regulates T cell activation in the lymph node, while
PD-1 regulates the function of already activated T cells at the site of inflammation, such as the TME
(Fife and Bluestone 2008) (Figure 1.5).
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Figure 1.5: Function of immune checkpoint blockade by anti-CTLA and anti-PD-1

Activation of T cells in the lymph node is regulated by activating (CD28) and inhibitory (CTLA-4) receptors. Activated T cells
migrate to peripheral tissues, such as the TME, to eliminate tumor cells. In the TME, PD-L1 expressing cells, such as tumor
cells, can inhibit the function of effector T cells by PD-1 ligation. Anti-CTLA-4 and anti-PD-1 aim to prevent this inhibition to
enable anti-tumor immunity. Adapted from Akiko Iwasaki and Ribas 2012. Created with BioRender.com.
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CTLA-4 is a member of the immunoglobulin (Ig) superfamily and bears a high similarity to the surface
protein CD28 on T cells, which mediates co-stimulation in T cell activation (Brunet et al. 1987; Harper
et al. 1991). CTLA-4 is expressed by naive T cells at a basal level and is strongly upregulated upon
antigen contact, whereas CD4* CD25* Treg cells constitutively express CTLA-4. The co-stimulatory
molecules CD80/86 on the surface of APCs bind to CD28 on the T cell upon antigen presentation, which
triggers an activating signaling pathway. However, CD80/86 binds CTLA-4 with a higher affinity
compared to CTLA-4. APCs therefore bind via CD80/86 to CTLA-4 of already activated T cells, triggering
an inhibitory signal in these T cells (Linsley et al. 1994). This results in reduced T cell activation and
proliferation (Krummel and Allison 1995). CTLA-4 expressing Treg cells have an immunoregulatory
effect by binding to CD80/86 via CTLA-4 and thus limiting the activation of effector T cells (Jain et al.
2010). Allison and colleagues were the first to use a neutralizing anti-CTLA-4 antibody to enhance anti-
tumor immunity against transplanted colon carcinoma and fibrosarcoma (Leach, Krummel and Allison
1996). The first approved anti-CTLA-4 antibody was Ipilimumab in 2011, which was effective in stage
I1I/IV melanoma and prolonged short-term and long-term survival (Hodi et al. 2010; Schadendorf et al.
2015). However, clinical studies on the effect of ipilimumab in renal cell carcinoma, small-cell and non-
small-cell lung cancer and prostate cancer showed less strong effects (Kwon et al. 2014; Lynch et al.

2012; Reck et al. 2013; J. C. Yang et al. 2007).

Analogous to CTLA-4, PD-1 inhibits exuberant effector function of T cells in peripheral tissues to
prevent autoimmune reactions and tissue damage (Le Mercier, Lines, and Noelle 2015). However, in
the TME ligation of PD-1 leads to suppression of the effector function of T cells thereby favoring tumor
progression. Ligation of PD-1 by its ligands PD-L1 and PD-L2 induces phosphorylation of the immuno-
receptor tyrosine-based switch motifs (ITSM) and immunoreceptor tyrosine-based inhibitory motifs
(ITIM), leading to recruitment of the phosphatases SHP1 and SHP2. These dephosphorylate several key
proteins downstream of the TCR, suppressing signaling pathways such as PI3K/AKT, Ras, MAPK, ERK
and ultimately inhibiting the T cell cycle, cytokine production and therefore T cell proliferation and
differentiation. Consequently, this leads to loss of immune function (Hui et al. 2017; Patsoukis et al.
2012; Sharpe and Pauken 2018). Due to the role of PD-1 in the negative regulation of the effector
function of T cells, research has focused on whether blocking the PD-1 axis can be used for
immunotherapy. Neutralizing anti-PD-1 antibodies made it possible to prevent tumor cell-mediated
suppression of T cells via PD-1 ligation and to enable anti-tumor immunity (Hirano et al. 2005; Iwai et
al. 2002). In mouse models, anti-PD-1 was also shown to limit the formation of metastases in B16
melanoma and CT26 colon carcinoma (lwai et al. 2005). In 2014, the first anti-PD1 antibodies
pembrolizumab and nivolumab were approved for the treatment of unresectable melanoma (Gong et

al. 2018). In advanced melanoma studies, pembrolizumab showed an improvement over CTLA-4
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blockade by ipilimumab (Robert et al. 2015), which was also shown in further studies for head and
neck squamous cell carcinoma, Hodgkin lymphoma, urothelial carcinoma and gastric/gastro-
oesophageal junction cancer (Bellmunt et al. 2017; Cohen et al. 2019; C. S. Fuchs et al. 2018; Moskowitz
et al. 2016). The effect of nivolumab has so far been demonstrated for renal cell carcinoma, head and
neck squamous cell carcinoma, urothelial carcinoma, hepatocellular carcinoma and Hodgkin
lymphoma (Ansell et al. 2015; El-Khoueiry et al. 2017; Ferris et al. 2016; Motzer et al. 2015; Sharma et
al. 2017). Despite the promising studies, the response rates of patients to single immune checkpoint
blockade (ICB) vary dramatically, ranging from almost nonexistent in pancreatic cancer or
microsatellite-stable colonic adenocarcinoma, to 15-30 % in most other tumor types, to 50-80 % in
melanoma, Hodgkin lymphoma, squamous-cell skin carcinoma and Merkel cell carcinoma (Esfahani et
al. 2020). Besides response rates, immune-related adverse events (irAEs) are a central problem of ICB.
Anti-CTLA-4 is more likely to cause toxic adverse events affecting the gastrointestinal tract and brain,
while anti-PD1-based ICB carries a higher risk of hypothyroidism, hepatoxicity and pneumonitis (Kumar
et al. 2017). In addition, anti-CTLA-4-based ICB is more often associated with an increased risk of

autoimmune complications (Bertrand et al. 2015; P.-F. Wang et al. 2017).

1.2.2  Adoptive cell transfer-mediated cancer immunotherapy

Adoptive cell transfer is another cancer immunotherapy method. Therefore, autologous or allogeneic
hematopoietic stem cells (HSC) or immune cells are infused into patients. Hematopoietic stem cell
transplantation (HSCT) is mainly used for lymphomas, leukemia, multiple myelomas and myelo-
proliferative neoplasms but also for treating solid tumors such as neuroblastomas (Tuthill and
Hatzimichael 2010). Since HSCs have the ability to self-renew and differentiate into all mature blood
lineages, HSCT aims to replace the defective HSCs and reconstitute the entire hematopoietic system
(Ogonek et al. 2016). For the first adoptive transfer of T cells, tumor-infiltrating leukocytes (TIL) isolated
from tumor biopsies were expanded with the T cell-stimulating cytokine IL-2 and then injected
intravenously into melanoma patients together with IL-2. This resulted in a response rate of about
30 %, but the median response duration was limited. Lymphodepletion prior to adoptive T cell therapy
of metastatic melanoma patients resulted in an increase in the response rate and enabled complete
tumor regression in over 20 % of patients (Rosenberg et al. 1988, 1994 and 2011). Chimeric antigen
receptor (CAR) T cells represent a further development of this method. To produce CAR T cells, T cells
isolated from a patient or a donor are modified in vitro to express TCRs that recognize antigens on the
surface of malignant cells to eliminate them (Sadelain et al. 2013). When modifying the TCR, activating
domains such as CD28 or CD40L are incorporated to enhance T cell activation and thus tumor cell
elimination (Kuhn et al. 2019; Maher et al. 2002). However, the development of CAR T cells is

problematic due to the fact that a suitable tumor antigen must be characterized. Therefore, CAR T cell
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therapy has so far shown the most promising results in the treatment of B cell-associated tumors such
as chronic lymphocytic leukemia or B cell acute lymphoblastic leukemia, as these show stable CD19
expression (Brentjens et al. 2013; Porter et al. 2011). Side effects associated with CAR T cell therapy
are neurotoxicity and the frequently occurring cytokine release syndrome, which induces flu-like
symptoms with varying intensity (Neelapu et al. 2018). Further disadvantages of CAR T cell therapy are
that antigens have to be characterized patient-specific and the production process of CAR T cells is

currently still very complex and especially very cost-intensive.

1.2.3  Vaccination-mediated cancer immunotherapy

Another field of research in cancer immunotherapy which is gaining popularity is cancer vaccination.
Within the last decades, numerous methods have been developed aiming to enhance the activation of
cellular specific anti-tumor immune responses to enable the immune system for eliminating tumor

cells in a targeted manner.

1.2.3.1  Prophylactic cancer vaccination

For the prevention of numerous viral infectious diseases, multiple vaccines have been developed with
great success (van Panhuis et al. 2013). With regard to cancer vaccination, this enabled the
development of prophylactic cancer vaccines against the cancer-causing hepatitis B virus (HBV) and
human papilloma virus (HPV) (Crews et al. 2021). The enormous success of vaccines against infectious
diseases, including the cancer-causing viral diseases HBV and HPV, is attributed to the fact that most
of the causative structures are known and recognized by the immune system as "non-self". In contrast,
tumor cells developing in host tissues primarily express "self" antigens which are more likely to be
tolerated by the immune system (Donninger et al. 2021). Therefore, a central part of the research and
development of therapeutic anti-tumor vaccines involves the identification of tumor-associated

antigens (TAA) enabling a targeted response against tumor cells.

1.2.3.2 Whole-cell- and peptide-based vaccination

Cancer vaccination focuses on priming and expanding T cells with TAAs in order to generate potent
tumor-reactive T cells. In this process, DCs are of central importance, as they can take up TAAs and
mediate the priming of naive T cells in the tumor-dLN. This process is exploited with so-called whole-
cell vaccines. DCs are loaded with TAAs and administered to a patient. This causes the generation of
TAA-specific T cells. The first and so far only Food and Drug Association (FDA)-approved cancer vaccine
Sipuleucel T (Provenge®) is such a whole-cell vaccine, which is used to treat metastatic castration-
resistant prostate cancer patients. Autologous DCs are isolated from the patient and loaded with

prostatic acid phosphatase (PAP) antigen fused with GM-CSF. This aims to generate CD8" T cells that
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can specifically recognize and eliminate PAP-expressing prostate tumor cells (Gardner et al. 2012). In
a clinical study, a small but significant benefit in overall survival was observed with Sipuleucel T (Kantoff
et al. 2010). However, this method also has the disadvantages of very complex production combined
with high costs. Peptide-based vaccines offer an alternative to whole-cell-based vaccines. In this case,
the TAAs are administered directly, aiming to be taken up by APCs to prime naive T cells. The selection
of a TAA is crucial in order to generate potent anti-tumor immunity. Peptides used for development
and studies include cancer/testis antigen 1B (CTAG1B), MAGE family member A3 (MAGE-A3) or Wilm's
tumor 1 (WT1) (Baumgaertner et al. 2016; Brayer et al. 2015; Vansteenkiste et al. 2016). However,
none of the studies have been able to demonstrate a significant benefit, which is why there are

currently no FDA-approved peptide-based cancer vaccines in use.

1.2.3.3 DNA- and mRNA-based cancer vaccination

DNA and mRNA vaccines are another possibility for administering Tumor antigen to enable specific
T cell priming for anti-tumor immunity. The tumor antigen-encoding gene sequence is administered in
the form of closed circular DNA plasmids or mRNA molecules (Lopes et al. 2019; Pardi et al. 2018). This
offers the possibility of administering the coding gene sequence for adjuvants, such as Toll-like
receptor (TLR)-activating substances or chemokines that target specific DC subsets or recruit T cells.
DNA and RNA vaccines are internalized after intramuscular injection. The coding DNA needs to
translocate to the nucleus, where it is transcribed into mRNA (Bai et al. 2017). RNA vaccines have the
advantage that the mRNA does not have to translocate into the nucleus, as it can be translated into
proteins directly after entering the cytoplasm. During translation, the tumor antigens and, depending
on the vaccine composition, the adjuvants in form of TLR-activating substances or chemokines are
expressed. The tumor antigens are processed and presented on the cell surface via MHC | and MHC Il
molecules, which enables a CD8" and CD4* T cell response (Lei Li and Petrovsky 2016). In addition, the
adjuvants are expressed, which enhances the vaccination. In pre-clinical tumor models, DNA vaccines
have been shown to provide potent anti-tumor immunity characterized by a CD4* and CD8" T cell
immune response (Duperret et al. 2019). In clinical trials, however, DNA cancer vaccines have shown
minor progress so far, which was mainly attributed to the insufficient immunogenicity (Suschak et al.
2017). In contrast, various mRNA vaccines have achieved promising results in clinical trials for the
treatment of aggressive metastatic solid tumors. The mRNA vaccines TriMix and BNT111 showed
potent CD4* and CD8* T cell responses in patients with melanoma and ICB-resistant metastatic
melanoma, respectively (De Keersmaecker et al. 2020; Sahin et al. 2020). Somatic mutations in
transformed host cells include gene mutations and gene rearrangements and promote oncogenesis
(Hanahan and Weinberg 2011). If changes occur in the protein sequence due to these mutations, they

are referred to as neoantigens. Compared to TAAs, which can also be expressed on host cells,
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neoantigens are rather considered by the immune system to be "non-self" and are therefore better
recognized by T cells (M. J. Lin et al. 2022). The identification of such neoantigens by next-generation
sequencing and bioinformatic analyses is the basis for personalized vaccines. mRNA vaccines encoding
multiple personalized neoantigens are showing promising results in ongoing clinical trials for the
treatment of various solid tumors and underpin progress in this field (Cafri et al. 2020; Sahin et al.
2017; Zhan et al. 2020). However, regardless of the vaccination method, the identification of suitable

tumor neoantigens will be a key aspect of cancer vaccine research.

1.2.3.4 Transcutaneous immunization

Transcutaneous immunization (TCl) is a non-invasive needle-free drug delivery system that allows
targeting of APC subsets localized in skin tissue to generate an antigen-specific potent T cell immune
response. This aims to overcome the limitations of conventional vaccination methods in terms of
inadequate cellular immune responses. In contrast to conventional vaccination methods, the vaccine
is applied directly onto or into the skin, which was first conducted in 1998 by Glenn and colleagues
(Glenn et al. 1998). The skin is made up of a large number of different immune cell types that built the

skin associated lymphoid tissue (SALT), making the skin to an ideal tissue for vaccination (Figure 1.6).

Stratum corneum

oo

205000,

0020 »
02 »

Epidermis
"o

>
i =
s
. G
o e
O~ OQ/0 OOy
o Y0 0¥ oy
o

Oo
o (]
Sz 00002,

CD4+T & Langerhans %

dissoiving hollow

cell cell
H Macrophage coated solid
a Hair follicle acrophiage 3 Thermal Electro- Sono- Tape stripping Hydrogel liposomal
g 0 .Jet. P(')wd'er Microneedles microporation  poration poration or abrasion patches  formulations
Q g Injection  Injection
{ Injection methods " 5 q 5 R
) Microporation methods Local transport Disruptive Passive methods
region methods methods

Adipose tissue

Figure 1.6: Composition of the skin and transcutaneous drug delivery methods

The Epidermis is largely populated by Keratinocytes, Langerhans cells and CD8* T cells. Instead in the Dermis occur mainly
CD4* T cells, Mast cells, dermal DCs, Macrophages and ILCs. The Subcutis which is located under the Dermis consists primarily
of adipose and connective tissue as well as blood vessels running through (adapted from Pasparakis et al. 2014). Furthermore,
various transcutaneous drug delivery methods are described. These include injection methods (jet injection and powder
injection), microporation methods (microneedles or thermal microporation), local transport region methods (electroporation
or sonoporation), disruptive methods (tape stripping or abrasion) and passive methods (hydrogel patches or liposomal
formulations) (adapted from Engelke et al. 2015). Created with BioRender.com.

The stratum corneum, as the outermost layer of the skin, plays a decisive role, as it represents a
penetration barrier and must be overcome by the vaccine components. Various techniques have been
developed to overcome this skin layer. These include injection techniques (jet injection or powder
injection), microneedle-based systems (dissolving, coated, hollow or solid microneedles), thermal

microporation, electroporation, sonoporation, disruptive approaches (waxing, tape stripping) or
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passive delivery approaches (hydrogel patches or liposomal formulations) (Engelke et al. 2015). When
the antigens contained in the vaccine have crossed the stratum corneum and arrived in the other
epidermal layers or the dermis underneath, they can be taken up by APC subtypes such as dermal DCs
(dDCs) or Langerhans cells (LC). The dDCs and LCs migrate to the draining LN and present the antigens
to naive T cells, which activates and stimulates them to proliferate. The antigens contained in the
vaccine thus represent exogenous antigens presented by DCs to naive CD4* T cells. However, through
the process of cross-presentation, DCs and LCs can also present exogenous antigens to CD8" T cells
(Stoitzner et al. 2006), which significantly expands the repertoire of the generated T cell immune

response.

In addition to generating a strong cellular immune response, the TCI method offers further advantages.
There are no medical professionals needed to vaccinate patients and there is no direct contact with
the patient's bloodstream during vaccination, which additionally to needle-free application, drastically
reduces the risk of infection. In this regard, the World Health Organization (WHO) estimates that about
40 % of the 16 billion injections per year worldwide are performed with re-used injection equipment
(World Health Organization 2015), resulting in over 300,000 HCV infections and over 1,6 million HBV
infections in 2010 (Pépin et al. 2014). In addition, needle phobia is avoided in patients due to needle-
free application. The focus in the field of TCl is on the development of microneedle-based drug delivery
systems, which have shown promising immune responses in pre-clinical models (Alimardani et al.
2021). For some non-cancer diseases, different microneedle-based systems have also been tested in
clinical trials or some are still in ongoing clinical trials (Dongdong Li et al. 2021). However,
transcutaneous immunization methods for cancer immunotherapy have not yet been tested in clinical
trials. Thus, the use of TCI by various dermal drug delivery methods is mainly limited to pre-clinical
research, which is why no approved TCl-based vaccine is available on the market today. Compared to
drug delivery platforms such as DNA or RNA vaccines, TCl-based platforms such as microneedles offer
the further advantages of cheap and easy production and increased thermostability to avoid cold
chains. This proved to be an obstacle to global vaccine supply, especially in pandemic situations, such

as the ongoing COVID-19 pandemic (O’Shea et al. 2021).
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1.2.3.5 Dithranol- and Imiquimod-based transcutaneous immunization for cancer immunotherapy

The TCl method developed in 2005 by Rechtsteiner and colleagues involved the passive delivery of
ovalbumin-derived antigenic peptides together with the Toll-Like Receptor 7 agonist imiquimod
(Rechtsteiner et al. 2005). Imiquimod in the form of the commercially available cream formulation
Aldara® was applied onto the intact back skin of mice. This induced the formation of antigen-specific
CD8* T cells. However, this method failed to induce a memory T cell response due to TLR-7-
independent effects that induced expansion of inhibitory MDSCs and Treg cells. In order to induce a
memory T cell response, the imiquimod-containing freeze-dried nano-emulsion IMI-Sol was developed
in cooperation with the research group of Prof. Dr. Peter Langguth (Gogoll et al. 2016). IMI-Sol contains
the same imiquimod concentration of 5 %, but generated an increased CD8* T cell response compared
to the Aldara®-based TCl. However, administration of IMI-Sol alone also failed to induce a memory
T cell response. Only the combined administration with the ICl anti-CTLA-4, which prevented inhibitory
Signals and enhanced the T cell response, led to the formation of a memory T cell response (Rausch et
al. 2017). Likewise, this could be achieved by co-stimulation through CD40 ligation (Bialojan et al.
2019). Both methods enhanced the immune response and enabled prolonged protective immunity in
the B16-OVA tumor model. However, the therapeutic rejection of solid tumors could not be achieved
by these methods. Furthermore, the administration of the additional agents required intraperitoneal
injection, which contradicted the needle-free handling of TCI. This necessitated the development and
characterization of a skin-responsive adjuvant that could induce a potent primary and memory T cell
response. The combination of the anti-psoriatic dihydroxyanthrone dithranol with IMI-Sol-based TCI
(Dithranol/IMQ-based transcutaneous vaccination (DIVA)) enhanced the vaccination efficiency and for
the first time induced a memory T cell immune response. The T cell immune response was charac-
terized by superior cytolytic CD8* T cells and CD4* T cells with a Th1 cytokine profile (Sohl et al. 2022).
Since the ear skin of the mice was used as immunization area, the method also reduced the required
immunization area threefold compared to the previously immunized area on the back skin. Dithranol
induced an inflammatory environment in the immunized skin tissue that recruited monocytes to the
skin tissue and enhanced TLR-7-dependent activation of DCs and macrophages. This resulted in
significantly increased T cell priming, which enabled protection against vaccinia virus. The significantly
enhanced primary and memory T cell immune response makes DIVA a promising method for use as a
therapeutic cancer vaccine. Figure 7 schematically illustrates the strategy of using DIVA to generate
tumor antigen-specific T cells. Dithranol is applied to the skin, which recruits diverse immune cells,
primarily monocytic cells, to the immunized tissue. Imiquimod in the form of Imi-Sol and ovalbumin-
derived peptides are applied onto the skin 24 h later. This allows the inflammatory environment

induced by dithranol to be used for optimal activation of APCs and to induce their antigen uptake.
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Figure 1.7: The immunological strategy to generate tumor-reactive T cells with DIVA

Schematic view of the immunological mechanisms occurring during the transcutaneous immunization based on the adjuvants
Dithranol and imiquimod. Adjuvants are administered onto the skin surface together with OVA-derived Peptides. These enter
the dermis via hair follicles and activate APCs that take up the Antigens an migrate to draining lymph nodes to prime naive
T cells. Activated T cells are stimulated to proliferate and migrate to the TME to eliminate tumor cells. Created with
BioRender.com.

In this process, the adjuvants and peptides diffuse primarily through hair follicles to reach the dermis.
APCs are activated by imiquimod in a TLR-7-dependent manner, take up the MHC | and II-restricted
ovalbumin-derived peptides and migrate to the dLNs. Once in the dLNs they present the peptides to
naive CD4* and CD8* T cells, which are activated and stimulated to expand. The activated and expanded
T cells migrate along chemokine gradients to the TME to recognize and eliminate tumor cells that

present ovalbumin-derived peptides via MHC | molecules.
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1.3 Aim of the project

The Imiquimod-based TCI methods developed in the research group of Prof. Dr. Markus Radsak
enabled the generation of a potent primary immune response, characterized by activation of antigen-
specific CTLs. However, induction of a memory T cell immune response and protection against injected
tumor cells was only possible with help of intraperitoneally injected enhancers such as the IClI anti-
CTLA-4 or additional co-stimulation through CD40-ligation. Consequently, therapeutic rejection of
solid tumors could not be achieved by these methods. Combining imiquimod with the anti-psoriatic
dihydroxyanthrone dithranol induced for the first time the generation of a memory T cell immune

response.

The TME, with its complex heterogeneous structure consisting of a variety of immunosuppressive cell
types and soluble factors, reflects the main obstacle for successful cancer immunotherapy to treat
solid tumors. On the one hand, these factors in the TME directly promote the proliferation of tumor
cells and on the other hand, they inhibit immunological anti-tumor mechanisms for tumor cell
elimination. Therefore, it is essential to characterize the immunosuppressive mechanisms in the TME
in order to understand how immunizations must be adapted to control tumor growth in a therapeutic

setting.

In the present work, the first aim was to optimize the amount of memory T cells generated by the
dithranol-imiquimod-based TCl method in order to observe a tumor-controlling effect. Further on, the
focus of the work was to identify the cellular composition of the TME after optimized therapeutic
dithranol-imiquimod-based TCI. In this context, a precise phenotypic characterization of the individual
cell types in the TME should provide information about immunosuppressive mechanisms in the TME
and to which extent they prevent successful anti-tumor immunity. Immunosuppressive effects of the
cell types detected in the TME characterization should be functionally demonstrated in depletion
experiments to identify specific targets that can be used to inhibit immunosuppression for successful

immunotherapy.
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2 Material

2.1 Laboratory Equipment

Table 2.1: Laboratory Equipment

Device

Company

Analysis scale

Sartorius CP64 (Go6ttingen, Germany)

BD Rhapsody™ single cell analysis system

BD Bioscience (Franklin Lakes, USA)

Cell counter (Vet Animal blood counter)

Scil veterinary excellence (Viernheim, Germany)

CO; incubator

Sanyo (Miinchen, Germany)

Cooling centrifuge

Hereaus (Hanau, Germany)

Digital caliper

Thermo Fisher Scientific (Darmstadt, Germany)

Electric shaver

B. Braun (Melsungen, Germany)

ELISpot reader AiD iSpot (ELROSIFL)

AiD Diagnostika GmbH (StralRberg, Germany)

Flow cytometer (FACS Canto, Symphony)

BD Bioscience (Franklin Lakes, USA)

Freezer (-20 °C, -80 °C)

Liebherr (Biberach an der RiR, Germany)

Fridgerator (4 °C)

Liebherr (Biberach an der RiR, Germany)

Incubation waterbath (Aqualine AL12)

Lauda (Ko6nigshofen, Germany)

Infrared lamp (INFRARED-H95E)

Philips (Hamburg, Germany)

Injection cage

Kent Scientific (Torrington, USA)

Laminar flow workbench

Heraeus (Hanau, Germany)

MACS seperator

Miltenyi Biotec (Bergisch-Gladbach, Germany)

Mini centrifuge (MCF-2360)

LMS (Tokyo, Japan)

Multichannel pipette

Eppendorf (Hamburg, Germany)

Neubauer counting chamber

Roth (Karlsruhe, Germany)

Oxygen concentrator

Respironics (Herrsching, Germany)

Pipetboy comfort

INTEGRA bioscience (Fernwald, Germany)

Pipettes

Eppendorf (Hamburg, Germany)

Platform shaker (Titramax 100)

Heidolph (Schwabach, Germany)

Thermal mixer

Thermo Fisher Scientific (Darmstadt, Germany)

UniVet anesthesia Induction chamber

Groppler Medizintechnik (Deggendorf, Germany)

UniVet Porta anesthesia machine

Groppler Medizintechnik (Deggendorf, Germany)

Vortex mixer

VWR (Leuven, Belgium)
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2.2 Chemicals and consumable materials

2.2.1 Consumables

Table 2.2: Consumables

Consumable

Company

Autoclavable bags

Roth (Karlsruhe, Germany)

C-Chip Counting Chamber

Nanoentek (Waltham, USA)

Cell culture flask (25 cm?, 75 cm?, 175 cm?)

Greiner (Frickenhausen, Germany)

Cell strainer (40 um, 70 um)

Greiner (Frickenhausen, Germany)

Centrifuge tubes (15 ml, 50 ml)

Greiner (Frickenhausen, Germany)

ELISpot plates

Merck Millipore (Darmstadt, Germany)

Latex and nitril gloves

Starlab (Hamburg, Germany)

Multi-well plates (F-, U- or V-bottom)

Greiner (Frickenhausen, Germany)

Petri dishes

Sigma-Aldrich (Steinheim, Germany)

Reagent reservoir

Corning incorporated (New York, USA)

Reagent tubes (0,5 ml, 1,5 ml, 2 ml)

Eppendorf (Hamburg, Germany)

Reagent tubes for Flow Cytometry

Greiner (Frickenhausen, Germany)

Scale dishes

VWR (Leuven, Belgium)

Scalpels

Dahlhausen (Halberstadt, Germany)

Syringes (1 ml, 30 ml)

B. Braun (Melsungen, Germany)

2.2.2  Kits and staining dyes

Table 2.3: Kits and dyes

Kit

Company

BD Rhapsody Cartridge Kit

BD Rhapsody Cartridge Reagent Kit

BD Rhapsody cDNA Kit

BD Rhapsody WTA Amplification Kit

BD Rhapsody Sample Buffer

BD Bioscience (Franklin Lakes, USA)

Calcein AM

Thermo Fisher Scientific (Waltham, USA)

DRAQ7

BD Bioscience (Franklin Lakes, USA)

eBioscience FoxP3 / Transcription Factor Staining

Buffer Set

Thermo Fisher Scientific (Waltham, USA)

Fixable Viability Dye eFluor™ 780

Thermo Fisher Scientific (Waltham, USA)
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2.2.3 Reagents

Table 2.4: Reagents

Reagent

Company

3-Amino-9-ethyl-carbazole (AEC)

Sigma-Aldrich (Steinheim, Germany)

Ammonium chloride

Roth (Karlsruhe, Germany)

BSA

PAN Biotech (Aidenbach, Germany)

CFSE

Thermo Fisher Scientific (Waltham, USA)

Collagenase-4

Worthington Biochemical Corporation (New Jersey, USA)

Dithranol Sigma-Aldrich (Steinheim, Germany)
DMSO Sigma-Aldrich (Steinheim, Germany)
DNase-| Sigma-Aldrich (Steinheim, Germany)
EDTA Sigma-Aldrich (Steinheim, Germany)

Ethanol (96 %)

Merck (Darmstadt, Germany)

FCS

Gibco (Darmstadt, Germany)

Hydrogen peroxide (30 %)

Merck (Darmstadt, Germany)

Ketamine hydrochloride (2 ml)

Inresa (Freiburg, Germany)

L-Glutamine

Roth (Karlsruhe, Germany)

- OVA2s7-264 (SIINFEKL)
- OVAs23.337 (ISQAVHAAHAEINEAGR)

Peptides & elephants (Henningsdorf, Germany)

Penicillin/Streptomycin

Serva (Tubingen, Germany)

Rompun 2 % (Xylazin hydrochloride)

Bayer (Leverkusen, Germany)

RPMI

Gibco (Darmstadt, Germany)

Sodium pyruvate

Serva (Tubingen, Germany)

Trypan blue solution

Calbiochem (Darmstadt, Germany)

Tween-20

Roth (Karlsruhe, Germany)

Vectastain ABC-Kit

Maravai Life Sciences (San Diego, USA)

25



Material

2.2.4 Buffers and media

Table 2.5: Buffers and media

Buffers/media

Composition

ACK buffer

8,02 g/| Ammonium chloride
0,1 g/l Potassium hydrogen carbonate

0,037 g/| Ethylenediaminetetraacetic acid (EDTA)

AEC complex solution
(50 ml)

1 3-Amino-9-ethylcarbazole (AEC) tablet
2,5 ml Dimethyl formamide

In Sodium acetate buffer filled up to 50 ml and sterile filtrated

EDTA blood buffer

30 mM Ethylenediaminetetraacetic acid (EDTA)
0,01 % Sodium azide

dissolved in 1x Phosphate buffered saline (PBS)

FACS buffer

0,5 % Bovine serum albumin (BSA, 0,2 um)
5 mM EDTA dissolved 1x in PBS

FCS

the FCS was ordered from Gibco. Before the usage the FCS was heat
inactivated in the waterbath for 45 min at 56 °C and centrifuged at

600 g

Gey’s lysis buffer

150 mM Ammonium chloride

1 mM Potassium hydrogen carbonate

1 mM EDTA

dissolved in desalted Water, adjusted on pH 7,3 and sterile filtrated
(0,2 um)

IMDMS5/IMDM10
(5 %/10 % FCS)

5 %/10 % FCS

1 % Sodium pyruvate

1 % Glutamine

dissolved in IMDM (Iscove's Modified Dulbecco’s Medium (Sigma))

1:1000 Penicillin/Streptomycin

MACS buffer

0,5 % BSA (0,2 pm)
5 mM EDTA (pH 7,2)

dissolved in 1x PBS and degased before usage
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Buffers/media

Composition

MEM .
[ ]

10,58 g/I MEM dry powder
4,77 g/I HEPES buffer

1 % Penicillin/Streptomycin
1 % B-Mercaptoethanol

dissolved in desalted water and sterile filtrated (0,2 um)

Phosphate buffered .

8,18 g/l Sodium chloride

saline (1x PBS) e 1,56 g/l Sodium hydrogen phosphate dihydrate
e dissolved in desalted Water, adjusted on pH 7,3 and sterile filtrated
(0,2 um)
Physiological e 0,2 % Trypan blue in desalted water
Trypanblue solution e 4,25 % Sodium chloride in desalted water
e Mixing in a ratio of 1:5
2.2.5 Antibodies
Table 2.6: Antibodies
Antibody Conjugate Clone Company Dilution | Usage
aCD3 PE-Cy5 17A2 BioLegend 1:500
aCD8 PB 53-6.7 BioLegend 1:500
aCD8 BV785 53-6.7 BiolLegend 1:500
aCD11b BV605 M1/70 BioLegend 1:500
aCD11c APC-R700 N418 BioLegend 1:500
aCD11c PE-Cy7 N418 BioLegend 1:500
aCD16/32 - 2.4G2 BD 1:100
aCD19 PE-Cy5 6D5 BioLegend 1:500
aCD44 APC IM7 BioLegend 1:400
aCD45pan BV785 30-F11 BioLegend 1:500
o CD45pan BUV805 30-F11 BD 1:1000
aCD62L FITC MEL-14 BioLegend 1:1000 EACS
aCD64 BUV737 X54-5/7.1 BD 1:500
aCD90.2 biotinylated 30-H12 BD 1:400
aCD103 BV711 M290 BD 1:100
aCCR2 PE SA203G11 BioLegend 1:200
aCTLA-4 biotinylated MC10-4B9 eBioscience 1:200
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Antibody Conjugate Clone Company Dilution | Usage
oF4/80 BB790 T45-2342 BD 1:500
aFoxP3 FITC FJK-16s eBioscience 1:200
aGr-1 FITC RB6-8C5 BioLegend 1:100
aGranzym B PE-Cy7 QA16A02 BioLegend 1:200
olag-3 PerCP eFluor'™™ 710 | eBioC9B7W | eBioscience | 1:200
aly6eC BV570 HK1.4 BiolLegend 1:500
aly6G BV750 1A8 BD 1:500
oMHC-II BV786 M5/114.15.2 | BiolLegend 1:500
aNK1.1 PE-Cy5 PK136 BioLegend 1:500

FACS
aKLRG1 Bv421 2F1 BioLegend 1:200
aPD-1 APC RMP1-30 BiolLegend 1:200
aSirploa PE-Cy7 P84 BioLegend 1:500
aTim-3 PE-Dazzle 594 B8.2C12 BioLegend 1:200
aXCR1 BV650 ZET BioLegend 1:500
aVpB5.1/5.2 APC MR9-4 BioLegend 1:200
SIINFEKL-H2K® | PE 25.D1.16 own product | 1:125
Streptavidin BV605 - BD 1:1000
aCD8a magnetically labeled | - Miltenyi 1:10

MACS
aCD45 magnetically labeled | - Miltenyi 1:10
olFN-y biotinylated R4-6A2 Mabtech 1:500

ELISpot-Assay

olFN-y purified AN-18 Mabtech 1:100
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2.3  Mouse strains

Table 2.7: Mouse strains

Mouse Strain Origin

Description

C57BL/6 Own breeding

Inbred wildtype mouse strain

C57BL/6JOlaHsd Envigo

Inbred wildtype mouse strain

C57BL/6-Tg(TcraTcrb) | Charles River

1100Mjb/Crl (OT-1)

The mice exhibit the inserts for the murine T cell
receptor (TCR) a-V2 and TCRB-V5 genes. The expressed
transgenic Tcell receptor (TCR) is specific for the
Ovalbumin;sy.,es epitope (SIINFEKL) (Clarke et al. 2000;
Hogquist et al. 1994).

2.4 Cell lines

Table 2.8: Cell lines

Cell line Description

MC38 The cell line MC38 was isolated from a colon carcinoma in a C57BL/6-Mouse after a
long period exposition to the carcinogen DMH (Tan, Holyoke, and Goldrosen 1976).
Tumors that arise from MC38 cells are immunogenic and capable for the in vivo
investigation of adjuvant immunotherapies (Belnap et al. 1979).

MC38mOVA | The cell line MC38mOVA was transduced with a pIRES (internal ribosome entry site)

vector containing the sequences coding the membrane standing form of the
Ovalbumin protein and eGFP. This has the advantage that the cells can be proved to
be positive for the membrane bound Ovalbumin by flow cytometry (kindly provided
by Dr. Danielle Arnold-Schild, Institute for Immunology, University Medical Center

Mainz, Germany (Stickdorn et al. 2022)).

2.5 Software

Table 2.9: Software

Software

Company

AiD ELISpot 8.0

AiD Diagnostika GmbH (StraRberg, Germany)

Flow Jo v10

BD Bioscience (Franklin Lakes, USA)

GraphPad Prism 9.5.0

GraphPad Software (La Jolla, USA)

MS Office 2016 (Word, Excel, Powerpoint)

Microsoft Corporation (Redmond, USA)

R, R Studio, Bioconductor package, iSEE package

Open source software
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3 Methods

3.1 Invivo experiments

3.1.1 Adjuvants and peptides used for the Dithranol-Imiquimod-based TCl called DIVA

3.1.1.1 Dithranol vaseline

The dithranol vaseline was prepared by the pharmacy of the University medical center of the Johannes
Gutenberg-University Mainz under standardized protocols. For the antioxidation and stabilization the
creme formulation contains 0,1 % ascorbyl-6-palmitate and is filled in an aluminum tube. In this work
dithranol concentrations of 600, 300, 150 and 75 ng/mg vaseline were used. For the usage within DIVA

the dithranol vaseline was stored at RT.

3.1.1.2 The imiquimod containing solid nanoemulsion IMI-Sol

The imiquimod-containing solid nanoemulsion IMI-Sol (P. A. Lopez et al. 2017) was produced under
standardized conditions within a cooperation by the research group of Prof. Dr. Peter Langguth
(Biopharmaceutics and Pharmaceutical Technology, Institute of Pharmaceutical and Biomedical
Sciences of the Johannes Gutenberg-University Mainz). Purified water, sucrose fatty acid ester S-1670
and imiquimod were combined with 25 g of zirconium oxide grinding bowls (@ 1 mm) in a 45 ml
Fritsch™ zirconium grinding bucket and grinded with a Fritsch™ Pluverisette 6 planet mill at 650 g for
two cycles @ 20 min with 10 min pause in between. After the separation of the grinding bowls from the
suspension the formulation was homogenized under usage of an Avestin Emulsiflex C3 high pressure
homogenizer for four cycles at 500 bar and eight cycles at 1000 bar. The oil component, composed of
Squalen:Tocopherol 6:4 (m/m), was added to the suspension and preemulgated with a Ultra Turrax®
at 8000 g for 5 min. For the production of a nanoemulsion the dispersion was homogenized at high
pressure for four cycles at 500, 1000 and 1500 bar, respectively. Afterwards the nanoemulsion was
frozen at -85 °C for 15 min with a height of the sample dish of around 5 mm. The 24 h primary drying
process of the frozen nanoemulsion was conducted with a Christ alpha 1-4 freeze dryer at -21 °C and
a maximum vacuum of 0,055 mbar. For the usage within TCI the solid nanoemulsion was stored

at-20 °C.

3.1.1.3 Basic creme DAC for peptide administration

To administer the ovalbumin peptides OVA;s7.262 and OVAs23.337 onto the ear skin of mice, 10 pl of each
of the peptides dissolved in dimethyl sulfoxide (DMSO) (10 mg/ml) were stirred into basic creme

(according to the German Phamaceutics Codex (DAC)).
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3.1.2  Application pattern of DIVA and DIVA?

For immunization procedures the Mice were injected intraperitoneally (i.p.) with a Ketamin
(7,14 mg/ml in 1x PBS) and Xylazin (1,14 mg/ml in 1x PBS) solution in a dose of 100 ul/10 g body

weight. The order of the administered adjuvants and peptides is schematically shown in Figure 3.1.

a) DIVA
Dithranol (600 ng/mg)
IMI-Sol (5% Imiquimod) ~ Ovays;.56 -H2KP-  IFN-y ELISpot

* Peptides OVAys7.564 /323337 Tetramer assay assay
| | 1 >
day 0/1 day 7/35 day 8/35
b) 1t DIVA 2d DIVA
* Dithranol (300 ng/mg) * Dithranol (300 ng/mg) * OVays.564 -H2KP-Tetramer assay
* IMI-Sol (5% Imiquimod) * IMI-Sol (5% Imiquimod) * ear thickness measuring

Peptides OVAs7.264/323.337  * Peptides OVAysy 264/ 323-337 * IFN-y ELISpot assay

A A A q

T T T
day 0/1 day 6/7 day 14-49

Figure 3.1: Application pattern for DIVA in immunization experiments

For DIVA the application pattern in a) and for DIVAZ the application pattern in b) were performed. To analyze the quality and
quantity of the antigen-specific T cells Tetramer FACS assay and IFN-y ELISpot assay were conducted at indicated timepoints.

3.1.3 Blood collection for the proof of antigen-specific CD8" T cells

For the proof of DIVA induced antigen-specific CD8" T cells in vivo, blood from immunized mice was
collected in 1x PBS + 30 mM EDTA after tail vein incision. After an erythrocyte lysing step for 10 min by
adding 3 ml ACK buffer to each blood sample, the cells were centrifuged (1700 rpm, 3 min) and the
pellets, containing the lymphocytes, were resuspended in FACS buffer. Staining of the lymphocytes
was performed with anti-mouse Fluorescence-labeled Antibodies as indicated in Table 2.6 for 30 min
at 4 °C in a total volume of 50 pl in FACS buffer. H-2KP-OVA,s;..s-specific T cells were detected by

PE-coupled H2-K® tetramer in Flow cytometry analysis.

3.1.4 Measurement of the ear thickness

In order to measure the ear thickness of mice a mechanical measuring gauge with an uncertainty of
the measurement of 0,003 mm was used. Therefore, the mice were anesthetized with 5 % isofluran
gas in an anesthesia chamber for a short anesthesia of around 10-15 sec. In this time the thickness of

the ears was measured.
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3.1.5 Inoculation of tumor cells and measuring of the tumor volume

Due to the homogeneous constitution of the skin only female mice in the age of 8-12 weeks were used
for tumor experiments. After Ketamin-Xylazin based anesthesia as indicated in 3.1.2 the fur of the mice
was shaved at the right flank to uncover the skin for subcutaneous (s.c.) injection of 100 ul of tumor
cell suspension (in 1x PBS) of various concentration. The tumor of every mouse was measured with a
digital caliper three times per week. When the tumor volume exceeded 600 mm? or an ulzeration of
the tumor was observed the mouse was sacrificed with CO,. The tumor volume was calculated based

on the following equation:

tumor volume [mm?3] = (lower dimension [mm])? * larger dimension [mm] * 0,5

3.1.6 Application pattern of prophylactic and therapeutical tumor experiments

For prophylactic and therapeutic tumor experiments different application pattern were conducted
that are schematically shown in Figure 3.2. In case of therapeutic tumor experiments, the mice were
evenly distributed to different groups based on the measured tumor volume when the tumor were

measurable for the first time. Afterwards DIVA was performed as indicated.
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a) DIVA
* Dithranol (600 ng/mg)
* IMI-Sol (5% Imiguimod) s.c. injection: 5x10*
* Peptides OVA;s7.64323-337 MC38mOVA cells
| | >
day-7/-6 day 0
b) 15t DIVA 2nd DIVA
* Dithranol (300 ng/mg) * Dithranol (300 ng/mg)
* IMI-Sol (5% Imiquimod) * IMI-Sol (5% Imigquimod) s.c. injection: 5x10*
* Peptides OVAys7.264 / 323-337 * Peptides OVA,s7.264 1 323-337 MC38mOVA cells
: 4 4 >
day -14/-13 day -7/-6 day 0
c) o DIVA
Even distribution .
* Dithranol (600 ng/mg)
among groups N
s.c. injection: 5x10*  when tumors are |M|'§°| (5% Imiquimod)
MC38mOVA cells measurable * Peptides OVAus7.264/ 323337
I I | >
day 0 ~day 6 day 6/7
d) 15t DIVA 2nd DIVA

Even distribution

among groups
s.c. injection: 5x10*  \when tumors are
MC38mOVA cells measurable

A A

* Dithranol (300 ng/mg)
* IMI-Sol (5% Imiquimod)
* Peptides OVA;s7.564/323-337

A

* Dithranol (300 ng/mg)
* IMI-Sol (5% Imiquimod)
* Peptides OVA;s7.564/323-337

4 >

I ]
dayO ~day6

1
day 6/7

|
day 13/14

Figure 3.2: Application pattern for DIVA in prophylactic and therapeutic tumor experiments

Shown are the application pattern for prophylactic tumor experiments with DIVA in a) and DIVAZ2 in b) and therapeutic tumor
experiments with DIVA in c) and DIVA? in d). The tumor cells were inoculated s.c. at the shaved right flank of the mice and
the tumor volume of every mouse was measured three times per week with a digital caliper.

3.1.7

Injection of depleting and blocking antibodies in tumor experiments

The anti-CCR2 antibody MC-21 (Mack et al. 2001) (kindly provided by Prof. Dr. Matthias Mack,

University Regensburg, Germany) was administered intravenously (i.v.) to C57BL6/J mice for depletion

of CCR2* monocytes during tumor experiments from day 15-19 after tumor cell inoculation at a dose

of 20 pug/mouse (dissolved in 100 ul 1x PBS) daily. The anti-PD-1 antibody RMP1-14 was administered
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to C57BL6/J mice for blocking the ligation of PD-1 on the T cell surface by PD-L1 expressing cells during
tumor experiments. Therefore, mice were injected 5x between day 6 and day 20 after tumor cell

inoculation at a dose of 250 pg/mouse (dissolved in 100 pl 1x PBS).

3.2 Isolation of murine cell populations

3.2.1 Splenocyte preparation

For the preparation of splenocytes the mice were sacrificed with CO; and cut open on the left flank
with preparation scissors. The peritoneum was opened and the spleen was separated from the
surrounding tissue. Afterwards the spleen was grinded with a syringe plunger on a 70 um cell strainer,
previously wetted with 5 ml 1x PBS and rinsed with another 5 ml 1x PBS. The cell suspension was
collected in a 50 ml tube and centrifuged (675 g, 3 min), whereupon the cell pellet was lysed for 1 min
with 1 ml Gey’s Lysis buffer per spleen. After the incubation time the lysis was stopped by filling the
tube up to 25 ml with 1x PBS and the suspension was washed twice with RPMI complete media (675 g,

3 min).

3.2.2  Tumor cell preparation

For isolation of tumor cells from solid tumors the mice were sacrificed with CO, and the skin was cut
open on the ventral side of the body with preparation scissors. The skin was opened in the direction
to the right flank and the tumor was cut out from the inside with a scalpel and transferred to a
GentleMACS® C tube, prefilled with 3 ml of RPMI complete media with 800 U/ml Collagenase IV and
100 pg/ml DNAse I. Afterwards the tumor was cut into pieces with a diameter of around 1 mm. The
tubes were set onto a Miltenyi GentleMACS® Octo Dissociator to run the preinstalled digestion
program “37C_m_TDK1”. To obtain a pure single cell suspension the cells were first pipetted onto a
70 um, in a second step onto a 40 um cell strainer and washed twice with RPMI complete media (675 g,

3 min).

3.2.3  Magnetic cell purification of Tumor Infiltrating Leukocytes

To receive CD45" tumor infiltrating leukocytes (TIL) for single-cell RNA-sequencing (scRNA-seq), the
tumor cell suspension was purified by magnetic separation using the CD45 (TIL) MicroBeads and the
MACS hardware from Miltenyi Biotec. For this procedure, the cell suspension was centrifuged (675 g,
3 min) and the pellet resuspended in 90 pl of MACS buffer per 107 cells. 10 pl of CD45 (TIL) MicroBeads
per 107 cells were added and the suspension was incubated for 15 min in the dark at 4 °C. During the
incubation the Miltenyi LS Columns were equilibrated with 3 ml MACS buffer. Afterwards the cell

suspension was pipetted onto the column whereby the CD45* cells in the cell suspension are

34



Methods

magnetically bound within the column material of the LS column, which was placed in the magnetic
field of the magnetic cell separator. Removed from the magnetic cell separator the cells were eluted
from the column by flushing 3 ml of MACS buffer through the column with a syringe into another 15 ml

tube, collecting the CD45" cell population.

3.3 Cell culture and determination of the living cell count

The in vitro cell cultivation was conducted under sterile conditions in a sterile laminar flow working
bench and incubators at 37 °C and 5 % CO.. For the determination of the living cell count, 10 pl of a
cell suspension were diluted with Trypan blue (1:10/1:100), depending on the supposed cell number.
10 ul of the diluted cell suspension were pipetted into a Neubauer cell counting chamber and four

guadrants were counted. Afterwards the cell number was calculated based on the following equation:

Il number = Leountedeells o el ion ] x 10* 11 Vol. [ml
cell number = o Quadrants x Vol. cell suspension [pl] x 10 x overall Vol. [ml]

Thereby the multiplier of 10* constitutes the calculation factor of the chamber. The cell concentration

was adjusted with the required volume of 1x PBS or media.

3.4 Flow cytometry

The method of Flow cytometry enables the analysis of fluorophore-labeled cells. Thereby, a cell
suspension is soaked into the needle of a flow cytometer, accelerated in a thin single cell fluid stream
and leaded past laser beams with various wavelengths. When the light of a laser hits a cell from the
front the forward scatter light (FSC) is measured. Its intensity is a mass for the refraction of the light in
the flat angle and depends on the volume of the cell. By contrast the intensity of the side scatter light
(SSC) is a mass for the refraction of the light in the right angle and gives information about the
granularity of the cell. When the surface molecules of a cell are labeled with fluorophore-coupled
antibodies it comes to the excitation of the fluorophores by the laser beams, whereby light in a certain
wavelength is emitted. The emitted light is detected by the Photomultiplier tubes of the cytometer
and gets calculated into electronic signals. Because the emission spectra of various fluorophores can
overlap, a compensation, in which the overlap intensity of the fluorophores is determined, has to be
done prior to the measuring procedure. The overlap intensity is integrated into the calculation of the
fluorescence intensity of the fluorophores. In this work the flow cytometry analysis was conducted
with the cytometers FACS Canto and FACS Symphony and the software FACS-DIVA (BD Biosciences).
Afterwards the data was post-analyzed with the software Flowlo (BD Biosciences) and visualized by

GraphPad Prism (GraphPad Software).
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3.4.1 Staining of cell surface epitopes

Surface molecules on cells give much information about the cell type, the subset they belong to as well
as their biological function. After washing a cell suspension in a 96-well plate twice with 150 pl FACS
buffer per sample (675 g, 3 min), the surface molecules of the cells were stained with the FACS
antibodies under the conditions as indicated in Table 2.6 in a total volume of 50 ul in FACS buffer per
sample for 30 min at 4 °C. To determine the viability of a cell the additional staining with the
eBioscience™ Fixable Viability Dye efluor™ 780 was conducted. To ensure that only Antigen-specific
binding is going on during the staining procedure, the murine Fc blocking reagent (aCD16/a0.CD32) was
used. In this way the Fc receptors on the surface of monocytes, macrophages, DCs and B cells are
saturated and false positive results are impeded. For this step a fixation of the cells is not necessary.
Afterwards the cells were washed twice with 150 ul FACS buffer per sample (675 g, 3 min) and

transferred to a 1 ml FACS tube for further Flow Cytometry analysis.

3.4.2  Staining of intracellular epitopes

The intracellular staining of cells can be conducted after the extracellular staining (as indicated in 3.4.1)
and the fixation and permeabilization with the eBioscience™ FoxP3/Transcription Factor Fixation/Per-
meabilization Kit. Therefore, the cells were resuspended in the fixation/permeabilization solution
(ratio of concentrate/diluent of 1:4) for at least 20 min at 4 °C and washed twice with Fix Perm buffer
(1:10 with 4H,0, 675 g, 3 min). The staining with intracellular FACS antibodies was conducted in a total
volume of 50 pl in Fix Perm Buffer. After two washing steps with FACS buffer (675 g, 3 min) the cells

were transferred to 1 ml FACS tubes for further Flow cytometry.

3.4.3  Staining of intracellular cytokines

If the production of cytokines has to be analyzed, cells need to be restimulated in prior of staining to
increase the TCR signaling intensity. By adding monensine solution to the restimulation the transport
of the proteins from the endoplasmic reticulum to the golgi apparatus is prohibited, which enables the
enrichment of the produced cytokines in the cytosol of the cells. Therefore, the cells were washed with
1x PBS (6759, 3 min), resuspended in restimulation media containing 50 ng/ml PMA, 1 ug/ml

ionomycin and the monensine solution (1:1000) and incubated for 4 h at 37 °C.
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3.5 Enzyme linked Immuno Spot assay (ELISpot)

The ELISpot assay was performed to prove the antigen-specific IFN-y production of T cells after
restimulation with the ovalbumin peptides OVA;s7.26a and OVAs,3.337. The preparation of the ELISpot
plate was started with the prewetting of the membrane by adding 20 ul of 35 % EtOH to each well,
followed by three washing steps with 1x PBS. All washing steps in this protocol were conducted with a
12-channel plate washing head. Afterwards the membrane was coated with the primary antibody
anti-IFN-y (1 pg/ul) in a dilution of 1:1000 with 1x PBS (£ 10 pg/ml) and incubated in the dark for 24 h
at 4 °C. For the usage of the plate at the next day it was washed three times with 1x PBS whereupon
100 pl of IMDM10 were added to each well for the blocking of possible binding sites for 1 hat 37 °Cto
avoid unspecific binding. The IFN-y production was analyzed for splenocytes from immunized mice as
wells as for ex vivo tumor cells. Single cell suspensions of these populations were performed as
indicated in 3.2.1 and 3.2.2 and adjusted to a concentration of 5x10° cells/50 pl in IMDM10.
Furthermore, 50 pl of the cell suspension were pipetted into each well of the ELISpot Plate. In case of
the restimulated samples, 50 pl of IMDM10 with OVA3s7.264 Or OVAs323.337 peptides (£ end concentration
of 1 ug/ul) were added, however in case of the unstimulated samples 50 pul IMDM10 were added. After
the incubation of 20 h at 37 °C in the dark the plate was washed three times with 1x PBS + 0,05 %
Tween and for the detection of the IFN-y the secondary biotinylated antibody anti-IFN-y (1 pg/ul) was
pipetted onto the membrane (diluted 1:500 in 1x PBS + 0,5 % BSA, £ end concentration of 2 pug/ml).
After another incubation of 2 h at 37 °C the plate was washed again three times with 1x PBS + 0,05 %
Tween. For the detection of membrane-bound IFN-y the Vectastain Kit (Vector Laboratories) was used.
Therefore, an Avidin-Biotin enzyme complex (ABC complex) is used, which reacts with the 3-Amino-9-
ethylcarbazole solution (AEC solution, Sigma Aldrich) to a red dye. Per well 70 ul of the ABC complex
were pipetted onto the membrane and incubated for 1 h at RT in the dark. Subsequently, 5 pl of 30 %
H,0,, that acts as a radical starter, were added to 10 ml AEC complex. To ensure the correct procedure
of the substrate enzyme reaction, 30 ul of the ABC complex and 30 pul of the AEC solution (with added
H.0,) were pipetted together in a 1,5 ml tube. Only if the solution became red the protocol was
continued with three washing steps with 1x PBS + 0,05 % Tween and another three steps with 1x PBS,
respectively. Thereupon, 70 pl of the AEC complex (with H,0,) were pipetted onto the membrane and
incubated for around 10-15 min, depending on the staining intensity. Terminally, the plate was washed
10 times with water to stop the staining reaction. The plastic layer underneath the membrane of the
ELISpot plate was removed and the plate dried overnight. IFN-y produced by cells is visible on the
membrane as a red spot. Thus, the number of the red spotforming units (SFU), counted with an ELISpot
reader (AiD Diagnostika GmbH, AiD ELISpot 8.0) is a relative mass for the number of IFN-y producing

cells.
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3.6 Proliferation assay of OT-I T cells

To analyze the antigen presentation of the OVA2s7.264 epitope on MHC-I molecules on the surface of
MC38 and MC380VAmb cells ex vivo at various time points in the tumor cell growth chart, in vitro
proliferation assays with OT-I T cells were performed. Therefore, splenocytes from OT-I mice were
prepared as indicated in 3.2.1 and labeled with 5 uM CFSE in 1x PBS for 4 min at 37 °C in a waterbath.
After a washing step with FCS, the cells were counted in RPMI media and resuspended in RPMI + 10 %
FCS + 50 uM B-Mercaptoethanol to get a concentration of 1x107 cells/ml. Tumor cells were prepared
as indicated in 3.2.2 and adjusted to a concentration of 1x10’ cells/ml. The pipetting schemes for the
coincubation of the splenocytes and the Tumor cells are shown in Table 3.1 and Table 3.2. After 48 h
of coincubation the cells were harvested and stained extracellular as indicated in 3.4.1 with FACS
antibodies for the epitopes CD45, CD8, CD90.2 and V[(5.1/5.2 for flow cytometry analysis of

proliferated T cells.

Table 3.1: Pipetting scheme for in vitro proliferation assay with in vitro Tumor cells

The coincubation of OT-I splenocytes and MC38(mOVA) tumor cells was conducted at 37 °C for 48h in 48-Well plate with a
total volume of 500 pl/well. After 24 h 500 ul/well of media were added, in case of coincubation samples with peptide
restimulation, the added 500 pl contained OVA;s7.264 (SIINFEKL) (10 ng/ul, in DMSO). For analysis of the proliferation of the
T cells within the OT-I splenocytes, flow cytometry was performed.

Pipetting scheme coincubation
for 48-Well OT-1 + MC380VA in vitro OT-1 + MC38 in vitro OT-1 + MC38 in vitro + SIIN
E:T-Ratio | 4,5:1 | 13,5:1 | 40,5:1 [121,5:1 | 4,5:1 | 13,5:1 | 40,5:1 | 121,5:1 | 4,5:1 | 13,5:1 | 40,5:1 | 121,5:1
MC380VA cells [10x10°/ml] in vitro 33,3 11,1 3,7 1,2
MC38 cells [1Ox106/ml] in vitro 33,3 11,1 3,7 1,2 33,3 11,1 3,7 1,2
OT-I cells [10x10%/ml] 116,7 | 138,9 | 146,3 | 1488 | 116,7 | 1389 | 1463 | 1488 | 1167 | 1389 | 1463 | 1488
RPMI + SIINFEKL [1 ug/ml] 5 5 5 5
RPMI (10 % FCS, 50 uM B-Mercapto-EtOH) | 350 350 350 350 350 350 350 350 345 345 345 345
total Volume 500 500 500 500 500 500 500 500 500 500 500 500

Table 3.2: Pipetting scheme for in vitro proliferation assay with ex vivo Tumor cells

The coincubation of OT-I splenocytes and MC38(mOVA) tumor cells was conducted at 37 °C for 48h in 48-Well plate with a
total volume of 500 pl/well. After 24 h 500 ul/well of media were added, in case of coincubation samples with peptide
restimulation, the added 500 pl contained OVA;s7.264 (SIINFEKL) (10 ng/ul, in DMSO). For analysis of the proliferation of the
T cells within the OT-I splenocytes, flow cytometry was performed.

Pipetting scheme coincubation OT-I control
for 48-Well OT-1 + MC380VA ex vivo OT-1 + MC38 ex vivo OT-1 + MC38 ex vivo +SIIN| OT-1 + SIIN oT-l
E:T-Ratio | 45:1 | 13,5:1 | 40,5:1 | 4,5:1 | 13,5:1 | 40,5:1 | 4,5:1 | 13,5:1 | 40,5:1

MC380VA cells [10x10°/ml] ex vivo 333 | 111 3,7
MC38 cells [10x10°/ml] ex vivo 33,3 11,1 3,7 33,3 11,1 3,7
OT-I splenocytes [10x10%/ml] 116,7 | 138,9 | 146,3 | 116,7 | 1389 | 1463 | 1167 | 1389 | 1463 150 150
RPMI + SINFEKL [1 pg/ml] 5 5 5 5
RPMI (10 % FCS, 50 uM B-Mercapto-EtOH) | 350 350 350 350 350 350 345 345 345 345 350
total Volume 500 500 500 500 500 500 500 500 500 500 500
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3.7 Single-cell RNA-sequencing

3.7.1 scRNA-seq sample preparation of TlLs

For characterizing the immune cells within the TME scRNA-seq of CD45* TlLs was performed. CD45*
TILs were prepared ex vivo from MC38mOVA tumor cell suspensions as indicated in 3.2.3. For scRNA-
seq sample preparation the cell concentration was adjusted to 1x10° cells/ml in BD sample buffer. Cells
were stained in BD sample buffer 1:1000 with calcein AM (BD Biosciences) and 1:1000 DRAQ7 (BD
Biosciences) for 10 min at 37 °C. Afterwards, 10 pl of the stained cell suspension were pipetted into
the counting chamber of a C-Chip (Nanoentek, Waltham, USA) and the viability frequence was analyzed
with a BD Rhapsody™ scanner. When the viability frequence was > 80 %, the sample preparation was
continued. Each sample was tagged with a unique sample tag allowing multiplexing of samples on the
same single cell capturing cartridge. DNA libraries for Whole Transcriptome Analysis (WTA) and Sample
Tags were created, following the BD Rhapsody System mRNA whole Transcriptome Analysis (WTA) and
Sample Tag Library Preparation protocol with the BD WTA Amplification Kit (BD Biosciences, Franklin
Lakes, USA). The sample preparation was performed in cooperation with the Research Center for
Immunotherapy (FZI) Core Facility Next Generation Sequencing (NGS) of the University Medical Center

of the Johannes Gutenberg-University Mainz.

3.7.2 DNA sequencing and raw data processing

The sequencing of the WTA DNA library and Sample Tag DNA library was performed by Novogene Co.,
Ltd. (Cambridge, UK). Raw data processing was conducted by uploading the obtained fastg-files to the
BD Rhapsody WTA analysis pipeline (BD biosciences, Franklin Lakes, USA). For each biological replicate

|”

of a scRNA-seq experiment one csv-file in form of a “molecules_per_cell”-file was generated by the
processing pipeline and was downloaded afterwards. These csv-files did serve as input files for

bioinformatic analysis platforms.
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3.8 Bioinformatic Analysis of scRNA-seq Data

3.8.1 Analysis with R studio and the R packages Bioconductor and iSEE

The scRNA-seq data was analyzed with R studio within a cooperation by Federico Marini (Institute for
Medical Biostatistics, Epidemiology and Informatics (IMBEI) of the University Medical Center of the
Johannes Gutenberg-University, Mainz). After importing the pre-processed BD Rhapsody data in form

of csv-files (3.7.2) the analysis steps were performed in the following order:

1. Gene level annotation to set up the cell type annotation
2. Performing quality control and processing steps on every samples:
a. Formatting row and table data
b. Exclusion of cells with high mitochondrial count
c. Exclusion of cells with low library size
d. Exclusion of cells with low feature count
e. Exclusion of doublet cells
3. Calculation of dimensionality reduced visualization methods (PCA, t-SNE, UMAP)
4. Performing prediction of immune cell types among samples
5. Integrating the datasets of every sample to obtain one data set (incl. accounting for technical
sources of variation)
6. Performing clustering calculation based on different algorithms
7. Visualization of the integrated uncorrected data set by t-SNE plots
8. Continuation of the cell type annotation among the whole data set
9. Storing the results for interactive data exploration as rds-file

10. Differential expression and abundance analysis to compare conditions

3.8.2 Data visualization with the interactive Summarized Experiment Explorer

The scRNA-seq data that was processed as indicated in 3.8.1 can be visualized and explored with the
interactive Summarized Experiment Explorer (iSEE) (Rue-Albrecht et al. 2018). For this purpose, the
Bioconductor package and the iSEE package were installed in R studio. Afterwards the exploration

session was started in R studio as following:
> “name_of_rdsfile” <- readRDS(“thread_of rdsfile”)

> library(iSEE)

> iSEE(“name_of _rdsfile”)
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3.9 Statistical analysis

The visualized data in this work are means + SD, when not indicated otherwise. The stated p values
were calculated by unpaired Student’s t test or 2-way ANOVA with Bonferroni’s post-hoc test with
Graphpad Prism 9.0. The significance niveau was determined as a p value <0,05. Multiple comparisons
between more than two groups were performed by two-way ANOVA with Sidak's multiple
comparisons test and one-way ANOVA with Kruskal-Wallis test, when sample numbers were different.
Comparisons of two groups were performed by unpaired Mann-Whitney test and unpaired t test with
Welch’s correction, when sample numbers were different. Comparisons of survival curves were
performed by Log-rank (Mantel-Cox) test. The significance level was determined as a p value
<0,05. The statistical analysis was performed using GraphPad Prism (version 9.4.1 for Mac OS,

GraphPad Software, San Diego California, USA).
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4  Results

In 2007, Warger and colleagues already used imiquimod-based TCl to generate antigen-specific anti-
tumor immunity. This approach could be enhanced by combination with UV exposure (Stein et al.
2011), immune checkpoint blockade by anti-CTLA-4 (Rausch et al. 2017) or co-stimulation by CD-40
ligation (Bialojan et al. 2019), but in none of the cases was the generated immune response sufficient
to reject a solid tumor. In this context, there is an increased interest in the study of the Tumor
microenvironment (TME), which provides with its complexity a multitude of potentially immunosup-
pressive immunological mechanisms that stand in the way of a successful anti-tumor immunity. The
detailed characterization of these immunosuppressive mechanisms is necessary to understand how
TClI needs to be modulated to generate a potent anti-tumor immunity. To address this question, we
first chose a suitable tumor model and analyzed the influence of DIVA on the growth of MC38mOVA
tumor cells in vivo. We investigated different application patterns of DIVA and first analyzed the
influence on the TME by flow cytometry. We figured out that immune evasion occurs after transient
immune control and investigated whether this is due to antigen loss on the surface of MC38mOVA
tumor cells. To obtain more in-depth information about the immune cells within the TME, we
performed scRNA-seq analyses of tumor infiltrating leukocytes which showed that immunosuppressive
monocytes were absent during immune control and appeared until immune evasion. Hence, we
evaluated their immunosuppressive capacity and influence on the growth of MC38mOVA tumors by
depleting CCR2* peripheral blood monocytes to prevent their migration to the tumor site. To assess

the biological capacity of DIVAZ we compared DIVA? with immune checkpoint blockade by anti-PD-1.

4.1 Therapeutic DIVA fails to control the growth of MC38mOVA solid tumors

4.1.1 MC38mOVA tumor cells induce proliferation of OT-I T cells

The MC38 model is an established and accepted tumor model for optimizing immunotherapeutic
approaches to prime tumor-reactive cytotoxic T cells (Hos et al. 2020). We decided to use the tumor
model MC38 transfected with membranous Ovalbumin (MC38mOVA (Stickdorn et al. 2022), kindly
provided by Dr. Danielle Arnold-Schild, Institute for Immunology, Mainz, Germany) to test the
biological efficacy of DIVA in a tumor setting. In this context, it was first necessary to prove that the
MC38mOVA cells are antigenic and can serve as a target for antigen-specific T cells. The intracellular
antigen processing of ovalbumin in this MC38 cell line leads to presentation of ovalbumin-derived
peptides on MCH molecules on the surface of the tumor cells. Since we use the MHC class | and II-
restricted OVA;s7.264/323-337 peptides as model antigens in our DIVA protocol, the MC38mOVA tumor

cells should be suitable as an in vivo target for DIVA-induced antigen-specific CD8* T cells (Figure 4.1a).
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We proved the antigenicity of MC38mOVA cells by co-culturing them with CFSE-labelled splenocytes
of transgenic OT-I mice and performing of an in vitro proliferation assay (Figure 4.1b). The T cells of
OT-l mice exhibit the inserts for the murine T cell receptor (TCR) a-V2 and TCRB-V5 genes. Their
expressed transgenic TCR is specific for the Ovazsy-264 epitope (SIINFEKL) (Clarke et al. 2000; Hogquist
et al. 1994). After Co-culturing with MC38mOVA cells, but not with MC38 cells, we observed
proliferation of VB5.1/5.2* CD8" T cells within CFSE-labeled OT-I splenocytes of up to 85 %. We
observed this T cell proliferation to a similar extent of up to 90 % in the peptide control with the

OVA;s7.264 peptide, demonstrating its antigenicity and suitability for testing DIVA with ovalbumin-

derived peptides in an in vivo tumor setting.
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Figure 4.1: MC38mOVA tumor cells induce proliferation of Vp5.1/5.2* CD8" T cells from OT-I mice

a) Schematic overview of the transfection strategy of MC38 cells to generate MC38mOVA cells. Figure adapted from Stickdorn
et al. 2022. b) In vitro proliferation assay of CFSE-labelled OT-I splenocytes. Proliferation of TCRVB5.1/5.2* T cells was
determined after 48 h co-culture by flow cytometry. Effector:Target (E:T) ratios of OT-I splenocytes to tumor cell suspension

were 4,5:1; 13,5:1; 40,5:1. Peptide control samples were cultured with a OVA;s7.264 concentration of 10 ng/ml. Shown are
individual values of separate in vitro co-cultures, mean and SD.
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4.1.2 DIVA fails to control growth of MC38mOVA solid tumors

To examine the impact of DIVA on the growth of tumor cells in vivo, we applied DIVA in a therapeutic
tumor setting with MC38mOVA cells. We inoculated 5x10* MC38mOVA cells s.c. in the flank of
C57BL/6J mice. When tumors were palpable, we performed DIVA (Figure 4.2a). Until day 10 after
inoculation, the tumors developed in case of DIVA-treated mice a volume of around 30-50 mm? (Figure
4.2b), whereas in case of the untreated mice tumor volumes differed between 10 and 100 mm? (Figure
4.2c). From day 10 we observed a faster growth of the tumors, independent from the treatment. After
a plateau in the growth chart of untreated mice between day 16 and 18 the tumors of treated and
untreated mice started to grow more rapidly. Overall, we observed no impact of therapeutic DIVA on

the growth of MC38mOVA tumors, indicating the need of adapting the immunization strategy.
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Figure 4.2: Therapeutic DIVA has no impact on the growth of MC38mOVA tumors

a) Schematic overview of the application pattern for DIVA in a therapeutic tumor setting with MC38mOVA cells. b) and c)
Tumor volumes were assessed three times per week. Visualized are single curves of individual mice (n=5-6).
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4.2 Multiple DIVA strongly enhances T cell response eliminating tumor cells in a

prophylactic setup

After showing that DIVA had no impact on the growth of MC38mOVA tumors after single application
with dithranol concentration of 600 ng/mg in the therapeutic setting, the application pattern of DIVA
had to be adapted to generate a stronger CTL frequency at an earlier stage. A promising method to
increase T cell frequency is boost vaccination. The first findings on boost vaccination with DIVA were
obtained by Dr. Julian Sohl and colleagues (Sohl 2021). DIVA was carried out three times with a lower
dithranol concentration of 75 ng/mg. The dithranol concentration of 600 ng/mg, which we used in our
previous work (Sohl et al. 2022) is only applicable once, due to the intensity of the induced skin
inflammation. The primary immune response induced by this threefold approach was very strong with
about 30 % antigen-specific CD8"* T cells, but it takes three weeks until the peak CTL frequency is
reached and the memory immune response is strongly reduced with about 5-10 %, when compared to
the primary response. Hence, we needed a further adaptation of the multiple DIVA vaccination
protocol that reduces side effects but reaches its peak CTL frequency earlier than the threefold

application with a dithranol concentration of 75 ng/mg.

4.2.1 Multiple DIVA strongly enhances the generation of highly functional antigen-specific CTLs

To optimize the efficacy of DIVA, we tested boosting approaches with different application pattern and
dithranol concentrations (Figure 4.3a). Vaccination with lower dithranol concentrations (150 and
75 ng/mg) was performed threefold, whereas dithranol in a concentration of 300 ng/mg is only
applicable twice, due to the intensity of the induced skin inflammation. Surprisingly, we observed the
highest increase of specific CD8" T cells after applying 2x DIVA (300 ng/mg dithranol), yielding up to
60 % circulating antigen-specific CD8" T cells in the primary phase after 14 days. Applying 3x DIVA with
a lower dithranol concentration (150 or 75 ng/mg) resulted in maximum frequencies after 14 days of
30 % and 8 %, respectively. IMQ-TCI alone showed similar results to 3x DIVA (75 ng/mg). These data
indicate that the frequency of antigen-specific CD8* T cells correlates with dithranol concentration in
multiple DIVA approaches. We quantified the circulating antigen-specific CD8" T cells until day 49 to
determine the durability of the induced T cell response. Accordingly, we observed the highest
frequency of antigen-specific CD8* T cells after applying 2x DIVA (300 ng/mg), whereas applying 3x
DIVA (150 or 75 ng/mg) resulted in frequencies like IMQ-TCI (Figure 4.3b, c). Consequently, we
received the highest specific IFN-y production of CD8* T cells after 2x DIVA (300 ng/mg) by an IFN-y
ELISpot assay upon splenocyte restimulation with the OVA.s7..64 peptide, reflecting their highly
activated and functional effector state. Furthermore, we detected antigen-specific IFN-y production of
CD4* T cells after restimulation of the splenocytes with OVAs;3.337, which was induced after 2x DIVA

(300 ng/mg) and 3x DIVA (150 ng/mg), indicative of a Th1 cell phenotype (Figure 4.3d).
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Figure 4.3: Multiple DIVA strongly enhances the generation of highly-functional antigen-specific CD8" T cells

a) Schematic overview of the application pattern for multiple DIVA. Mice were immunized on both ears with dithranol in
vaseline (concentrations as indicated [% w/w], day 0) and Imi-Sol (5% Imiquimod [w/w]) together with OVAjs7.264 and
OVAs;33.337 (stirred into cremor basalis, day 1), treated only with IMQ together with OVA;s7.262 and OVA3,3.337 peptides or left
untreated. b) Representative flow cytometry dot plots of CD8* tetramer-positive T cells after different DIVA protocols. c) After
seven days, tetramer staining was performed once a week until memory phase (day 49) (n=5). d) Splenocytes were
restimulated at day 49 in an ELISpot assay to assess specific IFN-y production. Bars represent mean and SD (n=3-9). e) Ear
thickness was determined twice per week until day 28 and additionally on day 49 (n=10 ears of 5 mice). *p < 0.05 by 2Way
Anova with Sidak's multiple comparisons test and one-way ANOVA with Kruskal-Wallis test, when sample numbers were

different.
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Previously, we showed the DIVA-induced side effects of inflammation and swelling of the ear skin,
mainly due to dithranol, mediated by local monocyte recruitment (Sohl et al. 2022). As expected, we
observed a dithranol concentration-dependent increase in ear swelling. Especially, 2x DIVA
(300 ng/mg) led to a massive increase with its maximum after 10 days. However, the inflammation and
swelling recovered until the memory phase, since the ear thickness nearly reached the level of IMQ-
TCI at day 49 (Figure 4.3e). Taken together, these data indicate that multiple administration of DIVA
leads to a stronger skin inflammation, but significantly increases the generated antigen-specific CD8*
T cells. We have shown that these cells can be detected in the primary but also in the memory phase,
highly functional in specific IFN-y production. Two applications of DIVA with a dithranol concentration
of 300 ng/mg elicited the strongest immune response. From now on, we will refer to this immunization

protocol as “DIVAY”,

4.2.2 DIVA? enables complete protection against MC38mOVA tumor cells in a prophylactic setting

We wanted to evaluate the biological efficacy of DIVA? in a prophylactic setting. Therefore, C57BL/6

mice were immunized prior to subcutaneous injection of 5x10* MC38mOVA tumor cells (Figure 4.4a).
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Figure 4.4: DIVA? enables complete protection against MC38mOVA tumor cells in a prophylactic setup

a) Schematic overview of the application pattern for Boost DIVA in a prophylactic tumor setting. At day 0 5x10* MC38mOVA
tumor cells were inoculated subcutaneously. b) Tetramer staining of pre-immunized mice at the day of tumor cell inoculation
(=day 0; n=12). c) Kaplan-Meier survival curve. d) Tumor volumes were assessed three times per week. Every curve represents
the tumor volume of one individual mouse (n=12). *p < 0.05 by 2Way Anova with Sidak's multiple comparisons test and one-
way ANOVA with Kruskal-Wallis test, when sample numbers were different. Comparisons of survival curves were performed
by Log-rank (Mantel-Cox) test.
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On the day of inoculation, we quantified circulating ovalbumin-specific T cells by OVA;s7.264-H2K"
tetramers. Application of DIVA induced an averaged CTL frequency of 2,5 % of CD8" T cells, whereas
DIVA? boosted the immune response to a CTL frequency of about 40 % (Figure 4.4b). Both DIVA and
DIVA? significantly prolonged the survival of the injected mice (Figure 4.4c) with a protection rate of
83 % upon single treatment with DIVA. However, after performing DIVA? we did not observe
outgrowing tumors corresponding to a protection rate of 100 % (Figure 4.4d) and highlighting that

complete clearing of tumor cells in a prophylactic setting requires DIVAZ.

4.3 DIVA?induces strong CTL infiltration enabling transient tumor immune control

accompanied with an altered myeloid compartment of the TME

After adapting our DIVA protocol towards an effective boost strategy, we wanted to evaluate its
biologic efficacy in a therapeutic tumor model. To address this task, we injected C57BL6/J mice
subcutaneously with MC38mOVA cells and observed tumor growth. At different time points, we
isolated in two consecutive experiments tumor-infiltrating leukocytes by magnetic bead sorting and
analyzed their phenotype by flow cytometry. To characterize distinct populations, we performed in an
unbiased approach clustering of myeloid populations using t-distributed Stochastic Neighbor
Embedding (t-SNE) algorithms based on high-dimensional flow cytometry data and predicted immune

cell types of the clustered populations using the FlowSOM algorithm.

43.1 Therapeutic DIVA% induces transient tumor control that turns into immune evasion

We injected C57BL/6 mice s.c. with 5x10* MC38mOVA tumor cells and performed DIVAZ when tumors
were palpable (Figure 4.5a). DIVA? significantly reduced the tumor volume, resulting in an immune
control that was maintained for over two weeks (Figure 4.5b). At the timepoint of the strongest
immune control on day 16 after inoculation of the tumor cells, the averaged tumor volume after DIVA?
was reduced eightfold (about 25 mm?3), compared to the untreated mice (over 200 mm?) (Figure 4.5c).
This immune control characterized by decreasing tumor volumes, transitioned to an immune
equilibrium that lasted about 4 days and then entered the state of immune evasion (Figure 4.5d),
characterized by a sharp relapse of tumor growth. On day 22 after inoculating the tumor cells, the
averaged tumor volume of the DIVA%-treated mice was no longer significantly different from that of
the untreated mice (Figure 4.5e). To clarify the reasons of the tumor regrowth after initial immune

control, we examined the tumor infiltrating leukocytes (TILs) by high-dimensional flow cytometry.
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Figure 4.5: Therapeutic DIVA? induces transient tumor control that turns into immune evasion

a) Schematic overview of the application pattern for DIVA? in a therapeutic tumor setting. b) and d) Tumor volumes were
assessed three times per week. Every curve represents the tumor volume of one individual animal (n=11-15). c) and e) Tumor
volumes during immune control (day 16) and immune evasion (day 22). Visualized are individual data points, mean and SD.
*p < 0.05 by two-way ANOVA with Sidak's multiple comparisons test and 1Way Anova with Kruskal-Wallis test, when sample
numbers were different. *p< 0.05 by one-way ANOVA with Kruskal-Wallis test.

4.3.2 DIVA%induced tumor-reactive cytotoxic lymphocytes infiltrate the tumor microenvironment

We examined the TILs by high-dimensional Flow cytometry during immune control (day 16) and the
latest possible timepoint during immune evasion (day 22/27) to gain more detailed information about
the TME. We observed an increase in the number of CD8" T cells and in particular antigen-specific CD8*
T cells after DIVA?. Surprisingly, the number of antigen-specific CD8* T cells was higher during immune
evasion than during immune control. Since PD-1 is an activation marker of CD8"* T cells in the TME (Gros
et al. 2014; Inozume et al. 2010), but in line with the expression of CTLA-4 and Lag3 suggests an
exhausted phenotype (Pauken and Wherry 2015), we analyzed the expression of these markers of
antigen-specific CD8* T cells. DIVA%-induced antigen-specific CD8" T cells expressed about 90 % PD-1,
but only about 10-15 % CTLA-4 and about 5 % Lag3 during both immune control and immune evasion

(Figure 4.6a). This suggests a highly activated but not exhausted phenotype of these cells during both
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immune control and immune evasion. To analyze their functional phenotype, we performed an IFN-y
ELISpot assay. This revealed an analogous phenotypic pattern. Splenocytes from DIVA%-treated mice
showed significantly increased IFN-y production after restimulation with the OVAs7.264 peptide, when
compared to untreated mice (Figure 4.6b). This difference became apparent during immune evasion.
In conclusion, these data show that DIVA? leads to the infiltration of highly activated, non-exhausted
antigen-specific CD8* T cells into the TME. The fact that immune evasion still occurs despite these

potentially tumor-reactive T cells suggests that immune evasion mechanisms are operating within the

TME.
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Figure 4.6: Therapeutic DIVA? induces infiltration of highly activated OVA-specific T cells into the TME

a) Cell counts of tumor infiltrating CD45* cells, CD8* T cells, antigen-specific CD8* T cells and frequencies of their PD-1, CLTA-4
and Lag3 expression were assessed by flow cytometry during immune control (day 16) and immune evasion (day22)
(n=11-15). Visualized are individual data points, mean and SD. b) Ex vivo tumor cell suspensions were restimulated with

OVA2s7-264 Or left unstimulated and IFN-y production was determined by ELISpot assay. *p< 0.05 by one-way ANOVA with
Kruskal-Wallis test.
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433 Myeloid cells in the tumor microenvironment differ greatly during DIVA%-induced immune

control

Since anti-inflammatory myeloid cells within the TME, such as mononuclear phagocytes (Kubli et al.
2021), myeloid derived suppressor cells (MDSCs) (Gonda et al. 2017) or anti-inflammatory
macrophages (H. Yang et al. 2020) are one of the most common inducers of immunosuppression which
can result in immune evasion, we examined the myeloid compartment of the TME more detailed.
Therefore, we calculated and visualized myeloid populations based on high-dimensional flow

cytometry data using FlowSOM and t-SNE algorithms (Figure 4.7).
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Figure 4.7: The myeloid compartment of the TME differs greatly during DIVA%-induced immune control

a) FlowSOM Map of CD45* tumor infiltrating immune cells and their predicted cell types. Cells were pre-gated on living cells,
single cells, Lineage- cells and CD45* cells. Expression intensities were relatively set by the FlowSOM algorithm. b) t-SNE plots
of CD45* tumor infiltrating immune cells, merged per condition (immune control phase: n=15 for DIVAZ2, n=12 for untreated;
immune evasion phase: n=11 for DIVAZ2, n=6 for untreated). FACS Markers included in the t-SNE calculation are analogous to
markers in a). Coloring was set by applying the predicted FlowSOM populations onto the t-SNE plots.

Based on the fluorescence intensity of the myeloid FACS markers in the FlowSOM heatmap, we
assigned the predicted populations to their possible cell types (Figure 4.7a). Strikingly, we found four
different monocyte populations (P3, P4, P6 and P9) and two different macrophage populations (PO and
P1), in each case of various differentiation stadiums, indicated by their different MHCIl and Ly6C
expression intensities. While the t-SNE clustering during immune evasion was very similar between

DIVA? and untreated, the analogous t-SNE plots during immune control differ greatly. These
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differences mainly relate to the monocytic populations P3 and P9 and the macrophage population PO
(Figure 4.7b). However, based on the limited number of FACS markers in this analysis we were not able

to derive further functional phenotypes of these myeloid populations.

Taken together, these data suggest that the DIVA%-induced immune response enables tumor immune
control which is maintained for over two weeks. We highlighted the anti-tumoral character of antigen-
specific CD8" T cells and characterized the myeloid compartment where we found mainly differences
in the clustering of monocytic cells and macrophages during immune control. Certainly, flow cytometry
is limited when it comes to a more detailed characterization of these myeloid cells and especially their
functional phenotype. To gain more information about these cells we decided to perform scRNA-seq
of the TILs in an analogous experimental setup. Another question that arises at this point is whether
the MC38mOVA tumor cells lose their antigen on the surface during the course of the experiment, thus
initiating immune evasion. In order to detect their antigenicity and thus exclude antigen loss as a
possibility for the initiation of immune evasion, we performed an in vitro proliferation assay of OT-I
T cells after co-culturing with ex vivo MC38mOVA cells from DIVA?-treated and untreated mice at

different time points during the course of the experiment.

4.4 DIVA? does not induce antigen loss on MC38mOVA tumor cells

Tumor cells can develop a wide variety of molecular mechanisms to circumvent elimination by pro-
inflammatory immune cells. A common way how tumor cells drive immune evasion is the loss or
decrease of antigen that gets presented to T cells via MHC class | molecules on the surface of tumor
cells. This occurs by downregulating proteins involved in the antigen processing or presentation
machinery (Spranger and Gajewski 2018) and can be increased by the selection pressure that is exerted
by antigen-specific tumor infiltrating CD8" T cells. Therefore, we investigated if there is a decrease or
loss of the OVA.s7.6: epitope on the surface of MC38mOVA cells during Diva%-induced immune control
that could cause immune evasion. We performed DIVA? in a therapeutic tumor setting and prepared
ex vivo tumor cells during immune control or evasion for 48 h co-culture with CFSE-labeled splenocytes
from OT-l mice (Figure 4.8a). DIVA%-induced tumor infiltrating CD8" T cells were over 40 % antigen-
specific and highly activated, indicated by a CD44* CD62L phenotype (Figure 4.8b, c). To detect antigen
presentation on the surface of the tumor cells we measured the proliferation of V35.1/5.2* CD8* T cells
within splenocytes of OT-I mice (Clarke et al. 2000; Hogquist et al. 1994). In order to demonstrate their
response to the OVAs7-2¢4 peptide, we exposed splenocytes from C57BL/6 mice or from OT-I mice to
different concentrations of OVAzs7.264 peptide in vitro. The CD8* T cells within the B6 splenocytes did

not proliferate, whereas those of the OT-I splenocytes were stimulated to proliferate (Figure 4.8d).
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Figure 4.8: DIVA%-induced antigen-specific T cells do not cause antigen loss on MC38mOVA tumor cells

a) Schematic overview of the application pattern for DIVA? in a therapeutic tumor setting. Ex vivo tumor cell suspensions
were prepared by MACS separation of CD45* cells at day 15 (immune control phase), day 22 or day 28 (both immune evasion
phase). Ex vivo and in vitro tumor cell suspensions were co-cultured for 48 h with CFSE-labeled OT-I splenocytes. T cell
proliferation was assessed by flow cytometry. b) Representative flow cytometry dot plots of tumor-infiltrating CD8* and
antigen-specific CD8* T cells of untreated and DIVA? treated mice. c) Antigen-specific CD8* T cells and their activation state
were determined by flow cytometry at day 23. d) In vitro proliferation assay of CFSE-labeled OT-I splenocytes. Proliferation
of TCRVP5.1/5.2* T cells was determined after 48 h Co-culture by Flow cytometry. Effector:Target (E:T)-ratios of OT-I
splenocytes to tumor cell suspension were 4,5:1; 13,5:1; 40,5:1. Peptide Control samples were cultured with a OVAys7.261
peptide (SIINFEKL) concentration of 10 ng/ml. Shown are individual values of separate in vitro co-cultures, mean and SD.

We observed a high proliferation of transgenic OT-I CD8* T cells after co-culture with in vitro
MC38mOVA tumor cells, but not with MC38 control cells, indicating the immunogenicity of
MC38mOVA tumor cells. Surprisingly, OT-I T cells also proliferated after co-culture with ex vivo
MC38mOVA cells, regardless of whether the mice were immunized or left untreated and whether
tumor cells were isolated during immune control or immune evasion (Figure 4.8e). Taken together,
these results indicate that the selection pressure exerted by DIVA%-induced antigen-specific CD8*
T cells on MC38mOVA tumor cells in the TME does not result in reduced antigen presentation on the

surface of the tumor cells, why we can exclude antigen loss as a possible reason for immune evasion.
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4.5 Single-cell RNA-sequencing reveals absence of immunosuppressive monocytes in

the TME during DIVA2-induced immune control

In the FACS-based characterization of the TME, we observed that DIVA? induces a significantly
enhanced T cell immune response, but also substantially modulates the myeloid compartment of the
TME, when compared to untreated. These discrepancies were detectable during immune control, but
not during immune evasion. In the in vitro proliferation assay, we observed that there is no antigen
loss on the surface of MC38mOVA tumor cells in the TME suggesting that it cannot be the reason for
the development of immune evasion. Hence, we hypothesized that immunosuppression originates
from myeloid cells, which showed a large discrepancy in their clustering during immune control. To
obtain more information about these myeloid cells, we performed scRNA-seq of TILs. In the scRNA-seq
approach that we performed, the mRNA of individual cells gets sequenced and bioinformatically
analyzed. Distinct cell populations can be detected and their phenotype characterized in more detail
which can give crucial information about immunological mechanisms that are operating within the

TME.

45.1 DIVA%induced immune control is associated with a distinctly different TME

To gain more detailed information about the TME after DIVA? we set out to perform scRNA-seq of the
TILs. For this purpose, we performed DIVA? in a therapeutic tumor setting and isolated TILs by magnetic
bead sorting of CD45+ cells during immune control and evasion from DIVA2-treated and untreated mice
(Figure 4.9a). The tumor volumes of the DIVA2-treated and untreated mice exhibited the characteristic
course shown in the FACS-based TME analysis (Figure 4.9b). We stopped the tumor experiment during
the immune control phase at day 16, at which time the averaged tumor volume after DIVAZ was about
5 mm?3, while that of the untreated mice was significantly different with about 155 mm?3. We stopped
a separate tumor experiment in the immune evasion phase. Therefore, we chose a time point at which
the tumors of the DIVAZ-treated mice had already reached the immune evasion phase, but the
untreated mice had not yet reached the termination criteria. To accommodate this, we terminated the
experiment on day 20 when the averaged tumor volume of the DIVA? treated mice was about 110 mm3
and that of the untreated mice was about 400 mm?3. We prepared single cell suspensions from each of
the mice and isolated the CD45* cells. The quality control results of the mRNA isolation and the metrics

summary of the sequencing raw data are summarized in appendix 7.4.
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Figure 4.9: scRNA-seq analysis reveals monocytes to be absent during DIVAZ-induced immune control

a) Schematic overview of the application pattern for DIVAZ in a therapeutic tumor setting. Tumor cell suspensions were
prepared during immune control (day 16) or immune evasion (day 20), n=3/condition. Tumor infiltrating leukocytes were
prepared by MACS isolation of CD45* cells. b) Tumor volumes during immune control (day 16) and immune evasion (day 22).
Visualized are mean and SD. *p < 0.05 by two-way ANOVA with Sidak's multiple comparisons test. c¢) scRNA-seqg-based t-SNE
plots of TILs, merged per condition (n=2-3). Cell types were predicted based on the immgen database annotation immgen

main.

In the processing of the scRNA-seq data, we assigned in an unbiased approach the sequenced single
cells to immune cell types based on the immgen database annotation immgen main (status: 12/2022).
To represent an overview of the diversity of the TILs across conditions, we calculated t-SNE plots
(Figure 4.9c). During immune control, TILs clustered differently across conditions. Most strikingly, we

detected almost no monocytes after DIVA?, but a more strongly represented macrophage population.
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This was accompanied by a stronger population of T cells and NKT cells. In contrast, TILs clustered very
similarly during immune evasion, which is generally consistent with the results of the FACS-based t-SNE

plots (Figure 4.7).

For better comparability we plotted the frequencies of the immune cell types relative to CD45* cells
(Figure 4.10a). During immune control we detected after DIVA? around 1,2 % monocytes but in the
untreated group around 27 %. However, this monocyte population appeared in DIVA%-treated mice
until immune evasion on day 20 and clustered to a very similar extent as the analogous monocyte
population of the untreated group. The macrophages were with 73 % more present during immune
control after DIVA? compared to untreated with 51 %. This discrepancy tended to neutralize until
immune evasion. We also observed that after DIVA? a weaker DC population was represented during
both immune control and immune evasion. Similar to the FACS-based characterization of the TME, we
also observed that after DIVA? cytotoxic lymphocytes, such as T cells, NK cells, NKT cells and ILCs, were
more abundant in total during immune control, reflecting around 21 % of the CD45* cells within the
TME. The significant discrepancy in the total number of cytotoxic lymphocytes during immune control
decreased until immune evasion, but we still detected with around 13 % a higher frequency after DIVA?

during immune evasion when compared to untreated.

Seperated quantification of cytotoxic lymphocyte subtypes revealed that CD8" T cells were approxi-
mately twice as abundant compared to untreated. This discrepancy increased up to immune evasion,
as the CD8* T cell frequency in the TME of untreated mice decreased (Figure 4.10b). In contrast, the
frequency of CD4* T cells decreased after DIVA? slightly from immune control to immune evasion but
increased to over 2 % in case of untreated mice. Within these CD4* T cells, we detected during immune
control approximately half as many FoxP3* Treg cells after DIVA? compared to untreated. Until immune
evasion, this frequency remained after DIVA? the same, whereas the frequency in the untreated mice
increased to about 1,6 %. Furthermore, the analysis revealed that approximately twice as many NKT
cells were detected during immune control compared to immune evasion, regardless of treatment.
We observed a slightly smaller increase in NK cells, which was 1 % in the untreated group but increased
to 1,5 % after DIVAZ. However, during immune evasion, the rate of DIVA%-treated mice decreased again
to 0,9 %, while that of untreated mice remained about the same at 1,2 %. Surprisingly, we detected
about 7 % ILCs after DIVA? during immune control whereas in untreated mice this frequency was about
3 %. This discrepancy disappeared completely by the time of immune evasion and we detected about
2 % ILCs in each case. These data confirm the results of the FACS-based analysis of tumor-infiltrating

CD8* T cells and also show which subtypes of cytotoxic lymphocytes were represented in the TME.
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Figure 4.10: DIVA? induces a strong infiltration of the TME by cytotoxic lymphocytes

a) scRNA-seq based quantitative distribution of TIL celltypes in the TME. Celltype prediction was performed based on the
database immgen main, number of samples as indicated in Fig. 4.5.1. b) Quantitative distribution of cytotoxic lymphocytes
that include T cells, NKT cells, ILCs and NK cells. Samples are merged per condition (n=2-3).
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In summary, we conclude from the overview and the quantification of the scRNA-seq-based TME
analysis that DIVA? led to a strong modulation of the immune cells within the TME. The discrepancy
between the TILs of DIVA%-treated and untreated mice was mainly detectable during immune control
and largely decreased until immune evasion. During immune control, we mainly figured out that
monocytes were almost absent after DIVAZ, however these cells appeared until immune evasion. This
was accompanied by a strong influx of cytotoxic lymphocytes into the TME, whose frequency
decreased from immune control until immune evasion, thus favoring tumor progression. Within the
cytotoxic Lymphocytes, mainly the CD8* T cells were after DIVAZ much more represented during both
immune control and immune evasion, whereas the ILCs were only more represented during immune
control. Since the scRNA-seq analysis allows a very precise assignment of cells to immune cell types
due to the high number of marker genes, we thus not only confirmed the results of the FACS-based
TME analysis, but specified them beyond that. To understand which immunological mechanisms
enable the immune control and which immune evasion mechanisms in the TME of MC38mOVA tumors
prevent an ongoing immune control, we needed to characterize the phenotype of the differentially
distributed cell types more precisely. Therefore, we focused on analyzing marker gene expression of
the cytotoxic lymphocyte subtypes that were strongly increased by DIVA? and the monocytes that

appeared in the TME until immune evasion.

452 DIVA%induced cytotoxicity is mainly mediated by CD8" T cells and ILCs

After we had quantitatively identified which cytotoxic lymphocytes were represented in the TME after
DIVA?, it was necessary to characterize them phenotypically in more detail. For this purpose, we
analyzed the different subsets of cytotoxic lymphocytes regarding the expression of a cytotoxic gene
signature based on the scRNA-seq data (Figure 4.11). The merged view of the t-SNE plot showed that
the expression of cytotoxic marker genes is essentially restricted to T cells, NKT cells, NK cells and ILCs
in relation to all TIL populations (Figure 4.11a). In the t-SNE plots split by condition, we observed that
DIVA? induced especially a larger population of T cells expressing the cytotoxic gene signature
compared to untreated during both immune control and immune evasion. To highlight the differences
in lymphocytes expressing the cytotoxic gene signature, we analyzed the expression intensities for
each cytotoxic lymphocyte subtype separately and visualized them in violin plots (Figure 4.11b). The
expression analysis of the cytotoxic gene signature showed that the DIVA%-induced CD8" T cells
detected in the quantitative analysis also largely expressed the cytotoxic gene signature. Like the
results of the FACS-based TME analysis and the IFN-y ELISpot of the tumor cell suspensions (Figure 4.6),
the cytotoxicity of these CD8* T cells increased from immune control to immune evasion, as the

averaged signature score increased from about 10 to 15.
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Immune evasion phase

a) t-SNE plots of TILs showing their signature score for cytotoxic marker genes that are listed. Merged and split by condition
(samples merged per condition, n=2-3). b) Signature scores for cytotoxic marker genes separated per subtype of cytotoxic
lymphocytes, split by condition (samples merged per condition, n=2-3).

This confirms that CD8* T cells exhibit a cytotoxic phenotype during both immune control and immune

evasion. The ILCs, detected in greater numbers during immune control, also expressed the cytotoxic

marker genes to a large extent, suggesting an ILC type 1 phenotype which means that they could also

contribute to immune control (Jacquelot et al. 2022). However, this effect was limited in time, as they

were present in much lower cell numbers during immune evasion, suggesting that the ILCs could
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contribute to the elimination of tumor cells to a much lesser extent from the onset of immune evasion.
In the quantitative analysis, we detected an equal frequency of NKT cells regardless of treatment
during immune control. However, these showed a slightly increased signature score after DIVA?,
indicating a slightly stronger cytotoxic phenotype. Although the NKT cells in both conditions also
expressed cytotoxic marker genes during immune evasion, the number of these cells was reduced by
half during this phase, suggesting that they were able to contribute to the elimination of tumor cells
to a lesser extent at the development of immune evasion. In the case of CD4" T cells, we observed in
the expression analysis that the signature score was similar in both conditions and time points, but the
number of cells had increased in the untreated mice until immune evasion. However, the lower
average signature score suggests a lower cytotoxic contribution of the CD4* T cells. The NK cells were
represented in the lowest cell number of cytotoxic lymphocytes. However, these had the highest
averaged signature score in the expression analysis, indicating these may have also contributed to the
elimination of tumor cells. In summary, these observations show that the CD8* T cells and ILCs
highlighted in the quantitative analysis were also for the most part the cells that expressed the
cytotoxic marker genes, while the NKT cells, NK cells and CD4* T cells were less able or unable to
contribute to cytotoxicity. Furthermore, we observed a marked decrease in the total cell number of
cytotoxic lymphocytes from immune control to immune evasion, generally associated with a slightly
lower expression of cytotoxic marker genes, with the exception of the CD8* T cells. These observations
may indicate the favoring of tumor progression and thus the switch from immune control to immune

evasion.

453 DIVA%induced CD8* T cells partly express exhaustion marker genes

In the gene expression analysis of the cytotoxic gene signature, CD8* T cells and ILCs in particular
showed a cytotoxic phenotype within the cytotoxic lymphocytes. While the cell count of CD8* T cells
remained stable untilimmune evasion, the number of other cytotoxic lymphocyte subtypes decreased,
favoring tumor growth. Besides a decreasing number of cytotoxic lymphocytes, another reason for
tumor progression is T cell exhaustion. In parallel to the expression of cytotoxic marker genes, T cells
can also express exhaustion marker genes. These are a sign of reduced to completely suppressed
effector T cell function. To investigate this, we performed a gene expression analysis with the
exhaustion marker genes PD-1, CTLA-4, Lag3, Tim-3 and Tigit (Wherry and Kurachi 2015) (Figure 4.12).
This showed that PD-1 expression increased from immune control to immune evasion in the DIVA2-
treated group, suggesting a continued antigen contact and activation state of these T cells. In the flow
cytometry analysis, we observed that the expression of CTLA-4 and Lag3 was very low at about 15 and
below 10 %, respectively. In contrast, the CD8" T cells of all conditions showed higher values of 35-45 %

in the scRNA-seq-based analysis.
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Figure 4.12: CD8"* T cells partly express exhaustion marker genes

t-SNE plots of TILs showing their expression of indicated exhaustion marker genes. Merged and split by condition (samples
merged per condition, n=2-3). Plots in the right represent the frequency of CD8* T cells expressing indicated exhaustion
marker (samples merged per condition, n=2-3).

These values were also observed for Tigit in addition to CTLA-4 and Lag3. Only Tim-3 expression was
lower, butincreased to over 40 % in the DIVA%-treated group untilimmune evasion. These data indicate
that some of the CD8* T cells in the TME express exhausted marker genes and therefore it can be
assumed that this results in reduced effector T cell function. In addition to the decreasing total number
of cytotoxic lymphocytes at the time of immune evasion compared to immune control, this represents

a further starting point for increased tumor growth after initial tumor immune control.
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4.5.4  Monocytes show an immunosuppressive phenotype in immune evasion

In the expression analysis of the cytotoxic lymphocyte subtypes, we figured out that they expressed
cytotoxic marker genes and that CD8* T cells and ILCs were the main producers of cytotoxic cytokines.
However, excepting CD8" T cells, we also observed a decrease in the total cell number of cytotoxic
lymphocytes from immune control until immune evasion. Furthermore, the CD8" T cells partly
expressed T cell exhaustion marker genes. Since there was a steady tumor growth in the TME despite
the consistently high number of cytotoxic CD8* T cells from immune control until immune evasion, it
suggests that suppression of these cells in the TME might occur, causing T cell exhaustion. In the
guantitative analysis of TILs, we also observed that monocytes were almost absent during immune
control and appeared until immune evasion. To characterize the phenotype of these monocytes more
precisely and to find out whether they contribute to the suppression of cytotoxic lymphocytes when
entering the TME, we performed an expression analysis of immunosuppressive marker genes (Figure

4.13).
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Figure 4.13: Monocytes appearing in the TME until immune evasion in DIVA?-treated mice express
immunosuppressive marker genes

a) t-SNE plots visualizing the expression score of immunosuppressive marker genes in merged view and split by condition.
Analyzed immunosuppressive marker genes are listed. Samples are merged per condition (n=2-3) b) Violin plot visualizing the
expression score of the immunosuppressive gene signature, split by condition (n=2-3) and cell type.

The merged view of the t-SNE plot showed that the anti-inflammatory marker genes are not exclusively
but most strongly expressed by monocytes (Figure 4.13a). Consequently, in the t-SNE plots split by

condition, we observed that the absence of monocytes during DIVA%-induced immune control meant
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that a significant proportion of TILs expressing the immunosuppressive marker genes were not
represented in the TME. To further examine the extent to which the expression of the immunosup-
pressive marker genes relates to the monocytes, we plotted the expression intensity split by cell type
(Figure 4.13b). As already indicated in the t-SNE plots, macrophages also expressed the immunosup-
pressive marker genes, but at a significantly lower signature score than monocytes. Only the neutrophil
granulocytes had a signature score similar to that of the monocytes, but these were only represented
in a very small number of cells. These data indicate that the monocytes that infiltrate the TME after
the immune control phase exhibit an immunosuppressive phenotype and can thus contribute
significantly to the immunosuppression of pro-inflammatory immune cells within the TME, for example

by causing T cell exhaustion in a portion of CD8* T cells.

To verify the immunosuppressive effect of these monocytes in an in vivo experiment, we examined the
monocytes for a potential target that we can use to deplete them in a tumor setting. The CCL2/CCR2
axis plays a crucial role in the recruitment of monocytic cells to the tumor site. The chemokine CCL2
can be expressed in the TME by stroma cells, endothelial cells, tumor cells or leukocytes (Soria and
Ben-Baruch 2008), forming a CCL2 gradient within the organism. Cells expressing the CCL2-receptor
CCR2 on their cell surface can migrate along a systemic CCL2 gradient to the peripheral tumor site.
Once in the TME, these cells can contribute to the suppression of pro-inflammatory cells. The t-SNE
plot split by conditions showed that besides macrophages, mainly monocytes expressed CCR2 (Figure
4.14). Because monocytes were almost absent after DIVAZ, we consequently observed during immune
control a strong reduced amount of CCR2* cells in general. Furthermore, we observed that mainly
myeloid cells expressed CCL2, including monocytes and macrophages (Figure 4.14). CCL2 expression
was stronger in the untreated group during immune control and immune evasion. Since monocytes
were almost absent in the DIVA2-treated group during immune control, the total number of CCL2-
expressing cells was thus also lower. This indicates that CCR2* cells are recruited to a lesser extent.
However, we detected a strong increase in CCR2* monocytes in the immune invasion phase, regardless
of treatment, indicating that these monocytes could migrate into the TME via CCL2/CCR2 signaling.
Notably, we observed strong Ly6C expression of these monocytes, allowing flow cytometry-based
depletion analysis of those cells in a tumor experiment (Figure 4.14). Strikingly, only the macrophages
in the DIVA%-treated group showed a strong expression of CD38 at the time of immune control
compared to the other conditions. CD38 is a marker for pro-inflammatory macrophages of the M1
phenotype (Jablonski 2015) suggesting that the macrophages in the DIVA%-treated group had a pro-

inflammatory phenotype at the time of immune control.
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Figure 4.14: Tumor-infiltrating monocytes express CCR2

t-SNE plots visualizing the expression score of CCR2, CCL2, Ly6C and CD38, split by condition. Samples
are merged per condition (n=2-3).

64



Results

In summary, these results suggest that the DIVA%induced cytotoxicity is mainly mediated by CD8*
T cells and ILCs but that CD8* T cells also partly expressed exhaustion-related marker genes. Monocytes
infiltrating the TME of DIVA%-treated mice until immune evasion exhibited an immunosuppressive
phenotype indicated by the expression of a characteristic immunosuppressive gene signature.
Furthermore, we detected a high expression of CCR2 by these monocytes, making them targetable
with an anti-CCR2 antibody to prevent their migration to the peripheral tumor site. The increasing CCL2
expression in the DIVA2-treated group from immune control until immune evasion enhances the
recruitment of CCR2* monocytes, thereby favoring tumor growth. Only the macrophages of the DIVA%-
treated group showed significantly increased expression of the pro-inflammatory M1 marker CD38 at
the time of immune control. To verify the immunosuppressive effect of the CCR2* monocytes, we

targeted them in an in vivo tumor experiment with the anti-CCR2 antibody MC-21.

4.6 Depletion of immunosuppressive CCR2* monocytes after therapeutic DIVA?

demonstrates their tumor-promoting capacity

By analyzing the TILs by scRNA-seq, we further characterized the TME after DIVA? treatment by using
an unbiased bioinformatic approach to precisely identify the immune cell types and describe their
functional phenotype. Performing expression analysis of characteristic gene signatures allowed
identifying the cytotoxic phenotype of CD8* T cells and ILCs and the immunosuppressive phenotype of
the CCR2* monocytes, absent after DIVA? during immune control but present in the TME during
immune evasion. In order to evaluate the immunosuppressive capacity of these monocytes and
understand their influence on the tumor growth when they infiltrate the tumor, we decided to deplete
the CCR2" peripheral blood monocytes in a tumor experiment. The CCR2-CCL2 axis has been well
described and represents a therapeutic target to prevent the infiltration of monocytic phagocytes into
the TME (Kubli et al. 2021). To evaluate their tumor-promoting capacity we depleted them in a
therapeutic tumor setting with the anti-CCR2 antibody MC-21 (Mack et al. 2001) (kindly provided by
Prof. Dr. Matthias Mack, University Regensburg, Germany) and hypothesized a decrease of tumor
growth after depletion (Figure 4.15a). In our previous work we showed that depletion of CCR2*
peripheral blood monocytes with MC-21 prior to DIVA abolished the immune response by preventing
the dithranol-induced monocyte influx into the skin (Sohl et al. 2022). Therefore, we decided to start
monocyte depletion only after the second immunization at day 15. Due to the formation of antibodies
against the anti-CCR2 antibody MC-21, it can only be administered for 5 consecutive days (Mack et al.
2001). Administering 20 ug MC-21 antibody resulted at day 16 (24 h after the first injection) in a

complete depletion of Ly6C"e" CCR2* peripheral blood monocytes. This depletion was accompanied by
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Figure 4.15: Depletion of CCR2* monocytes transiently decreases tumor growth demonstrating their immuno-

suppressive capacity

a) Schematic overview of the application pattern for DIVAZ in a therapeutic tumor setting. DIVA2-treated or untreated mice
were i.v. injected with anti-CCR2 antibody MC-21 from day 15-19 (20 ug daily) or left untreated. b) Representative flow
cytometry dot plots of LY6C* CCR2* cells from peripheral blood or MC38mOVA tumor. Mice were treated either with MC-21
antibody, DIVAZ or left untreated. c¢) Tumor volumes were assessed three times per week. Every curve represents the tumor
volume of one individual mouse. d) Merged tumor volumes visualized as mean and SD per condition. e) Kaplan-Meier survival
curve. p < 0.05 by two-way ANOVA with Sidaks multiple comparisons test and one-way ANOVA with Kruskal-Wallis test, when
sample numbers were different. Comparisons of survival curves were performed by Log-rank (Mantel-Cox) test.
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an almost complete depletion of these CCR2* monocytes in the tumors at day 20. These findings
suggest that the CCR2* monocytes that we detected by scRNA-seq during immune evasion (day 20)
infiltrate the TME from the peripheral blood, but that this infiltration can be prevented by the anti-
CCR2 antibody MC-21. However, we detected CCR2* monocytes in the peripheral blood again 48 h
after the last MC-21 injection at day 21, which is since the MC-21 antibody can only be administered
for 5 consecutive days (Figure 4.15b). Combining DIVA? and MC-21 treatment in a therapeutic tumor
setting reduced the tumor growth significantly, compared to DIVA? alone. However, this effect was
limited and lasted only until about 5 days after the last MC-21 injection. Thereafter, we observed that
the tumor volume increased more rapidly. Since the monocytes were detectable in the blood about
48 h after the last injection, these findings suggest that the CCR2* monocytes exhibit a tumor-
promoting effect, which unfolds again when the depletion effect runs out. Notably, treatment with
MC-21 alone did not induce a reduction in tumor growth, indicating that depletion of tumor-promoting
monocytes no longer has an effect when started in the later immune evasion phase (Figure 4.15c, d).

After treatment with MC-21 alone, we observed no prolongation of the median survival compared to
the untreated group, which was 22 and 23 days, respectively. However, DIVA? significantly prolonged
the median survival to 29 days and the combination of DIVAZ and MC-21 to 32 days. The transiently
stronger anti-tumoral character of the combination of DIVAZ and MC-21 compared to DIVA? alone was
mainly reflected in the survival curve in the period between day 27 and 32. This observation suggests
that the effect of transient monocyte depletion in peripheral blood and in the tumor results in an
equally transient prolonged survival after a time lag of about 10 to 12 days. The expiry of the depletion
effect on day 21 was thus accompanied by the expiry of the discrepancy in prolonged survival, which

can be seen at the end of the survival curves on day 34 and 35, respectively (Figure 4.15e).

We further checked if this anti-tumoral effect was due to depletion of tumor-promoting CCR2+
monocytes or rather to an altered Tcell immune response. For this purpose, we functionally
characterized the circulating CD8* and CD4* T cells at different time points. Surprisingly, despite the
lower tumor growth in the MC-21 treated animals, we found even fewer CD8" T cells and antigen-
specific CD8" T cells. These cells produced similar amounts of IFN-y, TNF-a and KLRG-1 upon
stimulation with lonomycin and phorbol-12-myristate-13-acetate (PMA), suggesting a functional, non-
senescent phenotype. Even though CD8* T cells can express CCR2, depletion of CCR2* cells did not
induce depletion of T cells, as we found no difference in CD8* T cell count after treatment with MC-21
alone compared to untreated mice (Figure 4.16a). In case of CD4" T cells, we also observed no

differences between DIVA%-treated and untreated mice (Figure 4.16b).
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