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Zusammenfassung

CD8* T-Zellen spielen eine entscheidende Rolle in der Immunantwort gegen
Krebs, indem sie nach Aktivierung durch antigen-prasentierende Immunzellen
im Lymphknoten als stammzellahnliche TCF1+CD8+* T-Zellen in den Tumor
wandern. Dort kdénnen sie sich in cytotoxische Effektor-CD8* T-Zellen
differenzieren und expandieren, die direkt an der Eliminierung von Tumorzellen
beteiligt sind. Doch die genaue Regulation der Differenzierung und Expansion
von stammzelldhnlichen TCF1+CD8* T-Zellen sowie die Faktoren, die diese
Schritte beeinflussen, sind bislang noch nicht vollstdndig verstanden und
bendtigen weitere umfassende Forschung.

Viele humane und murine Tumore produzieren das bioaktive Lipid
Prostaglandin E2 (PGE2). PGE:2 besitzt eine immunsuppressive Wirkung auf
verschiedene Immunzellen, was es zu einem potenziell bedeutsamen Faktor fir
die Regulation von T-Zellantworten innerhalb des Tumormilieus macht.

In dieser Arbeit wurde die Auswirkung von tumorsekretiertem PGE:2 auf die
anti-tumorale Immunantwort durch stammzelldhnliche TCF1+CD8+ T-Zellen
untersucht. Dabei wurde festgestellt, dass PGE2 in Tumoren zu einer
Verringerung von intratumoralen CD8* T-Zellen fuhrte, was wiederum das
Tumorwachstum begunstigte. Ein T-Zell-spezifischer Knockout der beiden
PGE2-Rezeptoren (EP), EP2 und EP4, zeigte, dass es direkt auf CD8* T-Zellen
wirkte und ihre lokale Expansion hemmte. Einzelzell-lRNA- und
Einzelzell-T-Zellrezeptor-Sequenzierung von tumorinfiltrierenden CD8* T-Zellen
enthlllte, dass PGE:2 die Differenzierung und die darauffolgende klonale
Expansion von stammzelldhnlichen TCF1+CD8*+ T-Zellen direkt im Tumor
behinderte. PGE: verringerte die Sensitivitdt gegenlber IL-2 und unterdriickte
nachfolgend den mTORC1 Signalweg in CD8* T Zellen, was mit einem
gezielten Knockout von EP2 und EP4 gerettet werden konnte.

Diese Ergebnisse zeigen einen bisher unbekannten Kontrollpunkt in der
Immunantwort gegen Krebs auf, der tberwunden werden muss, um wirksame
CD8* T-Zellantworten im Tumor zu generieren. Dieser neu entdeckte
Kontrollpunkt in der anti-Krebs-Immunantwort stellt einen vielversprechenden

Ansatzpunkt fir zukunftige T-Zell-gerichtete Therapien dar.






Abstract

CD8*+ T cells play a crucial role in the immune response against cancer by
migrating into the tumor as stem-like TCF1+CD8* T cells after activation by
antigen-presenting immune cells in lymph nodes. At the tumor, they can
differentiate and expand into cytotoxic effector CD8* T cells capable of directly
eliminating tumor cells. However, the precise regulation of the differentiation
and expansion of stem-like TCF1+CD8* T cells, as well as the factors
influencing these steps, are not yet fully understood and require further
comprehensive research.

Many human and murine tumors secrete the bioactive lipid Prostaglandin E2
(PGE-2), which mediates an immunosuppressive effect on various immune cells.
This makes PGE2 a potentially significant factor in the regulation of T cell
responses within the tumor.

In this study, the impact of tumor-derived PGE2 on the antitumoral immune
response mediated by stem-like TCF1+CD8* T cells was investigated. It was
observed that PGE: in tumors led to a reduction in intratumoral CD8* T cell
numbers, subsequently promoting tumor growth. A T cell-specific knockout of
the two PGE:z receptors (EP), EP2 and EP4, revealed that PGE:z directly
affected CD8* T cells and inhibited their local expansion. Single-cell RNA and
single-cell T cell receptor sequencing of tumor-infiltrating CD8* T cells revealed
that PGE2 hindered the differentiation and subsequent clonal expansion of
stem-like TCF1+CD8* T cells directly within the tumor. PGE2 reduced sensitivity
to IL-2 and subsequently suppressed the mTORC1 signaling pathway in
CD8* T cells, a response that could be rescued with a targeted knockout of EP2
and EP4.

These findings reveal a previously unidentified checkpoint in the anti-cancer
immune response that must be overcome to generate effective CD8* T cell
responses within the tumor. This newly discovered checkpoint holds promise as

a target for future T cell-targeted therapies.






1 Introduction

1.1 The immune system

The immune system is outstanding in safeguarding the body against a range of
threats, including pathogens, parasites, allergenic or toxic proteins, and
abnormal cells with the potential to develop into cancer. It comprises two main
components: Innate immunity and adaptive immunity’.

The innate immune system acts as the body's primary barrier against invading
pathogens, employing physical barriers like the skin and mucous membranes to
prevent pathogen entry. Moreover, chemical barriers such as the skin pH,
stomach acid, defensins, and the complement system contribute further to the
body's defense mechanisms?3. The cellular compartment of the innate immune
system, including phagocytic cells like neutrophils, monocytes, macrophages,
and dendritic cells (DCs), is crucial for eliminating pathogens through
phagocytosis. DCs also serve as essential mediators between the innate and
adaptive immune systems by presenting antigens to lymphocytes via their major
histocompatibility complexes (MHCs)'. Another cell type that plays a pivotal role
in the early cell-mediated immune responses is natural (NK) killer cells, which
recognize and eliminate both virus-infected and cancerous cells®.

In contrast to innate immunity, the adaptive immune system consists of B and
T lymphocytes, which recognize a vast range of antigens using their B cell
receptors (BCRs) and T cell receptors (TCRs) on their cell surface,
respectively®. B cells play a crucial role by generating antibodies that bind to
antigens, thereby neutralizing pathogens and contributing to humoral
immunity®3. T lymphocytes, on the other hand, are further categorized into
CD4+ and CD8* T cells. CD4+* T cells regulate and coordinate immune
responses, while CD8* T cells are specialized in eliminating infected and
abnormal cells'®. Upon encountering their specific antigen with their BCRs and
TCRs, B and T cells initiate rapid divisions, resulting in the generation of a
substantial population of identical clones. This phenomenon, known as clonal
expansion, is accompanied by the formation of a specialized subset of

long-lived memory cells. These memory cells persist in the body, facilitating a
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quicker and more potent immune response upon subsequent encounters with
the same pathogen’.

In general, the innate immune system recognizes common structures, such as
lipopolysaccharides, double-stranded RNA, and peptidoglycans, that are shared
among numerous infectious agents'®. In contrast, the adaptive immune system
provides specific, targeted responses against pathogens by using their specific
BCRs and TCRs. While the innate immune response is activated immediately,
the adaptive immune response typically takes several days as lymphocytes

undergo clonal expansion and differentiation.

1.1.1 The development of T lymphocytes

T cells originate in the bone marrow and then travel through the bloodstream to
reach the thymus, where they undergo various selection procedures’®. In the
thymic cortex, all T cells undergo positive selection, transitioning from a double
negative (CD4-CD8") to a double positive (CD4+*CD8*) state characterized by
the expression of the coreceptors, CD4 and CD8, on their surface'®.
Concurrently, the mature ap-TCR is generated via somatic V(D)J
recombination. To ensure that T cells recognize antigens presented on MHCs,
cortical thymic epithelial cells (cTECs) present self-antigens on MHC class | and
[l molecules to T cells. T cells that recognize peptide-loaded MHC | or MHC I
molecules receive survival signals and downregulate CD4 or CDS8,
respectively®. Conversely, T cells that do not strongly recognize MHC molecules
undergo apoptosis, which is termed as 'death by neglect'. Following positive
selection in the cortex, T cells migrate to the thymus medulla, where they
encounter medullary thymic epithelial cells (INTECs). mTECs present a diverse
repertoire of self-antigens from various parts of the body on their
MHC | molecules, facilitated by the autoimmune regulator (AIRE) transcription
factor!. Thymic dendritic cells phagocytose mTECs, leading to the presentation
of self-antigens on MHC Il molecules. T cells that interact too strongly with
self-peptide complexes on either MHC | or Il receive apoptotic signals, resulting
in the release of only mature naive T cells from the thymus into the

bloodstream?.7:8.
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1.1.2 CD8* T cell priming and activation

CD8* T cells are key players in immune surveillance, directly eliminating
cancerous cells or cells displaying foreign antigens. During the initiation of
antigen-specific CD8* T cell responses, naive CD8* T cells are activated within
secondary lymphoid organs such as the spleen or draining lymph nodes, a
process called T cell 'priming' that is mediated by antigen-presenting cells
(APCs)'. One key APC population is DCs, which participate in immune
surveillance as immature DCs in peripheral tissues like the skin or mucosal
surfaces®. Acting as sentinels, DCs survey the periphery to take up pathogens
and antigens from the surroundings. Upon antigen capture and activation, they
can migrate to the nearest secondary lymphoid organ, presenting antigen
fragments on their MHC | and Il molecules to prime naive CD8* and
CD4+ T cells, respectively'®11.

Notably, effective activation of naive T cells requires additional signals beyond
antigen-presentation. This may encompass costimulatory molecules like CD80
and CD86 from the B7 family, which are present on activated APCs and can
activate the costimulatory molecule CD28 on T cells®. Other costimulatory
signals include molecules such as CD40L, OX40, 4-1BB, inducible T cell
costimulator (ICOS), and CD27. These molecules can contribute to T cell
priming or later activation and differentiation stages of CD8* T cells'. Following
T cell activation, inhibitory receptors such as programmed cell death protein 1
(PD-1), T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3),
lymphocyte-activation gene 3 (LAG-3), 2B4, and T cell immunoreceptor with
immunoglobulin and ITIM domain (TIGIT) can be upregulated in CD8* T cells,
mediating a dampening effect on their activation status''2. Whether a
CD8+ T cell is in an active or inactive state depends on the interplay between
positive (costimulatory) and negative (coinhibitory) signals within the
costimulatory pathway.

In addition, soluble mediators, in particular cytokines, can modulate the
activation and differentiation of CD8* T cells'. For instance, cytokines such as
interleukin 2 (IL-2), IL-7, IL-9, IL-15, and IL-21 can serve as promoters of growth

and survival. Conversely, transforming growth factor beta (TGF-B) and IL-10 are
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recognized for their inhibitory role in the function and proliferation of
CD8* T cells'314,

Recent advances in cancer immunology research have now uncovered an
additional signal that complements the traditional 3 signals regulating T cell
activation. It has been proposed that factors such as nutrients, metabolites,
oxygen levels, and environmental signals, including tumor-derived factors, may
contribute to shaping T cell responses within the tumor microenvironment
(TME)'®'6, In this context, both tumor-infiltrating cells and the tumor cells
themselves can modify the local nutritional environment!4. These alterations can
metabolically inhibit T cell functions and may contribute to increased T cell
exhaustion'”8. Under normal circumstances, T cells adjust their nutrient
consumption and metabolism during differentiation to fulfill their energy
requirements’+18, As a result, these adjustments are accompanied by changes
in gene expression through epigenetic and post-translational protein
adaptations, resulting in a modified status of T cell activation'®. This
underscores the notion that additional factors and conditions within the TME

also play a significant role in determining the fate of T cells.

1.1.3 Effector CD8* T cell functions

CD8+ T cell-mediated cytotoxicity is a highly antigen-specific process that
begins with the binding of the TCR to the cognate MHC | complex on the target
cell. This initial interaction triggers the formation of the immunological synapse,
characterized by the accumulation of supramolecular activation complex
(SMAC) proteins at the interface between the CD8* T cell and the APC. SMAC
acts like a 'sealing ring', ensuring that cytolytic molecules are directed
specifically toward the target cell and not the surrounding vicinity'®.

After the establishment of the immunological synapse, the CD8* T cell releases
intracellular granules that contain 3 calcium-dependent cytotoxic components:
Perforin, granzymes, and granulysin. Subsequently, perforin integrates into the
target cell membrane. This integration facilitates the formation of pores,
enabling the entry of cytotoxic granules'. Granzymes play a crucial role in

initiating diverse pathways involved in cytotoxicity. For instance, granzyme A
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and K can induce pore formation and trigger the release of inflammatory
cytokines?0. Granzyme F and C can cause ruptures in the cellular membrane,
leading to cell death, while granzyme M disrupts microtubule structures,
resulting in morphological changes in the target cell. In contrast, granzyme B
(GzmB) can induce apoptosis by activating the caspase-mediated apoptotic
pathway?°. Moreover, in human cytotoxic CD8* T cells, granulysin, which is
absent in mice, exhibits cytolytic activity against target cells and acts as a
chemoattractant for T cells, monocytes, and NK cells. Furthermore, granulysin
possesses pro-inflammatory properties, leading to the expression of cytokines
in certain tumor cell lines and monocytes?'.

In addition to the release of cytotoxic granules, CD8* T cells play a role in
eliminating infected or cancerous cells by expressing Fas ligand (FasL). FasL is
a member of the tumor necrosis factor (TNF) family and is expressed on the
surface of activated NK and cytotoxic CD8* T cells. Through binding to Fas on
the target cell surface, FasL initiates a signaling cascade that triggers
apoptosis. The interaction between FasL and Fas results in the formation of a
receptor trimer. The death domains (DDs) within Fas, play a pivotal role in
mediating the apoptotic signal within the target cell by recruiting procaspases,
which then can activate apoptosis-initiating caspases such as caspase 3, 6, and
7, resulting in mitochondrial damage and ultimately in cell death?2.

Besides being directly involved in cytotoxicity, CD8+ T cells also mediate
immunoregulatory functions by secreting cytokines and chemokines. The most
important cytokines released by CD8* T cells are Interferon-gamma (IFNy),
TNF-alpha (TNFa), and IL-223.

IFNy plays a critical role in diverse functions of the immune system. On the one
hand, it promotes the activation and differentiation of various immune cells,
including macrophages, DCs, and T and B cells, thereby enhancing both
adaptive and innate immune responses’. On the other hand, IFNy can enhance
the expression of MHC | on virus-infected or cancer cells while also increasing
the expression of MHC Il molecules on DCs and macrophages, facilitating

proficient antigen presentation to CD8* and CD4* T cells?#+25,
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In contrast to IFNy, TNFa is initially secreted as a membrane-bound cytokine
that can undergo cleavage into its soluble form by TNFa-converting enzymes
(TACEs)'. Soluble TNFa exhibits a high binding affinity to
TNF receptor 1 (TNFR1), which is involved in pro-inflammatory and apoptotic
pathways and is expressed in almost every cell?627. Conversely, TNFR2
signaling, associated with anti-inflammatory responses, cell proliferation, and
tissue regeneration, is primarily activated by the interaction with
membrane-bound TNFa, only prevalent in specific immune cell
subpopulations?-2829,

In addition to IFNy and TNFa, activated CD8* T cells secrete IL-2, which is one
of the most important cytokines for T cell development, differentiation, survival,
and function (section 1.1.4). Finally, once CD8* T cells are activated, they can
release B-chemokines, specifically C-C motif chemokine ligand 3 (CCL3),
CCL4, and CCL5. These chemokines selectively bind to their corresponding
receptors, C-C motif chemokine receptor 3 (CCR3), CCR4, and CCRS5,

facilitating the recruitment of additional immune cells into inflamed tissues®°.

1.1.4 The role of IL-2 in CD8* T cell activation and differentiation

The glycoprotein IL-2 is known to be a pleiotropic regulator in T cells'3'. On the
one hand, it is known as a T cell growth factor and is thus involved in T cell
proliferation, differentiation, and function. On the other hand, it can trigger
activation-induced cell death (AICD) in T cells®'. The main producers of IL-2 are
activated CD4+ and CD8* T cells, although its presence is also noted in DCs,
NK, and natural killer T (NKT) cells®2. The activation of the TCR initiates the
transcription of IL-2 messenger ribonucleic acid (mRNA), while costimulatory
signals, such as CD28, contribute to mRNA stabilization, resulting in rapid IL-2
production and secretion3334, Signaling of IL-2 in T cells can trigger a
self-regulating feedback loop involving the activation of signal transducer and
activator of transcription 5 (Stat5) and the induction of the transcriptional
repressor B lymphocyte maturation protein-1 (BLIMP-1). This cascade

ultimately leads to the suppression of IL-2 production3®-36,

10
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The high-affinity IL-2 receptor (IL-2R) forms a trimer consisting of three distinct
subunits: IL-2Ra (CD25), IL-2RB (CD122), and IL-2Ryc (common gamma chain,
CD132), crucial for potent IL-2 signaling. Importantly, IL-2Ryc not only
associates with |IL-2 but also binds to various other cytokines, including IL-4,
IL-7, IL-9, IL-15, and IL-21, classifying it as the common cytokine receptor
y-chain (yc)%. Initially, IL-2 engages with IL-2Ra, facilitating subsequent
association with IL-2RB and IL-2Ryc. This interaction triggers the
phosphorylation of tyrosine residues on the cytoplasmic tail of IL-2RB and
IL-2Ryc in T cells via the activation of Janus kinases (JAKs)3’. Subsequently,
the adapter proteins such as STAT3, STAT5, and SH2 domain-containing
transforming protein (Shc) become phosphorylated and activated®®39, Shc
association with the IL-2R can trigger the activation of the mitogen-activated
protein kinase (MAPK), extracellular signal-regulator kinase (ERK), and
phospho-inositide 3-kinase (PI3K) pathways, essential for cell growth and
survival. In contrast to that, the activation of the STAT proteins results in their
dimerization and translocation into the nucleus, where they activate genes
responsible for regulating CD8* T cell effector function, proliferation, and
differentiation3240-42,

Over the past few years, numerous studies have underscored the significant
role of IL-2 signaling in the development of effector CD8* T cells during chronic
infection and in cancer*?43. IL-2 can induce alterations in intratumoral
CD8* T cell gene expression profiles, leading to increased cytotoxicity,
adhesion molecules, interferon response genes, pro-inflammatory proteins, and
receptors for pro-inflammatory cytokines and chemokines*2.

Numerous studies have shown that the differentiation of antigen-specific
effector CD8* T cells can be amplified through the combination therapy of anti-
PD-1 and IL-2, observed in contexts of both cancers and chronic infections37:43-
45 Interestingly, reports indicate that this impact is primarily associated with I1L-2

rather than anti-PD-142:43.45,
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1.2 Tumor immune escape

1.2.1 Inmunoediting and tumor intrinsic escape mechanisms

In the context of developing tumor immune escape mechanisms, immune
editing emerges as a critical concept, elucidating the complex interplay between
the immune system and cancer cells. Immune editing consists of 3 major
phases: Elimination, equilibrium, and escape.

The elimination phase is closely linked to immune surveillance, creating an
anti-tumor environment with the involvement of various immune cells like NKs,
DCs, macrophages, T and B cells*¢. Growing tumors release inflammatory
cytokines, attracting immune cells and activating cytotoxic events that eliminate
most tumor cells*’. NK cells and macrophages produce IFNy and interleukins,
initiating proapoptotic, angiostatic, and antiproliferative processes. These
events result in the release of tumor antigens captured by DCs, which migrate
to draining lymph nodes to activate naive T cells. Tumor-specific CD4+ and
CD8* T cells then migrate to the tumor site, where they contribute to the
elimination of tumor cells#7:48,

However, a small amount of cancer cells can survive the elimination process
and enter the equilibrium phase with the immune system. In this phase, there is
a dynamic balance between the survival of tumor cells and the immune defense
system of the host*®. Lymphocytes and IFNy exert strong selection pressure on
tumor cells, containing but not completely eradicating them. This phase may
last many years in humans, allowing for Darwinian selection®. During this time,
new tumor cell variants with diverse mutations emerge, enhancing resistance to
immune attacks and resulting in a tumor population with diminished
immunogenicity¢4’.  The genetic instability—particularly, chromosomal
instability (CIN)—of cancer cells surviving elimination contributes to the
development of tumor variants with reduced immunogenicity“°.

In the escape phase, tumor cell variants, which survived the equilibrium phase,
can now grow in an immune-intact environment, escaping the host's immune
defenses. This evasion likely arises from genetic and epigenetic changes that
provide resistance to immune detection, enabling tumors to grow and become

clinically noticeable“¢. Therefore, tumors must overcome both the adaptive and
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innate components of the immune system to achieve progressive growth,
employing various immunoevasive strategies, including the production of
immunosuppressive cytokines like IL-10, factors such as Prostaglandin E2
(PGEz2), and mechanisms involving regulatory T cells (Tregs)*6-47:50.51, Escape
from immune surveillance by tumors can also stem from alterations occurring
within the tumor itself, influencing recognition by immune cells or providing
mechanisms for immune evasion. Dysregulation of MHC class | processing and
presentation, as well as the development of IFNy insensitivity, are additional
mechanisms that allow tumors to escape from events in the elimination
phase?6:48,

In summary, tumor cells have developed a variety of mechanisms, such as
immunosuppressive cytokine production, dysregulation of immune recognition,
and the secretion of immunosuppressive factors like PGE2 to evade the host
immune system and achieve progressive growth despite immunological

surveillance.

1.2.2 Tumor-derived Prostaglandin E2 mediates tumor progression and
immune suppression

PGE:2 is a member of the prostanoid family derived from the polyunsaturated
fatty acid arachidonic acid and plays a critical role in regulating various
physiological processes, including fever, kidney function, pain perception, blood
vessel homeostasis, and inflammation®2. However, over the past few decades,
PGE2 has emerged as a potent contributor to cancer progression®354, For
example, PGE2 secretion within the TME contributes to tumor outgrowth by
enhancing cancer cell survival, proliferation, migration, invasion, and
angiogenesis®. Increased levels of PGE2 have been identified in the TME
across different human malignancies, such as breast, lung, head and neck,
colorectal, and pancreatic cancer, and are linked to unfavorable prognostic
outcomes®%8. In recent studies, the genetic knockout of the key
PGE2-producing enzymes, Cyclooxygenase 1 and 2 (COX-1/2), in several
mouse cancer models has been found to impede cancer progression. This

deficiency in PGE2 production not only hinders tumor advancement but also

13



Introduction

facilitates immune-mediated tumor control’®8%. Over the past few vyears,
research has not only underscored the favorable impact of PGE: signaling on
tumor cells but has also elucidated the direct suppressive effects of PGE2 on

immune cells, which will be further examined in section 1.2.559-62,

1.2.3 Synthesis of Prostaglandin E2 in cancer cells

PGE:2 is produced by the oxidation of fatty acids localized within the cell
membrane. Here, arachidonic acid is released by phospholipase A2 and further
oxidized and reduced to prostaglandin H2 (PGH2) by COX-1 (encoded by
Ptgs1) and COX-2 (encoded by Ptgs2)%2. While COX-1 is constitutively
expressed in most cells and plays a role in maintaining cellular homeostasis,
COX-2 is absent in most cells but can be triggered by diverse stimulants such
as growth factors and cytokines®3. Following this, PGH2 undergoes further
transformation into PGE2 through the activity of 3 prostaglandin E synthases,
with their regulation and expression being specific to tissues®4. Within cells, the
metabolic turnover of PGE:2 is processed through the activation of
15-hydroxyprostaglandin dehydrogenase (15-PGDH) and
15-ketoprostaglandin-13-reductase, resulting in a biologically inactive form of
PGE-2. Notably, while 15-PGDH exhibits high expression in normal tissues, it is
often absent in numerous human cancers, leading to increased concentrations
(conc.) of PGE2%. Additionally, aberrant overexpression of COX-1/COX-2 has
been noted in the pathways of various human tumors, including pancreatic,

lung, stomach, breast, and colorectal cancers®%:6,

1.2.4 Prostaglandin E2 signaling

Once PGE: is produced by tumor cells, it is secreted and exerts its influence
either in an autocrine manner on the tumor cells directly or in a paracrine
manner on surrounding peripheral immune cells. PGE2 specifically binds to
4 isoforms of G-protein coupled receptors (GPCRs) known as EP1 (encoded by
Ptger1) to EP4 (encoded by Ptger4)%3. These receptors display varying affinities
for PGE2, with EP1 and EP2 (encoded by Ptger2) receptors exhibiting low
affinity, while EP3 (encoded by Ptger3) and EP4 receptors demonstrate high
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affinity. This variability leads to diverse receptor activation patterns, allowing
PGE:2 to exert a broad range of effects on various cells across tissues and
diseases®’. The dynamics of PGEz and its receptor interactions are thought to
rely on factors such as tissue and cell type, location, the expression of
EP receptors, and variations in binding affinities®®.

For example, EP1 engagement initiates the activation of the GPCR-coupled
Gag subunit, triggering the activation of phosphoinositide-phospholipase C.
Consequently, this process elevates intracellular calcium and activates protein
kinase C (PKC), inducing gene transcription via the activation of nuclear factor
of activated T cells (NFAT), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB), and the MAPK pathways®°.

The EP2 and EP4 receptors, linked to the Gas subunit, activate adenylate
cyclase upon receptor engagement. This activation results in elevated levels of
cyclic adenosine monophosphate (CAMP), subsequently initiating the activation
of protein kinase A (PKA). PKA phosphorylates and activates the transcription
factor cAMP-responsive element binding protein (CREB), which regulates
several cellular responses, including survival, proliferation, and differentiation°.

With 3 different splice variants, EP3 has the capability to associate with different
G-protein subunits (Gi, Gs, and G1s), enabling it to modulate cAMP levels and
trigger Ca?* mobilization either positively or negatively. However, the
predominant splice variant of EP3 is thought to couple with an inhibitory
Gi protein. As a result, the main effect of the PGE2-EP3 axis is the inhibition of
adenylate cyclase and the activation of the MAPK pathway”'-72,

In summary, PGE2 signaling involves 4 GPCRs with varying affinities and
activation patterns across tissues and diseases, mediating diverse downstream

effects that can differ among numerous cell types.
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1.2.5 Immunomodulation by tumor cells and tumor-derived PGE:

It has been shown that tumor cells employ various strategies to induce immune
suppression in the TME, which hinders immune cell function and contributes to
tumor immune escape (see section 1.2.1).

Beyond alterations in the TME and the indirect impact on infiltrating cells,
tumors actively release suppressive factors like PGE2, which directly affects a
variety of immune cells such as myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), type 1 conventional dendritic cells
(cDC1s), NK cells, and T cellst2.73,

MDSCs have been found in many cancers to play a pivotal role in creating an
immunosuppressive TME’4. They originate from hematopoietic stem cells in the
bone marrow and differentiate into mature MDSCs under the influence of
cancer-related mediators and cytokines”®. MDSCs inhibit anti-tumor immune
responses through various mechanisms, such as promoting the activation of
Tregs, hindering T cell migration, and producing reactive oxygen species’476.
Notably, PGE2 plays a crucial role in activating and mobilizing MDSCs. For
example, while the engagement of the PGE2-EP2 axis promotes an increased
infiltration of immature MDSCs into the TME, PGE: signaling via EP1, EP2, and
EP3 has demonstrated its role in mediating the differentiation into mature
MDSCs”’. Interestingly, it has been observed that myeloid cells in the bone
marrow can take up tumor-derived exosomes containing PGEz, thereby directly
facilitating the formation of MDSCs’879. In addition to this, PGE2 signaling in
MDSCs triggers COX-2 activation, leading to the autocrine synthesis of
endogenous PGE2%°,

Apart from MDSCs, tumor-derived PGE2 can lead to the recruitment and
polarization of TAMs from an inflammatory anti-tumor (M1) to a suppressive
pro-tumor M2-like phenotype. This polarization further contributes significantly
to the establishment of an immunosuppressive environment®!. Once polarized,
TAMs play a pivotal role in directly advancing tumor progression and
angiogenesis. Notably, PGE2 induces the production of vascular endothelial
growth factor (VEGF) in TAMs, acting as a potent driver of angiogenesis®'.

Moreover, TAMs are potent producers of cytokines such as IL-6 and IL-8,
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known to mediate epithelial-mesenchymal transition (EMT) in cancer cells,
facilitating increased motility of tumor cells. Additionally, IL-6 plays a dual role
by promoting anti-apoptotic processes in cancer cells®2. Adding to their impact
on the TME, TAMs secrete transforming growth factor B (TGF-B) and IL-10,
contributing to immune suppression and providing additional support for the
progression of tumors82.83,

Among dendritic cell populations, cDC1s have demonstrated a substantial and
beneficial impact on anti-tumor immunity. cDC1s play a crucial role in initiating
CD8* T cell responses within lymph nodes by cross-presenting absorbed tumor
antigens®0.61,  Additionally, they actively participate in the restimulation of
CD8* T cells within the TME by providing essential costimulatory signals and
cytokines, e.g., IL-12, which supports T cell survival and enhances effector
functions®'-62, However, tumor cells can develop mechanisms to overcome
immune surveillance by cDC1s. For instance, tumor cells can downregulate the
expression of CCL4, leading to reduced cDC1 infiltration into the TME?®4.
Moreover, tumors often exhibit an increased expression of CD47, acting as a
'do not eat me' signal. CD47 binds to signal regulatory protein-a (SIRPa),
resulting in the suppression of both phagocytosis and the secretion of
type | interferons by cDCs®. Moreover, as mentioned above, TAMs are the
main producers of IL-10 within the TME. IL-10 signaling on cDC1s leads to
diminished IL-12 secretion, thereby also indirectly affecting CD8* T cell
responses®. PGE:2 signaling in tumor-infiltrating cDC1s induces their
reprogramming into a dysfunctional state. This transformation is primarily
mediated by the suppression of the transcription factor interferon regulatory
factor 8 (IRF8), which is initiated through cAMP signaling. Consequently, this
downregulation dampens anti-cancer CD8* T cell responses by the loss of
C-X-C motif chemokine ligand 9 (CXCL9) and IL-12 expression®2,

Furthermore, PGE: indirectly impairs cDC1 infiltration by influencing NK cell
viability and modulating the expression of pro-inflammatory chemokines such as
CCL5 and XC-chemokine ligand 1 (XCL1) in NK cells. These chemokines are
well known as key mediators for the recruitment of cDC1s into the TME?”.

Moreover, PGE:z signaling on NK cells results in diminished secretion of
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FMS-like tyrosine kinase 3 ligand (FLT3L), a crucial factor for the development
and survival of cDCs. Notably, NK cells serve as the primary producers of
FLT3L®. Additionally, it has been reported that PGE2 signaling on NK cells
inhibits their cytotoxicity, migration, and production of TNFa and IFNy88. Another
factor that impairs immune surveillance by NK cells in tumors is the secretion of
TGF-B by TAMs and tumor cells. TGF-B signaling on NKs leads to both an
impairment in NKG2D-mediated tumor cell killing and NK cell differentiation into
type 1 lymphoid cells, which do not contribute to anti-cancer immunity%-°0. An
additional factor released by tumor cells is indoleamine 2,3-dioxygenase (IDO),
responsible for catabolizing extracellular tryptophan into kynurenine and other
byproducts. These products exert inhibitory effects on both NK and T cells®®.
Over the past few decades, numerous studies have highlighted the impact of
PGE2 on T cells, predominantly focusing on CD4* T cells. Studies indicate that
PGE: signaling affects both T cell differentiation and cytokine production”s.
Notably, PGE2 hinders T helper 1 (Th1)-mediated anti-tumor responses, critical
for anti-cancer properties, as these CD4+ T cells typically produce
pro-inflammatory cytokines such as IL-2, IFNy, and TNFa®'. Moreover, PGE:2
signaling, accompanied by increased cAMP levels, promotes a Th2-mediated
immune response, which is characterized by its limited support for anti-tumor
immune responses®%°2, This transition additionally attenuates Thi-mediated
immune responses by releasing anti-inflammatory cytokines like IL-4 and
IL-10°'. In addition, there is compelling evidence illustrating that PGE2 induces
the differentiation of CD4+ T cells into Forkhead-Box-Protein 3*CD25* Tregs,
contributing to the suppression of effector T cell functions®s.

Yet, our understanding of the impact of PGE2 on CD8* T cells remains limited.
Reports suggest that PGE2 signaling hampers CD8* T cell proliferation and is
linked to impaired CD8* T cell differentiaton®294-9, Nonetheless, it is important
to mention that tumor-derived PGE: is linked to a reduced abundance of
tumor-infiltrating CD8* T cells in multiple mouse and human cancers and is also
associated with unfavorable patient survival outcomes®265°7.98  Therefore,
gaining a comprehensive understanding of the interplay between PGE2 and

tumor-infiltrating CD8* T cells is essential and needs further investigation.
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1.3 T cells in malignancies

1.3.1 T cell exhaustion

The current view of T cell differentiation is characterized by two distinct
developmental pathways, which ultimately result in either memory T cells (Tmem)
or 'exhausted-like' T cells (Texn)'314.

In situations characterized by optimal CD8* T cell activation, such as during the
resolution of acute infections or following vaccinations, CD8* T cells undergo
initial differentiation into either effector cells (Tef) or memory precursor cells
(Tmp). Subsequently, as the antigen is eliminated, long-lived Tmem cells come
into existence®:1%, The Tmem cell population is comprised of different subsets,
which can be characterized by their surface marker expression, function,
differentiation potential, and localization within the body. The widely adopted
categorization includes stem cell memory (Tscm), central memory (Tem), effector
memory (Tem), tissue-resident memory (Trm), and, notably in humans, effector
memory CD45RA* (Temra) CD8* T cells™01.

In contrast, prolonged TCR engagement results in the generation of Texn cells,
diverging from the differentiation trajectory observed in Tmem cells. This process
leads to a distinct imprinting of CD8* T cells, mediated by the transcription
factor thymocyte selection-associated high mobility group box protein
(TOX)192103 " This phenomenon has been observed in numerous persistent
infections, such as those caused by the hepatitis C virus or HIV, as well as in
various types of cancers'®. Texn cells are commonly characterized by the
coexpression of inhibitory receptors such as PD-1, CD39, and LAG-3 and
reduced effector cytokine production, including IFNy, TNFa, and IL-2'%4, These
cells exhibit a unique transcriptional and epigenetic profile distinct from naive,
effector, and memory T cells'%. Contrary to the misconception that they are
non-functional, 'exhausted-like' T cells exhibit adjusted effector functions,
enabling them to withstand prolonged stimulation in persistent infections and
tumors. As a result, they play a pivotal role in processes such as maintaining
moderate viral control during chronic infections or boosting anti-tumor
responses in patients undergoing treatment with immune checkpoint blockade
(ICB)106,107,
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Recent studies have identified at least three distinct subtypes within the
'exhausted-like' CD8* T cell population. These subtypes include 'exhausted-like'
progenitor T cells (Texn-prog), here denoted as stem-like TCF1+CD8* T cells,
intermediate 'exhausted-like' T cells (Texn-int) showing effector functions, and

terminal 'exhausted-like' T cells (Texh-term) (Figure 1)108-112,

Texh
Stem-like / Texh-prog Texh-int Texh-term
TCF1+ TCF1- TCF1~
TIM-3" TIM-3* TIM-3high
PD-1* PD-1* PD-1high
CX4CR1" CX;CR1* CX4CR1"
Stemness
Proliferative potential
Migration
IFN-y, GzmB

Inhibitory receptors
PD-1, TIM-3, etc. —

i
-

Figure 1: 3 distinct CD8+ T cell populations are observed in chronic infection and cancer.
Adapted from Giles et al., 2023. Created with BioRender.com.

Stem-like CD8* T cells express the transcription factor T cell factor 1 (TCF1)
and are present during chronic infections and cancers as well as within
secondary lymphoid organs. Stem-like TCF1+*CD8* T cells display a unique
combination of exhausted and stem-like features and they are often located
near antigen-presenting cells, including cDC1s62113, The interaction between
cDC1s and stem-like TCF1+CD8* T cells promotes enhanced T cell activation
and differentiation, which is crucial for the expansion into the other Texn
subtypes'461.62. These cells will be further discussed in section 1.3.2.

Texn-int Cells demonstrate functional diversity, expressing both exhaustion-related
and effector-associated molecules. Although these cells exhibit an epigenetic
exhaustion signature, they have been recognized as an effector-like population
due to their production of effector molecules such as IFNy and GzmB, as well as
their increased oxidative phosphorylation signature’4114-116,

Texn-term cells exhibit the least proliferative capacity yet display a strong
association with an exhausted signature, primarily attributed to their elevated

expression of inhibitory receptors. Nevertheless, these cells might play a role in
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supporting local inflammation and the recruitment of other leukocytes, given
their expression of CCL3, CCL4, and CCL5"'5,

Taken together, these three Texn subsets share an exhausted and epigenetic
signature in which the transcription factor TOX is one of the main drivers''s.
Extensive research is underway to unravel the developmental trajectory of
these cells. To date, data indicate two distinct paths in their T cell development.
The first is a linear progression, starting with stem-like TCF1+CD8* T cells,
transitioning through Texn-int, and ending in Texnterm cells. The second path
follows a branched pattern, initiating from stem-like TCF1+CD8* T cells,
diverging into Texnint and stem-like TCF1+CD8* T cells, and concluding in
Texh-term cells16.117,

Despite challenges such as phenotypic diversity and discrepancies in
nomenclature across studies, understanding the origins and potential of these
progenitor or stem-like TCF1+*CD8* T cells, which can evolve into anti-tumor

effector cells, is crucial for advancing our understanding of anti-tumor immunity.

1.3.2 Stem-like TCF1*CD8* T cells in cancers and chronic infections

In recent years, stem-like cells have emerged as a distinct subset of
virus-specific CD8* T cells. These cells can be distinguished by an exhausted
and stemness-like phenotype, characterized by the expression of PD-1 and
TCF1, respectively’®120_ |nitially observed during chronic infections,
stem-like TCF1+CD8* T cells have also been identified in human and murine
tumors. They play a crucial role in coordinating antigen-specific CD8* T cell
responses by giving rise to effector CD8* T cells'07.121-124_ More specifically,
these cells exhibit self-renewal potential, ensuring their persistence while also
differentiating into a CXsCR1+ transitory population and eventually terminally
differentiated CD8* T cells'18-120.125 This process is thought to be orchestrated
by the basic leucine zipper transcription factor (BATF) and, to a certain extent,
by the activity of the T-box transcription factor (TBX21) within the
stem-like TCF1+CD8* T cell population'13:126,

Studies have identified a common core signature within the

stem-like TCF1+CD8* T cell compartment, shared among chronically infected
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mice as well as in mice harboring tumors. This genetic profile encompasses
crucial components such as inhibitory receptors, costimulatory molecules,
self-renewal factors, chemokines, chemokine receptors, and transcription
factors. Examples of these include Tcf7, Slamf6, Pdcd1, Ccl5, Kit, Tox, lI7r,
Havcr2, Lefl, Sell, Icos, 1d2, mTOR, among others'13118.127 Moreover,
stem-like TCF1+CD8* T cells from chronically infected mice show a preference
for residing in environments with a limited number of virus-infected cells, such
as LNs and the white pulp of spleens (in contrast to the red zones)'?7.128,
Similarly, stem-like TCF1+CD8* T cells within tumors tend to localize in niches
distinct from the tumor parenchyma, as evidenced by their prevalence in
locations away from the tumor bulk in Non-small cell lung cancers (NSCLCs)
and head and neck squamous cell carcinomas'?3127. Furthermore, recent
studies highlighted the role of TOX, which plays a crucial role in maintaining the
TCF1+CD8* phenotype, directing CD8* T cell differentiation, and contributing to
T cell exhaustion®130, Linked with epigenetic remodeling, TOX ensures stable
fixation of a dysfunctional phenotype'31.132, |t actively regulates the maintenance
of the stem-like TCF1+CD8* T cell properties and promotes PD-1
expression'?%.130. Consequently, TOX is a critical regulator, ensuring both the
persistence of stem-like TCF1+*CD8* T cells and preventing T cell
overstimulation by inducing an 'exhausted-like' phenotype in differentiated
CD8* T cells??°.

Interestingly, besides shared core signatures, studies have revealed distinctive
variations in gene profiles between stem-like TCF1+CD8* T cells from
chronically infected mice and those infiltrating tumors. For example,
stem-like TCF1+CD8* T cells from chronically infected mice exhibited a marked
upregulation in pathways linked to glucose metabolism and IFNaf signaling'”’.
In contrast, stem-like TCF1+CD8* T cells found within the TME demonstrated
elevated gene expression associated with pathways involving the epidermal
growth factor receptor (EGFR), G-protein-coupled receptor signaling, and

pathways linked to hypoxia13:127,
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As a result, research strongly emphasizes the vital role played by the distinct
microenvironments in chronic infections and tumors in shaping the phenotypes
of CD8* T cells'?”. Understanding these environmental factors is crucial for
developing immunotherapeutic strategies that effectively harness the potential
of CD8+ T cells to combat chronic infections and tumors. Moreover, it is
important to note that our current knowledge about stem-like TCF1+CD8* T cells
is limited, highlighting the need for further research to comprehensively
understand their biology and to develop innovative targeted therapeutic

approaches.

1.3.3 T cell-directed cancer immunotherapy

Several studies have established that TCF1+*CD8* T cells can be a prognostic
marker for positive clinical outcomes. These cells demonstrate initial
responsiveness to ICB in the context of tumors and chronic infections, thereby
facilitating their differentiation and expansion into terminally differentiated
CD8* T cells*>107.122,124,127 |mportantly, since the 'exhausted-like' phenotype of
stem-like TCF1+*CD8* T cells is imprinted and remains unaltered even with ICB,
this phenotype is transferred to their progeny'13.131.132 Studies indicated that
stem-like TCF1+CD8* T cells commit early to the path of exhaustion, marked by
distinct transcriptional and epigenetic differences''s. However, the full
establishment of an exhausted phenotype takes time to stabilize, possibly
explaining the continuous progression of cancer and chronic infections despite
robust initial responses from stem-like TCF1+CD8* T cells to ICB103.113:129,130_|n
line with this, studies revealed that at Ilater time points, the
stem-like TCF1+CD8* T cells acquire a quiescent phenotype in both chronic
infections and in tumors''3.121.127  Therefore, understanding the biology of
stem-like TCF1+CD8* T cells is crucial for advancing targeted therapies,
particularly in addressing challenges related to increased T cell responses
post-treatment. The need to potentiate the capacity of
stem-like TCF1+CD8* T cells to generate effector CD8* T cells without

compromising their long-term persistence remains a significant challenge,
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highlighting the necessity for research focused on unraveling the biology of
stem-like TCF1+CD8* T cells in the context of targeted therapy.

One potential strategy to address this challenge may be the combination of ICB
with IL-2-targeted treatment. IL-2 has been employed since 1992 as the first
and pioneering immunotherapeutic treatment for metastatic renal cell
carcinoma, followed by its approval for metastatic melanoma in 1998133.134,
However, IL-2 exhibits a dual role, activating both cytotoxic CD8* T cells and
Tregs, thus contributing to the establishment of an immunosuppressive
environment'®, Consequently, IL-2 is recognized as a crucial regulator in
maintaining the balance between immune activation and suppression.
Additionally, IL-2 treatment often leads to side effects such as vascular leak
syndrome induced by off-target stimulation of endothelial cells in the lungs,
brain, and liver'36-138_ Furthermore, the short half-life of IL-2 requires multiple
administrations, while emerging evidence suggests that IL-2 signaling may
significantly impact the development and progression of cancer'3®-42, These
limitations impede its efficacy in anti-cancer therapy, prompting the
development of new IL-2 agents with enhanced selectivity for effector cells,
reduced toxicity, and a prolonged half-life.

One promising advancement lies in the development of novel classes of IL-2
variants engineered to disable or limit IL-2Ra binding, primarily stimulating
CD8* and NK cells rather than Tregs'3%143-146 As previously mentioned, the
proliferation and differentiation of stem-like TCF1+CD8* T cells into
effector CD8* T cells are pivotal for the success of immunotherapies based on
ICB#5.107.122,124,127 Building on these findings, a novel therapeutic approach has
demonstrated effectiveness in selectively enhancing the differentiation of
stem-like TCF1+CD8+ T cells into effector CD8* T cells by circumventing the
need for IL-2Ra binding*3135. This approach involves covalently linking an
anti-PD-1 antibody to an IL-2 variant designed to selectively bind to IL-2R3 and
IL-2Ryc. Compared to non-targeted IL-2 combination therapies, this strategy
has proven effective in both chronic infection and cancer models43:45.147,148,
However, it has been suggested that the inhibition of PD-1 signaling via

PD-1-IL-2 variant therapeutics may only be partial, as the addition of anti-PD-L1
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blocking antibodies further enhances the effect in cancer and chronic
infections35.148,149 " Therefore, it remains to be determined whether selective
engagement of the IL-2R-axis needs to be mediated by PD-1 or if other surface
markers would also be effective for targeted CD8* T cell therapy.

In conclusion, IL-2 has demonstrated its therapeutic potential in promoting
stimulatory effects on stem-like TCF1+CD8* T cells, particularly when combined
with ICB. Nonetheless, additional preclinical and clinical investigations are
necessary to fully elucidate its efficacy and safety profile in future studies.
Besides these novel approaches, chimeric antigen receptor (CAR) T cell
therapy might be a promising T cell targeted therapy to treat solid cancers.
CART cell therapy begins by genetically modifying a patient's T cells to
introduce an engineered CAR that can specifically recognize an antigen on the
surface of cancer cells, independent of MHC-I. Additionally, CARs contain an
intracellular domain capable of triggering CD8* T cell activation'®.151. Although
CAR T cell therapy has demonstrated significant success primarily in treating
hematological malignancies such as multiple myeloma, B cell leukemias, and
certain lymphomas, ongoing clinical trials are investigating its potential efficacy
in treating solid tumors, including lung, liver, gastric, and prostate cancer5'-154,
Nevertheless, it is worth noting that CAR T cell therapy faces several limitations
when applied to the treatment of solid cancers. For instance, studies have
demonstrated that CAR T cells frequently show limited infiltration into the TME.
Therefore, strategies to overcome this have been developed involving the
simultaneous expression of chemokine receptors or surface molecules, which
can facilitate the entry into the tumor. Moreover, strategies to deliver
CAR T cells directly into the TME have also been considered'5':1%5.156_ Another
limitation arises from the tumor cells' ability to lose tumor antigens over time. To
address this challenge, strategies such as transferring two or more CAR T cell
populations into the patient or generating bi-specific CAR T cells to target
multiple antigens simultaneously have been investigated's'.157.158_ Furthermore,
CAR T cell therapy is associated with cytokine release syndrome, a potentially
life-threatening inflammatory condition caused by the immune system's

overactivation following CAR T cell treatment. This is primarily mediated by the
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release of cytokines such as IFN-y, IL-1, IL-6, and IL-10. Consequently,
strategies have been developed to further inhibit IL-1R or IL-6R signaling in
patients59160, Moreover, CAR T cells often encounter an immunosuppressive
microenvironment characterized by hypoxic regions and the presence of
immunosuppressive cells such as Tregs, MDSCs, and TAMs'61.162_ The existence
of such an immunosuppressive milieu can compromise the effectiveness of
CAR T cells, resulting in reduced tumor infiltration, impaired functionality, and
restricted longevity within the TME. To address these limitations, CAR T cells
have been engineered to secrete immunostimulatory cytokines such as IL-12,
IL-18, or IL-15. This alteration improves the survival of CAR T cells and
facilitates the recruitment of endogenous immune cells, such as T cells and
NK cells, thus fostering an inflammatory microenvironment163164,

In conclusion, despite encountering numerous challenges, ongoing
advancements in CAR T cell therapy offer promising prospects for advancing
effective anti-cancer treatments for solid tumors.

Another promising strategy for targeted T cell therapeutics may be the use of
antibody-drug conjugates (ADCs). These innovative compounds comprise
monoclonal antibodies covalently linked to cytotoxic drugs via a chemical or
biochemical linker. ADCs demonstrate exceptional precision in cell targeting,
delivering potent cytotoxic payloads to effectively eliminate cancer cells. To
date, the development of ADCs has mostly focused on targeting tumors, with 14
ADCs having achieved global market approval and over 100 ADC components
undergoing clinical trials (as of 2022)'65, Mechanistically, ADCs bind to targets
associated with solid tumors such as HER2, TROP2, or EGFR and undergo
subsequent internalization through endocytosis. This process mediates the
release of the cytotoxic payload into the cancer cell. Most drugs have been
engineered to focus on disrupting the synthesis of microtubules, playing an
indispensable role in the process of mitosis'®>. Notably, only 2% of ADCs
successfully reach their target at the tumor site following i.v. administration. As
a result, the payloads are crafted to be highly potent in carrying out their
cytotoxic functions. However, this potency is accompanied by significant side

effects, including neutropenia, thrombocytopenia, leukopenia, and anemia.

26



Introduction

Additionally, hepatotoxicity, nephrotoxicity, and gastrointestinal reactions may
occur, likely due to the premature release of cytotoxic payloads into the
bloodstream6. Another limitation of ADCs is that these drugs have a much
bigger molecular weight than conventional cytotoxic drugs, limiting the
infiltration into the TME65.

These limitations make them less attractive as candidates for anti-cancer
treatment. However, using this strategy to target T cells specifically may
represent an innovative approach. For instance, ADCs designed to target Tregs
within the TME by binding to CD25 and delivering their cytotoxic payload have
shown efficacy in three mouse cancer cell lines, thereby enhancing the
CD8* T cell-mediated anti-cancer immune response'®’. Additionally, ADCs can
be employed to target B cell malignancies such as leukemias and non-Hodgkin
lymphomas'®®. Nevertheless, current ADC therapeutics primarily deliver
cytotoxic payloads to their target cells, often resulting in the aforementioned
side effects due to their premature release of the payload'®®. To address this
issue, it could be suggested to design ADCs with molecules that specifically
inhibit pathways instead of fulfilling cytotoxic functions. This approach may
reduce the severe side effects associated with ADCs and potentially
revolutionize targeted CD8+ T cell treatment strategies. However, these
approaches are currently under investigation, and further research is needed to

fully assess their efficacy and safety profiles in clinical settings'°.
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2 Aim of the thesis

Many murine and human cancers show an aberrant COX1/2 activity in their
pathway, leading to the secretion of the immunosuppressive bioactive lipid
PGE2. Tumor-derived PGE2 has been demonstrated to limit effective
anti-cancer CD8* T cell responses. However, the direct effects of PGE:
signaling on tumor-infiltrating CD8* T cells have yet to be fully elucidated.

Recent studies underscore the importance of stem-like TCF1+CD8+* T cells for
effective anti-tumor immunity. These stem-like cells possess the unique ability
to give rise to effector CD8+ T cells, thereby fueling anti-cancer T cell
responses. However, despite acknowledging their pivotal role, our
understanding of the differentiation mechanisms governing
stem-like TCF1+CD8+ T cell  differentiation and the factors regulating
stem-like TCF1+CD8* T cell responses in cancer remain poorly understood.
Furthermore, it remained unclear whether PGE2 produced by cancer cells
influences the biology of stem-like TCF1+*CD8* T cells and whether protecting
these cells from PGE: signaling can lead to potent CD8* T cell-mediated

anti-cancer immunity.

Therefore, this study aimed to pose the following central questions:

o Does direct PGE: signaling on CD8* T cells affect anti-cancer immunity?

o Does PGE: affect stem-like TCF1+CD8* T cell function in secondary
lymphoid organs and/or locally within the TME?

o How does PGE: affect CD8* T cell responses originating from
stem-like TCF1+ CD8* T cells?

o What are the molecular T cell-intrinsic mechanisms underlying
PGE2-mediated impairment of anti-cancer T cell responses in tumors?

o Can the Dblockade of PGE2 signaling on tumor-specific

stem-like TCF1+CD8* T cells rescue T cell-mediated tumor control?
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3 Materials and methods

3.1 Materials

3.1.1 Chemicals and reagents

Table 1: List of used chemicals, agents, and solutions.

Chemicals, agents, and
solutions

Manufacturer

Catalog number

0.05% Trypsin/EDTA

2-Mercaptoethanol

Alt-R Cas9 electroporation
enhancer

Alt-R CRISPR-Cas9 tracrRNA
Alt-R S.p. Cas9 nuclease
Antigenfix

Collagenase IV

DMEM

DMEM/F12

DNase |

EDTA
Ethanol

Fetal calf serum
FTY720
Indomethacin

Isoflurane

L-glutamine

Thermo Fisher
Scientific

Thermo Fisher
Scientific

IDT

IDT

IDT

Diapath
eBioscience

Thermo Fisher
Scientific

Thermo Fisher
Scientific

Roche
Carl Roth

Thermo Fisher
Scientific

PAA

Merck
Merck
CP-Pharma

Thermo Fisher
Scientific

25300054

31350010

1075915

1072532
1081058
P0O016

65-0850-84

41965039

31331028

11284932001

8043.1

10644795

A15-649
SML0700-25MG
405268

1214

25030081
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MEM non-essential amino
acids

Mouse aCD3/CD28
microbeads

Mowiol
Normal mouse serum

Pancoll
Penicillin-streptomycin

Prostaglandin E2
Recombinant human IL-2
Recombinant murine IL-12

Recombinant murine
IL-15/15Ra

Recombinant murine IL-7

RPMI 1640

Sodium pyruvate

Trypan blue solution

Viability dye APC-eF780,
fixable (1:1000)

Viability dye eF450, fixable
(1:500)

Viability dye sytox-blue
(1:2000)

Thermo Fisher
Scientific

Thermo Fisher
Scientific

Merck
Merck
PAN Biotech

Thermo Fisher
Scientific

Sigma-Aldrich
Miltenyi
Biolegend

Thermo Fisher
Scientific

Miltenyi

Thermo Fisher
Scientific

Thermo Fisher
Scientific

Sigma-Aldrich

Thermo Fisher
Scientific

Thermo Fisher
Scientific

Thermo Fisher
Scientific

11140035

11456D

81382
NSO3L

P04-60500

15070063

P5640
130-097-743

577002

14-8152-80

130-098-222

11875093

11360039

18154

65-0865-14

65-0863-18

S34857
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3.1.2 Laboratory devices

Table 2: List of used devices.

Device

Model

Manufacturer

4D-nucleofactor core unit

Bio-safety cabinet class 2

Cell culture incubator

Cell sorter

Centrifuge
Digital caliper
GentleMACS dissociator

Light microscope
LightCycler 480

LSRFortessa cell analyzer

MagniSort™ magnet

Neubauer counting chamber

Real-time cell analyzer

Spectral cell analyzer

Spectral cell sorter

Spectrophotometer

Water bath

N/A (not available)

Herasafe

Heracell 150i

FACSAria™ lll,
FACSAria™ Fusion

Fresco 17, Megafuge
8R, Multifuge X3R

N/A

Octo Dissociator with
Heaters

Axioscope 10 (AX 10)
N/A
N/A

N/A

N/A

xCELLigence RTCA
MP-Multiple Plates

SA3800, SP6800

SH800Z

P380
N/A

Lonza

Thermo Fisher
Scientific

Thermo Fisher
Scientific

BD Bioscience

Thermo Fisher
Scientific

Cole-Parmer
Miltenyi Biotec

Zeiss
Roche
BD Bioscience

Thermo Fisher
Scientific

Paul Marienfeld &
Co.KG

ACEA Bioscience

SONY
Biotechnology

SONY
Biotechnology

Implen

GFL
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3.1.3 Cell lines

All tumor cell lines used in this doctoral thesis were derived from mice.

Table 3: List of used cell lines.

Cell line Description/characteristics Source
BRAFV600E Murine melanoma cell line, oncogenic Provided by
(Control) BRAFV600E mutation, COX-1/2 sufficient, Caetano

BRAFV60E-QVA

D4M.3A-pOVA

MC38

MC38-OVA

Panc02

Ptgs1/Ptgs2-/-
B RAFVGOOE

Ptgs1/Ptgs2-/-
BRAFV600E.QVA

PGE:2 production

Murine melanoma cell line, oncogenic
BRAFV600E mutation, COX-1/2 sufficient,
PGE-:2 production, ovalbumin (OVA, as a
model antigen) expression

Dartmouth murine mutant malignant
melanoma.3A cell line, PGE-2 production,
OVA expression

Murine colon adenocarcinoma cell line,
PGE-2 production

Murine colon adenocarcinoma cell line,
PGE-:2 production, OVA expression

Pancreatic adenocarcinoma cancer cell line,

PGE:2 production

Murine melanoma cell line, oncogenic
BRAFV600E mutation, COX-1/2 deficient,
no PGE: production

Murine melanoma cell line, oncogenic

BRAFVY600E mytation, COX-1/2 deficient, no

PGE-:2 production, OVA expression

Reis e Sousa

Generated in
our laboratory

Provided by
Mauro Di
Pilato

Provided by
Achim Krager

Provided by
Veit Buchholz

Provided by
Veit Buchholz

Provided by
Caetano
Reis e Sousa

Generated in
our laboratory
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3.1.4 Buffers and media

Table 4: List of used buffers and media.

Buffers and media Composition

Ammonium chloride 150 mM NH4CIl + 10 mM KHCOs
potassium (ACK) lysis buffer + 0.1 mM EDTA

RPMI 1640 + collagenase IV (200 U/ml)

Digestion medium + DNasel (100 pg/ml)

1x PBS + 1% FCS (v/v) + 2 mM EDTA

FACS buffer +atpH 7.0

0.1 MPBS + 1 mM EDTA + 10 uM indomethacin

Homogenization buffer +atpH 7.4

RPMI 1640 + 10% FCS (v/v)

+ 50 uM B-mercaptoethanol + 100 U/ml
T-cell-medium penicillin + 100 mg/ml streptomycin + 2 mM

L-glutamine + 1x MEM non-essential amino

acids + 1 mM sodium pyruvate

3.1.5 Experimental mouse models

All mice in this doctoral thesis were purchased from the Jackson Laboratory and
on a background of C57BL/6J (wildtype, WT). For all animal experiments, mice
aged 6-12 weeks were sex-matched, randomly assigned to control or treatment
groups, and euthanized by cervical dislocation under anesthesia.

All mice were maintained and bred at the Klinikum rechts der Isar, Technical
University of Munich (TUM) under specific-pathogen-free conditions and
following the Federation of Laboratory Animal Science Association guidelines.
All animal experiments conducted in this study were authorized by local

authorities and complied with national policies.
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Table 5: List of used mouse lines.

Mouse Strain RRID
number
C57BL/6J C57BL/6J JAX:000664
CD4cCre B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ JAX:022071
: B6.Cg-Tg(Cd4-cre)1Cwi/Bflud x B6.129-
c /
OOt anS? Piger2tm1BreylJ x B6.129S6(D2)- N/A
g Ptgerdtm1.1Matb/BreydJ
B6.Cg-Tg(Cd4-cre)1Cwi/Bflud x B6.129-
: Ptger2tm1Brey/J x B6.129S6(D2)-
c /
CPd 2> Pigeratmi. 1Matb/BreyJ x C57BL/G- N/A
g Tg(TcraTcrb)1100Mjb/J x B6.SJL-Ptprca
Pepcb/BoyJ
GzmBCre B6;FVB-Tg(GZMB-cre)1Jcb/J JAX:003734
Rag1” B6.129S7-Rag1tm1Mom/J JAX:002216
. B6;FVB-Tg(GZMB-cre)1Jcb/J x B6.129-
C /
GamB 98" Piger2im1Breyld x B6.129S6(D2)- N/A
g Ptgerdtm1.1Matb/Breyd
OT-l C57BL/6-Tg(TcraTcrb)1100Mjb/J JAX:003831
Ptger2’ B6.129-Ptger2tm1Brey/J JAX:004376
. B6.129-Ptger2tm1Brey/J x
/ fl/fl
Ptger2"Pigerd™  pe.12986(D2)-Ptgeratmi.iMato/Brey) VA
B6.129-Ptger2tm1Brey/J x
Ptger2’-Ptger4™"  B6.129S6(D2)-Ptger4tm1.1Matb/BreyJ x JAX:028102
OT-l C57BL/6-Tg(TcraTcrb)1100Mjb/J x '
B6.SJL-Ptprca Pepcb/BoydJ
Ptger4™ B6.129S6(D2)-Ptger4tm1.1Matb/Breyd  JAX:028102
CD45.1 B6.SJL-Ptprca Pepcb/BoydJ JAX:002014
OT-I x CD45.1 C57BL/6-Tg(TcraTcrb)1100Mjb/J x N/A

B6.SJL-Ptprca Pepcb/BoydJ
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3.1.6 Commercial kits

Table 6: List of used commercial kits.

Commercial kit

Manufacturer

Catalog number

Arcturus PicoPure RNA isolation Thermo Fisher KIT0204
kit Scientific

EdU assay / EdU staining Abcam Ab219801
proliferation kit (iFluor 488)

Intracellular fixation & Thermo Fisher 88-8824-00
permeabilization buffer set Scientific

Monarch™ total RNA miniprep New England T2010S

kit Biolabs

P3 primary cell 4D-nucleofector Lonza V4XP-3032
X kit S

Prostaglandin E2 ELISA kit Cayman Chemicals 514010
SensiFAST cDNA synthesis kit Bioline BIO-65053
Takyon no rox SYBR master Eurogentec UF-NSMT-B0701
mix dTTP blue kit

True-nuclear™ transcription Biolegend 424401
factor buffer set

3.1.7 Software and tools

Table 7: List of used software.

Software Version Manufacturer
Affinity designer v1.10.6 Serif

BD FACSDiva™ software
Bioanalyzer 2100
Flowdo™

Graphpad prism
Microsoft 365

R-studio

v8.0.1 and v9.0.1
N/A

v10.8.1 and v10.8.2
v9.5.0 and v9.5.1
v16.69.1

v4.0.4

BD Bioscience
Agilent

BD Bioscience
GraphPad
Microsoft

R Core Team, 2020
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SA3800 spectral analyzer

v2.0.5.54250 SONY Biotechnology
software
SHB800 cell sorter software v2.1.6 SONY Biotechnology
SP6800 spectral analyzer 5 1, 5 14140 SONY Biotechnology
software
xCELLigence RTCA software v1.3 Agilent

Table 8: Software, tools, and data sets for sequencing.

Software, tool, data set

Description

GRCm38/mm10

pre-built mouse reference
v2020-A

R packages

KAECH_NAIVE_VS_DAY8
_EFF_CD8_TCELL_DN

CD8* T cell proliferation
signature

FeatureCounts v1.5.0-p3

dorothea v1.8.0

Cellranger multi v6.1.1

GSEA v4.3.2

Mouse reference genome, NCBI,
https://www.ncbi.nlm.nih.gov/assembly/GCF_000
001635.27

Pre-built reference genome for Cellranger,
https://support.10xgenomics.com/single-cell-gene
-expression/software/release-notes/build

DESeq2, ggplot2, ggrepel, Seurat v4.0.1 and
Seurat v4.1.1, sctransform v0.3.2, slingshot
v2.4.0, scRepertoire v1.6.0, decoupleR v2.2.2,
tidygraph v1.2.1, igraph v1.3.2

T cell gene signature, Kaech et al., 2002

MSigDB, GO:2000566

Counting of mapped reads,
https://subread.sourceforge.net/featureCounts

Transcription factor interactions,
https://saezlab.github.io/dorothea/

For the analysis of 3 cell multiplexing data,
https://support.10xgenomics.com/single-cell-gene
-expression/software/pipelines/latest/using/multi

Gene set enrichment analysis,
https://www.gsea-msigdb.org/gsea/index.jsp
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mh.all.v2023.1.Mm

Hisat2 v2.0.5

pre-built ensembl
GRCm38 mouse V(D)J
reference v5.0.0

Hallmark gene set from MSigDB,
https://data.broadinstitute.org/gsea-msigdb/msigd

b/release/2023.1.Mm/

Mapping tool,

http://daehwankimlab.github.io/hisat2/

Pre-built reference genome for V(D)J genes for

Cellranger,

https://support.10xgenomics.com/single-cell-vdj/s
oftware/pipelines/latest/advanced/built-in-refs

3.1.8 Antibodies

If not stated otherwise, all antibodies were anti-mouse antibodies.

Table 9: List of used antibodies.

Antibody Fluqrophore/ Dilution Clone Manufacturer Catalog

conjugate /conc. number
Anti-H-2KP o5.
bound to PE 1:100 D1.16 Biolegend 141603
SIINFEKL '
Anti-mouse . 100 pg/ , BPOO
CD4 Depleting Mmouse GK1.5 BioXCell 03-1
Anti-mouse . 100 pg/ i :
CcD8p Depleting Mmouse 53-5.8 BioXCell BE0223
Anti-mouse
IL-2Rp/ Blocking ﬁqooou’;gl ;’;’La . BioXCell BE0298
CD122
Anti-mouse
IL-2Ryc/ Blocking ;OOOUISJ 3/ 3E12 BioXCell BE0271
CD132

BD
CD103 FITC 1:100 M290 . 557494
Pharmingen

CD11b BV605 1:200 M1/70 Biolegend 101237
CD11c PE-Cy7 1:200 N418 Biolegend 117317
CD132 APC 1:100 TUGm2 Biolegend 132307
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CD186
(CXCR®6)

CD186
(CXCR®6)

CD3

CD366
(TIM-3)

CD4
CD4
CD4
CD44
CD44
CD44
CD45.1
CD45.1
CD45.2
CD45.2
CD45.2

CDe62L
CDe62L
CD8a
CD8a
CD8a

CX3CR1

AF647

PE-
Dazzle594

APC

BVv421

PE

AF647

PerCP-Cy5.5

BV570

BV711

PerCP-Cy5.5

AF647
PE
BV510

FITC

PerCP-Cy5.5

FITC

PE-
Dazzle594

BVv421

PE-
Dazzle594

PE-Cy7

PE

1:200

1:200

1:100

1:200

1:200

1:200

1:200

1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:200

1:200

1:200

1:100

SA051
D1

SA051
D1

17A2

RMT3-
23

GK1.5
GK1.5
GK1.5
IM7
IM7
IM7
A20
A20
104
104
104

MEL-14

MEL-14

53-6.7

53-6.7

53-6.7

SAO011
F11

Biolegend

Biolegend

Invitrogen

Biolegend

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend

151114

151116

17-00
32-82

119723

100407

100426

100433

103037

103057

103031

110720

110707

109837

109805

109827

104405

104447

100737

100761

100721

149005
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Donkey-
anti-goat

Donkey-
anti-rabbit

Donkey-
anti-rabbit

Donkey-
anti-rabbit

Goat-anti-
rabbit
CD103

GzmB
IFNy

Ki67

Ki67

MHCII (anti-
I-A/I-E)

Mouse-
lgG1-x
isotype-
control

Mouse-
lgG1-x
isotype-
control

PD-1
(CD279)

pSTATS

AF680

AF647

AF594

DL488

Primary
antibody

APC
BVv421

FITC

AF700

AF700

APC

AF488

BV605

AF488

1:200

1:200

1:200

1:200

1:100

1:200

1:100

1:100

1:100

1:500

1:200

0.03 ug
per test

1:100

0.03 ug
per test

Poly-
clonal

Poly
4064

Poly
4064

Poly
4064

Poly-
clonal

GB12
XMG1.2

SolA-15

SolA-15

M5/114.
15.2

P3.6.2.
8.1

MOPC-
21

29F.
1A12

47/Stat5
(pY694)

Jackson
ImmunoResea
rch

Biolegend

Biolegend

Biolegend

R&D Systems

Invitrogen
Biolegend

Invitrogen

Invitrogen

Biolegend

Invitrogen

Biolegend

Biolegend

BD
Pharmingen

705-6
25-147

406414

406418

406416

AF1990

MHG
BO5

505829

11-56
98-82

56-56
98-82

107621

17-47
14-42

400132

135219

612598
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Rabbit-anti-
mouse
TCF1/TCF7

Rat-lgG2a-«
isotype-
control

TCF1/TCF7

TCRB

TNFa

TotalSeqg-C
0301

TotalSeqg-C
0302

TotalSeqg-C
0303

TotalSeqg-C
0304

TOX

Primary
antibody

eF660

PE

PerCP-Cy5.5

PE-Cy7

Oligo-seq:
ACCCACCA
GTAAGAC

Oligo-seq:
GGTCGAGA
GCATTCA

Oligo-seq:
CTTGCCGC
ATGTCAT

Oligo-seq:

AAAGCATTC
TTCACG

eF660

1:100

1:100

1:40

1:100

1:100

1:250

1:250

1:250

1:250

1:100

C.725.7

eBR2a

S33-966

H57-
597

MP6-
XT22

M1/42;3
0-F11

M1/42;3
0-F11

M1/42;3
0-F11

M1/42;3
0-F11

TXRX10

Invitrogen

Invitrogen

BD
Pharmingen

Biolegend

Invitrogen

Biolegend

Biolegend

Biolegend

Biolegend

Invitrogen

MA5-
14965

50-65
02-82

564217

109227

25-73
21-82

155861

155863

155865

155867

50-65
02-82
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3.1.9 Additional material

Table 10: List of additional materials.

Material Manufacturer Catalog number
150 mm cell culture dish Merck CLS430599
26Gx1” needles Braun 4665457

30 pym cell strainer Miltenyi Biotec 130-110-915
48-well suspension cell plate Greiner Bio-one 677102

70 pym cell strainer Miltenyi Biotec 130-110-916
96-well v bottom plate 'Sl'z?zrrr:icf)iCFisher 277143
g;):g;Bright absolute counting 'Sl'z?zrrr:icf)iCFisher C36950
GentleMACS M tubes Miltenyi Biotec 130-093-236
Heparin tubes Sarstedt 20.1291
Lancet VWR SARS85.1017

3.1.10 Quantitative real-time PCR primers

Table 11: List of primers for real-time PCR.

Primer sequence (3'to 5), target Source Manufacturer
CGCTTGTCCACGTAGTGGCT, Bayerl et al., 2023, .

. Eurofins
Ptger4 (reverse) Immunity
GCCTAAGATGAGCGCAAGTTG, Bayerl et al., 2023, :

. Eurofins
Hprt (forward) Immunity
TACTAGGCAGATGGCCACAGG, Bayerl et al., 2023, .

. Eurofins
Hprt (reverse) Immunity
TTTCTTCGGTCTGTCGGGTC, Bayerl et al., 2023, .

. Eurofins
Ptger4 (forward) Immunity
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3.1.11 CRISPR-Cas9-gRNA sequences
Table 12: List of guide-RNA sequences

gRNA sequence (3'to 5°), target Source Manufacturer
GCCTGCCCTAAACCCCGGAA, N/A DT

no target (as crRNA, mock)

TATGTCAAGGAGGTCCACGG and N/A DT

CTGGGAACGACCCGAGGATC, Cd122

3.1.12 Sequencing data

The data from RNA, single cell RNA (scRNA), and scTCR sequencing has been

deposited in the gene expression omnibus (GEQO) database under the
SuperSeries number GSE231340 (SubSeries numbers: GSE231301 and

GSE231302) and are publicly available.
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3.2 Methods

3.2.1 Crossbreeding of mice

All mice used in this work were of C57BL/6J origin and if not stated otherwise,
on a CD45.2/CD45.2 background. OT-I (CD45.1) mice were generated through
the crossbreeding of OT-I mice with CD45.1 mice. To obtain Ptger2’Ptger4™!
mice, Ptger2’ and Ptger4™" mice were crossed. These mice were subsequently
bred with either CD4¢®  GzmBC?e and OT-l mice to generate
CD4CrePtger2-Ptgerd™, GzmBCrePtger2’ Ptger4™, and Ptger2’Ptger4™ OT-I
(CD45.1/CD45.1), respectively. For the generation of
CD4CrePtger2’-Ptger4™" OT-1 (CD45.1/CD45.2) mice, CD4C*Ptger2’ Ptgerd™
were crossed with OT-I1 (CD45.1) mice. Notably, no mouse strain used in this
study exhibited any pathologies or abnormalities throughout the breeding and

housing process.

3.2.2 Cell lines and tissue culture

BRAFV600E (control) and Ptgs1/Ptgs2~- BRAFV600E melanoma cells were created
using the CRISPR/Cas9 system based on established techniques and were
generously given by Caetano Reis e Sousa®®%2. Lentiviral transduction was
employed to generate BRAFV6°E-QVA and Ptgs1/Ptgs2-- BRAFV600E-QVA
cells, as previously outlined in detail by Bayerl et al.?2. In brief, the OVA cDNA
was incorporated into a pHIV-7 transfer vector containing the phosphoglycerate
kinase (PGK) promoter and an internal ribosome entry site
(IRES)-puromycin-N-acetyltransferase (PAC) sequence, which led to the
expression of both OVA cDNA and PAC. PAC mediates puromycin resistance
through the acetylation of puromycin'’?. The third-generation lentiviral vectors
were produced, which were self-inactivating and pseudotyped with the vesicular
stomatitis virus-glycoprotein (VSV-G) to enable clathrin-mediated uptake
through the recipient cells, following previously described procedures'’!.
Packaging cells were transfected for 2 days, releasing viral particles into the
supernatants. This supernatant was filtered and used to transduce tumor cell
lines. To neutralize the charge repulsion between virions and the recipient cell

surface, polybrene (8 pg/ml) was added to the culture, enhancing the lentiviral
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infection rate. After 5 hours of incubation, the medium was replaced with fresh
medium, and the transfected cells were passaged three times before
antibiotic-mediated selection using puromycin.

Panc02 and MC38-OVA cells were generously provided by Veit Buchholz
(Institute for Medical Microbiology, Immunology, and Hygiene, TUM), and the
MC38 cell line was provided by Achim Kruger (Institute of Experimental
Oncology, TUM).

BRAFV600E Ptgs1/Ptgs2-/- BRAFV600E, BRAFV600E-QVA, and
Ptgs1/Ptgs2~- BRAFV600E-QVA cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium, which was supplemented with 10% fetal calf
serum (FCS), 50 uM B-mercaptoethanol, 50 Units (U)/ml penicillin,
50 mg/ml streptomycin, and 2 mM L-glutamine (complete-RPMI).
D4M.3A-pOVA cells were generously given to us by Mauro Di Pilato and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12172, MC38,
MC38-OVA, and Panc02 cells were cultured in DMEM medium. Both the
DMEM/F12 and DMEM were supplemented with 10% FCS, 50 uM
B-mercaptoethanol, 50 U/ml  penicillin, 50 mg/ml streptomycin, 2 mM
L-glutamine, 1x MEM non-essential amino acids solution, and 1 mM sodium
pyruvate.

0.05% trypsin/ethylenediaminetetraacetic acid (EDTA) was used to detach and
split the cells. All cell lines were cultured in 150 mm tissue culture dishes at
37 °C and 5% CO:..

3.2.3 Tumor cell inoculation and measurement of tumor size

Tumor cell lines with 80 to 90% confluency were trypsinized, washed three
times with sterile phosphate-buffered saline (PBS), counted using a Neubauer
counting chamber, and diluted in sterile PBS. Unless specified otherwise,
recipient mice received subcutaneous (s.c.) injections on their shaved flanks
with 2x106 cells suspended in 100 pl of sterile PBS. To inoculate the tumor

cells, 1 ml syringes with 26Gx1” needles were used.
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The tumor diameters indicated in the figures correspond to the arithmetic
means of each tumor's longest diameter and its perpendicular counterpart,

measured using a digital caliper.

3.2.4 In vivo depletion of CD4+ and CD8* T cells

Starting from day 1 after tumor cell transplantation, mice received
intraperitoneal (i.p.) injections of 100 yl of anti-mouse CD4 (100 pyg/mouse) or
anti-mouse CD8pB (100 pyg/mouse) antibodies every 5 days to deplete CD4+ or
CD8* T cells, respectively.

3.2.5 In vivo FTY720 administration
Mice were injected i.p. with 100 yl FTY720 (20 ug/mouse, diluted in sterile
isotonic NaCl) on day 1 or day 6 after tumor cell inoculation. As a control,

100 ul sterile isotonic NaCl was administered.

3.2.6 In vivo blockade of IL-2 receptor signaling

Mice were injected i.p. with 150 yL anti-mouse CD122/IL-2Rf (300 pg/mouse,
diluted in sterile isotonic NaCl) and anti-mouse CD132/IL-2Ryc (300 pyg/mouse,
diluted in sterile isotonic NaCl) antibodies on day 6 and day 7 after tumor cell

transplantation. As a control, 150 uL sterile isotonic NaCl was injected.

3.2.7 Tissue processing for flow cytometry and cell sorting

At indicated time points after tumor cell inoculation, tumors, lymph nodes, and
spleens were excised, and their weights were determined using a microscale.
For further analyses involving flow cytometry or cell sorting, tumors were
mechanically cut with scissors for a minimum of 3 minutes and subsequently
disaggregated by incubating them in 1 ml of digestion medium containing
collagenase IV (200 U/ml) and DNasel (100 yg/ml) at 37 °C for 40 minutes.
After incubation, digestion was stopped by adding 1ml of cold
FACS buffer (1x PBS, 1% FCS, and 2 mM EDTA). The digested tumors were
filtered through both a 70 yum and a 30 ym cell strainer, generating single-cell

suspensions. Lymph nodes were filtered using a 30 ym cell strainer, and for the
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isolation of migratory cDC1 cells, the lymph nodes underwent the same
processing steps as outlined for tumor tissues.

Spleens were passed through a 70 um cell strainer and incubated in
ammonium-chloride-potassium (ACK) lysis buffer for 3 minutes at room
temperature (RT) to lyse red blood cells. After the incubation phase, red blood
cell lysis was stopped by adding FACS buffer, and the cells were filtered
through a 30 ym cell strainer.

For the adoptive T cell transfers, blood from mice was drawn by puncturing the
submandibular (facial) vein using a lancet. Blood samples were obtained using
heparin-coated tubes, followed by the lysis of red blood cells in ACK lysis buffer

for 10 minutes at RT. Red blood cell lysis was stopped by adding FACS buffer.

3.2.8 Flow cytometry and cell sorting

For surface staining and the assessment of cell viability, cells were stained in
FACS buffer containing fluorophore-conjugated antibodies specifically targeting
surface molecules, along with a fixable viability dye capable of crossing dead
cell membranes. Stains were protected from light and carried out at 4 °C for
15 minutes. When staining the SIINFEKL:MHC class | complex on cDC1 to
determine the OVA cross-presentation, cells were stained for a total of
40 minutes. Cells were washed three times in FACS buffer (600 x gravitational
force equivalent (g), 4 °C, 3 minutes) before conducting flow cytometry, cell
sorting, or intracellular staining.

Intracellular assessment of STAT5 phosphorylation was done by fixing and
permeabilizing the cells using BD cytofix and BD phosflow perm buffer lll,
abiding by the manufacturer’s recommended protocols (BD protocol Il and Ill for
mild or harsh alcohol method). Cells were stained for pSTAT5 in FACS buffer
for 1 hour at RT and washed thrice in FACS buffer (1000 x g, 4 °C, 5 minutes)
before flow cytometric analysis.

Intracellular staining of Ki-67, TCF1, GzmB, and TOX was carried out after
fixation and permeabilization of cells using the true-nuclear transcription factor

buffer set following the manufacturer’s protocol. Intracellular stains were
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conducted overnight in permeabilization buffer at 4 °C. Cells were washed
thrice in FACS buffer (700 x g, 4 °C, 5 minutes) before flow cytometric analysis.
To determine the incorporation of 5-ethynyl-2°-deoxyuridine (EdU) into newly
synthesized DNA, the EdU proliferation kit (iFluor 488) was used following the
manufacturer’s methods. EAU was added to CD8 T cell cultures at a final
concentration of 15 yM 3 hours before conducting cell surface and intracellular
staining.

Before analysis using flow cytometry, countbright absolute counting beads were
added to samples for assessing cell quantities. All flow cytometric analyses
were carried out on an SP6800 spectral analyzer, an SA3800 spectral analyzer,
or an LSRFortessa cell analyzer.

Intratumoral CD8* T cells (LD-CD45.2*CD3+CD8*), tumor-infiltrating stem-like
CD4CrePtger2’-Ptger4™ oT-l T cells
(LD- CD45.1+CD8+*CD44+TIM-3-(C-X-C motif chemokine receptor 6) CXCR6),
and tumor-infiltrating differentiated effector CD4¢ePtger2-"-Ptger4™" OT-I T cells
(live CD45.1+CD8+CD44+TIM-3*CXCR6*) were sorted using the FACS aria I
cell sorter.

To perform adoptive T cell transfers, blood-derived naive OT-I T cells
(CD45.1+CD8*CD62L+*CD44") were sorted using an SH800S cell sorter.

3.2.9 Ex vivo restimulation of tumor-infiltrating TIM-3+ CD8* T cells

BRAFV600E and Ptgs1/Ptgs2’ BRAFV6E tumors from WT, Ptger2”Ptger4™,
and CD4CrPtger2’Ptger4™ mice were isolated on day 11 after tumor cell
transplantation. Tumor-infiltrating CD8* T cells were sorted
(LD-CD45+*CD3+CD8*). Subsequently, CD8* T cells were incubated for 1 hour
with aCD3/CD28 microbeads and brefeldin A (5 yg/ml) was added for an
additional 3 hours of incubation. After stimulation, cells were surface stained,

fixed, and intracellularly stained for TNFa, and IFNy.
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3.2.10 Adoptive T cell transfer

For the adoptive T cell transfers of naive T cells, blood from
OT-1 (CD45.1/CD45.1) or CD4¢ePtger2--Ptger4™"" OT-1 (CD45.1/CD45.2) mice
was drawn and prepared as outlined in 3.2.7. Naive CD8* T cells were surface
stained and sorted. 1x10% naive CD8* T cells were injected intravenously (i.v.)
in 100 ul sterile NaCl into sex-matched recipient WT (CD45.2/CD45.2) mice
using an insulin syringe. 6 hours later, the WT mice were s.c. inoculated with
OVA-expressing tumor cells.

For the adoptive T cell transfer of CRISPR-Cas9-edited in vitro generated
CD4CrePtger2’-Ptger4™ OT-I T cells, 1x10% OT-l cells were injected i.v. into

recipient mice 2 days after tumor cell inoculation.

3.2.11 Experimental setup to determine the effect of tumor-derived PGE:2
on CD8* T cell priming in draining lymph nodes

To examine whether tumor-derived PGE: affects CD8+ T cell priming in
tumor-draining lymph nodes (tdLNs), 1x10°® naive OVA-specific
CD45.1+ OT-I T cells were isolated from OT-I mice, sorted, and adoptively
transferred into WT recipient mice. WT mice then received
2x108 Ptgs1/Ptgs2/-OVA or control BRAFV60E-QVA cells into their flanks. As a
control, WT mice received non-OVA-expressing Ptgs1/Ptgs2’- BRAFV60E tumor
cells. After 6 days, tdLNs were isolated and stained for cDC1s cross-presenting
OVA and antigen-specific OT-I T cells (Figure 2). Migratory cDC1s were
identified as follows: LD-CD45+CD11c*MHCIINCD103+*CD8a-CD11b-. The
experiment involving the OVA-cross-presentation by cDC1s was performed in
collaboration with Felix Bayerl (Institute of Molecular Immunology, School of
Medicine, Technical University of Munich (TUM), Munich).

Naive OT-I Y5t Migrator Analysis of
(CD45.1%) L /" chC1 Y —> OVA cross}lpresentation
—> —
1.V. =K \
Ts.c. tdLN ® o Analysis of
T cells TCF1* T cell expansion

Control or Ptgs1/Ptgs2~/~
BRAFV6%F.OVA

Figure 2: Experimental setup to determine the effects of PGE2 on CD8* T cell priming in tdLNs.
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3.2.12 Experimental setup to examine the proliferative capacity of
retransferred intratumoral TCF1* OT-I T cells

To determine whether the proliferation of intratumoral CD8* T cells has their
origin in the stem-like TCF1+ or the terminally differentiated TIM-3*CXCR6*
CD8* T cell population, both populations were sorted from mice and
retransferred. Therefore, 1x103 naive CD45.1+ CD4¢ePtger2”-Ptgerd™ OT-1 T
cells were adoptively transferred into WT mice and challenged with
2x10% OVA-expressing MC38 tumor cells. 8 days later, tumors were harvested
and 7x103 stem like (TIM-3-CXCR6") or differentiated effector
(TIM-3*CXCR®6+*) CD8* T cells were sorted and separately retransferred into
recipient Rag1”- mice, which had been challenged with 2x105 OVA-expressing
MC38 tumor cells 2 days before the transfer. Tumors were then analyzed

8 days post-retransfer (Figure 3).

1x103 naive CD45.1+
CD4Crepiger2-'-Ptgerd™ OT-I

) Sort and re-transfer

MC3E-OVA —> @_,7@1\ @ TIVM-3- CXCRG”ster-ke

®TIv- 3*CXCR6" differentiated

Analysis
veseova —» (R — TERR. —> "

Rag1~"- post re-transfer

Figure 3: Experimental setup to determine the expansion of retransferred intratumoral
TCF1+ OT-I T cells.

3.2.13 Generation of repetitively activated antigen-experienced TCF1+ and
TCF1- CD8*T cells

To generate repetitively activated antigen-experienced CD8* T cells, spleens
were separated and processed as described above, and subsequently, the
naive CD8a* T cell isolation kit was used to isolate naive CD8* T cells following
the manufacturer’s instructions. TCF1+CD8* T cells were differentiated using
the method previously outlined by Di Pilato et al., incorporating slight
adaptations'’3. 1x108 naive CD8* T cells were cultured in a 48-well suspension
cell plate in T-cell-medium (RPMI 1640 medium, supplemented with 10% FCS,
50 uM B-mercaptoethanol, 100 U/ml penicillin, 100 mg/ml streptomycin,

2 mM L-glutamine, 1x MEM non-essential amino acids, and 1 mM sodium
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pyruvate). To initiate TCF1+CD8+* T cell differentiation, low-dose IL-2 (85 U/ml)
and mouse aCD3/CD28 microbeads were added to the culture. After 2 days,
CD8* T cells were split in a 1:2 ratio and seeded while maintaining the same
differentiation conditions. Following an additional 2-day differentiation period,
TCF1+CD8+ T cells were purified for viability using density gradient
centrifugation with pancoll (1,440x g, 20 minutes, RT). To differentiate
TCF1-CD8* T cells, the same procedure was performed using high-dose
IL-2 (350 U/ml) and IL-12 (10 ng/ml) instead.

3.2.14 TCF1+CD8* T cell effector differentiation and expansion

Differentiation of antigen-experienced TCF1+CD8+ T cells into effector
CD8* T cells was adapted from Di Pilato et al.,'”3. Both tumor-infiltrating
TIM-3-:CD8* T cells sorted 11 days post-tumor cell inoculation from
tumor-bearing mice and TCF1+CD8* T cells were cultured in T-cell-medium with
mouse aCD3/CD28 microbeads and high-dose IL-2. As specified in the figures,
cultures were supplemented with PGE2 (100 ng/ml, dissolved in 70% EtOH),
IL-7 (10 ng/ml), IL-12 (10 ng/ml), or IL-15/15Ra (1 ng/ml). 70% EtOH served as
a control for PGE2. To evaluate T cell expansion, T cells
(LD-CD45.2+CD3+*CD8*) were quantified using flow cytometry 72 hours after the

differentiation and proliferation had been initiated.

3.2.15 Restimulation of repetitively activated TCF1-CD8* T cells

To determine the specific cytotoxicity, TCF1-CD8* cells from both OT-l and WT
mice were generated, pre-incubated for 20 hours with or without PGE2, and
then co-cultured with Ptgs1/Ptgs2’BRAFV6E-QVA cells at an effector to target
ratio of 1:1. The impedance was measured every 15 minutes, using the
xCELLigence-RTCA system.
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3.2.16 IL-2RB knockout by CRISPR-Cas9-gRNA complex electroporation

Spleens of CD4¢ePtger2-/-Ptger4"" OT-l were separated and processed, and
subsequently, the naive CD8a* T cell isolation kit was used to isolate naive
CD8+T cells following the manufacturer's instructions. Naive T cells were
cultured in T-cell-medium supplemented with IL-2 (10 U/ml), IL-7 (5 ng/ml), and
mouse aCD3/CD28 microbeads. After 24 hours, microbeads were removed by
magnetic separation, and T cells were electroporated in P3 electroporation
buffer supplemented with Cas9 protein, Cas9 electroporation enhancer, and
Cd122-targeting or non-targeting (as mock) guide RNA as previously
described'74. After electroporation, cells were rested in T-cell-medium
supplemented with IL-7 (5 ng/ml) for 2 days at 37 °C. Knockout specificity was
confirmed by CD122 surface staining prior to i.v. injections. This step was
performed in collaboration with Janina Dérr (Division of Clinical Pharmacology,

Department of Medicine IV, Ludwig Maximilian University (LMU), Munich).

3.2.17 Analysis of IL-2 signaling and the expression of IL-2Ryc

5x10° repetitively stimulated antigen-experienced TCF1+CD8* T cells were
resuspended in 1 ml of T-cell-medium containing low-dose IL-2 and cultured in
a 48-well suspension cell plate for 20 hours. After resting the cells, the medium
was changed, and cells were seeded with mouse aCD3/CD28 microbeads and
low-dose IL-2. CD8* T cells were incubated with or without PGE2 (100 ng/ml) for
24 hours before analysis.

To evaluate the IL-2R expression, cells were harvested, stained for IL-2Ryc,
and analyzed via flow cytometry.

To assess IL-2 signaling, magnetic separation was employed to remove mouse
aCD3/CD28 microbeads, and subsequently, the cells were surface stained. To
dephosphorylate pSTAT5, the TCF1+CD8* T cells were incubated in
T-cell-medium at 37 °C for 30 minutes. After dephosphorylation, the cells were
stimulated with different concentrations of IL-2 (10-100 U/ml) in the absence or
presence of PGE2 (100 ng/ml) for 30 minutes before IL-2 signaling and
phosphorylation of STAT5 was terminated by directly adding cytofix buffer. Cells

were permeabilized, stained intracellularly, and analyzed by flow cytometry.
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3.2.18 Determination of PGE2 concentration in tissues

Tumors and organs were collected from mice 11 days after tumor cell
inoculation. The weights of the samples were recorded, and the tissues were
immediately frozen in liquid nitrogen and stored at -80 °C. A gentleMACS
dissociator and gentleMACS M tubes were used to homogenize the samples,
using a homogenization buffer consisting of 0.1 M PBS, 10 uM of the COX1/2
inhibitor indomethacin, 1 mM EDTA, which was adjusted to a pH of 7.4. The
homogenization process was followed by a freeze-thaw cycle at -20 °C. PGE:
concentrations were quantified using an ELISA assay in accordance with the
manufacturer’s protocol. PGE2 concentrations were normalized to tissue

weight.

3.2.19 RNA isolation and quantitative real-time PCR

RNA extraction from T cell cultures was performed using the arcturus
PicoPure RNA isolation kit in accordance with manufacturer methods. cDNA
was generated using the SensiFAST cDNA synthesis kit, according to the
manufacturer’s protocol. Quantitative real-time PCR was conducted on a
LightCycler 480 using the TAKYON No ROX SYBR master mix dTTP blue Kkit,
following the manufacturer’s protocol. For calculating the relative fold gene
expression of Ptgerd, the ACt method (222¢) was used with

Hypoxanthine-phosphoribosyl-transferase 1 (Hprt) as a reference gene.

3.2.20 RNA sequencing

TCF1+CD8* T cells were generated and incubated in T-cell-medium with or
without PGE2 (100 ng/ml) at 37 °C for 1 hour. After the initial incubation,
CD8* T cells were stimulated with low-dose IL-2 or low-dose IL-2 and mouse
0CD3/CD28 microbeads for an additional 4 hours. Total RNA was isolated
using the total RNA miniprep kit, following the manufacturer’s protocol. The
isolated RNA was sent to Novogene for library preparation and sequencing.

For a comprehensive description of the analysis of the acquired RNA
sequencing data, please refer to the related work by Lacher et al., 2024. In

brief, library preparation was performed using the NEB Next® Ultra™ RNA
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library prep kit. Sequencing was carried out on a NovaSeq6000 PE150 platform
in paired-end mode using the corresponding lllumina sequencing kits. After
aligning the obtained reads to the mouse reference genome (GRCm38/mm10),
the gene expression levels and the fragments per kilobase of transcript
sequence per million mapped reads (FPKMs) were determined. Genes
identified by the DESeq2 R package 1.20.0 with adjusted P-values (P)< 0.05
were considered differentially expressed genes (DEGs). Principal component
analysis (PCA) and volcano plots were visualized using the R packages
ggplot2, prcomp, and ggrepel. Based on the log2 fold change values of the
DEGs obtained from the comparison of the groups '«CD3/CD28 + IL-2' and
'PGE2-treated + aCD3/CD28 + IL-2', the DEGs were arranged accordingly and
subjected to gene set enrichment analysis (GSEA) to examine hallmark genes
(mh.all.v2023.1.Mm). Normalized enrichment scores (NES) and significance by
adjusted P-values were determined. Analysis of the RNA sequencing data was
performed in collaboration with Felix Bayerl (Institute of Molecular Immunology,
School of Medicine, Technical University of Munich (TUM), Munich).

3.2.21 Single-cell RNA and single-cell TCR sequencing

BRAFV600E  tumor cells were inoculated into WT, Ptger2’Ptgerd™,
CD4CrePtger2’-Ptgerd™ and GzmBCrePtger2’ Ptger4™ mice and 11 days later,
tumors were excised and processed as outlined previously. In addition to the
surface staining, all CD45* cells were labeled with TotalSeq-C anti-mouse
hashtag antibodies which contained a unique oligonucleotide sequence
(WT: Hashtag1,  Ptger2’-Ptger4™".  Hashtag2, CD4CrePtger2’-Ptger4™:
Hashtag3, and GzmBC‘®Ptger2’-Ptger4™". Hashtag4). After cell hashing,
6,000 tumor-infiltrating CD8* T cells from one mouse of each experimental
group were sorted and pooled, resulting in 4 biological replicates.

Each replicate was loaded on a chromium next GEM chip to generate gel
bead-in-emulsion (GEM) partitions, effectively encapsulating each tiny
micro-reaction within the chromium system. Within these GEMs, mRNA
underwent transcription into cDNA through reverse transcription while being

labeled with an additional 10x barcode. RNA sequencing libraries were
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generated using the chromium next GEM single cell 5' reagent kits v2 user
guide and the feature barcode technology for cell surface protein (Rev D). After
evaluating the quality of the RNA sequencing libraries with the high-sensitivity
DNA kit, a bioanalyzer 2100, and the qubit dsDNA HS assay kit, the libraries
were combined into a pooled sample and subsequently submitted to Novogene
for sequencing. The pooling of the samples aimed to minimize batch effects
during sequencing. Paired-end sequencing was carried out on a NovaSeq6000
platform using an S4 v1.5 (300 cycles) sequencing kit. For gene expression, a
minimum depth of 2x10* reads per cell was sequenced, while for T cell receptor
libraries, the sequencing depth targeted a minimum of 5x103 reads per cell.

The first round of scRNA-seq analyses encompassed all samples within the
Ptger2'-Ptgerd™ — CD4CePtger2’-Ptgerd™, —and  GzmBC*Ptger2’Ptger4™
groups. Subsequently, data from the WT group was added in a later phase to
validate the read coverage for Piger2 and Ptger4 (refer to the details below).
For a more detailed and comprehensive analysis description of the obtained
scRNA-seq and scTCR-seq data, | recommend referring to Lacher et al., 2024.
In brief, gene expression libraries were aligned to the mouse reference genome
mm10/GRCm38. To improve the data set's quality, cells that showed less than
1,000 detected genes, more than 10% of mitochondrial genes, and unique
molecular identifier (UMI) counts more than 3 standard deviations above the
mean were removed. UMIs are unique barcodes attached to each RNA
molecule. They enable accurate quantification of transcript abundance and
detection of PCR duplicates. UMIs provide a means to differentiate individual
RNA molecules and allow for more precise measurements of gene expression
levels. To enhance the reliability of the analysis, genes detected in less than
3 cells were excluded. Subsequently, the read counts of the remaining genes
were normalized, ensuring a standardized basis for comparisons. The
identification of anchors between cells originating from different replicates
enabled data integration. Subsequently, PCA was performed on the integrated
data to capture the major sources of variation. A k-nearest neighbors (KNN)
graph was constructed to visualize the relationships between cells, and a

uniform manifold approximation and projection (UMAP) was computed. Louvain
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clusters (cl.) were identified using the shared nearest neighbor (SNN)
modularity optimization algorithm. This approach leverages the SNN method to
calculate the similarity between cells based on their shared neighbors and then
optimizes the modularity metric to assign cells into clusters. Contaminating
myeloid and cycling cells were detected by evaluating the average marker gene
expression within the clusters, followed by their removal from the data set. After
the initial data preprocessing and removal of contaminating cells, read counts
were normalized independently, and anchors between cells from different
experimental groups and their replicates were identified. Subsequently, PCA
was computed on the integrated data, followed by the calculation of a KNN
graph and a UMAP projection. Additionally, Louvain clusters were determined
using the SNN modularity optimization algorithm.

DEGs were determined, and gene set expression scores were computed at a
single-cell level, considering only the detected genes.

Gene profiles were acquired from Kaech et al., 2002
(M3013: KAECH_NAIVE_VS_DAY8_EFF_CD8_TCELL_DN) and MSigDB
(GO:2000566) to visualize the signatures associated with CD8* T cell effector
function and proliferation, respectively'”>. Based on the UMAP computed on the
integrated data, transcriptional trajectories among clusters were determined,
and pseudotime analysis was calculated. Transcription factor (TF) activity was
determined using the weighted mean method, considering TF-target
interactions with confidence levels ranging from A to C. The TF activity scores
were normalized to the Ptger2/-Ptger4™" experimental group. A network
visualization was created using the top 100 variable TFs from each group,
focusing on TFs with a minimum of 2 common targets.

Clonotypes for TCR analysis were determined by considering both the
V(D)J genes and the nucleotide sequences of the CDR3 regions of the TCR.

To integrate scRNA-seq data from the WT group, initial pre-processing was
conducted on the samples, following the previously outlined procedure. These
pre-processed samples were aligned with a reference data set, which was
formed by integrating data from the Ptger2--Ptgerd4™, CD4CrePtger2-'-Ptger4™",
and GzmBCrePtger2--Ptger4™" groups using the R package Seurat v4.1.1178,
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The integration process involved identifying anchors between cells from the
reference and the WT groups, as well as all replicates. This was achieved
through reciprocal PCA on the top 1000 highly variable genes, selecting
anchors based on the first 20 dimensions and a single neighbor. Following this,
annotations were transferred using the TransferData function, and data
integration was performed using IntegrateEmbeddings. Subsequently, cells
from the additional WT group were then projected onto the coordinates of the
reference UMAP using ProjectUMAP with 30 nearest neighbors.

For estimating read coverage, deepTools (v3.5.4) was employed, utilizing
bamCoverage with a bin size of 10 bp and normalization by bins per million
mapped reads'’?. Specifically, to analyze coverage on Tcf7* and Tcf7- clusters,
BAM files were divided by cell barcodes from clusters 1-2 or clusters 3-8 using
samtools v1.13 before estimating coverage'’8. The resulting read coverage on
gene tracks was visualized using the R package trackViewer v1.32.1179,
Analysis of the scRNA-seq and scTCR-seq Analysis of the RNA sequencing
data was performed in collaboration with Gustavo P. de Almeida (Division of
Animal Physiology and Immunology, School of Life Sciences Weihenstephan,
TUM, Freising).

3.2.22 Statistical analyses

Statistical analyses were performed using GraphPad prism. The dissimilarities
between 2 experimental groups were assessed using an unpaired two-tailed
student’s t-test. Statistical significance was determined using ANOVA for
comparisons involving more than two experimental groups and tumor growth
profiles. The data are presented as mean +standard deviation (SD) or

mean + standard error of the mean (SEM) as specified in the figure legends.
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4 Results

4.1 The PGE2-EP2/EP4 axis impairs anti-cancer CD8* T cell
responses

Numerous human and mouse tumors exhibit abnormal COX-1 (encoded by
Ptgs1) and COX-2 (encoded by Ptgs2) activity, resulting in increased production
of the bioactive lipid PGE2. Beyond its physiological functions, PGE2 has been
linked to the advancement of tumors and unfavorable outcomes for patients,
indicating its involvement in tumor progression and diminished survival
ratest59%180 The ablation of COX-1 and COX-2 in several mouse cancer
models has been shown to impede cancer advancement, primarily facilitated
through immune-mediated control. These findings emphasize the pivotal role of
PGE2 and its immunomodulatory functions within the context of tumors®9.60.
PGE: signaling is mediated by binding to 4 G-protein coupled receptors known
as EP1-EP4 (encoded by Ptgeri-Ptgerd). Notably, signaling through EP2 and
EP4 has been identified to mediate direct immune suppressive functions®2181,
Within the last few years, several studies have identified PGE2 as a critical
regulator influencing the biology and function of CD8* T cells'®-184, However,
the mechanisms through which PGE2 may contribute to tumor immune evasion
and the specific influence of tumor-derived PGE-2 on the regulation of infiltrating
stem-like TCF1+CD8* T cells remain unclear and warrant further investigation.
To this end, a novel mouse line has been developed to selectively inhibit the
PGE2-EP2/EP4 axis in CD8* T cells. The Cre-loxP-system was used to
generate CD4C¢ePtger2-/-Ptger4™ mice. In this mouse model, the active
Cre-recombinase triggers the ablation of Ptger4 expression in both CD4* and
CD8* T cells, as they were double positive for both coreceptors during their
maturation in the thymus. To specifically address the impact of PGE2 on more
differentiated CD8+ T cells, GzmBC“ePtger2--Ptger4™" mice were generated. In
these mice, GzmB-expressing cells, including effector CD8* T cells, lack Ptger4
expression. As genetic controls, global EP2 deficient mice (Ptger2’Ptger4™

were used.
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To determine whether the transgenic mouse models show an altered CD4+ or
CD8* T cell composition, inguinal lymph nodes and the spleens of healthy
wildtype (WT), Ptger2--Ptger4™, CD4CrePtger2--Ptgerd™, and
GzmBCrePtger2—-Ptgerd4™ were harvested and analyzed. Neither CD4+ nor
CD8* T cell numbers in inguinal lymph nodes or the spleens were significantly
altered among the transgenic mice compared to WT (Figure 4).
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Figure 4: Characterization of WT, Ptger2Ptgerd4™f, CD4CrPtger2/Ptger4™, and GzmBCrePtger2
Ptger4™ mice in their T cell numbers. (a) Representative flow cytometry plots showing frequencies of
CD4+ and CD8* T cells among pre-gated CD45* immune cells in inguinal lymph nodes of WT, Piger2"
Ptgerd™,  CD4CrePtger2Ptger4™, and GzmBCrePtger2”Ptger4™ mice. n=5-8, two independent
experiments were pooled. (b) Quantification of total numbers of CD4+ and CD8+ T cells per inguinal LN
based on (a). (c) Representative flow cytometry plots showing frequencies of CD4+ and CD8* T cells
among pre-gated immune cells in spleens of WT, Piger2/Ptger4™, CD4CrePtger2Ptgerd4™, and
GzmBCrePtger2-Ptger4®/ mice. n=5-8, two independent experiments were pooled. (d) Quantification of
total numbers of CD4+ and CD8+ T cells per spleen based on (c). Box plots in (b) and (d) showing the
median with corresponding min and max values as whiskers. Statistical significance in (b) and (d) was
determined by one-way ANOVA with Dunnett’s multiple comparison test, P>0.05, not significant (ns).
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When WT, Ptger2/-Ptger4™ and CD4Cc®Ptger2--Ptger4™ mice were
challenged  with  PGEz-producing  (control) = BRAFVY60E  melanoma,
CD4CrePtger2--Ptger4™ mice exhibited efficient tumor control over time (Figure
5a). In contrast, both WT and Ptger2--Ptger4™" mice did not show protective
tumor control. This suggests that PGE: signaling on CD8* T cells leads to tumor
immune escape, which the ablation of EP2 and EP4 in T cells can overcome. In
line with this, non-PGE2-producing COX1/2-deficient (Ptgs1/Ptgs2’) BRAFY600E
tumors were entirely rejected in WT mice, indicating that PGE2 drives the
escape from immune surveillance (Figure 5a). To determine whether this
increased immune response is CD8* T cell-driven, WT mice and Rag1/ mice
(lacking T cells) were challenged with Ptgs1/Ptgs2’ BRAFV6E tumor cells.
Furthermore, a subset of WT mice was treated with CD8* T cell-depleting
antibodies (Figure 5b). Only fully immune-competent WT mice were able to
reject the non-PGE2-producing tumors completely, confirming the pivotal role of
CD8+ T cells in mediating protective anti-cancer responses. To validate
previous findings that PGE2 drives tumor immune escape, Panc02 cells—a
second PGE2-producing tumor cell line—were injected into WT,
Ptger2--Ptger4™, and CD4¢Ptger2--Ptger4”" mice (Figure 5c).

Consistently, tumors progressively grew in WT and Ptger2--Ptger4™" mice,

whereas CD4¢ePtger2--Ptger4™" mice showed full tumor rejection (Figure 5c).
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Figure 5: EP2/EP4 knockout in CD8+* T cells mediates immune control of PGE2-producing tumors.
(a) Tumor growth profiles. 2x105 Ptgs1/Pigs2” or control BRAFV600E melanoma cells were injected into
the flanks of WT, Ptger2-’-Ptgerd™, or CD4CePtger2--Ptger4™ mice. n=10, two independent
experiments were pooled. (b) Tumor growth profiles. 2x105 Ptgs1/Ptgs2/ BRAFV600E melanoma cells
were injected into the flanks of WT or Rag1/ mice. In some WT mice, CD8+ T cells were depleted by
injecting aCDB8p depleting antibodies. n=5, two independent experiments were pooled. (¢) Tumor growth
profiles. 2x108 Panc02 tumor cells were injected into the flanks of WT, Piger2--Ptger4™, or
CD4crePtger2--Ptger4™® mice. n=8, two independent experiments were pooled. Data are depicted as
mean = SEM. Statistical significance in (a)-(c) was determined by one-way ANOVA with Dunnett’s
multiple comparison test, P>0.05, not significant (ns).
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These findings validate that EP2/EP4 ablation in CD8* T cells leads to potent
immune control in PGE2-producing tumors.

This increased immune response in CD4CPtger2--Ptgerd4™ mice correlated
with both increased numbers of tumor-infiltrating CD8* T cells and increased
CD8+ T cell frequencies among CD45* immune cells (Figure 6a). In contrast,
no significant differences were observed in the total counts of tumor-infiltrating

CD4~ T cells and their frequencies among CD45* cells (Figure 6b).
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Figure 6: Ablation of EP2/EP4 in CD8+ T cells results in increased CD8+* T cell accumulation in
PGE:z-producing tumors. (a) WT, Ptger2--Ptgerd™, or CD4CcePtger2--Ptger4™ mice received 2x1086
Ptgs1/Ptgs2/ or control BRAFV60E melanoma cells and CD8+ T cells numbers and frequencies of CD45+
cells were determined 11 days post tumor cell inoculation. n=10, two independent experiments were
pooled. (b) CD4+ T cell numbers and frequencies of CD45+ cells were determined 11 days post tumor
cell inoculation based on (a). Data are depicted as mean + SEM. Statistical significance was determined
by one-way ANOVA with Dunnett’s multiple comparison test, P>0.05, not significant (ns).

This implies that PGE:2 signaling on CD4+ T cells may not play a significant role
in immune-mediated tumor control.

In line with these observations, antibody-mediated depletion of CD4*+ and
CD8* T cells in CD4C‘*Ptger2~-Ptger4™ mice confirmed the critical role of
CD8* but not CD4* T cells in mediating effective anti-cancer immune control

(Figure 7).
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Figure 7: Elevated tumor immune control in CD4CrePtger2/-Ptger4™ mice is mediated by
CD8+ T cells. Tumor growth profiles. 2x105 control BRAFV60E melanoma cells were injected into the
flanks of CD4CrePtger2--Ptger4® mice. CD4+ and CD8* T cells were depleted with aCD4 and o CD8f
depleting antibodies, respectively. n=8-9, two independent experiments were pooled. Data are depicted
as mean = SEM. Statistical significance was determined by two-way ANOVA Bonferroni’s correction for
multiple testing.

Taken together, these findings underscore the key role of tumor-infiltrating
CD8+ T cells, as opposed to CD4+ T cells, in mediating robust anti-cancer
immune responses and that PGE2-EP2/EP4 signaling in CD8* T cells limits their
intratumoral  accumulation,  thereby  diminishing the  efficacy of

CD8* T cell-mediated immunity.
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4.2 CD8* T cell priming in distal draining lymph nodes is not affected
by tumor-derived PGE>

Within the TME, cDC1s play a key role in initiating anti-cancer immune
responses by taking up tumor antigens from their surroundings. This leads to
their activation and subsequent migration to tdLNs. Within tdLNs, cDC1s
cross-present tumor antigen fragments to naive CD8* T cells, resulting in T cell
activation, which is known as priming. The activated CD8* T cells then migrate
into the TME, where they exert their anti-cancer propertiest-84.185,

To investigate the impact of tumor-derived PGE2 on the cross-presentation by
cDC1s to naive CD8* T cells in tdLNs, WT mice were injected with
Ptgs1/Ptgs2’ and control BRAFV60E-QVA tumor cells. These cancer cells
express the model antigen OVA on their MHC | molecules, which is commonly
used as a model for an antigen-specific immune response. Migratory
CD103* cDC1s cross-presenting OVA-associated peptides were identified by
flow cytometry using an antibody recognizing OVA-presenting MHC-I
(S8:H-2Kb). Mice that received either Ptgs1/Ptgs2”-OVA or control
BRAFV600E-QVA tumor cells showed increased frequencies of OVA-presenting
cDC1s in their tdLNs when compared to mice that were challenged with non-
OVA-expressing Ptgs1/Ptgs2’ BRAFV60E tumor cells (Figure 8a). Furthermore,
no substantial differences in the frequencies of cross-presenting cDC1s within
tdLNs between the two experimental groups were observed, suggesting that
tumor-derived PGE2 may not affect distal cross-presentation by cDC1s

(Figure 8b).
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Figure 8: Tumor-derived PGE2 does not affect cross-presentation of OVA-peptides by cDC1s in
tdLNs. (a) Representative flow cytometry plots showing frequencies of OVA-presenting S8:H-2Kb+ cells
among pre-gated migratory cDC1s in tdLNs. (b) Frequencies of OVA-presenting cDC1s among pre-gated
migratory cDC1s based on (a). n=4-5. Data are depicted as mean + SEM. Statistical significance in (b)
was determined by one-way ANOVA with Tukey’s multiple comparison test. P>0.05, not significant (ns).
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To assess the efficacy of CD8* T cell priming within tdLNs, naive OT-I T cells
were adoptively transferred into WT mice. These mice were then challenged
with Ptgs1/Ptgs2-OVA or control BRAFV600E-QVA tumor cells. OT-I T cells are
CD8*T cells that harbor a transgenic TCR, specifically recognizing
OVA-derived peptides presented on MHC-I. OT-I T cells in both groups showed
an antigen-experienced CD44+TCF1+ phenotype, which was not observed for
polyclonal non-antigen-specific CD8* T cells, which were predominantly naive
(Figure 9a). Moreover, OT-I T cells efficiently expanded in both groups,
indicating that CD8* T cell priming in distal tdLNs may not be affected by
tumor-derived PGE: (Figure 9b).
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Figure 9: Tumor-derived PGE2 does not affect priming of CD8+* T cells in tdLNs.

(a) Representative flow cytometry plots showing the expression of TCF1 and CD44 in polyclonal CD8+ T
cells and OT-I T cells, pre-gated on CD8+* T cells. (b) Quantification of total numbers of CD44+TCF1+OT-I
T cells corresponding to (a). n=5. Data in (b) is depicted as mean + SEM. Statistical significance in (b) was
determined by one-way ANOVA with Tukey’s multiple comparison test. P>0.05, not significant (ns).

To validate these results, WT mice were challenged with equilaterally
transplanted Ptgs1/Ptgs2’” and control BRAFV6E tumors, both sharing the
same lymph drainage site. Co-transplanted Ptgs1/Ptgs2’ tumors were rejected

in mice while control tumors progressively grew (Figure 10).
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Figure 10: Tumor-derived PGE2 does not affect tumor control of non-PGE2-producing tumors
when the same lymph drainage site is shared. Tumor growth profiles. WT mice received 2x10°
Ptgs1/Ptgs2 or control BRAFVE00E melanoma cells either individually or in an equilateral manner sharing
the same drainage lymph site. n=4, two independent experiments were pooled. Data are depicted as
mean + SEM. Statistical significance was determined by two-way ANOVA Bonferroni’s correction for
multiple testing. P>0.05, not significant (ns).

Collectively, these results illustrate that the evasion of immune surveillance
mediated by PGE: is a consequence of local effects without impacting the distal

priming of CD8* T cells in tdLNs.
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4.3 Tumor-infiltrating CD8* T cell expansion and differentiation are
impaired by PGE>-EP2/EP4 signaling

Recent advances in the cancer field have revealed distinct subtypes of
tumor-infiltrating CD8+ T cells which all express exhaustion markers such as
PD-1 and TOX. However, despite their exhausted phenotype, these cells are
stil  functional and can mediate protective anti-cancer immune
responses’+114-116_|n this work, 2 distinct populations were classified by their
phenotype and functionality. Stem-like TCF1+CD8* T cells (stem-like or
'exhausted'-like progenitor T cells) exhibit the capability to proliferate and
differentiate. In contrast, TIM-3*CD8+(TCF1-) T cells (terminally differentiated
effector T cells, intermediate ‘'exhausted-like T cells, and terminal
'exhausted'-like T cells) lack proliferative potential but fulfill cytotoxic effector
functions. Extensive research has been dedicated to
TCF1+CD8* stem-like T cells, given their pivotal role in the generation of
TIM-3+CD8+ effector T cells!22.124.186,187  This process is crucial for anti-cancer
immunity and occurs, at least partially, within the TME121:122.188,

The previous results raised the question of whether PGE2 might impact the local
differentiation of TIM-3*CD8* T cells originating from tumor-infiltrating
stem-like TCF1+CD8+ T cells. To address this question, tumor-infiltrating
CD8* T cells from Ptger2”Ptger4™ (as control) and CD4C¢Ptger2’Ptger4™
mice were sorted from control BRAFV6E tumors 11 days post tumor cell
injection. Subsequently, these cells were subjected to scRNA-seq and
scTCR-seq.  Additionally,  tumor-infiltrating CD8+ T cells from
GzmBCePtger2”-Ptger4™" mice were included to assess the influence of PGEz
signaling on effector T cell differentiation. To address the heterogeneity in the
analyses, 4 biological replicates were included for each experimental group.
scRNA-seq revealed 8 distinct clusters (Figure 11a). Each cluster
demonstrated an increased expression of the activation markers Cd44, Tox,
and Pdcd1 (encoding PD-1), which was further confirmed on the protein level,
leading to the conclusion that all tumor-infiltrating CD8* T cells show an

antigen-experienced and exhausted phenotype (Figure 11b,c).
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Figure 11: Single-cell RNA sequencing reveals 8 distinct CD8+* T cell clusters.
(a) UMAP plot illustrating 12,516 individual tumor-infilirating CD8* T cells, color-coded based on their
cluster classification. (b) UMAP plots showing transcript expression of Cd44, Tox, and Pdcd1 (encoding
PD-1) based on (a). (c) Representative plots showing CD44, TOX, and PD-1 protein expression in tumor-
infiltrating CD8+* T cells, 11 days post tumor cell injection.

Within clusters 1 and 2, the concatenated scRNA-seq data revealed high
expression of stem-like TCF1+CD8* T cell markers including Tcf7 (encoding
TCF1), slamf6, and Ill7r (Figure 12a,b). To demarcate these
stem-like TCF1+CD8+ T cell clusters from naive T cells, gene sets from
Gattinoni et al., 2011 and Prokhnevska et al., 2023 were used to align the
obtained gene expression profiles of the TCF1+CD8* T cells with the published
signatures (Figure 12c,d). Notably, both clusters of TCF1+CD8* T cells
exhibited increased expression of gene signatures distinct from those of
naive T cells, suggesting that these cells may have encountered antigens and
are not in a naive state. In contrast, clusters 3-8 exhibited no expression of Tcf7
but displayed a substantial enrichment of markers associated with T cell
differentiation and function, including GzmB, Havcr2 (encoding TIM-3), and
Entpd1 (encoding CD39) (Figure 12a,b).
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Figure 12: Stem-like CD8* T cell clusters show a distinct phenotype to naive T cells.

(a) UMAP plot illustrating transcript expression of Tcf7 and Havcr2 (encoding TIM-3). (b) PCPT plot
depicting expression levels of specific genes among clusters. (c¢,d) Correlation between gene expression
profiles of tumor-infilirating TCF1+CD8+ T cell clusters and the gene signatures of (c) naive CD8+ T cells,
memory stem cell CD8* T cells (TSCM), and central memory CD8+* T cells (TCM) as well as (d) naive
CD8+ T cells, tumor antigen-specific CD8+ T cells in tdLNs, and tumor-infiltrating stem-like CD8+* T cells.
Statistical significance in (¢) and (d) was determined using Wilcoxon rank sum test and Bonferroni
correction for multiple testing.

This suggests that clusters 3-8 represent the more early differentiated and
terminally differentiated CD8* T cell populations.

Moreover, effector CD8* T cells coexpress TIM-3 and CXCR®6, serving as
overarching markers for distinguishing effectors from
stem-like TCF1+CD8+ T cells (Figure 13).
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Figure 13: Tumor-infiltrating TIM-3+ CD8+ T cells coexpress CXCR6.

Representative flow cytometry plot showing the coexpression of TIM-3 and CXCR6 in tumor-infiltrating
CD8+ T cells.
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Unsupervised slingshot analysis revealed a tree-shaped developmental
trajectory originating from stem-like TCF1+CD8* T cells and diverging into
separate terminally differentiated T cell populations (Figure 14), suggesting that
tumor-infiltrating effector T cell populations have their origin in the

stem-like T cell compartment.
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Figure 14: Effector CD8* T cell differentiation originates from TCF1+CD8+ T cells within the TME.
UMAP plot illustrating the predicted developmental trajectory using unsupervised slingshot analysis.

In summary, these findings propose a dynamic pathway of CD8* T cell
differentiation within tumors. Initially, tumor-infiltrating
stem-like TCF1+*CD8* T cells proceed in a unidirectional course of effector
differentiation, resulting in various smaller branches of terminally differentiated
CD8+ T cell populations.

To evaluate the influence of PGE2-EP2/EP4 signaling on tumor-infiltrating
CD8* T cells, the scRNA-seq data set was divided according to experimental
groups. Density analysis uncovered a notable shift towards early effector
(clusters 3 and 4) and terminally differentiated CD8+* T cell populations
(cluster 5) in the data set obtained from CD4c*Ptger2’Ptger4”" and
GzmBCrePtger2’”-Ptger4”"  mice  when compared to those from
Ptger2”Ptger4”" mice (Figure 15a). Cluster quantification across the
3 experimental groups revealed a distinct lack of effector expansion and
differentiation in the Ptger2”Ptger4™ cohort (Figure 15b). In contrast,
CD4CrePtger2-Ptgerd™" and GzmBC‘ePtger2’Ptger4™ mice showed a marked

increase of effector expansion and differentiation.
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Figure 15: Tumor-derived PGE: limits CD8+ T cell effector differentiation and expansion. (a) Density
analysis of tumor-infiltrating CD8+* T cells separated by mouse groups. (b) Quantification of CD8+* T cell
clusters relative to cluster 1. Box plots in (b) showing the median with corresponding min and max values
as whiskers. Statistical significance in (b) was determined using one-way ANOVA with Bonferroni's
correction for multiple testing.
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In line with these observations, the absence of both Piger2 and Ptger4 was
confirmed by gene track analysis in tumor-infiltrating
stem-like TCF1+CD8* T cells derived from CD4CePtger2’Ptger4”" and
GzmBCePtger2-Ptger4™" mice (Figure 16). In contrast to this, CD8* T cells

from Ptger2’Ptger4™" mice exclusively exhibited the loss of Ptger2.
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Figure 16: Tumor-infiltrating TCF1+CD8* T cells from CD4¢rePtger2Ptger4™" and GzmBCrePtger2+
Ptger4™ lack of both Ptger2 and Ptger4. Representative plots for gene tracks illustrating the scRNA-
seq read coverage across Ptger2 and Ptger4 loci within tumor-infiltrating TCF1+CD8+ T cells.
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Consistent with the increased expansion and proliferation observed in
CD4CePtger2-Ptgerd™" and GzmBCePtger2’Ptger4™ mice, analysis of
proliferation signatures revealed an enrichment in gene sets linked to
proliferation compared to Ptger2’Ptger4" mice (Figure 17a). In line with this
finding, both tumor-infiltrating TCF1+ and TIM-3* CD8* T cells showed elevated
protein expression of the proliferation marker Ki-67 in CD4¢Ptger2’-Ptger4™
and GzmBCrePtger2’-Ptger4™"" mice compared to Ptger2’Ptger4™ mice

(Figure 17b). Nevertheless, no significant increase in the expression of gene
signatures associated with cytotoxic effector functions was observed among the

experimental groups (Figure 17c¢).

o

a CD8* T cell proliferation TCF1* cells TW(')'(S);Cf"S
Ptger2"-Ptger4™ ‘?c_: 0.0006 50 . ns_
CD4°*ptger2--Pigerd™ E s 0.0319 o
< 2 & 40{%
.. ... GzmBCPtger2'-Ptgerd™ < 0.0426 © ©
2 3456 7 8 S 15 ? 30
TCF1*  TIM-3*CXCRe+  prehment score g 10 20| o |9
. N o
stem differentiated 015 0 0.15 3 sﬁ (©) 10ﬁ o)
N~
©
< 0 0

T ool effector function @ Piger2'-Ptger4™!
cell efiector runctio 0 CD4%®ptger2~-Ptgera™

....... Ptger2"-Ptger4™ © GzmBCePiger2-'-Ptger4™"
| BN

. CD4ptger2-'-Ptgera™
....... GzmBC"ePiger2~-Ptgerd™
2 3456 7 8

TCF1*  TIM-3*CXCR6* Enrichment score
stem differentiated _0? 0 -03

Figure 17: Tumor-derived PGE: impairs CD8+ T cell proliferation rather than affecting their effector
functions. (a) CD8* T cell proliferation signature across tumor-infiltrating CD8+* T cell clusters derived
from Ptger2Ptgerd, CD4CrePtger2’-Ptger4™ and GzmBCrePtger2/-Ptger4™" mice. (b) Expression of the
proliferation marker Ki-67 in tumor-infiltrating TCF1+ and TIM-3+ CD8+* T cells from Ptger2Ptger4™,
CD4CrePtger2Ptger4™ and GzmBCrePtger2’Ptger4® mice 11 days post tumor cell inoculation with
control BRAFV600E melanoma cells. n=7, two independent experiments were pooled. (c) CD8+ T cell
effector function signature across tumor-infiltrating CD8+ T cell clusters based on (a). Data in (b) is
depicted as mean + SEM. Statistical significance in (b) was determined using one-way ANOVA with
Tukey’s multiple-comparison test.

Moreover, ex vivo restimulated intratumoral CD8* T cells did not show
substantial differences in their effector cytokine expression when restimulated
with aCD3/CD28 microbeads (Figure 18a). Furthermore, to investigate the
impact of PGE2 on the specific cytotoxicity of CD8* T cells, TCF1- OT-I cells
were generated and pre-incubated with or without PGE2. A killing assay
revealed no significant differences between PGE2-treated and untreated
OT-I cells (Figure 18b).
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This indicates that PGE2 primarily impairs the expansion and differentiation of
intratumoral CD8* T cells rather than the cytotoxicity of effector CD8* T cells.
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Figure 18: Tumor-derived PGE: does not impair CD8+ T cells effector functions.

(a) Tumor-infiltrating CD8* T cells were sorted from WT, Ptger2/Ptger4™, and CD4CePtger2/-Piger4
mice and restimulated with aCD3/CD28 microbeads for 4 hours. n=4, two independent experiments (b)
Representative plot for specific cytotoxicity. Repetitively activated OT-I T cells were treated with or without
PGE-: for 20 hours and co-cultured with Ptgs1/Ptgs2- BRAFV600E QVA cells in an effector to target ratio of
1:1. Depicted is one of three independent experiments Box plots in (a) showing the median with
corresponding min and max values as whiskers. Data in (b) is depicted as mean + SD. Statistical
significance was determined using one-way ANOVA with Tukey’s multiple-comparison test.

In summary, these findings collectively suggest that tumor-derived PGE:2
hinders both the expansion and differentiation of effector CD8* T cells
originating from intratumoral stem-like TCF1+CD8+ T cells. Importantly, this
impairment can be overcome by the ablation of EP2 and EP4 in
stem-like TCF1+CD8+ T cells.
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4.4 EP2/EP4 ablation rescues clonal CD8* T cell expansion

The scTCR-seq data uncovered the presence of various clonally expanded
tumor-infiltrating CD8* T cells across Ptger2’Ptger4™i, CD4CPtger2”Ptger4™,
and GzmBCPtger2-Ptgerd4™" mice, demonstrating both tumor specificity and a
proliferative expansion (Figure 19a). However, while all experimental groups
exhibited clonally expanded CD8* T cell clonotypes, this was substantially more
pronounced in CD4¢¢Ptger2’-Ptger4™ and GzmBCPtger2’ Ptger4™" mice than
in Ptger2”-Ptgerd4™ mice (Figure 19a,b). These observations were underscored
by the presence of hyperexpanded clonotypes, a feature entirely absent in
Ptger2’-Ptger4™" mice (Figure 19c). In more detail, CD4"Ptger2Ptger4™ and
GzmBCrePtger2’-Ptger4™" mice showed 22.6% and 35.6% hyperexpanded
clonotypes, respectively. In contrast, Ptger2’-Ptger4™ mice showed a complete

absence of hyperexpanded clonotypes.
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Figure 19: PGE2-EP2/EP4 signaling limits clonal expansion of tumor-infiltrating CD8* cells.

(@) Clonotype frequencies for each individual CD8+* T cell cluster from Ptger2Ptger4,
CD4CrePtger2-"Ptgerd™ and GzmBCrePtger2/-Ptger4 mice. (b) UMAP plots depicting CD8* T cell
clonotype distribution among experimental groups. (¢) Quantification of clonotype frequencies among
experimental groups.
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In conclusion, PGE: signaling on tumor-infiltrating CD8+ T cells may suppress
their clonal expansion. Notably, this inhibitory effect can be effectively
circumvented through the ablation of EP2 and EP4 in CD8* T cells, resulting in
enhanced expansion and differentiation into effector populations within the
TME.

4.5 PGE2-EP2/EP4 signaling impairs early tumor-infiltrating
stem-like TCF1+CD8* T cells

To validate the earlier findings indicating the suppressive impact of PGE:z on the
local differentiation of intratumoral CD8+ T cells into effector T cells,
stem-like TCF1+CD8* and TIM-3+CD8* T cells were quantified in Ptgs1/Ptgs2”
and control BRAFV60E tumors derived from WT, Ptger2/Ptgerd™ and
CD4CePtger2-Ptgerd4™" mice. Interestingly, CD4CePtger2’Ptger4™ mice
showed higher frequencies of TIM-3+*CD8* T cells in tumors compared to WT
and Ptger2’Ptger4™ mice (Figure 20a). This implies a potential deficiency in
the transition from stem-like TCF1+CD8+*to TIM-3*CD8* T cells in WT and
Ptger2’Ptger4™" mice. In line with this notion, the numbers of tumor-infiltrating
stem-like TCF1+CD8* T cells did not show significant differences across
experimental groups (Figure 20b). This indicates that the generation of
CD8* T cells at tdLNs and their subsequent infiltration into the TME may not be
affected by PGE2. In contrast, the quantities of TIM-3+CD8* T cells in tumors
derived from CD4C*Ptger2’Ptger4™ mice exhibited a strong increase

compared to those derived from WT and Ptger2’Ptger4™”" mice (Figure 20c).
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Figure 20: Ablation of EP2 and EP4 on tumor-infiltrating CD8* T cells leads to effective
development of effector CD8+ T cells at the tumor site. (a) 2x10¢ Pigs1/Ptgs2/ or control BRAFV600E
melanoma cells were injected into the flanks of WT, Ptger2--Ptger4®#, or CD4CePtger2--Ptger4™" mice.
Representative flow cytometry plots depicting the frequencies of intratumoral TCF1+ and TIM-3+ cells
among pre-gated CD44+CD8+ T cells. (b) Quantification of intratumoral TCF1+CD8+ T cells based on (a).
n=7-11, two independent experiments were pooled. (c) Quantification of intratumoral TIM-3+CD8+ T cells
based on (a). n=7-11, two independent experiments were pooled. Data in (b) and (c) is depicted as mean
+ SEM. Statistical significance in (b) and (¢) was determined by one-way ANOVA with Tukey’s multiple
comparison test. P>0.05, not significant (ns).

These findings provide additional evidence that PGE2 might hinder the
differentiation and clonal expansion from stem-like TCF1+CD8* T cells.

The observation that early infiltrating CD8* T cells on day 6 following tumor cell
injection showed a stem-like TCF1+ phenotype but not (yet) an effector
phenotype made it possible to investigate whether TIM-3+*CD8* T cells within
the TME originate from these early infiltrating stem-like TCF1+CD8* T cells
(Figure 21a,b). CD4CePtger2’Ptger4™" mice were inoculated with
control BRAFV690E melanoma cells and treated with FTY720, a potent
sphingosine-1-phosphate receptor 1 (S1P1R) antagonist that prevents the
egress of lymphocytes—including newly primed CD8* T cells—from draining
lymph nodes'®®. Administration of FTY720 from day 6 onward did not impact the
development of intratumoral TIM-3+*CD8+* T cells, leading to elevated numbers
of CD8* T cells within the TME (Figure 21c). Conversely, inhibiting the egress
from LNs starting on day 1 lead to decreased numbers of infiltrating
CD8* T cells (Figure 21c). Remarkably, the proliferative response originating
from stem-like TCF1+CD8* T cells infiltrated until day 6 proved to be substantial

enough to fully control tumor growth (Figure 21d).
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Figure 21: PGE: prevents sufficient anti-cancer immune responses by affecting the differentiation
of TCF1+CD8+ T cells into effectors. (a) Representative flow cytometry plots showing frequencies of
intratumoral TCF1+ and TIM-3+ cells among pre-gated CD44+CD8+ T cells. (b) Donut chart depicting
average percentages of TCF1+CD8+ and effector TIM-3*CD8* T cells across all tumor-infiltrating
CD8+* T cells. n=6, pooled from two independent experiments. (¢) Quantification of intratumoral CD8+ T
cell numbers among experimental groups. n=6, pooled from two independent experiments. (d) Tumor
masses at indicated time points. Antibody-mediated CD8+ T cell depletion in absence of FTY720
treatment was performed using aCD8p antibodies. n=10, pooled from two independent experiments. Data
in (c) and (d) is depicted as mean + SEM. Statistical significance in (¢) and (d) was determined by one-
way ANOVA with Tukey’s multiple comparison test. P>0.05, not significant (ns).
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Taken together, these findings illustrate that the expansion and differentiation of
effector TIM-3+CD8* T cells originates from early infiltrating
stem-like TCF1+CD8* T cells, which ultimately mediate potent anti-cancer

immune responses when protected from PGE:2 signaling.
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4.6 PGE: signaling leads to an IL-2-unresponsive state of
stem-like TCF1+CD8* T cells

To investigate the downstream pathways of PGE:2 signaling on tumor-infiltrating
stem-like TCF1+CD8+ T cells, transcription factor activity analysis was
performed based on the scRNA-seq data. Ablation of EP2 and EP4 on
tumor-infiltrating stem-like TCF1+CD8* T cells led to increased activity of
transcription factor networks linked to T cell differentiation (including NFKB1,
REL, JUN, and TBX21), stimulatory cytokine signaling (including IRF1, STAT4,
JUN, and TBX21), and survival (including RUNX2 and TRP53) (Figure 22).
Notably, this was observed for both CD4%ePtger2’”Ptger4™ and
GzmBCePtger2-Ptger4™" mice. Likewise, an increase in transcription factor
network activity associated with elevated IL-2 signaling (STAT1, STATS,
STAT5b, ELK1, and NFATC2) was observed in both CD4¢Ptger2’Ptger4™!
and GzmBCrePtger2’Ptger4™ mice relative to Ptger2’Ptger4™ mice

(Figure 22).
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Figure 22: PGE: signaling on tumor-infiltrating TCF1+ CD8+ T cells affects transcription factor
networks for T cell differentiation and IL-2 signaling. Transcription factors for T cell differentiation and
survival as well as IL-2 signaling from tumor-infiltrating TCF1+CD8* T cells derived from
CDA4crePtger2--Ptgerd® and GzmBCrePtger2--Ptger4? mice. Normalized to tumor-infiltrating
CD8+ T cells derived from Ptger2--Ptger4™f mice.

To verify the impact of PGE:2 signaling on IL-2-mediated expansion of
tumor-infiltrating stem-like TCF1+CD8* T cells, WT mice were injected with
Ptgs1/Ptgs2’- BRAFV60E  melanoma cells and subsequently, intratumoral
stem-like TCF1+CD8* T cells were sorted (based on the negative expression of
TIM-3 and CXCR6). PGE:2 significantly blocked the expansion of
ex vivo-stimulated stem-like TCF1+CD8* T cells when cultured and activated
with high-dose IL-2 and aCD3/CD28 microbeads (Figure 23a). To circumvent
the limitation of obtaining only a low number of tumor-infiltrating CD8+* T cells

from tumor-bearing mice, repetitively activated in vitro differentiated
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TCF1+CD8* T cells were used to investigate the impact of PGE:z signaling in
these cells. In line with the exvivodata, repetitively activated
TCF1+CD8* T cells exhibited comprised expansion upon PGE2 exposure when
stimulated with high-dose IL-2 and aCD3/CD28 microbeads (Figure 23b).
Moreover, the limited T cell expansion was accompanied by reduced DNA
replication in PGE2-treated repetitively activated TCF1+CD8+* T cells
(determined by EdU incorporation) (Figure 23c).
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Figure 23: PGE:-EP2/EP4 signaling impairs IL-2-mediated expansion and proliferation of
TCF1+CD8+ T cells. (a) Tumor-infiltrating TCF1+CD8+ T cells were isolated from Pitgs1/Ptgs2’
BRAFV600E tumors and cultured for 3 days in the absence or presence of PGE:2 with aCD3/CD28
microbeads and high-dose IL-2. T cell numbers were determined by flow cytometry. n=3, pooled from two
independent experiments. (b) Repetitively activated in vitro differentiated TCF1+CD8+ T cells were
cultured for 3 days in the absence or presence of PGE2 with aCD3/CD28 microbeads and high-dose IL-2.
T cell numbers were determined by flow cytometry. n=4, pooled from two independent experiments. (c)
Representative flow cytometry plots depicting 5-ethynyl-2"-deoxyuridine (EdU) incorporation into the DNA

of newly generated CD8+ T cells based on (b).Data in (a) and (b) is depicted as mean + SEM. Statistical
significance in (a) and (b) was determined by one-way ANOVA with Tukey’s multiple comparison test.
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Bulk RNA sequencing uncovered substantial transcriptional changes in both in
vitro stimulated and non-stimulated repetitively activated TCF1+*CD8* T cells
upon PGE:2 treatment (Figure 24a). The comparison between stimulated
TCF1+CD8* PGE: treated and untreated revealed 294 DEGs (P<0.05 with a
fold change of >2) (Figure 24b). GSEA uncovered a significant downregulation
of the mammalian target of rapamycin complex 1 (mMTORC1) and STAT5
pathways, which are linked to CD8* T cell differentiation, expansion, and IL-2

signaling (Figure 24c).
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Figure 24: PGE: signaling on repetitively activated TCF1+CD8* T cells leads to the downregulation
of differentiation-associated mTORC1 signaling and IL-2 signaling pathways. (a) PCA plot based
on all DEGs of repetitively activated TCF1+CD8+* T cells upon PGE:2 exposure. (b) Volcano plot depicting
up- and downregulated genes that were differentially expressed upon PGE: treatment based on (a).
GSEA showing hallmark pathways which are significantly up- and downregulated based on (a).

In line with the inhibitory effect of PGE2 on the IL-2 signaling pathway,
repetitively activated TCF1+CD8*+ T cells displayed a diminished capacity to
effectively phosphorylate STAT5, a downstream protein that is phosphorylated
in response to IL-2 signaling (Figure 25a). Accompanied by reduced STAT5
phosphorylation, PGE2-exposed, repetitively activated TCF1+CD8* T cells
exhibited a significant downregulation of the IL-2Ryc (Figure 25b).
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This observation suggests that PGE2 signaling on TCF1+CD8* T cells may
attenuate their responsiveness to IL-2. However, the reduced IL-2
responsiveness could only be partially rescued by very high doses of IL-2
(Figure 25c¢). Consistent with the reduced expression of the IL-2Ryc upon PGE:2
exposure, repetitively activated TCF1+CD8* T cells failed to efficiently expand

when stimulated with other yc cytokines such as IL-7 or IL-15 (Figure 25d).
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Figure 25: The PGE2>-EP2/EP4 axis impairs IL-2 signaling through the downregulation of IL-2Ryc.
(a) Representative flow cytometry plot depicting reduced phosphorylation of STAT5 in repetitively
activated TCF1+CD8+ T cells upon PGE2 exposure. (b) Effect of PGE2 exposure on the expression of
IL2-Ryc in TCF1+CD8+ T cells. n=3. (¢) Frequencies of WT pSTAT5+TCF1+CD8+T cells upon stimulation
with different concentrations of IL-2 with or without PGE: treatment based on (a). n=3, representative for
n=6 from 3 independent experiments. (d) Quantification of TCF1+CD8+ T cells with indicated stimulation
conditions for 3 days. n=3, representative for 3 independent experiments. Data in (b) is depicted as mean
+ SD. Box plots in (¢) showing the median with corresponding min and max values as whiskers. Data in
(d) is depicted as mean + SEM. Statistical significance in (b) was determined by unpaired t-test.
Statistical significance in (¢) and (d) was determined by one-way ANOVA with Tukey’'s multiple
comparison test.

These findings underscore that PGE: signaling mediates a predominant

inhibitory effect on IL-2 signaling by downregulating the IL-2Ryc.
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In order to verify that these inhibitory effects are mediated by PGE2-EP2/EP4
signaling on TCF1+CD8* T cells, repetitively activated TCF1+CD8* T cells from
CD4CrePtger2”-Ptger4™ mice were used. These T cells efficiently
phosphorylated STAT5 when exposed to PGE:2 (Figure 26a). In alignment with
this concept, EP2/EP4 ablated TCF1+CD8* T cells expanded into significant
numbers upon PGE2 exposure compared to their counterparts with sufficient
EP2 and EP4 expression (Figure 26b). Consistent with these results,
repetitively activated TCF1+CD8* T cells derived from CD4CrePtger2’Ptger4™
mice showed no impairment in EdU incorporation when exposed to PGE:
(Figure 26c¢c).
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Figure 26: PGE2>-mediated unresponsiveness to IL-2 signaling can be overcome by the ablation of
EP2 and EP4. (a) Frequencies of pSTAT5* repetitively activated TCF1+CD8+ T cells from WT and
CD4CrePtger2--Ptger4™ mice stimulated with different concentrations of IL-2 in the presence or absence
of PGE2. n=3, representative for two independent experiments. (b) Quantification of TCF1+CD8+* T cells
from WT and CD4CrePtger2/-Ptger4® mice after 3 days of stimulation with high-dose IL-2 and
0oCD3/CD28 microbeads. n=3, representative for two independent experiments. (¢) Representative flow
cytometry plots illustrating EdU incorporation into newly synthesized DNA of repetitively activated
TCF1+CD8+* stimulated with high-dose IL-2 and oCD3/28 microbeads for 24h based on (b). Box plots in
(a) showing the median with corresponding min and max values as whiskers. Data in (d) is depicted as
mean = SEM. Statistical significance in (a) and (b) was determined by one-way ANOVA with Tukey’s
multiple comparison test. P>0.05, not significant (ns).
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In summary, these results, combined with the previous scRNA-seq findings,
indicate that PGE2-EP2/EP4 signaling in stem-like TCF1+CD8* T cells hampers
differentiation and expansion, primarily by inhibiting IL-2 signaling. Notably, this
inhibitory effect can be reversed by the ablation of EP2 and EP4 on these

T cells.
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4.7 EP2/EP4 ablation in adoptively transferred antigen-specific
CD8* T cells permits protective anti-cancer immune responses

To investigate how PGE: affects antigen-specific CD8+ T cell responses,
1x10% EP2/EP4-sufficient WT and CD4¢Ptger2’-Ptger4”" OT-l T cells were
adoptively co-transferred into WT recipient mice and subsequently challenged
with MC38-OVA tumor cells. Based on the expression of the congenic markers
CD45.1 and CD45.2, WT (CD45.1/CD45.1) OT-l and CD4CrePtger2’Ptger4™
(CD45.1/CD45.2) OT-I T cells could be distinguished from each other as well as
from the WT (CD45.2/CD45.2) recipient T cells in both tdLNs and tumors
(Figure 27a). OT-l T cells derived from both WT OT-lI and CD4CPtger2”

Ptger4™ OT-I mice demonstrated efficient expansion within tdLNs (Figure 27b).
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Figure 27: EP2/EP4 ablation on adoptively transferred tumor-specific CD8* T cells leads to
increased T cell expansion at the tumor site. (a) Representative flow cytometry plots illustrating
adoptively transferred WT (EP2/EP4 sufficient, CD45.1/CD45.1) and CD4CrePtger2-Ptgerd™
(CD45.1/CD45.2) OT-I T cells in tdLNs and MC38-OVA tumors at indicated time points after tumor cell
inoculation. (b) Quantification of WT OT-l and CD4¢ePtger2-Ptger4™ OT-I T cells in tdLNs based on (a).
n=6, pooled from two independent experiments. (c) Quantification of WT OT-1 and CD4CrPtger2+
Ptger4™ OT-1 T cells in MC38-OVA tumors based on (a). n=6, pooled from two independent
experiments. Box plots in (b) and (¢) showing the median with corresponding min and max values as
whiskers. Data in (b) and (c) is depicted as mean + SEM. Statistical significance in (b) and (c) was
determined by one-way ANOVA with Tukey’s multiple comparison test. P>0.05, not significant (ns).
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In contrast, following an initial phase of proliferation, WT OT-I T cells
experienced a collapse within the TME, while CD4¢¢Ptger2’Ptger4”" OT-I T
cells expanded substantially (Figure 27c).

Similarly, OT-I T cells from Ptger2’Ptger4™ OT-1 mice exhibited compromised
CD8+*T cell expansion compared to CD4CePtger2’Ptger4d™ OT-l T cells
(Figure 28).
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Figure 28: Only double deficiency of EP2 and EP4 in adoptively transferred OT-l T cells protects
from PGE2-mediated impairment of expansion. Quantification of OT-I T cells after the co-transfer of
1x103 OT-I T cells from Ptger2/Ptger4®f and CD4CrPtger2/-Ptger4™ OT-1 mice into WT mice that were
subsequently challenged with 2x106 MC38-OVA tumor cells. n=7-8, pooled from two independent
experiments. Box plots showing the median with corresponding min and max values as whiskers. Data is
depicted as mean + SEM. Statistical significance was determined by one-way ANOVA with Tukey's
multiple comparison test. P>0.05, not significant (ns).

These results suggest that only the deficiency of both EP2 and EP4 in
adoptively transferred OT-I T cells is sufficient for expansion, overcoming the

influence of PGE:2 signaling.
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Notably, the phenotype of early tumor-infiltrating OT-I T cells deficient in EP2
and EP4 undergoes dynamic changes over time. Initially characterized by
CD44high and TCF1+TIM-3°"CXCR6°Ki-67'°% expression, these cells transition to
a TCF1-TIM-3"ehCXCR6+Ki-67M9" phenotype, indicating a distinct differentiation
process (Figure 29a). Moreover, tumor-infiltrating OT-I T cells deficient in EP2
and EP4 analyzed at later time points (day 8) exhibited a diverse array of
stem-like and differentiated effector T cell subpopulations. These include
CD62L+ and CD62L- T cells within the TCF1+CD8* (TIM-3-=CXCR6") T cell
population, as well as early CXsCR1+ and late CX3sCR1- TIM-3*CXCR6+* cells,
illustrating a diverse spectrum of T cell differentiation occurring within the TME
(Figure 29b).
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Figure 29: Adoptively transferred CD4crPtger2/-Ptger4™ OT-l T cells into MC38-OVA bearing
mice give rise to distinct effector CD8* T cell populations. (a) Flow cytometry plots illustrating the
expression of indicated markers in tumor-infiltrating CD4¢rPtger2/-Ptger4™ OT-1 T cells in MC38-OVA

tumors. Naive WT OT-l T cells served as control. (b) Representative flow cytometry plots depicting
subpopulation composition among tumor-infiltrating CD4¢ePtger2Ptger4™ OT-1 T cells based on (a).

?

86



Results

To verify the lineage of effector TIM-3*CD8+ T cells originating from the
stem-like TCF1+CD8* (TIM-3-CXCR6") population, these two distinct OT-1 T cell
subsets were sorted from mice bearing MC38-OVA tumors 8 days after the
adoptive T cell transfer of 1x103 naive OT-I T cells. Subsequently, 2 days post
tumor cell inoculation, the obtained tumor-infiltrating TIM-3-=CXCR6" and TIM-
3*CXCR6* populations were retransferred into MC38-OVA-bearing Rag1”
mice. TIM-3-CXCR6- OT-I T cells exhibited significant expansion in recipient
mice, whereas their TIM-3*CXCR6* counterparts did not undergo substantial
proliferation (Figure 30a,b). Moreover, TIM-3-CXCR6- OT-I T cells underwent
differentiation, giving rise to TIM-3*CXCR6* OT-1 T cells

(Figure 30c).
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Figure 30: Intratumoral TIM-3-CXCR6- OT-l T cells expand and give rise to TIM-3*CXCR6* OT-I T
cells after a retransfer. (a) Representative flow cytometry plot showing the frequencies of expanded
intratumoral OT-I T cells in recipient mice among CD45+ immune cells on day 8 after retransfer. (b)
Quantification of intratumoral OT-I T cells in recipient mice based on (a). n=7-8, pooled from two
independent experiments. (c) Representative flow cytometry plots depicting the expression of TIM-3 and
CXCR6 among expanded OT-l T cells based on (a). Box plots in (b) showing the median with
corresponding min and max values as whiskers. Data in (b) is depicted as mean + SEM. Statistical
significance was determined by an unpaired t-test.
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Consistent with these findings, the differentiation of TCF1+ OT-l1 T cells into
TIM-3+ OT-I cells was exclusively observed at the tumor site and not within
tdLNs (Figure 31a,b). In tdLNs, the OT-I their
TCF1+CD44+ expression, while at the tumor site, OT-I T cells progressively
underwent differentiation into TCF1-CXCR6* OT-I T cells.
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Figure 31: Development of TIM-3+CXCR6* effectors exclusively occurs within the tumor.

(a) Representative flow cytometry plots illustrating CD44 and CXCR6 expression among pre-gated OT-I
T cells in tdLNs and tumors at specified time points following the transfer of naive OT-I T cells. (b)
Quantification of TCF1+ and effector CXCR6+ OT-I T cells in tdLNs and tumors based on (a). n=6, pooled
from two independent experiments.
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In line with these observations and the previous FTY720 experiments, blocking
the egress of newly primed antigen-specific OT-I T cells from tdLNs starting
from day 6 onward did not impact the expansion of OT-I T cells at the tumor site
(Figure 32).
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Figure 32: Early tumor-infiltrating TCF1+ OT-l T cells efficiently expand within the TME.
Quantification of OT-I T cells 8 days after the adoptive transfer of 1x103 naive OT-I T cells and the
injection of MC38-OVA tumor cells. Mice received FTY720 treatment 6 days post tumor cell injections.
n=6, pooled from two independent experiments. Box plots showing the median with corresponding min
and max values as whiskers. Data is depicted as mean + SEM. Statistical significance was determined
by one-way ANOVA with Tukey’s multiple comparison test. P>0.05, not significant (ns).

Collectively, these  findings underscore the crucial role  of
stem-like TCF1+CD8* T cells, which infiltrate the TME early and undergo local
expansion and differentiation, ultimately giving rise to TIM-3+*CD8* T cells.

In line with previous findings indicating that PGE: signaling induces a
non-responsive phenotype to IL-2, inhibiting the IL-2 pathway in antigen-specific
OT-I T cells within mice bearing Ptgs1/Ptgs2’”- BRAFV60E-OQVA melanoma using
alL-2RB (aCD122) and alL-2Ryc (CD132) blocking antibodies (on day 6 and
7 post tumor cell injections) resulted in a significant reduction in OT-I T cell
numbers (Figure 33a,b). Moreover, consistent observations were noted upon
blocking the IL-2RB and IL-2Ryc in CD4CPtger2’Ptger4™ OT-1 T cells in mice
harboring MC38-OVA tumors (Figure 33c,d).
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Figure 33: Blocking the IL-2 pathway in OT-l T cells results in decreased CD8* T cell numbers
within the TME. (a) Representative flow cytometry plots depicting the frequencies of OT-I T cells after
blockage of the IL-2R signaling in Ptgs1/Ptgs2’- BRAFV60E-OQVA tumors. (b) Quantification of tumor-
infiltrating OT-I T cells 8 days post OT-I T cell transfer and tumor cell inoculation based on (a). n=6,
pooled from two independent experiments. (c) Representative flow cytometry plots depicting the
frequencies of OT-I T cells after blockage of the IL-2R signaling in MC38-OVA tumors. (d) Quantification
of tumor-infiltrating OT-I T cells 8 days post OT-I T cell transfer and tumor cell inoculation based on (c).
n=10, pooled from two independent experiments. Box plots in (b) and (d) showing the median with
corresponding min and max values as whiskers. Data in (b) and (d) is depicted as mean + SEM.
Statistical significance for (b) and (d) was determined by one-way ANOVA with Tukey’'s multiple

comparison test.
Additionally, the co-transfer of mock-treated control CD4¢Ptger2Ptger4™!
(CD45.1/CD45.1) and Cd122"-CD4¢ePtger2’Ptger4”" (CD45.1/CD45.2)
OT-I T cells into WT recipient mice (CD45.2/CD45.2), initiated 2 days after
tumor cell inoculation with MC38-OVA cells, confirmed reduced IL-2 mediated

expansion and effector differentiation of tumor-infiltrating OT-1 T cells

(Figure 34a,b).
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Figure 34: Ablation of IL-2Rp results in a substantial decrease in tumor-infiltrating expansion and
effector differentiation. (a) Representative flow cytometry plot and Quantification of adoptively
transferred mock-CD4CePtger2-Ptger4™ (CD45.1/CD45.1) and Cd122-CD4CrPtger2Ptgerd™
(CD45.1/CD45.2) OT-1 T cells in MC38-OVA tumors 8 days post adoptive T cell transfer. n=6, pooled
from two independent experiments. (b) Representative flow cytometry plot illustrating the expression of
CXCR6 and TIM-3 among tumor-infiltrating OT-I T cells on day 8 post T cell transfer based on (a). Box
plot in (a) showing the median with corresponding min and max values as whiskers. Data in (a) is
depicted as mean + SEM. Statistical significance for (a) was determined by a paired t-test.

Collectively, these findings suggest that PGE2-EP2/EP4 signaling hinders the
IL-2 responsiveness of intratumoral CD8* T cells, consequently impeding their
expansion and effector differentiation. This impairment can be overcome by the
ablation of EP2 and EP4.

Finally, to assess whether the ablation of EP2 and EP4 on adoptively
transferred OT-1 T cells leads to protective CD8* T cell-mediated anti-cancer
immune responses, WT mice received either 1x10%2 naive WT OT-l or
CD4CePtger2-Ptger4™" OT-1 T cells, followed by the injection of either
2x10% MC38-OVA or D4M.3A-pOVA tumor cells (Figure 35). Mice that received
CD4CrePtger2-Ptger4™" OT-1 T cells were able to reject tumors completely,
which was not observed for mice that received WT OT-I T cells (Figure 35a,b).
In line with previous findings, CD4¢¢Ptger2’Ptger4™ OT-1 T cell numbers were
substantially increased within D4M.3A-pOVA tumors compared to their WT
counterparts (Figure 35c). This indicates that, in the context of this tumor
model, the protective anti-cancer immune response once again originates from

the expanded population of EP2/EP4 ablated OT-I T cells.
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Figure 35: Ablation of EP2 and EP4 on adoptively transferred OT-I T cells mounts protective anti-
cancer immune responses. (a) Tumor growth profiles. WT mice received either 1x103 naive WT OT-I or
CDA4crePtger2-Ptger4®# OT-I T cells and subsequently were injected with 2x108 MC38-OVA tumor cells.
(b) Tumor growth profiles. WT mice received either 1x103 naive OT-l1 or CD4CrePiger2/Ptgerd
OT-I T cells and subsequently were injected with 2x10% D4M.3A-pOVA tumor cells. (¢) WT mice received
both 1x103% naive OT-l and CD4CrePtger2/-Ptgerd4”" OT-l T cells and subsequently were injected with
2x108 D4M.3A-pOVA tumor cells. n=6, pooled from two independent experiments. Box plots in (c)
showing the median with corresponding min and max values as whiskers. Data is depicted as mean *
SEM. Statistical significance for (a) and (b) was determined by two-way ANOVA with Bonferroni's
correction for multiple testing and statistical significance for (c¢) was determined by an unpaired t-test.

In summary, these findings collectively demonstrate that disrupting the
PGE2-EP2/EP4 axis in tumor-specific CD8* T cells promotes their intratumoral
expansion and differentiation into effector CD8+ T cells, ultimately fostering

protective T cell-mediated anti-cancer immune responses.
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5 Discussion

CD8* T cells play a pivotal role in orchestrating anti-cancer immunity in both
mice and humans. Recent advancements have highlighted the significance of
stem-like TCF1+CD8+ T cells in mediating effective CD8* T cell responses
against viral infections and cancer through their capacity to generate
effector CD8* T cells'13:121.122_ Despite this recognition, our understanding of the
differentiation process of these stem-like TCF1+CD8*+ T cells and the factors
influencing their regulation remains limited.

Many human and mouse cancers exhibit a profound expression of
prostaglandin E2, which has been recognized to mediate immunosuppressive
effects, leading to cancer immune escape® 596265 PGE2 is widely
acknowledged for its impact on myeloid cells, affecting macrophages,
monocytes, and dendritic cells®62. In line with this, PGE:z also exerts effects on
lymphocytes, including NK cells and T cells®06091.92  Nevertheless, our
understanding of the specific effects of PGE2 signaling in T cells remains
limited, underscoring the need for comprehensive investigation and further
exploration. This study aimed to elucidate the impact of tumor-derived PGE2 on
stem-like TCF1+*CD8* T cells using a novel mouse model in which T cells were
ablated in their expression of the two PGE:z receptors, EP2 and EP4. This
model provided profound insights into the direct impact of PGE: signaling in
tumor-infiltrating CD8* T cells, thereby unraveling its subsequent downstream
effects. This study revealed that PGE: signaling in stem-like TCF1+CD8* T cells
impairs their local differentiation and expansion into effector CD8* T cells, thus
impeding effective anti-cancer immune responses. This effect is, at least in part,
mediated by the downregulation of IL-2 responsiveness and the consequent
decrease in mTORC1 signaling in stem-like TCF1+CD8* T cells. Hence, the
findings outlined in this work reveal a novel checkpoint that the immune system
must overcome to orchestrate potent anti-cancer CD8* T cell responses,
ultimately influencing the determination between tumor escape and tumor

control.
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5.1 The role of tumor-derived PGE: in regulating anti-cancer T cell
responses

Remarkably, the specific contribution of PGE:2 signaling in anti-cancer
CD8* T cells has been poorly characterized until now. Consequently, the
mechanisms through which PGE:2 signaling in CD8* T cells leads to a
diminished anti-cancer immune response remain poorly understood. In this
study, enhanced tumor control was observed when Ptgs1/Ptgs2’- and control
BRAFV600E tumor cells were transplanted into WT and CD4¢Ptger2’Ptger4™
mice, respectively. This phenomenon could be attributed to increased numbers
of intratumoral effector CD8* T cells, an observation not found in WT and
Ptger2’Ptger4™ mice challenged with PGE2-producing
control BRAFV690E tumor cells. Consistently, prior investigations have correlated
favorable clinical prognoses in human cancer patients with a significant
abundance of tumor-infiltrating CD8+ T cells, with terminally differentiated
effector CD8* T cells being the most prevalent'07.121.122_ These findings highlight
the direct inhibitory effect of PGE2 on CD8* T cells and the development of

potent anti-cancer immune responses mediated by CD8+* T cells.

Given the pivotal role of the priming event in the early immune response to
cancer in tdLNs, this study aimed to explore the potential influence of
tumor-derived PGE2 on this process'!188190 Both the cross-presentation of
tumor-derived antigens by cDC1s, as well as the activated phenotype and
expansion of antigen-specific TCF1+CD8* T cells in tdLNs, occurred
independently of tumor-derived PGEz2. In line with this, Ptgs1/Ptgs2’ tumors
that shared the same lymph drainage site with control BRAFV69°E melanoma
were effectively rejected by WT mice. Notably, primed CD8+ T cells
demonstrated a distinct phenotype compared to naive counterparts, initiating
alterations in both their gene expression profile and epigenetic signature as
noted by others122.188.191  Concurrently, these CD8* T cells began to upregulate
CD44 early after TCR engagement while maintaining their TCF1+ phenotype,
indicating their status as antigen-experienced cells'22.188,192_ This aligns with

previous research indicating that PGE2 does not influence cDC1-mediated
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priming of naive antigen-specific CD8* T cells in tdLNs®2. Primed CD8* T cells
then migrated into the TME, exhibiting a stem-like TCF1+CD8* phenotype?1188,
These results, coupled with the observation that PGE2 did not impact T cell
migration to the tumor site, conclusively demonstrate that tumor-derived PGE:2
shows no influence on T cell priming, expansion in secondary lymphoid organs,
and the infiltration of antigen-specific stem-like TCF1+CD8* T cells into the
TME.

These findings indicate the urgent need for a comprehensive understanding of
the local effects of tumor-derived PGE2 on CD8* T cell biology within the tumor.
Studying anti-cancer immune responses in CD4¢¢Ptger2’Ptger4”" mice, as
well as the adoptive T cell transfers, provided compelling evidence that PGE-2
has a direct effect on CD8* T cells within the TME. Notably, several studies
have demonstrated that within the TME, the stem-like TCF1+CD8* T cells
experience reactivation by APCs, including cDC1s, providing essential
costimulatory signals and making them potential contributors to T cell-mediated
anti-cancer immunity''-61.62, Tumor-derived PGE2 has been noted to affect NK
cell-mediated recruitment of cDC1s into the TME, which is essential for T cell
restimulation, by reducing the expression of the chemokine ligands CCL5 and
XCL16087  Additionally, it has been observed that PGE2 impedes the
cytokine-mediated modulation of tumor-infilirating CD8* T cells by cDC1s, as
indicated by their reduced expression of IL-1262, However, according to recently
published data, the capacity of intratumoral c¢cDC1s to perform
cross-presentation and deliver essential costimulatory signals to
tumor-infiltrating stem-like TCF1+CD8* T cells appears unaltered by PGE2%2.
This observation suggests that PGE2 might reduce the infiltration of cDC1s into
the TME rather than directly impacting the restimulation of intratumoral
stem-like TCF1+CD8* T cells. However, in this study, a comprehensive analysis
to assess the direct impact of PGE2 on tumor-infiltrating CD8+ T cells in the
context of local reactivation has not been addressed, leaving the need for future
investigation. Furthermore, it is worth noting that the cDC1-mediated assistance

in T cell responses might be less crucial than anticipated for anti-cancer
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immunity in specific types of cancer as demonstrated by others!93.194,
Nevertheless, the direct effects of PGE:2 signaling in CD8* T cells seem to
surpass any potential decrease in their reactivation by cDC1s within the TME.
This suggests that the suppressive influence of PGE2 on CD8* T cells extends
beyond its effects on NK cells or DCs, prominently affecting the functionality of

tumor-infiltrating CD8* T cells directly.

Given the absence of PGE2-EP2/EP4 signaling in CD4C¢¢Ptger2’-Ptger4™" mice
in both CD4+ and CD8* T cells, this study aimed to investigate the contribution
of CD4+ T cells in the used tumor and mouse models. PGE2z signaling on
CD4+ T cells did not impact their recruitment or abundance at the tumor site.
Moreover, CD4+ T cell-targeted depletion did not alter the outcome of complete
tumor control in CD4¢ePtger2”Ptger4™ mice. However, CD4* T cell-depleted
mice exhibited a slight delay in tumor control compared to non-depleted mice.
These results indicate that PGE2 signaling in CD4* T cells may only play a
minor role in mediating robust anti-cancer immune responses, at least in the
models studied in this work. Nonetheless, CD4+ T cells are recognized as
significant contributors to anti-tumor immunity. They provide CD8* T cells with
supportive cytokines like IFNy and TNFa, and they activate DCs, indirectly
enhancing cross-presentation to anti-cancer CD8* T cells'°519, Moreover,
EP2/EP4 signaling in CD4* T cells has been demonstrated to impede
differentiation towards pro-inflammatory anti-cancer Th1 cells while promoting
polarization into non-inflammatory Th2 cells”3. Consequently, the observed slight
delay in tumor control in CD4+ T cell-depleted CD4CePtger2’ Ptger4™" mice may
be attributed to the absence of IFNy- and TNFa-producing CD4+ T cells along
with the depletion of Th1 cells. Nonetheless, further investigation is needed to
understand the precise influence of PGE2 on the differentiation and function of
CD4+ T cells and, subsequently, its impact on CD8* T cell-mediated anti-cancer

immunity.
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Only very little is known about the effects of PGE2-EP2/EP4 signaling in
CD8* T cells. In this study, PGE:2 signaling on intratumoral TIM-3+CD8* T cells
did not impair their gene signatures associated with effector functions or their
potential to upregulate effector molecules such as IFNy and TNFa.
Furthermore, PGE:2 did not show an effect on the direct killing of tumor cells by
effector CD8* T cells. These data indicate that PGE2 may not mediate its
suppressive effects on anti-cancer immunity by impairing CD8* T cell effector
functions. In contrast to this, previous studies suggested that PGE: signaling in
CD8+ T cells negatively impairs the production of effector cytokines and
molecules, including TNFa, IFNy, GzmB, and perforin, whereas others have
demonstrated that the engagement of the PGE2-EP2/EP4 axis may lead to
suppressed cytotoxicity'®4197. For example, elevated levels of PGE: in patients
with chronic hepatitis B virus infection were associated with increased viral
loads and decreased levels of perforin and GzmB in CD8* T cells'84197,
However, further investigation is required to determine whether these elevated
PGE:2 levels directly affect the production of effector molecules and the
cytotoxicity of CD8* T cells or exert their influence indirectly through other
mechanisms'®’. Moreover, studies have shown that PGE: signaling in
virus-specific P14 CD8* T cells can decrease the production of perforin, TNFa,
and IFNy upon restimulation with virus-peptide ex vivo. However, it is worth
noting that in these studies, a very high concentration of PGE2 (40 uM) was
used for restimulation, which may not be physiologically relevant, considering
that 3 M (the concentration employed in this study and representative of what
is found within the TME; data not shown in this work) already demonstrated
significant effects on CD8* T cells. Hence, further investigation is necessary to
determine whether there are differences in effector molecule production among
effector CD8* T cells between viral infections and cancers under physiological

concentrations of PGEoz.
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In summary, these findings suggest that PGE: signaling on CD8* T cells does
not influence T cell priming in distal secondary lymphoid organs and
subsequent infiltration of stem-like TCF1+*CD8* T cells into the TME. Moreover,
CD4+ T cells appear to play only a minor role in mediating anti-cancer immunity
in the models examined in this study. Finally, the results suggest that PGE2 has
no substantial effect on the functionality of cancer-specific effector CD8* T cells.
Consequently, this raises the question of how PGE:2 exerts its suppressive
effects on tumor-infiltrating CD8* T cells and their function to mediate effective

anti-cancer immunity.
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5.2 The local effects of PGE2 on tumor-infiltrating CD8* T cells

This study revealed that early tumor-infiltrating stem-like TCF1+CD8* T cells,
which are phenotypically distinct from naive cells, give rise to diverse
populations of terminally differentiated CD8+* T cells directly within the TME as
previously suggested by Prokhnevska et al. (2023). This groundbreaking
discovery highlights that stem-like TCF1+CD8* T cells differentiate and
proliferate into clonally related CD8* T cells directly within the TME,
underscoring their pivotal role as a primary source of anti-cancer effector
CD8* T cells. This observation aligns with earlier findings that depleting
stem-like TCF1+CD8* T cells substantially reduces the accumulation of effector
CD8* T cells'9819°, In line with this, inhibiting the influx of newly primed
TCF1+CD8* T cells after their prior tumor infiltration resulted in the generation of
effector cells, thereby ultimately contributing to tumor control'?2. These findings
have also been described in the field of chronic infection, where
TCF1-expressing CD8* T cells differentiate and expand into progeny cells,
thereby maintaining the anti-virus immune response'%8118 However, the
developmental trajectory in the context of tumors has not been demonstrated
until now and emphasizes that, in contrast to established perspectives for
chronic LCMV infections, the signals for the differentiation of
stem-like TCF1+CD8* T cells into effector CD8* T cells do not exclusively occur
initially within secondary lymphoid organs but instead may also manifest directly
at the tumor site120:123.127,128 Thjs raises the question of which environmental
factors and stimulatory signals contribute to the local differentiation and

expansion of stem-like TCF1+CD8* T cells into their progeny.

Results from this work revealed that despite similar intratumoral
stem-like TCF1+CD8* T cell numbers at early time points following tumor cell
inoculation, the presence of tumor-derived PGE:2 results in a significant
reduction in the quantity of differentiated TIM-3*CD8* T cells. Consistently,
studies have shown that PGE: acts locally and may hinder the differentiation
and proliferation of CD8* T cells629294-96200201  However, this study

demonstrated that PGE:2 signaling directly impacts
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stem-like TCF1+*CD8* T cells, independent of indirect mechanisms, such as
interactions with other immune cells. This suggests that PGE2 signaling on
tumor-infiltrating stem-like TCF1+CD8* T cells impairs their local differentiation
and proliferation into effector CD8* T cells, consequently impacting the
establishment of robust anti-cancer immune response mediated by
CD8* T cells. In line with this, previous research has underscored the significant
influence of PGE:2 signaling not only on CD4+ T cell but also on TAM
differentiation, promoting the development of anti-inflammatory cell
subsets”381.93.  Nevertheless, a comprehensive understanding of the
T cell-intrinsic mechanisms triggered by PGE:2 signaling in CD8* T cells remains

elusive until now.

Furthermore, it is worth noting that GzmBC¢¢Ptger2”-Ptger4™”" mice showed an
even more pronounced differentiation and expansion signature within the TME
when compared to CD4¢¢Ptger2’Ptger4™" mice. This can be explained by an
increased presence of NK cell-recruited cross-presenting cDC1s at the tumor
site'16062.  This may lead to elevated cluster formation with
stem-like TCF1+CD8+ T cells, resulting in enhanced differentiation and
expansion of intratumoral effector CD8* T cells (elaborated in more detail in

section 5.1)61.62,

Together, these findings strongly support the idea that effector T cell
differentiation takes place within the TME. Moreover, tumor-derived PGE:2
seems to directly affect intratumoral stem-like TCF1+CD8* T cells in their
expansion and differentiation, leading to reduced numbers of
effector CD8* T cells and ultimately affecting the development of robust
anti-cancer immune responses. However, the precise T cell-intrinsic
mechanisms triggered by PGE:2 signaling in stem-like TCF1+CD8* T cells

remain unknown and will be discussed in section 5.3.
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5.3 Molecular T cell-intrinsic mechanism underlying PGE2>-mediated
impairment of anti-cancer T cell responses in tumors

This work revealed that PGE:2 signaling in intratumoral
stem-like TCF1+CD8* T cells induces a reduced gene expression signature
associated with differentiation and IL-2 signaling. Moreover, the engagement of
the PGE2-EP2/EP4 axis in CD8* T cells led to the downregulation of the
IL-2-STATS5 signaling pathway, which was further accompanied by the reduction
of the mTROC1 signaling cascade. Finally, PGE2 signaling significantly
downregulated the IL-2Ryc-expression in stem-like TCF1+CD8+* T cells. These
findings underscore the substantial impact of PGE2 signaling on intratumoral
stem-like TCF1+CD8+ T cells, attenuating their responsiveness to IL-2. This
discovery offers a potential explanation for the observed deficiency in
differentiation and expansion into effector CD8* T cells originating from
stem-like TCF1+CD8* T cells directly within the TME. This is further supported
by the downregulation of TBX21, previously identified as one of the primary
drivers for the differentiation of stem-like TCF1+CD8* T cells''3126. In line with
this, numerous studies have previously demonstrated the association of PGE-2
with the impairment of early CD8* T cell activation, leading to reduced IL-2
production and sensitivity to exogenous IL-295202203 Moreover, it has been
demonstrated that PGE2 can dampen cytokine and chemokine signaling in
cDC1s, monocytes, CD4* T cells, and NK cells®96273, However, a detailed
explanation for this phenomenon in CD8* T cells remained elusive until now.
The downregulation of IL-2Ryc and the subsequent failure to respond to IL-2
upon PGE: signaling is a significant breakthrough as it has not been described
previously for intratumoral stem-like TCF1+CD8* T cells and provides new
insights into the PGE2-mediated immune suppressive effects in anti-cancer
immunity. In recent years, there has been an increasing emphasis on
investigating IL-2 signaling, driven by the development of novel classes of IL-2R
agonists for cancer therapy+345.148, Understanding the role of IL-2 signaling is
crucial for fostering productive anti-cancer responses, particularly with the
emerging recognition of the significant function played by tumor-infiltrating

stem-like TCF1+CD8* T cells*%204, Therefore, the knowledge obtained from this
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study enhances our understanding of the complexities of IL-2-mediated
CD8+ T cell responses to PGE2-producing tumors.

Notably, the downregulation of IL-2Ryc suggests that PGE2 signaling may not
only restrict IL-2 sensing but also impact the signaling of other common gamma
chain cytokines. In line with this, extensive research has lately concentrated on
elucidating the significance of the common gamma chain cytokines IL-7 and
IL-15 in the development, maintenance, and exhaustion of various T cell

subsets, as well as their pivotal role in cancer immunotherapy?05-208,

Taken together, these findings demonstrate that PGE:2 signaling in
tumor-infiltrating stem-like TCF1+CD8+* T cells limits their responsiveness to
IL-2, thereby affecting their local differentiation into effector CD8* T cells.
Moreover, the observed downregulation of the IL-2Ryc indicates that PGE2 may
also influence other gamma chain cytokine-mediated pathways. Hence,
exploring this dimension, which remains elusive in the current study, might be of
great interest in finding novel therapeutic options for anti-cancer immunotherapy

besides the IL-2 axis.

102



Discussion

5.4 Implication for our understanding of T cell biology and for T cell
targeted therapy

Studies have shown that stem-like TCF1+CD8* T cells, which initially respond to
ICB in tumors and chronic infections, demonstrate prognostic value for positive
clinical outcomes, yet despite their robust initial response, they fail to mediate
robust T cell immunity, most likely through exhaustion-related pathway
induction, the development of a quiescent phenotype, and a suppressive
TME113.131,132, Therefore, understanding the biology of
stem-like TCF1+CD8* T cells is crucial for advancing targeted therapies,
particularly in addressing challenges related to increased T cell responses
post-treatment. The need to potentiate the capacity of
stem-like TCF1+CD8* T cells to generate effector CD8* T cells without
compromising their long-term persistence remains a significant challenge,
highlighting the necessity for research focused on unraveling the biology of
stem-like TCF1+*CD8* T cells in the context of targeted therapy. Hence, there is
considerable interest in targeting the PGE2-EP2/EP4 pathway on these cells to
promote robust differentiation and expansion of effector CD8+* T cells, thereby

facilitating potent CD8* T cell responses.

One of those targeted therapies is the chimeric antigen receptor (CAR) T cell
therapy, which has been proven largely effective in hematological malignancies
like myeloma and non-Hodgkin B cell lymphomas?%®-2'1. This study revealed
that an adoptive T cell transfer of EP2/EP4-ablated CD8* T cells can facilitate
curative anti-cancer responses through enhanced proliferation at the tumor site
compared to CD8* T cells with intact PGE2-EP2/EP4 signaling. These findings
suggest that adoptively transferred CD8* T cells are capable of infiltrating the
TME and that EP2/EP4 knockout CD8+* T cells can overcome the
tumor-suppressive environment, leading to potent anticancer responses. Yet,
implementing CAR T cell therapy to target solid cancers encounters several
challenges beyond the immunosuppressive environment. These include
limitations in trafficking and infiltration, on-target restrictions, and the risk of

off-tumor toxicity?°%210,  Nonetheless, EP2/EP4 ablation on adoptively
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transferred CD8* T cells represents a step towards overcoming
immunosuppressive factors that might otherwise attenuate robust anti-cancer
CD8* T cell responses. However, it remains to be determined whether these
findings will extend to more established tumors, and further investigation is
needed to assess the potential of EP2/EP4 ablation on CAR T cells within the

context of human therapeutic approaches.

Another promising strategy targeting CD8* T cells involves employing ADCs.
These innovative compounds consist of monoclonal antibodies covalently linked
to cytotoxic drugs via a chemical or biochemical linker. They are currently
employed to deliver their cytotoxic payloads into cancer cells, thereby initiating
their elimination. Nevertheless, these drugs exhibit significant side effects, such
as neutropenia, thrombocytopenia, hepatotoxicity, nephrotoxicity, and
gastrointestinal reactions. These adverse effects are attributed to the premature
release of cytotoxic payloads into the bloodstream before reaching its target
cell’®6, This underscores the urgent need for approaches to mitigate off-target
effects.

One promising strategy could involve the use of ADCs in CD8* T cell-targeted
therapy. Two promising small molecules specifically targeting EP2 (TG6-129)
and EP4 (LY3127760) have been shown to exhibit low cytotoxicity in vivo with
highly selective binding to the Gas subunits of EP2 and EP4, leading to effective
blockade of EP2/EP4 signaling®'22'3. This study demonstrated that the global
EP2 knockout and the combined knockout with EP4 in T cells in mice did not
lead to any pathologies or changes in the composition of CD4+ and CD8* T cells
under physiological conditions. This implies that the release of potential EP2
and EP4 inhibitors into the bloodstream before reaching its target cell may
result in reduced side effects, as these drugs would not exert cytotoxic effects
on non-target cells. However, it has to be considered that non-steroidal
anti-inflammatory drugs (NSAIDs), intended to inhibit COX enzymes and
thereby PGE: synthesis, have been associated with severe side effects such as
cardiovascular diseases and central nervous system disorders in patients,

implying that blocking the PGE2-EP2/EP4 axis may have an impact on
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physiological functions and potentially on the body’s homeostasis?!4-216,
Nevertheless, the results from this study highlight ADCs as a promising and
innovative avenue for modification to target CD8* T cells rather than cancer
cells. Nevertheless, this hypothesis requires detailed investigation, especially
regarding whether the premature release and the subsequent simultaneous
blockade of EP2 and EP4 in cells other than CD4+ and CD8* T cells may have
any pathophysiological implications.

Another limitation of ADCs is that these drugs have a much bigger molecular
weight than conventional cytotoxic drugs, limiting the infiltration into the TME165.
Considering that stem-like TCF1+CD8* T cells start to display a PD-1 positive
phenotype in draining lymph nodes and in blood in both the context of tumors
and chronic infections, targeting PD-1 with ADCs emerges as a promising
strategy to specifically address antigen-experienced
stem-like TCF1+CD8* T cells to effectively overcome the challenge of
diminished drug infiltration into the TME13:128,217,

Moreover, it is worth noting that the efficacy of drugs may be influenced by
ATP-binding cassette transporters (ABC), as CD8* T cells also express these
molecules that actively pump drugs out of cells. However, current evidence
suggests that these ABC transporters play a more prominent role in cancer
cells?18-220_ Nevertheless, further investigation is necessary to determine
whether EP2/EP4-blocked stem-like TCF1+CD8* T cells can effectively infiltrate
more established tumors and whether the blockade of EP2/EP4 is adequate to
protect these cells from PGE:z signaling. Moreover, the applicability of this
targeted CD8* T cell therapeutic approach for humans needs to be validated in

future research.

Taken together, focusing on the EP2/EP4 signaling pathway in CD8* T cells
shows promise for clinical treatment. An encouraging and novel approach might
involve developing ADCs to specifically target stem-like TCF1+CD8*+ T cells.
Future research might investigate selective EP2/EP4 inhibitors and tailored drug
delivery methods for the stem-like TCF1+CD8* T cell population, potentially

revolutionizing targeted CD8* T cell treatment options.
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In summary, this study revealed a novel mechanism wherein tumor-derived
PGE2 impacts the localized expansion and effector differentiation of
stem-like TCF1+CD8* T cells within the TME, a critical process for evading the
immune response in cancer. This inhibitory effect depends on T cell-intrinsic
signaling through the PGE: receptors EP2 and EP4. PGE: signaling does not
impact distal naive CD8* T cell priming at tdLNs or the infiltration of activated
TCF1+CD8+ T cells at the tumor site. These stem-like TCF1+CD8* T cells
undergo differentiation and expansion into effector cells, a process in which
PGE2, at least in part, interferes with the downregulation of IL-2
responsiveness, resulting in reduced mTORC1 signaling and reduced effector
CD8* T cell numbers within the TME. Disrupting the PGE2-EP2/EP4 axis in
stem-like TCF1+CD8* T cells enhances their sensitivity to IL-2, thereby inducing
an accumulation of effector CD8* T cells and a robust and protective

anti-cancer immune response (Figure 36).
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Figure 36: Schematic illustration of the effects of PGE: signaling on tumor-infiltrating CD8* T cells.
Created with BioRender.com.

The study indicates that inhibiting the PGE2-EP2/EP4 signaling axis shows
promise in enhancing CD8* T cell immune therapy for cancer patients, as
evidenced by the observed effect when EP2/EP4-ablated CD8* T cells were
adoptively transferred into tumor-bearing mice. Furthermore, these findings
underscore the urgent need to gain a deeper understanding of the dynamics of
stem-like TCF1+CD8* T cell-mediated immune responses and how extrinsic
factors regulate them. This knowledge may offer novel therapeutic approaches
to target stem-like TCF1+CD8* T cells in cancers and chronic infections. Such
approaches may involve CAR T cell therapy and ADCs, contributing to the

enhancement of existing treatment modalities.
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